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Neutrino physics has provided very impressive progress in
our understanding of particle physics during recent years.
These advances are of primary relevance for a better descrip-
tion of neutrino properties, and presumably they also contain
profound implications in the general picture of fundamental
interactions and their connections with astrophysics and
cosmology. The central role of neutrinos is even more evi-
dent when considering that neutrino masses require physics
beyond the standard theory. At present, however, we do not
have a clear picture of such new physics and its energy scale.

Recently the connecting mixing angle 𝜃
13

between the
atmospheric and solar sectors has been determined to be
relatively large.This opens exciting possibilities for upcoming
neutrino oscillation experiments addressing fundamental
questions like the neutrino mass hierarchy and the search
for CP violation in the lepton world. The present volume
of contributions contains original research articles as well
as review papers able to stimulate the continuing advance
of knowledge in this field and the prospects and strate-
gies for the next future. These articles describe all facets
of this broad field, being experimentally developed with
both terrestrial accelerators and astroparticle sources, studies
in underground laboratories and including the theoretical
scenario.

The paper “The nature of massive neutrinos” by S. T.
Petcov reviews the compelling experimental evidence for
oscillations of solar, reactor, atmospheric, and accelerator
neutrinos implying the existence of 3-neutrino mixing in
the weak-charged lepton current. The properties of massive

Majorana neutrinos and of their various possible couplings
are discussed in detail. Two models of neutrino mass genera-
tion with massiveMajorana neutrinos, the type I see-saw and
the Higgs triplet model, are briefly reviewed. The problem
of determining the nature, Dirac or Majorana, of massive
neutrinos is considered. The predictions for the effective
Majorana mass in neutrinoless double beta decay in the case
of 3-neutrino mixing and massive Majorana neutrinos are
summarised.The open questions and themain goals of future
research in the field of neutrino physics are outlined.

The paper “Neutrinoless double-beta decay” by A. Giuliani
and A. Poves discusses the current state and future prospects
for experiments and theory for measurements of this unique
process which has not yet been clearly observed. Neutrinoless
double beta decay is energetically allowed for a limited set of
nuclei and can only take place if the neutrino is a Majorana
particle and has a finite mass. The half life for the process is
in excess of 1024 years and is very hard to measure. However,
a measurement can provide a sensitive determination of
an effective mass which is a combination of masses and
mixing parameters for the three neutrino mass eigenstates.
Combining this with oscillationmeasurements could provide
absolute masses for all three eigenstates.

The paper “Atmospheric neutrinos” by T. Kajita discusses
production and detection of atmospheric neutrinos. Atmo-
spheric neutrino experiments were the first ones to find
neutrino oscillation.The zenith-angle and energy-dependent
deficit of muon neutrino events was found in such a way
that neutrino oscillations between muon neutrinos and tau
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neutrinos explain these data well.This article discusses atmo-
spheric neutrino experiments and the future possibilities of
the neutrino oscillation studies with them.

In the paper “Neutrino propagation in matter”, by M.
Blennow and A. Y. Smirnov, the authors describe in detail
the effects of neutrino propagation in the matter of the Earth,
relevant for experiments with atmospheric and accelerator
neutrinos aiming at the determination of the neutrino mass
hierarchy and CP violation. The results of semianalytic
descriptions of flavor transitions for the cases of small density
perturbations in the limit of large densities and for small
density widths are included. In particular the possibility of
identifying the neutrino mass hierarchy with atmospheric
neutrinos through multimegaton scale detectors having low
energy thresholds and with future accelerator experiments is
explored.

The paper “Solar neutrinos” byV. Antonelli et al. discusses
the past history, current status and future prospects for
experiment and theory of neutrinos produced by nuclear
reactions in the sun. Measurements of these solar neutri-
nos have provided fundamental information about neutrino
properties and about solar models. There are prospects for
extending this information in futuremeasurements described
in the paper.

The paper “Solar neutrino observables sensitive to matter
effects” by H. Minakata and C. Peña-Garay discusses the
interaction of solar neutrinos with matter in the sun. Such
neutrino propagation in matter is described quite well by
the Mikheyev-Smirnov-Wolfenstein (MSW) theory and the
paper discusses present and future measurements that can
test this theory in more detail, as well as providing infor-
mation on neutrino properties and solar models via matter
interactions.

The article “Reactor neutrinos” by S.-B. Kim et al. reviews
the status and the results of reactor neutrino experiments.
Middle and long baseline oscillation experiments provided
very recently the most precise determination of the neutrino
mixing angle 𝜃

13
and measurements of 𝜃

12
and Δm2. This

paper also provides an overview of the upcoming exper-
iments and of the projects under development, including
the determination of the neutrino mass hierarchy and the
possible use of neutrinos for society, for non proliferation of
nuclear materials and geophysics.

The paper “Long-baseline neutrino oscillation experi-
ments” by G. Feldman et al. is a review of long-baseline accel-
erator neutrino oscillation experiments, including all exper-
iments performed to date and the projected sensitivity of
those currently in progress. Accelerator experiments have
played a crucial role in the confirmation of the neutrino
oscillation phenomenon and in precision measurements of
the parameters. Evidence for electron neutrino appearance
has recently been obtained, opening the door for determining
the mass hierarchy and the CP violating phase: some of the
last unknown parameters of the standard model extended to
include neutrino mass.

The paper “Sterile neutrino fits to short baseline neutrino
oscillation measurements” by J. M. Conrad et al. reviews
short-baseline oscillation experiments as interpreted within

the context of one, two, and three sterile neutrino models
associated with additional neutrino mass states in the 1 eV
range. It is shown that while fitting short-baseline data sets
to a (3 + 3) model, defined by three active and three sterile
neutrinos, yields the highest quality overall, it still finds
inconsistencies with the MiniBooNE appearance data sets.
These results motivate the pursuit of further short-baseline
experiments, such as those reviewed in this paper.

The interesting subject of sterile neutrinos is discussed for
a different energy scale in the article “Search for GeV-scale
sterile neutrinos responsible for active neutrino masses and
baryon asymmetry of the universe” by D. S. Gorbunov et al. In
particular, the authors provide a motivation for the existence
of three new neutral Majorana particles (sterile neutrinos),
associated with simultaneous solution of the problems of
neutrinomasses and oscillations, of baryon asymmetry of the
universe, and of dark matter. A new beam-target experiment
is proposed to search for new physics beyond the Standard
Model below the Fermi scale, which may lead to discovery of
these right-handed partners of the known neutrinos.

The paper “Current direct neutrino mass experiments” by
G. Drexlin et al. discusses the measurement of neutrino mass
through very sensitive experiments examining the distortion
of beta decay spectra near the end point via various tech-
niques.The present status and future prospects for techniques
using electrostatic retardation or low-temperature bolome-
ters form the principal discussion, with other more unusual
techniques included for possible future measurements.

One important input in the determination of the absolute
neutrinomasses is an accurate Q-value of the beta or electron
capture decay. This can be done, from the difference of the
masses of the parent and the daughter nuclei, by means of
Penning traps. In the paper “A quantum sensor for neutrino
mass measurements” by J. M. Cornejo and D. Rodriguez, a
novel device with unprecedented accuracy and sensitivity is
presented. The method can also be applied to the search of
the resonant enhancement mechanism for the neutrinoless
double electron capture candidates.

In the paper “Neutrino mass from cosmology” by J. Les-
gourgues and S. Pastor, the authors discuss the important
role played by neutrinos in the evolution of the Universe,
modifying some of the cosmological observables. In this con-
tribution themain aspects of cosmological relic neutrinos are
summarized. The precision of present cosmological data can
be used to learn about neutrino properties, in particular their
mass, providing complementary information to beta decay
and neutrinoless double beta decay experiments.The authors
show how the analysis of current cosmological observations,
such as the anisotropies of the cosmicmicrowave background
or the distribution of large-scale structure, provide an upper
bound on the sum of neutrino masses of order 1 eV or
less, with very good perspectives from future cosmological
measurements which are expected to be sensitive to neutrino
masses well into the sub-eV range.

In “Neutrinos and Big Bang nucleosynthesis” by G. Steig-
man, the major role of neutrinos in the early universe is
discussed in detail, including effects on abundances of light
elements formed at this time and the relationship of these
abundances to the total number of neutrino types.
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The paper “The Era of kilometer-scale neutrino detectors”
by F. Halzen and U. Katz discusses the scientific missions
of IceCube and KM3NeT instruments, which include such
varied tasks as the search for sources of cosmic rays, the
observation of Galactic supernova explosions, the search
for dark matter, and the study of the neutrinos themselves.
Identifying the accelerators that produce the Galactic and
extragalactic cosmic rays has been a priority mission of
several generations of high-energy gamma-ray and neutrino
telescopes; success has been elusive so far. Detecting the
gamma-ray and neutrino fluxes associated with cosmic rays
reaches a new watershed with the completion of IceCube,
the first neutrino detector with sensitivity to the anticipated
fluxes. In this review, the authors first revisit the rationale
for constructing kilometer-scale neutrino detectors and sub-
sequently recall the methods for determining the arrival
direction, energy, and flavor of neutrinos.The architecture of
the IceCube and KM3NeT detectors is described.

The measurement of electron antineutrinos from the
decay of Uranium, Thorium and other elements in the earth
can be used to determine the abundances of these elements in
the crust and mantle and their contribution to the total heat
flow in the earth. The past, present, and future experimental
and theoretical status is discussed in detail in “Geoneutrinos”
by O. Šràmek et al., including the importance of these
measurements for our understanding of the geophysics of the
earth.

The paper “Neutrino Yukawa textures within type-I see-
saw” by B. Adhikary and P. Roy presents a classification of
possible texture zeros in the Dirac neutrino mass matrix of
the see-saw mechanism, given the basis where the charged
lepton mass matrix and the right-handed Majorana neutrino
mass matrix are both diagonal. Such a study is important
in view of current experimental progress in determining the
active (light) neutrinomixing angles, in particular a relatively
large value of 𝜃

13
. Accordingly, the masses and Majorana

phases of ultralight neutrinos are predicted within definite
ranges and the rate of the neutrinoless double beta decay,
though generally below the reach of planned experiments, is
seen to approach it in some parametric regions.

In the paper “Leptogenesis in the Universe” by C. S. Fong
et al., the main aspects of leptogenesis are considered, that is,
the class of scenarios in which the cosmic baryon asymmetry
originates from an initial lepton asymmetry related to the
decay of heavy sterile neutrinos in the early Universe. The
authors describewhy leptogenesis is an appealingmechanism
for baryogenesis, by reviewingmotivations, basic ingredients,
and specifically related effects. Leptogenesis in supersymmet-
ric scenarios is also addressed, as well as some other popular
variations of the basic leptogenesis framework.

In the paper “Electromagnetic properties of neutrinos” by
C. Broggini et al., the authors discuss the main theoretical
aspects and experimental effects of neutrino electromagnetic
properties. A general description of the electromagnetic form
factors of Dirac and Majorana neutrinos is given. Then, the
theory and phenomenology of the magnetic and electric
dipole moments is presented, summarizing the experimental
results and the theoretical predictions. They discuss also the
phenomenology of a neutrino charge radius and radiative

decay. Finally, the theory of neutrino spin and spin-flavor
precession in a transverse magnetic field is developed, sum-
marizing its phenomenological applications.

In “The results of a search for the neutrino magnetic
moment in the GEMMA experiment” by A. Georgievich Beda
et al., an upper limit for the neutrino magnetic moment is
presented from a measurement at the Kalinin Nuclear Power
Plant (KNPP) with the GEMMA spectrometer.

There is a large interest in neutrino interactions in the
intermediate energy region, motivated by the need in neu-
trino oscillation experiments to reduce systematic errors.
The subject is reviewed in the paper “Recent developments
in neutrino/antineutrino-nucleus interactions” by J. G. Morf́ın
et al.They discuss recent inclusivemeasurements in the lower
energy region and then concentrate on exclusive states in
the increasing of the mass of the hadronic system, giving in
this way an exhaustive review of the current theoretical and
experimental situation of neutrino interactions in this energy
region.

Neutrinos from supernovae are important probes not
only of the currently unknown supernova mechanism but
also of neutrino properties. In the paper “Charged-current
neutrino-nucleus scattering off the evenmolybdenum isotopes”,
E. Ydrefors and J. Suhonen compute the cross-sections of the
above processes for an extensive set of neutrino energies, thus
obtaining the nuclear responses to supernova neutrinos by
folding these cross-sections with a Fermi-Dirac distribution.

The article “Prospects for neutrino oscillation physics” by
S. Pascoli and T. Schwetz reviews the phenomenology of neu-
trino oscillations, focusing on subleading effects, which will
be the key towards the goals of the determination of the type
of the neutrinomass hierarchy and the search forCP violation
in the lepton sector. Starting from a discussion of the present
determination of three-flavour oscillation parameters, an
outlook of the potential of near term oscillation physics is
given, as well as on the long-term program towards possible
future precision oscillation facilities. Accelerator driven long-
baseline experiments as well as nonaccelerator possibilities
from atmospheric and reactor neutrinos are discussed.

The article “Future long-baseline neutrino facilities and
detectors” by M. Diwan et al. discusses the next generation
neutrino detectors and neutrino beam facilities. These facil-
ities will address two aspects: the fundamental properties
of neutrinos like mass hierarchy, mixing angles, and the
CP phase, as well as low-energy neutrino astronomy with
solar, atmospheric, and supernova neutrinos. A new detector
naturally allows for major improvements in the search for
nucleon decay. A next generation neutrino observatory needs
a huge detector, which in turn has to be installed in a
new international underground laboratory capable of hosting
such a huge detector.

Jose Bernabeu
Gian Luigi Fogli

Arthur B. McDonald
Koichiro Nishikawa
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We review the status and the results of reactor neutrino experiments. Short-baseline experiments have provided the measurement
of the reactor neutrino spectrum, and their interest has been recently revived by the discovery of the reactor antineutrino anomaly,
a discrepancy between the reactor neutrino flux state of the art prediction and the measurements at baselines shorter than one
kilometer. Middle and long-baseline oscillation experiments at Daya Bay, Double Chooz, and RENO provided very recently the
most precise determination of the neutrino mixing angle 𝜃

13
. This paper provides an overview of the upcoming experiments and

of the projects under development, including the determination of the neutrino mass hierarchy and the possible use of neutrinos
for society, for nonproliferation of nuclear materials, and geophysics.

1. Introduction: 80 Years of
Reactor Neutrino Physics

Invented by Pauli [1] in 1930, named by Amaldi in 1934, and
later modeled in the Fermi theory of beta decay [2]. The
weakly coupling neutrino was first searched for by Reines
and Cowan. Starting at the Hanford nuclear reactor (Wash-
ington), they later moved to the new Savannah River Plant
(South Carolina) to perform their definitive and ground-
breaking experimental detection.This breakthrough had two
important consequences: resolving and clarifying the unsat-
isfactory situation of a fundamental particle needed for the
consistency of theory, but first thought to be unobservable,
and demonstrating the possibility of using neutrinos as a
sensitive probe of particle physics. Indeed, several years after
the completion of the pioneering, Reines and Cowan’s work
neutrinos were beginning to be used regularly to investigate
the weak interactions, the structure of nucleons, and the
properties of their constituent quarks.

In the first crude experiment of 1953 [3], Reines and
Cowan’s goal was to demonstrate unambiguously a reaction
caused in a target by a neutrino produced elsewhere. The
experiment pioneered the delayed coincidence technique to
search for the reaction: ]

𝑒
+ 𝑝 → 𝑒

+
+ 𝑛, where an electron

antineutrino from the Hanford nuclear reactor interacted
with a free proton in a large tank filled with cadmium-
loaded liquid scintillator. The positron and the resultant
annihilation gamma rays are detected as a prompt signal,
while the neutron is thermalized in the liquid scintillator
and subsequently captured by the cadmium. The excited
nucleus then emits gamma radiation which is detected as the
delayed signal. The first result, at two standard deviations,
was followed in 1956 and 1958 by more precise experiments
[4–6], where the significance improved to over four standard
deviations. In addition to the detection, the reaction cross-
section was measured to be 11 ± 2.6 × 10

−44 cm2 [6].
Nowadays, reactor neutrinos like Daya Bay, KamLAND, or
Double Chooz are still detected through similar experimental
methods.

2. Nuclear Reactors and Neutrinos

Nuclear reactors are very intense sources of neutrinos that
have been used all along the neutrino’s history, from its
discovery up to the most recent oscillation studies. With an
average energy of about 200MeV released per fission and 6
neutrinos produced along the 𝛽-decay chains of the fission
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products, one expects about 2× 1020 ]/𝑠 emitted in a 4𝜋 solid
angle from a 1GW reactor (thermal power). Since unstable
fission products are neutron-rich nuclei, all 𝛽 decays are of
𝛽
− type, and the neutrino flux is actually pure electronic

antineutrinos (]
𝑒
).

The neutrino oscillation search at a reactor is always
based on a disappearance measurement, using the powerful
inverse beta decay (IBD) detection process to discriminate
the neutrino signal from backgrounds. The observed neu-
trino spectrum at a distance 𝐿 from a reactor is compared
to the expected spectrum. If a deficit is measured, it can
be interpreted in terms of the disappearance probability
which, in the two neutrino mixing approximation, reduces
to

𝑃
𝑒𝑒
= 1 − sin22𝜃 sin2 (Δ𝑚

2
𝐿

4𝐸
) , (1)

where Δ𝑚2 is the difference between the squared masses of
the two neutrino states and 𝜃 is the mixing angle fixing the
amplitude of the oscillation.

Here, we will especially consider reactor antineutrino
detector at short distances below 100m from the reactor core,
in particular ILL-Grenoble, Goesgen, Rovno, Krasnoyarsk,
Savannah River, and Bugey [7–15]. These experiments have
played an important role in the establishment of neutrino
physics, and especially neutrino oscillations, over the last
fifty years. Unlike modern long-baseline reactor experiments
motivated by the measurement of the last unknown mixing
angle 𝜃

13
[16–18], which measure 𝑃

𝑒𝑒
by comparing the event

rate and spectrum in two detectors at different distances, the
aforementioned short baseline experiments can only employ
one detector and therefore depend on an accurate theoretical
prediction for the emitted ]

𝑒
flux and spectrum to measure

𝑃
𝑒𝑒
.
Until late 2010, all data from reactor neutrino experiments

appeared to be fully consistent with the mixing of ]
𝑒
, ]
𝜇,

and ]
𝜏
with three mass eigenstates, ]

1
, ]
2
, and ]

3
, with

the squared mass differences |Δ𝑚2
31
| ≃ 2.4 10

−3eV2 and
Δ𝑚
2

21
/|Δ𝑚
2

31
| ≃ 0.032. The measured rate of ]e was found

to be in reasonable agreement with that predicted from the
“old” reactor antineutrino spectra [19–21], though slightly
lower than expected, with the measured/expected ratio at
0.980±0.024, including recent revisions of the neutronmean
lifetime, 𝜏

𝑛
= 881.5 s, in 2011 (PDG).

In preparation for the Double Chooz reactor experiment
[16], the Saclay reactor neutrino group reevaluated the spe-
cific reactor antineutrino flux for 235U, 239Pu, 241Pu, and 238U.
In 2011, they reported their results [22], which correspond to a
flux that is a few percent higher than the previous prediction.
This also necessitates a reanalysis of the ratio of the observed
event rate to the predicted rate for 19 published experiments
at reactor-detector distances below 100m.

2.1. Reference Antineutrino Spectra. Fission reactors release
about 1020 ]

𝑒
GW−1s−1, which mainly come from the beta

decays of the fission products of 235U, 238U, 239Pu, and
241Pu. The emitted antineutrino spectrum is then given
by:

𝑆tot (𝐸]) = ∑

𝑘

𝑓
𝑘
𝑆
𝑘
(𝐸]) , (2)

where 𝑓
𝑘
refers to the contribution of the main fissile

nuclei to the total number of fissions of the kth branch
and 𝑆

𝑘
to their corresponding neutrino spectrum per

fission.
The distribution of the fission products of uranium

or plutonium isotopes covers hundreds of nuclei, each of
them contributing to 𝑆

𝑘
(𝐸) through various 𝛽 decay chains.

At the end the total antineutrino spectrum is a sum of
thousands of 𝛽-branches weighted by the branching ratio of
each transition and the fission yield of the parent nucleus.
Despite the impressive amount of data available in nuclear
databases, the ab initio calculation of the emitted antineutrino
spectrum is difficult. Moreover, when looking at the detected
spectrum through the IBD process, the 1.806MeV threshold
and the quadratic energy dependence of the cross-section
enhance the contribution of transitions with large endpoints
(𝐸
0
> 4MeV). Systematic errors of the nuclear data and the

contribution of poorly known nuclei become a real limitation
for the high energy part of the antineutrino spectrum.
Uncertainties below the 10% level seem to be out of reachwith
the ab initio approach, preventing any accurate oscillation
analysis.

In order to circumvent this issue, measurements of total
𝛽 spectra of fissile isotopes were performed in the 1980s at
ILL [19–21], a high flux research reactor in Grenoble, France.
Thin target foils of fissile isotopes 235U, 239Pu and 241Pu,
were exposed to the intense thermal neutron flux of the
reactor. A tiny part of the emitted electrons could exit the core
through a straight vacuum pipe to be detected by the high
resolution magnetic spectrometer BILL [23]. The electron
rates were recorded by a pointwise measurement of the
spectrum in magnetic field steps of 50 keV, providing an
excellent determination of the shape of the electron spectrum
with subpercent statistical error. The published data were
smoothed over 250 keV. Except for the highest energy bins
with poor statistics, the dominant error was the absolute
normalization, quoted around 3% (90% CL), with weak
energy dependence.

In principle, the conversion of a 𝛽-spectrum into an
antineutrino spectrum can be done using the energy conser-
vation between the two leptons

𝐸
𝑒
+ 𝐸] = 𝐸0, (3)

with 𝐸
0
, the endpoint of the 𝛽 transition. However this

approach requires to know the contribution of all single
branches in the ILL sectra and this information is not
accessible from the integral measurement. Therefore a spe-
cific conversion procedure was developped using a set of
30 “virtual” 𝛽-branches, fitted on the data. The theoretical
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expression for the electron spectrum of a virtual branch was
of the form
𝑆virtual (𝑍, 𝐴, 𝐸𝑒) = 𝐾⏟⏟⏟⏟⏟⏟⏟

Norm.
×F(𝑍, 𝐴, 𝐸

𝑒
)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Fermi function

× 𝑝
𝑒
𝐸
𝑒
(𝐸
𝑒
− 𝐸
0
)
2

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Phasespace

× (1 + 𝛿 (𝑍, 𝐴, 𝐸
𝑒
))⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Correction

,

(4)

where 𝑍 and 𝐴 are the charge and atomic number of the
parent nucleus and 𝐸

0
is the endpoint of the transition.

The origin of each term is described by the underbraces.
The 𝛿 term contains the corrections to the Fermi theory. In
the ILL papers, it included the QED radiative corrections
as calculated in [24]. The 𝑍 dependence comes from the
Coulomb corrections. Since a virtual branch is not connected
to any real nucleus, the choice of the nuclear charge was
described by the observed mean dependence of 𝑍 on 𝐸

0
in

the nuclear databases

𝑍 (𝐸
0
) = 49.5 − 0.7𝐸

0
− 0.09𝐸

2

0
, 𝑍 ≤ 34. (5)

The 𝐴 dependence is weaker and linked to the determi-
nation of 𝑍 through global nuclear fits.

Once the sum of the 30 virtual branches is fitted to the
electron data, each of them is converted to an antineutrino
branch by substituting 𝐸

𝑒
by 𝐸
0
− 𝐸] in (4) and applying

the correct radiative corrections. The predicted antineutrino
spectrum is the sum of all converted branches. At the end of
this procedure, an extra correction term is implemented in an
effective way as

Δ𝑆branch (𝐸]) ≃ 0.65 (𝐸] − 4.00) %. (6)

This term is an approximation of the global effect of weak
magnetism correction and finite size Coulomb correction
[25].

The final error of the conversion procedure was estimated
to be 3-4% (90% CL), to be added in quadrature with the
electron calibration error which directly propagates to the
antineutrino prediction. From these reference spectra, the
expected antineutrino spectrum detected at a reactor can be
computed. All experiments performed at reactors since then
relied on these reference spectra to compute their predicted
antineutrino spectrum.

2.2. New Reference Antineutrino Spectra. Triggered by the
need for an accurate prediction of the reactor antineutrino
flux for the first phase of the Double Chooz experiment,
with a far detector only, the determination of antineutrino
reference spectra has been revisited lately [22]. In a first
attempt, a compilation of the most recent nuclear data
was performed for an up-to-date ab initio calculation of
the antineutrino fission spectra. The asset of this approach
is the knowledge of each individual 𝛽 branch, providing
a perfect control of the conversion between electron and
antineutrino spectra. As a powerful cross-check, the sum
of all the branches must match the very accurate electron
spectra measured at ILL. Despite the tremendous amount
of nuclear data available, this approach failed to meet the
required accuracy of few % for two main reasons as follows.

(i) The majority of the 𝛽 decays are measured using 𝛽-
𝛾 coincidences, which are sensitive to the so-called
pandemonium effect [26]. The net result is an exper-
imental bias of the shape of the energy spectra, with
the high energy part being overestimated relative to
the low energy part. New measurements are ongoing
with dedicated experimental setups to correct for the
pandemonium effect, but in the case of the reference
spectra many unstable nuclei have to be studied.

(ii) As mentioned above, an important fraction of the
detected neutrinos has a large energy (>4MeV).
The associated 𝛽 transitions mostly come from very
unstable nuclei with a large energy gap between the
parent ground state and the nuclear levels of the
daughter nucleus. Their decay scheme is often poorly
known or even not measured at all.

A reference data set was constituted based on all fission
products indexed in the ENSDF database [27]. All nuclei
measured separtely to correct for the pandemonium effect
were substitutedwhen not in agreementwith the ENSDFdata
(67 nuclei from [28] and 29 nuclei from [29]). A dedicated
interface, BESTIOLE, reads the relevant information of this
set of almost 10000 𝛽-branches and computes their energy
spectrum based on (4). Then, the total beta spectrum of one
fissioning isotope is built as the sum of all fission fragment
spectra is weighted by their activity.These activities are deter-
mined using a simulation package called MCNP Utility for
Reactor Evolution (MURE [30]). Following this procedure,
the predicted fission spectrum is about 90% of the reference
ILL 𝛽 spectra, as illustrated in Figure 2 for the 235U isotope.
The missing contribution is the image of all unmeasured
decays as well as the remaining experimental biases of the
measurements. To fill the gap one can invoke models of the
decay scheme of missing fission products. Reaching a good
agreement with the ILL electron data remains difficult with
this approach.

Another way to fill the gap is to fit the missing contri-
bution in the electron spectrum with few virtual branches.
The same ILL procedure can be used except that the virtual
branches now rest on the base of physical transitions. This
mixed approach combines the assets of ab initio and virtual
branches methods as follows.

(i) The prediction still matches accurately the reference
electron data from the ILL measurements.

(ii) 90% of the spectrum is built with measured 𝛽 transi-
tions with “true” distributions of endpoint, branching
ratios, nuclear charges, and so forth. This suppresses
the impact of the approximations associated with the
use of virtual beta branches.

(iii) All corrections to the Fermi theory are applied at the
branch level, preserving the correspondence between
the reference electron data and the predicted antineu-
trino spectrum.

The new predicted antineutrino spectra are found about
3% above the ILL spectra. This effect is comparable for
the 3 isotopes (235U, 239Pu, and 241Pu) with little energy
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Figure 1: Numerical tests of the conversion-induced deviations from a “true” spectrum built from a set of known branches (see text for
details). (a) Effect of various 𝑍(𝐸) polynomials used in the formula of the virtual branches. (b) Deviation of converted spectra with the
effective correction of (6) (solid line) or with the correction applied at the branch level.
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Figure 2: The effective nuclear charge 𝑍 of the fission fragments of
235U as a function of 𝐸

0
. The area of the each box is proportional

to the contribution of that particular 𝑍 to the fission yield in that
energy bin. The lines are fits of quadratic polynomials. Black color-
ENSDF database; other colors illustrate the small sensitivity to
different treatment of the missing isotopes.

dependence. The origin and the amplitude of this bias could
be numerically studied in detail following a method initially
developped in [31]. A “true” electron spectrum is defined
as the sum of all measured branches. Since all the branches
are known, the “true” antineutrino spectrum is perfectly
defined as well, with no uncertainty from the conversion.
Applying the exact same conversion procedure than in the
eighties on this new electron reference confirms the 3% shift
between the converted antineutrino spectrum and the “true”
spectrum.

Further tests have shown that this global 3% shift is
actually a combination of two effects. At high energy (𝐸 >

4MeV), the proper distribution of nuclear charges, provided
by the dominant contribution of the physical 𝛽-branches,

induces a 3% increase of the predicted antineutrino spectrum.
On the low energy side, it was shown that the effective linear
correction of (6) was not accounting for the cancellations
operating between the numerous physical branches when the
correction is applied at the branch level (see Figure 1).

Beyond the correction of these above biases, the uncer-
tainty of the new fission antineutrino spectra couldn’t be
reduced with respect to the initial predictions. The nor-
malisation of the ILL electron data, a dominant source of
error, is inherent to any conversion procedure using the
electron reference. Then, a drawback of the extensive use of
measured 𝛽-branches in the mixed approach is that it brings
important constraints on the missing contribution to reach
the electron data. In particular, the inducedmissing shape can
be difficult to fit with virtual branches, preventing a perfect
match with the electron reference. These electron residuals
are unfortunately amplified as spurious oscillations in the
predicted antineutrino spectrum leading to comparable con-
version uncertainties (see red curve in Figure 3). Finally, the
correction of the weak magnetism effect is calculated in a
quite crude way, and the same approximations are used since
the eighties.

In the light of the above results, the initial conversion
procedure of the ILL data was revisited [32]. It was shown
that a fit using only virtual branches with a judicious choice
of the effective nuclear charge could provide results with
minimum bias. A mean fit similar to (5) is still used, but
the nuclear charge of all known branches is now weighted by
its contribution in the total spectrum, that is, the associated
fission yield. As shown in Figure 2, the result is quite stable
under various assumptions for theweighting of poorly known
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Figure 3: Comparison of different conversions of the ILL electron
data for 235U. Black curve: cross-check of results from [19] following
the same procedure. Red curve: results from [22]. Green curve:
results from [32] using the same description of 𝛽 decay as in [22].
Blue curve: update of the results from [22], including corrections
to the Fermi theory as explained in the text. The thin error bars
show the theory errors from the effective nuclear charge𝑍 and weak
magnetism. The thick error bars are the statistical errors.

nuclei. The bias illustrated in the left plot of Figure 1 is
corrected.

The second bias (Figure 1(b)) is again corrected by
implementing the corrections to the Fermi theory at the
branch level rather than using effective corrections as in
(6). Using the same expression of these corrections than in
[22], the two independent new predictions are in very good
agreement (Figure 3), confirming the 3% global shift. Note
that the spurious oscillations of the Mueller et al. spectra are
flattened out by this new conversion because of the better
zeroing of electron residuals.

A detailed review of all corrections to the Fermi theory is
provided in [32] including finite size corrections, screening
correction, radiative corrections, and weak magnetism. To
a good approximation, they all appear as linear correction
terms as illustrated in Figure 4 in the case of a 10MeV
endpoint energy.This refined study of all corrections leads to
an extra increase of the predicted antineutrino spectra at high
energy as illustrated by the blue curve in Figure 3. The net
effect is between 1.0% and 1.4% more detected antineutrinos
depending on the isotope (see Table 1).

The corrections of Figure 4 are knownwith a good relative
accuracy except for the weak magnetism term. At the present
time, a universal slope factor of about 0.5% per MeV is
assumed, neglecting any dependence on nuclear structure
[25]. Accurate calculation for every fission product is out of
reach. Using the conserved vector current hypothesis, it is
possible to infer the weak magnetism correction from the
electromagnetic decay of isobaric analog states. Examples of
the slope factors computed from the available data are shown
in Table I of [32]. While most examples are in reasonable
agreement with the above universal slope, some nuclei with
large value of log𝑓𝑡 have a very large slope factor.Moreover, a
review of the nuclear databases [33] shows that 𝛽 transitions
with log𝑓𝑡 > 7 contribute between 15 and 30% to the total
spectrum. Still the data on the weak magnetism slopes are
scarce, and none of them corresponds to fission products. At
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and weak interaction finite size corrections: S screening correction;
𝐺],𝛽: radiative corrections.

Table 1: Relative change of the new predicted events rates with
respect to the ILL reference (in%).The relative change of the emitted
flux is always close to 3%, dominated by the few first bins because the
energy spectra are dropping fast.

(𝑅new − 𝑅ILL)/𝑅ILL
235U 239Pu 241Pu 238U

Values from [22] 2.5 3.1 3.7 9.8
Values from [32] 3.7 4.2 4.7 —

this stage, it is difficult to conclude if the uncertainty of the
weak magnetism correction should be inflated or not. The
prescription of the ILL analysis, 100%, corresponds to about
1% of the detected neutrino rate. The best constraints could
actually come from shape analysis of the reactor neutrino data
themselves. The Bugey and Rovno data are accurate altough
detailed information on the detector response might be
missing for such a detailed shape analysis. The combination
of the upcoming Daya Bay, Double Chooz, and RENO data
should soon set stringent limits on the global slope factor.

The error budget of the predicted spectra remains again
comparable to the first ILL analysis. The normalization
error of the electron data is a common contribution. The
uncertainties of the conversion by virtual branches have been
extensively studied and quantified based on the numerical
approach. The uncertainty induced by the weak magnetism
corrections is, faute de mieux, evaluated with the same
100% relative error. The final central values and errors are
summarized in table [22].

2.3. Off-Equilibrium Effects. For an accurate analysis of reac-
tor antineutrino data, an extra correction to the reference
fission spectra has to be applied. It is often of the order of
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the percent. It comes from the fact that the ILL spectra were
acquired after a relatively short irradiation time, between 12
hours and 1.8 days depending on the isotopes, whereas in a
reactor experiment the typical time scale is several months. A
nonnegligible fraction of the fission products have a lifetime
of several days. Therefore, the antineutrinos associated with
their 𝛽 decay keep accumulating well after the “photograph
at 1 day” of the spectra taken at ILL. Very long-lived isotopes
correspond to nuclei close to the bottom of the nuclear valley
of stability. Hence, one naively expects these 𝛽 transitions
to contribute at low energy. For a quantitative estimate of
this effect, the same simulations developed in [22] for the
ab initio calculation of antineutrino spectra were used. The
sensitivity to the nuclear ingredients is suppressed because
only the relative changes between the ILL spectra and spectra
of longer irradiations at commercial reactors were computed.
The corrections to be applied are summarized in [22]. As
expected, they concern the low energy part of the detected
spectrum and vanish beyond 3.5MeV. The corrections are
larger for the 235U spectrum because its irradiation time, 12 h,
is shorter than the others.Theuncertaintywas estimated from
the comparison between the results of MURE and FISPAC
codes as well as from the sensitivity to the simulated core
geometry. A safe 30% relative error is recommended.

2.4. 238U Reference Spectrum. The 238U isotope is contribut-
ing to about 8% of the total number of fissions in a stan-
dard commercial reactor. These fissions are induced by fast
neutrons therefore, their associated 𝛽-spectrum could not
be measured in the purely thermal flux of ILL. A dedicated
measurement in the fast neutron flux of the FRMII reactor in
Munich has been completed and should be published in the
coming months [34].

Meanwhile the ab initio calculation developed in [22]
provides a useful prediction since the relatively small con-
tribution of 238U can accommodate larger uncertainties in
the predicted antineutrino spectrum. An optimal set of 𝛽-
brancheswas tuned tomatch the ILL spectra of fissile isotopes
as well as possible. The base of this data set consists of the
ENSDF branches corrected for the pandemonium effect as
described in Section 2.2. Missing 𝛽 emitters are taken from
the JENDL nuclear database [35], where they are calculated
using the gross-theory [36]. Finally, the few remaining nuclei
were described using amodel based onfits of the distributions
of the endpoints and branching ratios in the ENSDFdatabase,
then extrapolated to the exotic nuclei.

The comparison with the reference 235U ILL data showa
that the predicted spectrum agrees with the reference at the
±10% level.

Then, this optimal data set is used to predict a 238U
spectrum. Again the activity of each fission product is cal-
culated with the evolution code MURE. The case of an N4
commercial reactor operating for one year was simulated.
After such a long irradiation time, the antineutrino spectrum
has reached the equilibrium. The results are summarized
in [22]. The central values are about 10% higher than the
previous prediction proposed in [37].This discrepancymight
be due to the larger amount of nuclei taken into account in the

most recent work. Nevertheless, both results are comparable
within the uncertainty of the prediction, roughly estimated
from the deviation with respect to the ILL data and the
sensitivity to the chosen data set.

2.5. Summary of the New Reactor Antineutrino Flux Predic-
tion. In summary, a reevaluation of the reference antineu-
trino spectra associated to the fission of 235U, 239Pu, and
241Pu isotopes [22] has revealed some systematic biases in the
previously published conversion of the ILL electron data [19–
21]. The net result is a ≃ +3% shift in the predicted emitted
spectra. The origin of these biases was not in the principle
of the conversion method but in the approximate treatment
of nuclear data and corrections to the Fermi theory. A
complementary work [32] confirmed the origin of the biases
and showed that an extra correction term should be added
increasing further the predicted antineutrino spectra at high
energy. These most recent spectra are the new reference used
for the analysis of the reactor anomaly in the next section.The
prediction of the last isotope contributing to the neutrino flux
of reactors, 238U, is also updated by ab initio calculations.

The new predicted spectra and their errors are presented
in [22]. The deviations with respect to the old reference
spectra are given in Table 1.

3. Investigating Neutrino Oscillations

3.1. Exploring the Solar Oscillation. The sun is a well-defined
neutrino source to provide important opportunities of inves-
tigating nontrivial neutrino properties because of the wide
range of matter density and the great distance from the sun to
the earth. Precise measurement of solar neutrinos is a direct
test of the standard solar model (SSM) that is developed from
the stellar structure and evolution.

Solar neutrinos have been observed by several experi-
ments: Homestake with a chlorine detector, SAGE, GALLEX
and GNO with gallium detectors, Kamiokande and Super-
Kamiokande with water Cherenkov detectors, and SNO
with a heavy water detector. Most recently, Borexino has
successfully observed low energy solar neutrinos with their
energy spectrum using a liquid scintillator detector of ultra
low radioactivity.

The first observation of solar neutrinos by the Homestake
experiment demonstrated the significantly smaller measured
flux than the SSM prediction, known as “the solar neutrino
puzzle” at that time. SAGE, GALLEX, and GNO are sen-
sitive to the most abundant 𝑝𝑝 solar neutrinos, and also
observed the deficit. Kamiokande-II and Super-Kamiokande
succeeded in real-time and directional measurement of
solar neutrinos in a water Cherenkov detector. The solar
neutrino problem was solved by SNO through the flavor-
dependent measurement using heavy water. In 2001, the
initial SNO charged current result combined with the Super-
Kamiokande’s high-statistics ]𝑒 elastic scattering result pro-
vided direct evidence for flavor conversion of solar neutri-
nos. The later SNO neutral current measurements further
strengthened the conclusion.These results are consistent with
those expected from the largemixing angle (LMA) solution of
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solar neutrino oscillation inmatter withΔ𝑚2sol ∼ 5×10
−5 eV2

and tan2𝜃sol ∼ 0.45.
The KamLAND reactor neutrino experiment at a flux-

weighted average distance of ∼180 km obtained a result of
reactor antineutrino disappearance consistent with the LMA
solar neutrino solution. The current solar neutrino and
KamLAND data suggest that Δ𝑚2

21
= (7.50±0.20)×10

−5 eV2

with a fractional error of 2.7% and sin22𝜃
12
= 0.857 ± 0.024

with a fractional error of 2.8%.

3.2. Exploring the Atmospheric Oscillation. The Super-Kam-
iokande obtained the first convincing evidence for the
neutrino oscillation in the observation of the atmospheric
neutrinos, in 1998. A clear deficit of atmospheric muon
neutrino candidate events was observed in the zenith-
angle distribution compared to the no-oscillation expecta-
tion. The distance-to-energy 𝐿/𝐸 distribution of the Super-
Kamiokande data demonstrated ]

𝜇
↔ ]
𝜏
oscillations and

completely ruled out some of exotic explanations of the
atmospheric neutrino disappearance such as neutrino decay
and quantum decoherence.

Accelerator experiments can better measure the value
of |Δ𝑚2atm| than the atmospheric neutrino observation due
to a fixed baseline distance and a well-understood neutrino
spectrum. K2K is the first long-baseline experiment to study
]
𝜇
oscillations in the atmosphericΔ𝑚2 regionwith a neutrino

path length exceeding hundreds of kilometers. MINOS is
the second long-baseline experiment for the atmospheric
neutrino oscillation using a ]

𝜇
beam. The MINOS finds the

atmospheric oscillation parameters as |Δ𝑚2atm| = (2.32
+0.12

−0.08
)×

10
−3eV2 and sin22𝜃atm > 0.90 at 90% C.L. OPERA using

the CNGS ]
𝜇
beam reported observation of one ]

𝜏
candidate.

T2K began a new long-baseline experiment in 2010, and
is expected to measure |Δ𝑚

2

atm| and sin2𝜃atm even more
pricisely. No]a is expected to be in operation soon for the
accurate measurement of atmospheric neutrino oscillation
parameters.

The current atmospheric neutrino and accelerator data
suggest thatΔ𝑚2

32(31)
= (2.32

+0.12

−0.08
)×10
−3 eV2 with a fractional

error of 4.3% and sin22𝜃
23

= 0.97 ± 0.03 with a fractional
error of 3.1%.

3.3. Measuring the Last and Smallest Neutrino Mixing Angle
𝜃
13
. In the presently accepted paradigm to describe the

neutrino oscillations, there are three mixing angles (𝜃
12
, 𝜃
23,

and 𝜃
13
) and one phase angle (𝛿) in the Pontecorvo-Maki-

Nakagawa-Sakata matrix [38–40]. It was until 2012 that 𝜃
13
is

the most poorly known and smallest mixing angle.
Measurements of 𝜃

13
are possible using reactor neutrinos

and accelerator neutrino beams. Reactor measurements have
the property of determining 𝜃

13
without the ambiguities

associated matter effects and CP violation. In addition, the
detector for a reactor measurement is not necessarily large,
and the construction of a neutrino beam is not needed. The
past reactor measurement had a single detector which was
placed about 1 km from the reactors. The new generation
reactor experiments, Daya Bay, Double Chooz, and RENO,
using two detectors of 10 ∼ 40 tons at near (300 ∼ 400m)
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Figure 5: Layout of the Daya Bay experiment. The dots represent
reactors, labeled as D1, D2, L1, L2, L3 and L4. Six ADs, AD1–AD6,
are installed in three EHs.

and far (1 ∼ 2 km) locations have significantly improved
sensitivity for 𝜃

13
down to the sin2(2𝜃

13
) ∼ 0.01 level. With

𝜃
13
determined and measurements of ]

𝜇
→ ]e and ]

𝜇
→ ]e

oscillations using accelerator neutrino beams impinging on
large detectors at long baselines will improve the knowledge
of 𝜃
13
and also allow access to matter or CP violation effects.

Previous attempts at measuring 𝜃
13

via neutrino oscilla-
tions have obtained only upper limits [41–43]; the CHOOZ
[41, 42] and MINOS [44] experiments set the most stringent
limits: sin22𝜃

13
< 0.15 (90% C.L.). In 2011, indications

of a nonzero 𝜃
13

value were reported by two accelerator
appearance experiments, T2K [45] and MINOS [46], and
by the Double Chooz reactor disappearance experiment [47,
48]. Global analyses of all available neutrino oscillation data
have indicated central values of sin22𝜃

13
that are between

0.05 and 0.1 (see e.g., [49, 50]). In 2012, Daya Bay and
RENO reported definitive measurements of the neutrino
oscillation mixing angle, 𝜃

13
, based on the disappearance

of electron antineutrinos emitted from reactors. The 𝜃
13

measurements by the three reactor experiments are presented
in the following sections.

4. Daya Bay

TheDaya Bay collaboration announced onMarch 8, 2012, the
discovery of a nonzero value for the last unknown neutrino
mixing angle 𝜃

13
[51], based on 55 days of data taking. It

is consistent with previous and subsequent measurements
[45–48, 52]. An improved analysis using 139 days of data is
reported at international conferences, and a paper is now
under preparation [53].

4.1. The Experiment. The Daya Bay nuclear power complex
is located on the Southern coast of China, 55 km to the
northeast ofHongKong and 45 km to the East of Shenzhen. A
detailed description of theDaya Bay experiment can be found
in [54]. As shown in Figure 5, the nuclear complex consists of
six pressurized water reactors grouped into three pairs with
each pair referred to as a nuclear power plant (NPP). All six
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Table 2: Vertical overburden, muon rate 𝑅
𝜇
, and average muon energy 𝐸

𝜇
of the three EHs and baselines from antineutrino detectors AD1-6

to reactors D1, D2, and L1-4 in meters.

Halls Overburden (m.w.e) 𝑅
𝜇
(Hz/m2) 𝐸

𝜇
(GeV) ADs D1 D2 L1 L2 L3 L4

EH1 250 1.27 57 AD1 362 372 903 817 1354 1265
EH1 250 1.27 57 AD2 358 368 903 817 1354 1266
EH2 265 0.95 58 AD3 1332 1358 468 490 558 499
EH3 860 0.056 137 AD4 1920 1894 1533 1534 1551 1525
EH3 860 0.056 137 AD5 1918 1892 1535 1535 1555 1528
EH3 860 0.056 137 AD6 1925 1900 1539 1539 1556 1530
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Muon PMTs

Tyvek
4-m OAV
3-m IAV

AD PMTs

AD stand

Reflectors

SSV

Radial shield

ACU-BACU-A ACU-C

20 t Gd-LS
20 t LS

37 t MO

Figure 6: Schematic diagram of the Daya Bay detectors.

cores are functionally identical pressurized water reactors of
2.9GW thermal power [55]. Three underground experimen-
tal halls (EHs) are connected with horizontal tunnels. Two
antineutrino detectors (ADs) are located in EH1, two (only
one installed at this moment) in EH2, and four (only three
installed) ADs are positioned near the oscillation maximum
in EH3 (the far hall). The baselines from six ADs to six cores
are listed in Table 2. They are measured by several different
techniques and cross-checked by independent groups, as
described in [53].The overburdens, the simulated muon rate,
and average muon energy are also listed in Table 2.

The ]es are detected via the inverse 𝛽 decay (IBD)
reaction, ]

𝑒
+ 𝑝 → 𝑒

+
+ 𝑛, in a gadolinium-doped

liquid scintillator (Gd-LS) [56–58]. Each AD has three nested
cylindrical volumes separated by concentric acrylic vessels as
shown in Figure 6. The innermost volume holds 20 t of 0.1%
by weight Gd-LS that serves as the antineutrino target. The
middle volume is called the gamma catcher and is filled with
21 t of undoped liquid scintillator (LS) for detecting gamma
rays that escape the target volume.The outer volume contains
37 t of mineral oil (MO) to provide optical homogeneity
and to shield the inner volumes from radiation originating,
for example, from the photomultiplier tubes (PMTs) or the
stainless steel containment vessel (SSV). There are 192 8-
inch PMTs (Hamamatsu R5912) mounted on eight ladders
installed along the circumference of the SSV and within
the mineral oil volume. To improve uniformity, the PMTs

are recessed in a 3mm thick black acrylic cylindrical shield
located at the equator of the PMT bulb.

Three automated calibration units (ACU-A, ACU-B, and
ACU-C) are mounted at the top of each SSV. Each ACU is
equipped with a LED, a 68Ge source, and a combined source
of 241Am-13C and 60Co.TheAm-C source generates neutrons
at a rate of 0.5Hz.The rates of the 60Co and 68Ge sources are
about 100 Hz and 15 Hz, respectively.

The muon detection system consists of a resistive plate
chamber (RPC) tracker and a high-purity active water shield.
The water shield consists of two optically separated regions
known as the inner (IWS) and outer (OWS) water shields.
Each region operates as an independent water Cherenkov
detector. In addition to detecting muons that can produce
spallation neutrons or other cosmogenic backgrounds in the
ADs, the pool moderates neutrons and attenuates gamma
rays produced in the rock or other structural materials in and
around the experimental hall. At least 2.5mofwater surround
the ADs in every direction. Each pool is outfitted with a light
tight cover with dry nitrogen flowing underneath.

Each water pool is covered with an overlapping array
of RPC modules [59] each with a size of 2m × 2m. There
are four layers of bare RPCs inside each module. The strips
have a “zigzag” design with an effective width of 25 cm and
are stacked in alternating orientations providing a spatial
resolution of ∼8 cm.

Each detector unit (AD, IWS, OWS, and RPC) is read
out with a separate VME crate. All PMT readout crates
are physically identical, differing only in the number of
instrumented readout channels. The front-end electronics
board (FEE) receives raw signals from up to sixteen PMTs,
sums the charge among all input channels, identifies over-
threshold channels, records timing information on over-
threshold channels, and measures the charge of each over-
threshold pulse. The FEE in turn sends the number of
channels over threshold and the integrated charge to the
trigger system. When a trigger is issued, the FEE reads out
the charge and timing information for each over-threshold
channel, as well as the average ADC value over a 100 ns time-
window immediately preceding the over-threshold condition
(pre-ADC).

Triggers are primarily created internally within each
PMT readout crate based on the number of over-threshold
channels (Nhit) as well as the summed charge (E-Sum) from
each FEE. The system is also capable of accepting external
trigger requests, for example, from the calibration system.
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Figure 7: Discrimination of flasher events and IBD-delayed signals
in the neutron energy region. The delayed signals of IBDs have the
same distribution for all six Ads, while the flashers are different.

4.2. Data, Monte Carlo Simulation, and Event Reconstruction.
The data used in this analysis were collected from December
24, 2011 through May 11, 2012.

The detector halls operated independently, linked only
by a common clock and GPS timing system. As such, data
from each hall were recorded separately and linked offline.
Simultaneous operation of all three detector halls is required
to minimize systematic effects associated with potential
reactor power excursions.

Triggers were formed based either on the number of
PMTs with signals above a ∼0.25 photoelectron (pe) thresh-
old (Nhit triggers) or the charge sum of the over-threshold
PMTs (E-Sum trigger).

A small number of AD PMTs, called flashers, sponta-
neously emit light, presumably due to a discharge within
the base. The visible energy of such events covers a wide
range, from sub-MeV to 100MeV. Two features were typically
observed when a PMT flashed. The observed charge for a
given PMT was very high with light seen by the surrounding
PMTs, and PMTs on the opposite side of the AD saw light
from the flasher.

To reject flasher events, a flasher identification variable
(FID) was constructed. Figure 7 shows the discrimination
of flasher events for the delayed signal of IBD candidates.
The inefficiency for selection was estimated to be 0.02%. The
uncorrelated uncertainties among ADs were estimated to be
0.01%.The contamination of the IBD selection was evaluated
to be < 10−4.

The AD energy response has a time dependence, a
detector spatial dependence (nonuniformity), and a particle
species and energy dependence (nonlinearity). The goal of
energy reconstruction was to correct these dependences in
order tominimize theAD energy scale uncertainty.The LEDs
were utilized for PMT gain calibration, while the energy scale
was determined with a 60Co source deployed at the detector
center.The sources were deployed once per week to check for
and correct any time dependence.
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Figure 8: Asymmetry values for all six ADs.The sources 68Ge, 60Co,
and Am-C were deployed at the detector center. The alphas from
polonium decay and neutron capture on gadolinium from IBD and
spallation neutronswere uniformly distributedwithin each detector.
Differences between these sources are due to spatial nonuniformity
of detector response.

A scan along the z-axis utilizing the 60Co source from
each of the three ACUs was used to obtain nonuniformity
correction functions. The nonuniformity was also studied
with spallation neutrons generated by cosmic muons and
alphas produced by natural radioactivity present in the liquid
scintillator. The neutron energy scale was set by comparing
60Co events with neutron capture on Gd events from the
Am-C source at the detector center. Additional details of
energy calibration and reconstruction can be found in [54].
Asymmetries in the mean of the six ADs’ response are shown
in Figure 8. Asymmetries for all types of events in all the ADs
fall within a narrow band, and the uncertainty is estimated to
be 0.5%, uncorrelated among ADs.

A Geant4 [60] based computer simulation (Monte Carlo,
MC) of the detectors and readout electronics was used to
study detector response and consisted of five components:
kinematic generator, detector simulation, electronics simula-
tion, trigger simulation, and readout simulation. The MC is
carefully tuned, by takingmeasured parameters of themateri-
als properties, to match observed detector distributions, such
as PMT timing, charge response, and energy nonlinearity.
An optical model is developed to take into account photon
absorption and reemission processes in liquid scintillator.

4.3. Event Selection, Efficiencies, and Uncertainties. Two pres-
elections were completed prior to IBD selection. First, flasher
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Figure 9: The prompt energy spectrum from AD1. IBD selection
required 0.7 < 𝐸

𝑝
< 12.0MeV. Accidental backgrounds were

subtracted, where the spectrum of accidental background was
estimated from the spectrum of all >0.7MeV triggers.

events were rejected. Second, triggers within a (−2𝜇s, 200𝜇s)
window with respect to a water shield muon candidate (𝜇WS)
were rejected, where a 𝜇WS was defined as any trigger with
Nhit>12 in either the inner or outerwater shield.This allowed
for the removal of most of the false triggers that followed
a muon, as well as triggers associated with the decay of
spallation products. Events in an AD within ±2𝜇s of a 𝜇WS
with energy >20MeV or >2.5GeV were classified as AD
muons (𝜇AD) or showering muons (𝜇sh), respectively.

Within an AD, only prompt-delayed pairs separated in
time by less than 200𝜇s (1 < 𝑡

𝑑
− 𝑡
𝑝
< 200 𝜇s, where 𝑡

𝑝

and 𝑡
𝑑
are time of the prompt and delayed signal, resp.,) with

no intervening triggers and no 𝐸 > 0.7MeV triggers within
200𝜇s before the prompt signal or 200 𝜇s after the delayed
signal were selected (referred to as the multiplicity cut). A
prompt-delayed pair was vetoed if the delayed signal is in
coincidence with a water shield muon (−2 𝜇s < 𝑡

𝑑
− 𝑡
𝜇W𝑆

<

600 𝜇s) or an AD muon (0 < 𝑡
𝑑
− 𝑡
𝜇AD

< 1000 𝜇s) or a
showering muon (0 < 𝑡

𝑑
− 𝑡
𝜇sh

< 1 s). The energy of the
delayed candidate must be 6.0MeV < 𝐸

𝑑
< 12.0MeV,

while the energy of the prompt candidate must be 0.7MeV <

𝐸
𝑝
< 12.0 MeV. The prompt energy, the delayed energy and

the capture time distributions for data and MC are shown in
Figures 9, 10, and 11, respectively.

The data are generally in good agreement with the MC.
The apparent difference between data and MC in the prompt
energy spectrum is due to nonlinearity of the detector
response; however, the correction to this nonlinearity was
not performed in this analysis. Since all ADs had similar
nonlinearity (as shown in the bottom pannel of Figure 8),
and the energy selection cuts cover a larger range than the
actual distribution, the discrepancies introduced negligible
uncertainties to the rate analysis.

For a relative measurement, the absolute efficiencies
and correlated uncertainties do not factor into the error
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cut on prompt energy (𝐸
𝑝
> 3MeV) was applied to reject accidental

backgrounds.

budget. In that regard, only the uncorrelated uncertainties
matter. Extracting absolute efficiencies and correlated errors
were done in part to better understand our detector, and
it was a natural consequence of evaluating the uncorrelated
uncertainties. Efficiencies associated with the prompt energy,
delayed energy, capture time, Gd capture fraction, and spill-
in effects were evaluated with the Monte Carlo. Efficiencies
associated with the muon veto, multiplicity cut, and livetime
were evaluated using data. In general, the uncorrelated uncer-
tainties were not dependent on the details of our computer
simulation.

Table 3 is a summary of the absolute efficiencies and the
systematic uncertainties. The uncertainties of the absolute
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Table 3: Summary of absolute efficiencies and systematic uncertain-
ties. For our relative measurement, only the uncorrelated uncertain-
ties contribute to the final error in our relative measurement.

Efficiency Correlated Uncorrelated
Target protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed energy cut 90.9% 0.6% 0.12%
Prompt energy cut 99.88% 0.10% 0.01%
Multiplicity cut 0.02% <0.01%
Capture time cut 98.6% 0.12% 0.01%
Gd capture ratio 83.8% 0.8% <0.1%
Spill-in 105.0% 1.5% 0.02%
Livetime 100.0% 0.002% <0.01%

efficiencies were correlated among the ADs. No relative
efficiency, except 𝜖

𝜇
𝜖
𝑚
, was corrected. All differences between

the functionally identical ADs were taken as uncorrelated
uncertainties. Detailed description of the analysis can be
found in [53].

4.4. Backgrounds. Backgrounds are actually the main source
of systematic uncertainties of this experiment; even though
the background to signal ratio is only a few percent. Extensive
studies show that cosmic-ray-induced backgrounds are the
main component, while AmCneutron sources installed at the
top of our neutrino detector for calibration contribute also
to a significant portion. Although the random coincidence
background is the largest, its uncertainty is well under
control. Table 4 lists all the signal and background rates as
well as their uncertainties. A detailed study can be found in
[53].

The accidental background was defined as any pair of
otherwise uncorrelated triggers that happen to satisfy the
IBD selection criteria. They can be easily calculated based
on textbooks, and their uncertainties are well understood.
When calculating the rate of accidental backgrounds listed
in Table 4, A correction is needed to account for the muon
veto efficiency and themultiplicity cut efficiency. An alternate
method, called the off-windows method, was developed
to determine accidental backgrounds. This result was also
validated by comparing the prompt-delayed distance of
accidental coincidences selected by the off-windows method
with IBD candidates. The relative differences between off-
windows method results and theoretical calculation of 6ADs
were less than 1%.

Energetic neutrons entering an AD aped IBD by recoiling
off a proton before being captured on Gd.The number of fast
neutron background events in the IBD sample is estimated by
extrapolating the prompt energy (𝐸

𝑝
) distribution between 12

and 100MeV down to 0.7MeV. Two different extrapolation
methods were used; one is a flat distribution, and the other
one is a first-order polynomial function. The fast neutron
background in the IBD sample was assigned to be equal
to the mean value of the two extrapolation methods, and
the systematic error was determined from the sum of their
differences and the fitting uncertainties. As a check, the fast

neutrons prompt energy spectrum associated with tagged
muons validates our extrapolation method.

The rate of correlated background from the 𝛽-n cascade
of 9Li/ 8He decays was evaluated from the distribution of
the time since the last muon and can be described by a
sum of exponential functions with different time constant
[61]. To reduce the number of minimum ionizing muons in
these data samples, we assumed that most of the 9Li and
8He production was accompanied with neutron generation.
The muon samples with and without reduction were both
prepared for 9Li and 8He background estimation. By con-
sidering binning effects and differences between results with
and without muon reduction, we assigned a 50% systematical
error to the final result.

The 13C (𝛼𝑛)16O background was determined by mea-
suring alpha decay rates in situ and then by using MC to
calculate the neutron yield. We identified four sources of
alpha decays, the 238U, 232Th, 227Ac decay chains, and 210Po
taking into account half lives of their decay chain products,
164.3 𝜇s, 0.3 𝜇s, and 1.781 ms, respectively. Geant4 was used
to model the energy deposition process. Based on JENDL
[62] (𝛼n) cross-sections, the neutron yield as a function of
energy was calculated and summed. Finally, with the in-situ
measured alpha decay rates and the MC determined neutron
yields, the 13C(𝛼𝑛)16O rate was calculated.

During data taking, the Am-C sources sat inside the
ACUs on top of each AD. Neutrons emitted from these
sources would occasionally ape IBD events by scattering
inelastically with nuclei in the shielding material (emitting
gamma rays) before being captured on a metal nuclei, such
as Fe, Cr, Mn, or Ni (releasing more gamma rays). We
estimated the neutron-like events from the Am-C sources
by subtracting the number of neutron-like singles in the
𝑍 < 0 region from the 𝑍 > 0 region. The Am-C correlated
background ratewas estimated byMC simulation normalized
using the Am-C neutron-like event rate obtained from data.
Even though the agreement between data andMC is excellent
for Am-C neutron-like events, we assigned 100% uncertainty
to the estimated background due to the Am-C sources to
account for any potential uncertainty in the neutron capture
cross-sections used by the simulation.

4.5. Side-By-Side Comparison in EH1. Relative uncertainties
were studied with data by comparing side-by-side antineu-
trino detectors. A detailed comparison using three months
of data from ADs in EH1 has been presented elsewhere
[54]. An updated comparison of the prompt energy spectra
of IBD events for the ADs in EH1 using 231 days of data
(Sep. 23, 2011 to May 11, 2012) is shown in Figure 12 after
correcting for efficiencies and subtracting background.Abin-
by-bin ratio of the AD1 and AD2 spectra is also shown. The
ratio of total IBD rates in AD1 and AD2 was measured to
be 0.987 ± 0.004 (stat.) ± 0.003 (syst.), consistent with the
expected ratio of 0.982. The difference in rates was primarily
due to differences in baselines of the two ADs in addition to
a slight dependence on the individual reactor on/off status. It
was known that AD2 has a 0.3% lower energy response than
AD1 for uniformly distributed events, resulting in a slight tilt
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Table 4: Signal and background summary. The background and IBD rates were corrected for the 𝜖
𝜇
𝜖
𝑚
efficiency.

AD1 AD2 AD3 AD4 AD5 AD6
IBD candidates 69121 69714 66473 9788 9669 9452
Expected IBDs 68613 69595 66402 9922.9 9940.2 9837.7
DAQ livetime (days) 127.5470 127.3763 126.2646
Muon veto time (days) 22.5656 22.9901 18.1426 2.3619 2.3638 2.4040
𝜖
𝜇
𝜖
𝑚

0.8015 0.7986 0.8364 0.9555 0.9552 0.9547
Accidentals (per day) 9.73 ± 0.10 9.61 ± 0.10 7.55 ± 0.08 3.05 ± 0.04 3.04 ± 0.04 2.93 ± 0.03

Fast neutron (per day) 0.77 ± 0.24 0.77 ± 0.24 0.58 ± 0.33 0.05 ± 0.02 0.05 ± 0.02 0.05 ± 0.02

9Li/8He (per AD per day) 2.9 ± 1.5 2.0 ± 1.1 0.22 ± 0.12

Am-C correlated (per AD per day) 0.2 ± 0.2

13C(𝛼 𝑛) 16O background (per day) 0.08 ± 0.04 0.07 ± 0.04 0.05 ± 0.03 0.04 ± 0.02 0.04 ± 0.02 0.04 ± 0.02

IBD rate (per day) 662.47 ± 3.00 670.87 ± 3.01 613.53 ± 2.69 77.57 ± 0.85 76.62 ± 0.85 74.97 ± 0.84
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Figure 12: The energy spectra for the prompt signal of IBD events
in AD1 and AD2 (a) are shown along with the bin-by-bin ratio (b).
Within (b), the dashed line represents the ratio of the total rates
for the two ADs, and the open circles show the ratio with the AD2
energy scaled by +0.3%.

to the distribution shown in Figure 12(b). The distribution of
open circles was created by scaling the AD2 energy by 0.3%.
The distribution with scaled AD2 energy agrees well with a
flat distribution.

4.6. Reactor Neutrino Flux. Reactor antineutrinos result pri-
marily from the beta decay of the fission products of four
main isotopes, 235U, 239Pu, 238U, and 241Pu. The ]e flux of
each reactor (𝑆(𝐸)) was predicted from the simulated fission
fraction 𝑓

𝑖
and the neutrino spectra per fission (𝑆

𝑖
) [19–

22, 32, 37] of each isotope [63],

𝑆 (𝐸) =
𝑊th

∑
𝑘
𝑓
𝑘
𝐸
𝑘

∑

𝑖

𝑓
𝑖
𝑆
𝑖
(𝐸) , (7)

where 𝑖 and 𝑘 sum over the four isotopes, 𝐸
𝑖
is the energy

released per fission, and𝑊th is the measured thermal power.
The thermal power data were provided by the power

plant. The uncertainties were dominated by the flow rate
measurements of feedwater through three parallel cooling
loops in each core [63–65]. The correlations between the
flow meters were not clearly known. We conservatively
assume that they were correlated for a given core but were
uncorrelated between cores, giving amaximal uncertainty for
the experiment. The assigned uncorrelated uncertainty for
thermal power was 0.5%.

A simulation of the reactor cores using commercial
software (SCIENCE [66, 67]) provided the fission fraction as
a function of burnup.The fission fraction carries a 5% uncer-
tainty set by the validation of the simulation software. The
3D spatial distribution of the isotopes within a core was also
provided by the power plant, although simulation indicated
that it had a negligible effect on acceptance. A complementary
core simulation package was developed based on DRAGON
[68] as a cross-check and for systematic studies. The code
was validated with the Takahama-3 benchmark [69] and
agreed with the fission fraction provided by the power plant
to 3%. Correlations among the four isotopes were studied
using the DRAGON-based simulation package, and agreed
well with the data collected in [70]. Given the constraints
of the thermal power and correlations, the uncertainties
of the fission fraction simulation translated into a 0.6%
uncorrelated uncertainty in the neutrino flux.

The neutrino spectrum per fission is a correlated uncer-
tainty that cancels out for a relative measurement. The
reaction cross-section for isotope 𝑖 was defined as 𝜎

𝑖
=

∫ 𝑆
𝑖
(𝐸])𝜎(𝐸])𝑑𝐸], where 𝑆𝑖(𝐸]) is the neutrino spectra per
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Figure 13: The daily average measured IBD rates per AD in the
three experimental halls are shown as a function of time along with
predictions based on reactor flux analyses and detector simulation.

fission and 𝜎(𝐸
𝜇
) is the IBD cross-section. We took the

reaction cross-section from [10] but substituted the IBD
cross-section with that in [71].The energy released per fission
and its uncertainties were taken from [72]. Nonequilibrium
corrections for long-lived isotopes were applied following
[22]. Contributions from spent fuel [73, 74] (∼0.3%) were
included as an uncertainty.

The uncertainties in the baseline and the spatial distribu-
tion of the fission fractions in the core had a negligible effect
to the results.

Figure 13 presents the background-subtracted and effi-
ciency-corrected IBD rates in the three experimental halls.
Predicted IBD rate from reactor flux calculation and detector
Monte Carlo simulation are shown for comparison. The
dashed lines have been corrected with the best-fit normal-
ization parameter 𝜀 in (10) to get rid of the biases from the
absolute reactor flux uncertainty and the absolute detector
efficiency uncertainty.

4.7. Results. The ]
𝑒
rate in the far hall was predicted with

a weighted combination of the two near hall measurements
assuming no oscillation. A ratio of measured-to-expected
rate is defined as

𝑅 =
𝑀
𝑓

𝑁
𝑓

=
𝑀
𝑓

𝛼𝑀
𝑎
+ 𝛽𝑀

𝑏

, (8)

Table 5: Reactor-related uncertainties.

Correlated Uncorrelated
Energy/fission 0.2% Power 0.5%
IBD reaction/fission 3% Fission fraction 0.6%

Spent fuel 0.3%
Combined 3% Combined 0.8%

where 𝑁
𝑓
and 𝑀

𝑓
are the predicted and measured rates

in the far hall (sum of AD 4–6) and 𝑀
𝑎
and 𝑀

𝑏
are the

measured IBD rates in EH1 (sum of AD 1-2) and EH2 (AD3),
respectively. The values for 𝛼 and 𝛽 were dominated by the
baselines and only slightly dependent on the integrated flux
of each core. For the analyzed data set, 𝛼 = 0.0439 and
𝛽 = 0.2961. The residual reactor-related uncertainty in 𝑅 was
5% of the uncorrelated uncertainty of a single core.The deficit
observed at the far hall was as follows:

R = 0.944 ± 0.007 (stat) ± 0.003 (syst) . (9)

The value of sin22𝜃
13

was determined with a 𝜒
2 con-

structed with pull terms accounting for the correlation of the
systematic errors [75] as follows:

𝜒
2
=

6

∑

𝑑=1

[𝑀
𝑑
− 𝑇
𝑑
(1 + 𝜀 + ∑

𝑟
𝜔
𝑑

𝑟
𝛼
𝑟
+ 𝜀
𝑑
) + 𝜂
𝑑
]
2

𝑀
𝑑
+ 𝐵
𝑑

+∑

𝑟

𝛼
2

𝑟

𝜎2
𝑟

+

6

∑

𝑑=1

(
𝜀
2

𝑑

𝜎2
𝑑

+
𝜂
2

𝑑

𝜎2
𝐵

) ,

(10)

where 𝑀
𝑑
is the measured IBD events of the 𝑑th AD

with backgrounds subtracted, 𝐵
𝑑
is the corresponding back-

ground, 𝑇
𝑑
is the prediction from neutrino flux, MC, and

neutrino oscillations, and 𝜔
𝑑

𝑟
is the fraction of IBD con-

tribution of the 𝑟th reactor to the 𝑑th AD determined
by baselines and reactor fluxes. The uncorrelated reactor
uncertainty is 𝜎

𝑟
(0.8%), as shown in Table 5. 𝜎

𝑑
(0.2%) is the

uncorrelated detection uncertainty, listed in Table 8. 𝜎
𝐵
is the

background uncertainty listed in Table 4. The corresponding
pull parameters are (𝛼

𝑟
, 𝜀
𝑑
, and 𝜂

𝑑
).Thedetector- and reactor-

related correlated uncertainties were not included in the
analysis; the absolute normalization 𝜀 was determined from
the fit to the data.

The survival probability used in the 𝜒2 was

𝑃sur = 1 − sin22𝜃
13
sin2 (1.267Δ𝑚2

31

𝐿

𝐸
)

− cos4𝜃
13
sin22𝜃

12
sin2 (1.267Δ𝑚2

21

𝐿

𝐸
) ,

(11)

where Δ𝑚2
31

= 2.32 × 10
−3eV2, sin22𝜃

12
= 0.861

+0.026

−0.022
, and

Δ𝑚
2

21
= 7.59

+0.20

−0.21
× 10
−5eV2. The uncertainty in Δ𝑚

2

31
had

negligible effect and thus was not included in the fit.
The best-fit value is

sin22𝜃
13
= 0.089 ± 0.010 (stat.) ± 0.005 (syst.) (12)
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Figure 14: Ratio of measured versus expected signal in each
detector, assuming no oscillation. The error bar is the uncorrelated
uncertainty of each AD.The expected signal was corrected with the
best-fit normalization parameter. The oscillation survival probabil-
ity at the best-fit value is given by the smooth curve. The AD4 and
AD6 data points were displaced by −30 and +30m for visual clarity.
The 𝜒2 versus sin22𝜃

13
is shown in the inset.

with a 𝜒2/NDF of 3.4/4. All best estimates of pull param-
eters are within its one standard deviation based on the
corresponding systematic uncertainties. The no-oscillation
hypothesis is excluded at 7.7 standard deviations. Figure 14
shows the measured number of events in each detector,
relative to those expected assuming no oscillation. A ∼1.5%
oscillation effect appears in the near halls. The oscillation
survival probability at the best-fit values is given by the
smooth curve. The 𝜒2 versus sin22𝜃

13
is shown in the inset.

The observed ]
𝑒
spectrum in the far hall was compared to

a prediction based on the near hall measurements𝛼𝑀
𝑎
+𝛽𝑀
𝑏

in Figure 15. The distortion of the spectra is consistent with
the expected one calculated with the best-fit 𝜃

13
obtained

from the rate-only analysis, providing further evidence of
neutrino oscillation.

5. Double Chooz

The Double Chooz detector system (Figure 16) consists of
a main detector, an outer veto, and calibration devices. The
main detector comprises four concentric cylindrical tanks
filled with liquid scintillators or mineral oil. The innermost
8mm thick transparent (UV to visible) acrylic vessel houses
the 10m3 ]-target liquid, a mixture of n-dodecane, PXE,
PPO, bis-MSB, and 1 g gadolinium/l as a beta-diketonate
complex. The scintillator choice emphasizes radiopurity and
long-term stability. The ]-target volume is surrounded by the
𝛾-catcher, a 55 cm thick Gd-free liquid scintillator layer in
a second 12mm thick acrylic vessel, used to detect 𝛾-rays
escaping from the ]-target.The light yield of the 𝛾-catcherwas
chosen to provide identical photoelectron (pe) yield across
these two layers. Outside the 𝛾-catcher is the buffer, a 105 cm
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Figure 15: (a) Measured prompt energy spectrum of the far hall
(sum of three ADs) compared with the no-oscillation prediction
from the measurements of the two near halls. Spectra were back-
ground subtracted. Uncertainties are statistical only. (b)The ratio of
measured and predicted no-oscillation spectra. The red curve is the
best-fit solution with sin22𝜃

13
= 0.089 obtained from the rate-only

analysis. The dashed line is the no-oscillation prediction.

thick mineral oil layer. The buffer works as a shield to 𝛾-
rays from radioactivity of PMTs and from the surrounding
rock and is one of the major improvements over the CHOOZ
detector. It shields from radioactivity of photomultipliers
(PMTs) and of the surrounding rock, and it is one of the
major improvements over the CHOOZ experiment. 390 10-
inch PMTs are installed on the stainless steel buffer tank
inner wall to collect light from the inner volumes.These three
volumes and the PMTs constitute the inner detector (ID).
Outside the ID, and optically separated from it, is a 50 cm
thick inner veto liquid scintillator (IV). It is equipped with
78 8-inch PMTs and functions as a cosmic muon veto and as
a shield to spallation neutrons produced outside the detector.
The detector is surrounded by 15 cm of demagnetized steel
to suppress external 𝛾-rays. The main detector is covered by
an outer veto system. The readout is triggered by custom
energy sum electronics. The ID PMTs are separated into two
groups of 195 PMTs uniformly distributed throughout the
volume, and the PMT signals in each group are summed.
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Figure 16: A cross-sectional view of the Double Chooz detector
system.

The signals of the IV PMTs are also summed. If any of the
three sums is above a set energy threshold, the detector is read
out with 500MHz flash-ADC electronics with customized
firmware and a dead time-free acquisition system. Upon
each trigger, a 256 ns interval of the waveforms of both ID
and IV signals is recorded. Having reduced the ambient
radioactivity enables us to set a low trigger rate (120Hz)
allowed the ID readout threshold to be set at 350 keV, well
below the 1.02MeV minimum energy of an IBD positron,
greatly reducing the threshold systematics. The experiment
is calibrated by several methods. A multiwavelength LED-
fiber light injection system (LI) produces fast light pulses
illuminating the PMTs from fixed positions. Radio-isotopes
137Cs, 68Ge, 60Co, and 252Cf were deployed in the target
along the vertical symmetry axis and, in the gamma catcher,
through a rigid loop traversing the interior and passing along
boundaries with the target and the buffer. The detector was
monitored using spallation neutron captures on H and Gd,
residual natural radioactivity, and daily LI runs. The energy
response was found to be stable within 1% over time.

5.1. Chooz Reactor Modeling. Double Chooz’s sources of
antineutrinos are the reactor cores B1 and B2 at the Électricité
de France (EDF) Centrale Nucléaire de Chooz, two N4 type
pressurized water reactor (PWR) cores with nominal thermal
power outputs of 4.25GWth each.The instantaneous thermal
power of each reactor core 𝑃

𝑅

th is provided by EDF as a
fraction of the total power. It is derived from the in-core
instrumentation with the most important variable being the
temperature of the water in the primary loop. The dominant
uncertainty on the weekly heat balance at the secondary
loops comes from the measurement of the water flow. At the
nominal full power of 4250MW, the final uncertainty is 0.5%
(1 𝜎 C.L.). Since the amount of data taken with one or two
cores at intermediate power is small, this uncertainty is used
for the mean power of both cores.

The antineutrino spectrum for each fission isotope is
taken from [22, 32], including corrections for off-equilibrium
effects. The uncertainty on these spectra is energy dependent
but is on the order of 3%. The fractional fission rates 𝛼

𝑘

of each isotope are needed in order to calculate the mean
cross-section per fission. They are also required for the
calculation of themean energy released per fission for reactor
𝑅:

⟨𝐸
𝑓
⟩
𝑅
= ∑

𝑘

𝛼
𝑘
⟨𝐸
𝑓
⟩
𝑘
. (13)

The thermal power one would calculate given a fission is
relatively insensitive to the specific fuel composition since the
⟨𝐸
𝑓
⟩
𝑘
differ by <6%; however, the difference in the detected

number of antineutrinos is amplified by the dependence of
the norm andmean energy of 𝑆

𝑘
(𝐸) on the fissioning isotope.

For this reason,much effort has been expended in developing
simulations of the reactor cores to accurately model the
evolution of the 𝛼

𝑘
.

Double Chooz has chosen two complementary codes
for modeling of the reactor cores: MURE and DRAGON
[30, 76–78]. These two codes provide the needed flexibility
to extract fission rates and their uncertainties. These codes
were benchmarked against data from the Takahama-3 reactor
[79]. The construction of the reactor model requires detailed
information on the geometry and materials comprising the
core. The Chooz cores are comprised of 205 fuel assem-
blies. For every reactor fuel cycle, approximately one year
in duration, one-third of the assemblies are replaced with
assemblies containing fresh fuel. The other two-thirds of
the assemblies are redistributed to obtain a homogeneous
neutron flux across the core.The Chooz reactor cores contain
four assembly types that differ mainly in their initial 235U
enrichment. These enrichments are 1.8%, 3.4%, and 4%. The
data set reported here spans fuel cycle 12 for core B2 and
cycle 12 and the beginning of cycle 13 for B1. EDF provides
Double Chooz with the locations and initial burnup of each
assembly. Based on these maps, a full core simulation was
constructed usingMURE for each cycle.The uncertainty due
to the simulation technique is evaluated by comparing the
DRAGON and MURE results for the reference simulation
leading to a small 0.2% systematic uncertainty in the fission
rate fractions 𝛼

𝑘
. Once the initial fuel composition of the

assemblies is known, MURE is used to model the evolution
of the full core in time steps of 6 to 48 hours. This allows
the 𝛼
𝑘
’s, and therefore the predicted antineutrino flux, to

be calculated. The systematic uncertainties on the 𝛼
𝑘
’s are

determined by varying the inputs and observing their effect
on the fission rate relative to the nominal simulation. The
uncertainties considered are those due to the thermal power,
boron concentration, moderator temperature and density,
initial burnup error, control rod positions, choice of nuclear
databases, choice of the energies released per fission, and
statistical error of the MURE Monte Carlo. The two largest
uncertainties come from the moderator density and control
rod positions.

In far-only phase of Double Chooz, the rather large
uncertainties in the reference spectra limit the sensitivity to
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Table 6: The uncertainties in the antineutrino prediction. All
uncertainties are assumed to be correlated between the two reactor
cores. They are assumed to be normalization and energy (rate and
shape) unless noted as normalization only.

Source Normalization only Uncertainty (%)
𝑃th Yes 0.5
⟨𝜎
𝑓
⟩
Bugey Yes 1.4

𝑆
𝑘
(𝐸)𝜎IBD(𝐸

true
] ) No 0.2

⟨𝐸
𝑓
⟩ No 0.2

𝐿
𝑅

Yes <0.1
𝛼
𝑅

𝑘
No 0.9

Total 1.8

𝜃
13
. To mitigate this effect, the normalization of the cross-

section per fission for each reactor is anchored to the Bugey-4
rate measurement at 15m [10]:

⟨𝜎
𝑓
⟩
𝑅
= ⟨𝜎
𝑓
⟩
Bugey

+∑

𝑘

(𝛼
𝑅

𝑘
− 𝛼

Bugey
𝑘

) ⟨𝜎
𝑓
⟩
𝑘
, (14)

where𝑅 stands for each reactor.The second term corrects the
difference in fuel composition between Bugey-4 and each of
the Chooz cores. This treatment takes advantage of the high
accuracy of the Bugey-4 anchor point (1.4%) and suppresses
the dependence on the predicted ⟨𝜎

𝑓
⟩
𝑅
. At the same time, the

analysis becomes insensitive to possible oscillations at shorter
baselines due to heavy Δ𝑚2 ∼ 1 eV2 sterile neutrinos. The
expected number of antineutrinos with no oscillation in the
𝑖th energy bin with the Bugey-4 anchor point becomes as
follows:

𝑁
exp,𝑅
𝑖

=
𝜖𝑁
𝑝

4𝜋

1

𝐿
𝑅

2

𝑃
𝑅

th
⟨𝐸
𝑓
⟩
𝑅

× (
⟨𝜎
𝑓
⟩
𝑅

(∑
𝑘
𝛼𝑅
𝑘
⟨𝜎
𝑓
⟩
𝑘
)
∑

𝑘

𝛼
𝑅

𝑘
⟨𝜎
𝑓
⟩
𝑖

𝑘
) ,

(15)

where 𝜖 is the detection efficiency, 𝑁
𝑝
is the number of

protons in the target, 𝐿
𝑅
is the distance to the center of

each reactor, and 𝑃
𝑅

th is the thermal power. The variable
⟨𝐸
𝑓
⟩
𝑅
is the mean energy released per fission defined in (13),

while ⟨𝜎
𝑓
⟩
𝑅
is the mean cross-section per fission defined

in (14). The three variables 𝑃𝑅th, ⟨𝐸𝑓⟩𝑅, and ⟨𝜎
𝑓
⟩
𝑅
are time

dependent with ⟨𝐸
𝑓
⟩
𝑅
and ⟨𝜎

𝑓
⟩
𝑅
depending on the evolution

of the fuel composition in the reactor and 𝑃𝑅th depending on
the operation of the reactor. A covariance matrix 𝑀exp

𝑖𝑗
=

𝛿𝑁
exp
𝑖
𝛿𝑁

exp
𝑗

is constructed using the uncertainties listed in
Table 6.

The IBD cross-section used is the simplified form from
Vogel and Beacom [71].The cross-section is inversely propor-
tional to the neutron lifetime.TheMAMBO-II measurement
of the neutron lifetime [80] is being used, leading to 𝐾 =

0.961 × 10
−43 cm2MeV −2.

5.2. Modeling the Double Chooz Detector. The detector
response uses a detailed Geant4 [81, 82] simulation with
enhancements to the scintillation process, photocathode

optical surface model, and thermal neutron model. Simu-
lated IBD events are generated with run-by-run correspon-
dence of MC to data, with fluxes and rates calculated as
described in the previous paragraph. Radioactive decays in
calibration sources and spallation products were simulated
using detailed models of nuclear levels, taking into account
branching ratios and correct spectra for transitions [83–85].
Optical parameters used in the detector model are based on
detailed measurements made by the collaboration. Tuning of
the absolute and relative light yield in the simulationwas done
with calibration data. The scintillator emission spectrum
was measured using a Cary Eclipse Fluorometer [86]. The
photon emission time probabilities used in the simulation
are obtained with a dedicated laboratory setup [87]. For
the ionization quenching treatment in our MC, the light
output of the scintillators after excitation by electrons [88]
and alpha particles [89] of different energies was measured.
The nonlinearity in light production in the simulation has
been adjusted to match these data.The finetuning of the total
attenuation was made using measurements of the complete
scintillators [87]. Other measured optical properties include
reflectivities of various detector surfaces and indices of
refraction of detector materials.

The readout system simulation (RoSS) accounts for the
response of elements associated with detector readout, such
as from the PMTs, FEE, FADCs, trigger system andDAQ.The
simulation relies on the measured probability distribution
function (PDF) to empirically characterize the response to
each single PE as measured by the full readout channel. The
Geant4-based simulation calculates the time at which each
PE strikes the photocathode of each PMT. RoSS converts
this time per PE into an equivalent waveform as digitized
by FADCs. After calibration, the MC and data energies agree
within 1%.

A set of Monte Carlo ]
𝑒
events representing the expected

signal for the duration of physics data taking is created based
on the formalism of (16). The calculated IBD rate is used to
determine the rate of interactions. Parent fuel nuclide and
neutrino energies are sampled from the calculated neutrino
production ratios and corresponding spectra, yielding a
properly normalized set of IBD-progenitor neutrinos. Once
generated, each event-progenitor neutrino is assigned a ran-
dom creation point within the originating reactor core. The
event is assigned a weighted random interaction point within
the detector based on proton density maps of the detector
materials. In the center-of-mass frame of the ]−𝑝 interaction,
a random positron direction is chosen, with the positron
and neutron of the IBD event given appropriate momenta
based on the neutrino energy and decay kinematics. These
kinematic values are then boosted into the laboratory frame.
The resulting positron and neutronmomenta and originating
vertex are then available as inputs to the Geant4 detector
simulation. Truth information regarding the neutrino origin,
baseline, and energy are propagated along with the event, for
use later in the oscillation analysis.

5.3. Event Reconstruction. The pulse reconstruction provides
the signal charge and time in each PMT. The baseline mean
(𝐵mean) and rms (𝐵rms) are computed using the full readout
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window (256 ns). The integrated charge (𝑞) is defined as the
sum of digital counts in each waveform sample over the
integration window, once the pedestal has been subtracted.
For each pulse reconstructed, the start time is computed as
the time when the pulse reaches 20% of its maximum. This
time is then corrected by the PMT-to-PMT offsets obtained
with the light injection system.

Vertex reconstruction in Double Chooz is not used for
event selection but is used for event energy reconstruction. It
is based on amaximum charge and time likelihood algorithm
which utilizes all hit and no-hit information in the detector.
The performance of the reconstruction has been evaluated in
situ using radioactive sources deployed at known positions
along the 𝑧-axis in the target volume, and off-axis in the guide
tubes. The sources are reconstructed with a spatial resolution
of 32 cm for 137Cs, 24 cm for 60Co, and 22 cm for 68Ge.

Cosmic muons passing through the detector or the
nearby rock induce backgrounds which are discussed later.
The IV trigger rate is 46 s−1. Allmuons in the ID are tagged by
the IV except some stoppingmuonswhich enter the chimney.
Muons which stop in the ID and their resulting Michel 𝑒
can be identified by demanding a large energy deposition
(roughly a few tens of MeV) in the ID. An event is tagged as
a muon if there is >5MeV in the IV or >30MeV in the ID.

The visible energy (𝐸vis) provides the absolute calorimet-
ric estimation of the energy deposited per trigger. 𝐸vis is a
function of the calibrated 𝑃𝐸 (total number of photoelec-
trons):

𝐸vis = 𝑃𝐸
𝑚
(𝜌, 𝑧, 𝑡) × 𝑓

𝑚

𝑢
(𝜌, 𝑧) × 𝑓

𝑚

𝑠
(𝑡) × 𝑓

𝑚

MeV, (16)

where 𝑃𝐸 = ∑
𝑖
𝑝𝑒
𝑖
= ∑
𝑖
𝑞
𝑖
/gain
𝑖
(𝑞
𝑖
). Coordinates in the

detector are 𝜌 and 𝑧, 𝑡 is time, 𝑚 refers to data or Monte
Carlo (MC), and 𝑖 refers to each good channel.The correction
factors 𝑓

𝑢
, 𝑓
𝑠
, and 𝑓MeV correspond, respectively, to the

spatial uniformity, time stability, and photoelectron per MeV
calibrations. Four stages of calibration are carried out to
render 𝐸vis linear, independent of time and position, and
consistent between data and MC. Both the MC and data are
subjected to the same stages of calibration. The sum over all
good channels of the reconstructed raw charge (𝑞

𝑖
) from the

digitized waveforms is the basis of the energy estimation.The
𝑃𝐸 response is position dependent for both MC and data.
Calibration maps were created such that any 𝑃𝐸 response for
any event located at any position (𝜌, 𝑧) can be converted into
its response as ifmeasured at the center of the detector (𝜌 = 0,
𝑧 = 0): 𝑃𝐸𝑚

⨀
= 𝑃𝐸
𝑚
(𝜌, 𝑧) × 𝑓

𝑚

𝑢
(𝜌, 𝑧). The calibration map’s

correction for each point is labeled 𝑓
𝑚

𝑢
(𝜌, 𝑧). Independent

uniformity calibration maps 𝑓𝑚
𝑢
(𝜌, 𝑧) are created for data

and MC, such that the uniformity calibration serves to
minimize any possible difference in position dependence
of the data with respect to MC. The capture peak on H
(2.223MeV) of neutrons from spallation and antineutrino
interactions provides a precise and copious calibration source
to characterize the response nonuniformity over the full
volume (both NT and GC).

The detector response stability was found to vary in time
due to two effects, which are accounted for and corrected by
the term𝑓

𝑚

𝑠
(𝑡). First, the detector response can change due to

Table 7: Energy scale systematic errors.

Error (%)
Relative nonuniformity 0.43
Relative instability 0.61
Relative nonlinearity 0.85
Total 1.13

variations in readout gain or scintillator response. This effect
has beenmeasured as a +2.2%monotonic increase over 1 year
using the response of the spallation neutrons capturing on
Gdwithin theNT. Second, few readout channels varying over
time are excluded from the calorimetry sum, and the average
overall response decreases by 0.3% per channel excluded.
Therefore, any response𝑃𝐸

⨀
(𝑡) is converted to the equivalent

response at 𝑡
0
, as𝑃𝐸𝑚

⨀𝑡0
= 𝑃𝐸
𝑚

⨀
(𝑡)×𝑓

𝑚

𝑠
(𝑡).The 𝑡

0
was defined

as the day of the first Cf source deployment, during August
2011.The remaining instability after calibration is used for the
stability systematic uncertainty estimation.

Thenumber𝑃𝐸
⨀𝑡0

perMeV is determined by an absolute
energy calibration independently, for the data and MC.
The response in 𝑃𝐸

⨀𝑡0
for H capture as deployed in the

center of the NT is used for the absolute energy scale. The
absolute energy scales are found to be 229.9 𝑃𝐸

⨀𝑡0
/MeV

and 227.7𝑃𝐸
⨀𝑡0

/MeV, respectively, for the data and MC,
demonstrating agreement within 1% prior to this calibration
stage.

Discrepancies in response between the MC and data,
after calibration, are used to estimate these uncertainties
within the prompt energy range and the NT volume. Table 7
summarizes the systematic uncertainty in terms of the
remaining nonuniformity, instability, and nonlinearity. The
relative nonuniformity systematic uncertainty was estimated
from the calibration maps using neutrons capturing on
Gd, after full calibration. The rms deviation of the relative
difference between the data andMC calibration maps is used
as the estimator of the nonuniformity systematic uncertainty,
and is 0.43%. The relative instability systematic error, dis-
cussed above, is 0.61%. A 0.85% variation consistent with
this nonlinearity was measured with the 𝑧-axis calibration
system, and this is used as the systematic error for relative
nonlinearity in Table 7. Consistent results were obtained
when sampling with the same sources along the GT.

5.4. Neutrino Data Analysis. Signals and Backgrounds. The ]
𝑒

candidate selection is as follows. Events with an energy below
0.5MeV, where the trigger efficiency is not 100%, or identified
as light noise (𝑄max/𝑄tot > 0.09 or rms(𝑡start) > 40 ns), are
discarded. Triggers within a 1ms window following a tagged
muon are also rejected in order to reduce the correlated and
cosmogenic backgrounds. The effective veto time is 4.4% of
the total run time. Defining Δ𝑇 ≡ 𝑡delayed − 𝑡prompt, further
selection consists of 4 cuts:

(1) time difference between consecutive triggers (prompt
and delayed): 2 𝜇s < Δ𝑇 < 100 𝜇s, where the lower
cut reduces correlated backgrounds and the upper cut
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Table 8: Cuts used in the event selection and their efficiency for IBD
events. The OV was working for the last 68.9% of the data.

Cut Efficiency %
𝐸prompt 100.0 ± 0.0
𝐸delayed 94.1 ± 0.6
Δ𝑇 96.2 ± 0.5
Multiplicity 99.5 ± 0.0
Muon veto 90.8 ± 0.0
Outer veto 99.9 ± 0.0

is determined by the approximately 30 𝜇s capture time
on Gd;

(2) prompt trigger: 0.7MeV < 𝐸prompt < 12.2MeV;
(3) delayed trigger: 6.0MeV < 𝐸delayed < 12.0MeV and

𝑄max/𝑄tot < 0.055;
(4) multiplicity: no additional triggers from 100 𝜇s pre-

ceding the prompt signal to 400 𝜇s after it, with the
goal of reducing the correlated background.

The IBD efficiencies for these cuts are listed in Table 8.
A preliminary sample of 9021 candidates is obtained

by applying selections (1–4). In order to reduce the back-
ground contamination in the sample, candidates are rejected
according to two extra cuts. First, candidates within a 0.5 s
window after a high energy muon crossing the ID (𝐸

𝜇
>

600MeV) are tagged as cosmogenic isotope events and are
rejected, increasing the effective veto time to 9.2%. Second,
candidates whose prompt signal is coincident with an OV
trigger are also excluded as correlated background. Applying
the above vetoes yields 8249 candidates or a rate of 36.2 ± 0.4
events/day, uniformly distributed within the target, for an
analysis livetime of 227.93 days. Following the same selection
procedure on the ]

𝑒
MC sample yields 8439.6 expected events

in the absence of oscillation.
Themain source of accidental coincidences is the random

association of a prompt trigger fromnatural radioactivity and
a later neutron-like candidate. This background is estimated
not only by applying the neutrino selection cuts described,
but also using coincidence windows shifted by 1 s in order
to remove correlations in the time scale of n-captures in H
and Gd. The radioactivity rate between 0.7 and 12.2MeV is
8.2 s−1, while the singles rate in 6–12MeV energy region is
18 h−1. Finally, the accidental background rate is found to be
0.261 ± 0.002 events per day.

The radioisotopes 8He and 9Li are products of spallation
processes on 12C induced by cosmic muons crossing the
scintillator volume. The 𝛽-𝑛 decays of these isotopes consti-
tute a background for the antineutrino search. 𝛽-𝑛 emitters
can be identified from the time and space correlations to
their parent muon. Due to their relatively long lifetimes
(9Li: 𝜏 = 257ms, 8He: 𝜏 = 172ms), an event-by-event
discrimination is not possible. For the muon rates in our
detector, vetoing for several isotope lifetimes after eachmuon
would lead to an unacceptably large loss in exposure. Instead,
the rate is determined by an exponential fit to the Δ𝑡

𝜇] ≡

𝑡
𝜇
− 𝑡] profile of all possible muon-IBD candidate pairs. The

analysis is performed for three visible energy 𝐸vis
𝜇

ranges that
characterize subsamples of parent muons by their energy
deposition, not corrected for energy nonlinearities, in the ID
as follows.

(1) Showering muons crossing the target value are sele-
cted by𝐸vis

𝜇
> 600MeV, and feature, they an increased

probability to produce cosmogenic isotopes.The Δ𝑡
𝜇]

fit returns a precise result of 0.95±0.11 events/day for
the 𝛽-𝑛-emitter rate.

(2) In the 𝐸
vis
𝜇

range from 275 to 600MeV, muons
crossing GC and target still give a sizable contribution
to isotope production of 1.08 ± 0.44 events/day. To
obtain this result from a Δ𝑡

𝜇] fit, the sample of muon-
IBD pairs has to be cleaned by a spatial cut on
the distance of closest approach from the muon to
the IBD candidate of 𝑑

𝜇] < 80 cm to remove the
majority of uncorrelated pairs. The corresponding
cut efficiency is determined from the lateral distance
profile obtained for 𝐸vis

𝜇
> 600MeV. The approach is

validated by a comparative study of cosmic neutrons
that show an almost congruent profile with very little
dependence on 𝐸vis

𝜇
above 275MeV.

(3) The cut 𝐸vis
𝜇

< 275MeV selects muons crossing
only the buffer volume or the rim of the GC. For
this sample, no production of 𝛽-𝑛 emitters inside the
target volume is observed. An upper limit of <0.3
events/day can be established based on a Δ𝑡

𝜇] fit
for 𝑑
𝜇] < 80 cm. Again, the lateral distribution of

cosmic neutrons has been used for determining the
cut efficiency.

The overall rate of 𝛽𝑛 decays found is 2.05+0.62
−0.52

events/day.
Most correlated backgrounds are rejected by the 1ms veto

time after each tagged muon. The remaining events arise
from cosmogenic events whose parent muon either misses
the detector or deposits an energy low enough to escape
the muon tagging. Two contributions have been found: fast
neutrons (FNs) and stopping muons (SMs). FNs are created
by muons in the inactive regions surrounding the detector.
Their large interaction length allows them to cross the
detector and capture in the ID, causing both a prompt trigger
by recoil protons and a delayed trigger by capture on Gd.
An approximately flat prompt energy spectrum is expected;
a slope could be introduced by acceptance and scintillator
quenching effects. The time and spatial correlations distribu-
tion of FN are indistinguishable from those of ]

𝑒
events. The

selected SM arise frommuons entering through the chimney,
stopping in the top of the ID, and eventually decaying. The
short muon track mimics the prompt event, and the decay
Michel electron mimics the delayed event. SM candidates are
localized in space in the top of the ID under the chimney
and have a prompt-delayed time distribution following the
2.2 𝜇s muon lifetime. The correlated background has been
studied by extending the selection on 𝐸prompt up to 30 MeV.
No IBD events are expected in the interval 12MeV ≤

𝐸prompt ≤ 30MeV. FN and SM candidates were separated via
their different correlation time distributions. The observed
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Table 9: Summary of observed IBD candidates, with corresponding
signal and background predictions for each integration period
before any oscillation fit results have been applied.

Reactors One reactor Total
both on 𝑃th < 20%

Livetime (days) 139.27 88.66 227.93
IBD candidates 6088 2161 8249
] Reactor B1 2910.9 774.6 3685.5
] Reactor B2 3422.4 1331.7 4754.1
Cosmogenic isotope 174.1 110.8 284.9
Correlated FN and SM 93.3 59.4 152.7
Accidentals 36.4 23.1 59.5
Total prediction 6637.1 2299.7 8936.8

prompt energy spectrum is consistent with a flat continuum
between 12 and 30MeV, which extrapolated to the IBD selec-
tion window provideing a first estimation of the correlated
background rate of ≈0.75 events/day. The accuracy of this
estimate depends on the validity of the extrapolation of the
spectral shape. Several FN and SM analyses were performed
using different combinations of IV and OV taggings. The
main analysis for the FN estimation relies on IV tagging
of the prompt triggers with OV veto applied for the IBD
selection. A combined analysis was performed to obtain the
total spectrum and the total rate estimation of both FN and
SM, (0.67 ± 0.20) events/day summarized, in Table 9.

There are four ways that can be utilized to estimate
backgrounds. Each independent background component can
be measured by isolating samples and subtracting possible
correlations. Second, we can measure each independent
background component including spectral informationwhen
fitting for 𝜃

13
oscillations. Third, the total background rate is

measured by comparing the observed and expected rates as
a function of reactor power. Fourth, we can use the both-
reactor-off data to measure both the rate and spectrum.
The latter two methods are used currently as cross-checks
for the background measurements due to low statistics
and are described here. The measured daily rate of IBD
candidates as a function of the no-oscillation expected rate
for different reactor power conditions is shown in Figure 17.
The extrapolation to zero reactor power of the fit to the
data yields 2.9 ± 1.1 events per day, in excellent agreement
with our background estimate. The overall rate of correlated
background events that pass the IBD cuts is independently
verified by analyzing 22.5 hours of both-reactors-off data
[48]. The expected neutrino signal is <0.3 residual ]

𝑒
events.

Calibration data taken with the 252Cf source were used
to check the Monte Carlo prediction for any biases in the
neutron selection criteria and estimate their contributions to
the systematic uncertainty.

The fraction of neutron captures on gadolinium is evalu-
ated to be 86.5% near the center of the target and to be 1.5%
lower than the fraction predicted by simulation. Therefore,
the Monte Carlo simulation for the prediction of the number
of ]
𝑒
events is reduced by factor of 0.985. After the prediction

of the fraction of neutron captures on gadolinium is scaled
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Figure 17: Daily number of ]
𝑒
candidates as a function of the

expected number of ]
𝑒
. The dashed line shows the fit to the data,

along with the 90% C L band.The dotted line shows the expectation
in the no-oscillation scenario.

to the data, the prediction reproduces the data within 0.3%
under variation of selection criteria.

The 252Cf is also used to check the neutron capture time,
Δ𝑇. The simulation reproduces the efficiency (96.2%) of the
Δ𝑡
𝑒
+
𝑛
cut with an uncertainty of 0.5% augmentedwith sources

deployed through the NT and GC.
The efficiency for Gd capture events with visible energy

greater than 4MeV to pass the 6MeV cut is estimated to be
94.1%. Averaged over theNT, the fraction of neutron captures
on Gd accepted by the 6.0MeV cut is in agreement with
calibration data within 0.7%.

The Monte Carlo simulation indicates that the number
of IBD events occurring in the GC with the neutron cap-
tured in the NT (spill-in) slightly exceeds the number of
events occurring in the target with the neutron escaping to
the gamma catcher (spill-out), by 1.35% ± 0.04% (stat) ±
0.30%(sys). The spill-in/out effect is already included in the
simulation, and therefore no correction for this is needed.
The uncertainty of 0.3% assigned to the net spill-in/out
current was quantified by varying the parameters affecting
the process, such as gadolinium concentration in the target
scintillator and hydrogen fraction in the gamma-catcher fluid
within its tolerances. Moreover, the parameter variation was
performed with multiple Monte Carlo models at low neutron
energies.

5.5. Oscillation Analysis. The oscillation analysis is based on
a combined fit to antineutrino rate and spectral shape. The
data are compared to theMonte Carlo signal and background
events from high-statistics samples. The same selections are
applied to both signal and background, with corrections
made to Monte Carlo only when necessary to match detector
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performance metrics. The oscillation analysis begins by
separating the data into 18 variably sized bins between 0.7 and
12.2MeV. Two integration periods are used in the fit to help
separate background and signal fluxes. One set contains data
periods, where one reactor is operating at less than 20% of its
nominal thermal power, according to power data provided by
EDF, while the other set contains data from all other times,
typically when both reactors are running. All data end up
in one of the two integration periods. Here, we denote the
number of observed IBD candidates in each of the bins as𝑁

𝑖
,

where 𝑖 runs over the combined 36 bins of both integration
periods. The use of multiple periods of data integration takes
advantage of the different signal/background ratios in each
period, as the signal rate varies with reactor power, while
the backgrounds remain constant in time. This technique
adds information about background behavior to the fit. The
distribution of IBD candidates between the two integration
periods is given in Table 9. A prediction of the observed
number of signal and background events is constructed
for each energy bin, following the same integration period
division as the following data:

𝑁
𝑝red
𝑖
=

Reactors
∑

𝑅=1,2

𝑁
],𝑅
𝑖

+

Bkgnds.

∑

𝑏

𝑁
𝑏

𝑖
, (17)

where 𝑁],𝑅
𝑖

= 𝑃(]
𝑒
→ ]
𝑒
)𝑁

exp,𝑅
𝑖

, 𝑃]𝑒→ ]𝑒
is the neutrino

survival probability from thewell-known oscillation formula,
and 𝑁exp,𝑅

𝑖
is given by (16). The index 𝑏 runs over the three

backgrounds: cosmogenic isotope; correlated; and accidental.
The index 𝑅 runs over the two reactors, Chooz B1 and
B2. Background populations were calculated based on the
measured rates and the livetime of the detector during
each integration period. Predicted populations for both null-
oscillation signal and backgrounds may be found in Table 9.

Systematic and statistical uncertainties are propagated to
the fit by the use of a covariance matrix 𝑀

𝑖𝑗
in order to

properly account for correlations between energy bins. The
sources of uncertainty 𝐴 are listed in Table 10 as follows:

𝑀
𝑖𝑗
= 𝑀

sig.
𝑖𝑗

+𝑀
det .
𝑖𝑗

+𝑀
stat.
𝑖𝑗

+𝑀
eff.
𝑖𝑗

+

Bkgnds.

∑

𝑏

𝑀
𝑏

𝑖𝑗
. (18)

Each term 𝑀
𝐴

𝑖𝑗
= cov(𝑁pred

𝑖
, 𝑁

pred
𝑗

)
𝐴
on the right-hand

side of (18) represents the covariance of𝑁pred
𝑖

and𝑁pred
𝑗

due
to uncertainty 𝐴. The normalization uncertainty associated
with each of the matrix contributions may be found from the
sum of each matrix; these are summarized in Table 10. Many
sources of uncertainty contain spectral shape components
which do not directly contribute to the normalization error
but do provide for correlated uncertainties between the
energy bins. The signal covariance matrix𝑀sig.

𝑖𝑗
is calculated

taking into account knowledge about the predicted neutrino
spectra. The 9Li matrix contribution contains spectral shape
uncertainties estimated using different Monte Carlo event
generation parameters. The slope of the FN/SM spectrum
is allowed to vary from a nearly flat spectrum. Since acci-
dental background uncertainties are measured to a high

Table 10: Summary of signal and background normalization uncer-
tainties in this analysis relative to the total prediction.

Source Uncertainty (%)
Reactor flux 1.67%
Detector response 0.32%
Statistics 1.06%
Efficiency 0.95%
Cosmogenic isotope background 1.38%
FN/SM 0.51%
Accidental background 0.01%
Total 2.66%

precision from many off-time windows, they are included as
a diagonal covariance matrix. The elements of the covariance
matrix contributions are recalculated as a function of the
oscillation and other parameters (see below) at each step of
the minimization. This maintains the fractional systematic
uncertainties as the bin populations vary from the changes
in the oscillation and fit parameters.

A fit of the binned signal and background data to a two-
neutrino oscillation hypothesis was performed by minimiz-
ing a standard 𝜒2 function:

𝜒
2
=

36

∑

𝑖,𝑗

(𝑁
𝑖
− 𝑁

pred
𝑖

) × (𝑀
𝑖𝑗
)
−1

(𝑁
𝑗
− 𝑁

pred
𝑗

)
𝑇

+
(𝜖FN/SM − 1)

2

𝜎2FN/SM
+
(𝜖 9Li − 1)

2

𝜎29Li
+
(𝛼
𝐸
− 1)
2

𝜎2
𝛼𝐸

+

(Δ𝑚
2

31
− (Δ𝑚

2

31
)
MINOS

)
2

𝜎2MINOS
.

(19)

The use of energy spectrum information in this analysis
allows additional information on background rates to be
gained from the fit, in particular because of the small number
of IBD events between 8 and 12MeV. The two fit parameters
𝜖FN/SM and 𝜖 9Li are allowed to vary as part of the fit, and
they scale the rates of the two backgrounds (correlated and
cosmogenic isotopes). The rate of accidentals is not allowed
to vary since its initial uncertainty is precisely determined in-
situ. The energy scale for predicted signal and 9Li events is
allowed to vary linearly according to the 𝛼

𝐸
parameter with

an uncertainty 𝜎
𝛼𝐸
= 1.13%. A final parameter constrains the

mass splitting Δ𝑚2
31

using the MINOS measurement [90] of
Δ𝑚
2

31
= (2.32 ± 0.12)×10

−3 eV2, where we have symmetrized
the error. This error includes the uncertainty introduced by
relating the effective mass-squared difference observed in a
]
𝜇
disappearance experiment to the one relevant for reactor

experiments and the ambiguity due to the type of the neutrino
mass hierarchy; see for example [91]. Uncertainties for these
parameters, 𝜎FN/SM, 𝜎 9Li, and 𝜎MINOS, are listed as the initial
values in Table 11. The best fit gives sin22𝜃

13
= 0.109 ±

0.030(stat.) ± 0.025(syst) at Δ𝑚2
31

= 2.32 × 10
−3 eV2, with

a 𝜒2/NDF = 42.1/35. Table 11 gives the resulting values of
the fit parameters and their uncertainties. Comparing the
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Double Chooz 2012 data
No-oscillation, best-fit backgrounds
Best fit: sin2(2𝜃13) = 0.109
at Δ𝑚2
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Fast 𝑛 and stopping 𝜇
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One reactor < 20% power

(𝜒2/dof = 42.1/35)

Figure 18: Measured prompt energy spectrum for each integration period (data points) superimposed on the expected prompt energy
spectrum, including backgrounds (green region), for the no-oscillation (blue dotted curve) and best-fit (red solid curve), backgrounds at
sin22𝜃

13
= 0.109 and Δ𝑚2

31
= 2.32 × 10

−3eV2. Inset: stacked spectra of backgrounds. Bottom: differences between data and no-oscillation
prediction (data points) and differences between best-fit prediction and no-oscillation prediction (red curve). The orange band represents
the systematic uncertainties on the best-fit prediction.

Table 11: Parameters in the oscillation fit. Initial values are deter-
mined bymeasurements of background rates or detector calibration
data. Best-fit values are outputs of the minimization procedure.

Fit parameter Initial value Best-fit value
9Li Bkg. 𝜖9Li (1.25 ± 0.54) d−1 (1.00 ± 0.29) d−1

FN/SM Bkg. 𝜖FN/SM (0.67 ± 0.20) d−1 (0.64 ± 0.13) d−1

Energy scale 𝛼
𝐸

1.000 ± 0.011 0.986 ± 0.007
Δ𝑚
2

31
(10−3 eV2) 2.32 ± 0.12 2.32 ± 0.12

values with the ones used as input to the fit in Table 9,
we conclude that the background rate and uncertainties are
further constrained in the fit, as well as the energy scale.

The final measured spectrum and the best-fit spectrum
are shown in Figure 18 for the new and old data sets, and for
both together in Figure 19.

An analysis comparing only the total observed number
of IBD candidates in each integration period to the expec-
tations produces a best fit of sin22𝜃

13
= 0.170 ± 0.052 at

𝜒
2
/NDF = 0.50/1. The compatibility probability for the

rate-only and rate+shape measurements is about 30% depe-

nding on how the correlated errors are handled between the
two measurements.

Confidence intervals for the standard analysis were deter-
mined using a frequentist technique [92]. This approach
accommodates the fact that the true 𝜒2 distributions may not
be Gaussian and is useful for calculating the probability of
excluding the no-oscillation hypothesis.This study compared
the data to 10,000 simulations generated at each of 21 test
points in the range 0 ≤ sin22𝜃

13
≤ 0.25. A Δ𝜒

2 statistic,
equal to the difference between the 𝜒2 at the test point and
the 𝜒2 at the best fit, was used to determine the region in
sin22𝜃

13
where the Δ𝜒2 of the data was within the given

confidence probability. The allowed region at 68% (90%) CL
is 0.068 (0.044) < sin22𝜃

13
< 0.15 (0.17). An analogous

technique shows that the data exclude the no-oscillation
hypothesis at 99.9% (3.1𝜎).

6. RENO

The reactor experiment for neutrino oscillation (RENO) has
obtained a definitive measurement of the smallest neutrino
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Figure 19: Sum of both integration periods plotted in the same
manner as Figure 18.

mixing angle of 𝜃
13

by observing the disappearance of elec-
tron antineutrinos emitted from a nuclear reactor, excluding
the no-oscillation hypothesis at 4.9𝜎. From the deficit, the
best-fit value of sin22𝜃

13
is obtained as 0.113 ± 0.013(stat.) ±

0.019(syst.) based on a rate-only analysis.
Consideration of RENO began in early 2004, and its

proposal was approved by the Ministry of Science and
Technology in Korea in May 2005. The company operating
the Yonggwang nuclear power plant, KHNP, has allowed us
to carry out the experiment in a restricted area. The project
started in March 2006. Geological survey was completed
in 2007. Civil construction began in middle 2008 and was
completed in early 2009. Both near and far detectors are
completed in early 2011, and data taking began in earlyAugust
2011. RENO is the first experiment to measure 𝜃

13
with two

identical detectors in operation.

6.1. Experimental Setup and Detection Method. RENO
detects antineutrinos from six reactors at Yonggwang
Nuclear Power Plant in Korea. A symmetric arrangement of
the reactors and the detectors, as shown in Figure 20, is useful
for minimizing the complexity of the measurement. The

Figure 20: A schematic setup of the RENO experiment.

six pressurized water reactors with each maximum thermal
output of 2.8GWth (reactors 3, 4, 5, and 6) or 2.66 GWth
(reactors 1 and 2) are lined up in roughly equal distances and
span ∼1.3 km.

Two identical antineutrino detectors are located at 294m
and 1383m, respectively, from the center of reactor array
to allow a relative measurement through a comparison of
the observed neutrino rates. The near detector is located
inside a resticted area of the nuclear power plant, quite
close to the reactors to make an accurate measurement
of the antineutrino fluxes before their oscillations. The far
(near) detector is beneath a hill that provides 450m (120m)
of water-equivalent rock overburden to reduce the cosmic
backgrounds.

The measured far-to-near ratio of antineutrino fluxes
can considerably reduce systematic errors coming from
uncertainties in the reactor neutrino flux, target mass, and
detection efficiency.The relativemeasurement is independent
of correlated uncertainties and helps to minimize uncorre-
lated reactor uncertainties.

The positions of two detectors and six reactors are
surveyedwithGPS and total station to determine the baseline
distances between detector and reactor to an accuracy of
less than 10 cm. The accurate measurement of the baseline
distances finds the reduction of reactor neutrino fluxes at
detector to a precision of much better than 0.1%.The reactor-
flux-weighted baseline is 408.56m for the near detector and
1443.99m for the far detector.

6.2. Detector. Each RENO detector (Figure 21) consists of a
main inner detector (ID) and an outer veto detector (OD).
The main detector is contained in a cylindrical stainless
steel vessel that houses two nested cylindrical acrylic ves-
sels. The innermost acrylic vessel holds 18.6m3 (16.5 t) ∼
0.1% Gadolinium-(Gd-) doped liquid scintillator (LS) as a
neutrino target. An electron antineutrino can interact with
a free proton in LS, ]

𝑒
+ 𝑝 → 𝑒

+
+ 𝑛. The coincidence of

a prompt positron signal and a delayed signal from neutron
capture by Gd provides the distinctive signature of inverse 𝛽
decay.
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Figure 21: A schematic view of the RENOdetector.The near and far
detectors are identical.

The central target volume is surrounded by a 60 cm thick
layer of LS without Gd, useful for catching 𝛾-rays escaping
from the target region and thus increasing the detection
efficiency. Outside this 𝛾-catcher, a 70 cm thick buffer layer
of mineral oil provides shielding from radioactivity in the
surrounding rocks and in the 354 10-inch photomultipliers
(PMTs) that are mounted on the inner wall of the stainless
steel container.

The outermost veto layer of OD consists of 1.5m of highly
purifiedwater in order to identify events coming fromoutside
by their Cherenkov radiation and to shield against ambient 𝛾-
rays and neutrons from the surrounding rocks.

The LS is developed and produced as a mixture of linear
alkyl benzene (LAB), PPO, and bis-MSB. A Gd-carboxylate
complex using TMHAwas developed for the best Gd loading
efficiency into LS and its long-term stability. Gd-LS and LS
are made and filled into the detectors carefully to ensure that
the near and far detectors are identical.

6.3. Data Sample. In the 229 day data-taking period between
11 August 2011 to 26 March 2012, the far (near) detector
observed 17102 (154088) electron antineutrino candidate
events or 77.02 ± 0.59 (800.8 ± 2.0) events/day with a
background fraction of 5.5% (2.7%). During this period, all
six reactors were mostly on at full power, and reactors 1 and 2
were off for a month each because of fuel replacement.

Event triggers are formed by the number of PMTs with
signals above a ∼0.3 photoelectron (pe) threshold (NHIT).
An event is triggered and recorded if the ID NHIT is
larger than 90, corresponding to 0.5∼0.6MeV well below the
1.02MeV as the minimum energy of an IBD positron signal
or if the OD NHIT is larger than 10.

The event energy is measured based on the total charge
(𝑄tot) in pe, collected by the PMTs and corrected for gain
variation. The energy calibration constant of 250 pe per MeV
is determined by the peak energies of various radioactive
sources deployed at the center of the target.

Table 12: Event rates of the observed candidates and the estimated
background.

Detector Near Far
Selected events 154088 17102
Total background rate (per day) 21.75 ± 5.93 4.24 ± 0.75

IBD rate after background
779.05 ± 6.26 72.78 ± 0.95

subtraction (per day)
DAQ Livetime (days) 192.42 222.06
Detection efficiency (𝜖) 0.647 ± 0.014 0.745 ± 0.014

Accidental rate (per day) 4.30 ± 0.06 0.68 ± 0.03

9Li/8He rate (per day) 12.45 ± 5.93 2.59 ± 0.75

Fast neutron rate (per day) 5.00 ± 0.13 0.97 ± 0.06

6.4. Background. In the final data samples, uncorrelated
(accidentals) and correlated (fast neutrons fromoutside of ID,
stopping muon followers and 𝛽-n emitters from 9Li/ 8He)
background events survive selection requirements. The total
background rate is estimated to be 21.75 ± 5.93 (near) or
4.24 ± 0.75 (far) events per day and summarized in Table 12.

The uncorrelated background is due to accidental coin-
cidences from random association of a prompt-like event
due to radioactivity and a delayed-like neutron capture. The
remaining rate in the final sample is estimated to be 4.30 ±
0.06 (near) or 0.68 ± 0.03 (far) events per day.

The 9Li/ 8He 𝛽-n emitters are mostly produced by
energetic muons because their production cross-sections in
carbon increase with muon energy. The background rate in
the final sample is obtained as 12.45±5.93 (near) or 2.59±0.75
(far) events per day from a fit to the delay time distribution
with an observed mean decay time of ∼250ms.

An energetic neutron entering the ID can interact in the
target to produce a recoil proton before being captured on
Gd. Fast neutrons are produced by cosmic muons traversing
the surrounding rock and the detector. The estimated fast
neutron background is 5.00 ± 0.13 (near) or 0.97 ± 0.06 (far)
events per day.

6.5. Systematic Uncertainty. The combined absolute uncer-
tainty of the detection efficiency is correlated between the
two detectors and estimated to be 1.5%. Uncorrelated relative
detection uncertainties are estimated by comparing the two
identical detectors. They come from relative differences
between the detectors in energy scale, target protons, Gd cap-
ture ratio, and others. The combined uncorrelated detection
uncertainty is estimated to be 0.2%.

The uncertainties associated with thermal power and
relative fission fraction contribute to 0.9% of the ]

𝑒
yield

per core to the uncorrelated uncertainty. The uncertainties
associated with ]

𝑒
yield per fission, fission spectra, and

thermal energy released per fission result in a 2.0% correlated
uncertainty.We assume a negligible contribution of the spent
fuel to the uncorrelated uncertainty.

6.6. Results. All reactors were mostly in steady operation
at the full power during the data-taking period, except for
reactor 2 (R2), whichwas off for themonth of September 2011,



24 Advances in High Energy Physics
IB

D
 ra

te
 (\

da
y)

700
800
900

Near detectorR2 off

R2 on R1 off

IB
D

 ra
te

 (\
da

y)

50

100
Far detector

Run time

Aug 29 Oct 28 Dec 27 Feb 25
2011 2012

Run time

Aug 29 Oct 28 Dec 27 Feb 25
2011 2012

Figure 22: Measured daily-average rates of reactor neutrinos after
background subtraction in the near and far detectors as a function
of running time. The solid curves are the predicted rates for no
oscillation.

and reactor 1 (R1), which was off from February 23 2012 for
fuel replacement. Figure 22 presents the measured daily rates
of IBD candidates after background subtraction in the near
and far detectors.The expected rates assuming no oscillation,
obtained from the weighted fluxes by the thermal power and
the fission fractions of each reactor and its baseline to each
detector, are shown for comparison.

Based on the number of events at the near detector and
assuming no oscillation, RENO finds a clear deficit, with a
far-to-near ratio

𝑅 = 0.920 ± 0.009 (stat.) ± 0.014 (syst.) . (20)

The value of sin22𝜃
13

is determined from a 𝜒2 fit with
pull terms on the uncorrelated systematic uncertainties. The
number of events in each detector after the background
subtraction has been compared with the expected number
of events, based on the reactor neutrino flux, detection
efficiency, neutrino oscillations, and contribution from the
reactors to each detector determined by the baselines and
reactor fluxes.

The best-fit value thus obtained is

sin22𝜃
13
= 0.113 ± 0.013 (stat.) ± 0.019 (syst.) , (21)

and it excludes the no-oscillation hypothesis at the 4.9
standard deviation level.

RENO has observed a clear deficit of 8.0% for the far
detector and of 1.2% for the near detector, concluding a
definitive observation of reactor antineutrino disappearance
consistent with neutrino oscillations.The observed spectrum
of IBD prompt signals in the far detector is compared to the
non oscillation expectations based on measurements in the
near detector in Figure 23. The spectra of prompt signals are
obtained after subtracting backgrounds shown in the inset.
The disagreement of the spectra provides further evidence of
neutrino oscillation.
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Figure 23: Observed spectrum of the prompt signals in the far
detector compared with the nonoscillation predictions from the
measurements in the near detector. The backgrounds shown in the
inset are subtracted for the far spectrum.The background fraction is
5.5% (2.7%) for far (near) detector. Errors are statistical uncertainties
only. (b) The ratio of the measured spectrum of far detector to the
non-oscillation prediction.

In summary, RENO has observed reactor antineutrinos
using two identical detectors each with 16 tons of Gd-loaded
liquid scintillator and a 229 day exposure to six reactors
with total thermal energy of 16.5 GWth. In the far detector,
a clear deficit of 8.0% is found by comparing a total of
17102 observed events with an expectation based on the
near detector measurement assuming no oscillation. From
this deficit, a rate-only analysis obtains sin22𝜃

13
= 0.113 ±

0.013 (stat.) ± 0.019 (syst.). The neutrino mixing angle 𝜃
13
is

measured with a significance of 4.9 standard deviation.

6.7. Future Prospects and Plan. RENO has measured the
value of sin22𝜃

13
with a total error of ±0.023. The expected

sensitivity of RENO is to obtain ±0.01 for the error based on
the three years of data, leading to a statistical error of 0.006
and a systematic error of ∼0.005.

The fast neutron and 9Li/8He backgrounds produced by
cosmic muons depend on the detector sites having different
overburdens. Therefore, their uncertainties are the largest
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contribution to the uncorrelated error in the current result,
and change the systematic error by 0.017 at the best-fit value.

RENO makes efforts on further reduction of back-
grounds, especially by removing the 9Li/8He background by a
tighter muon veto requirement and a spectral shape analysis
to improve the systematic error. A longer-term effort will
be made to reduce the systematic uncertainties of reactor
neutrino flux and detector efficiency.

7. The Reactor Antineutrino Anomaly-Thierry

7.1. New Predicted Cross-Section per Fission. Fission reactors
release about 1020 ]

𝑒
GW−1s−1, which mainly come from the

beta decays of the fission products of 235U, 238U, 239Pu, and
241Pu. The emitted antineutrino spectrum is then given by
𝑆tot(𝐸]) = ∑

𝑘
𝑓
𝑘
𝑆
𝑘
(𝐸]), where 𝑓𝑘 refers to the contribution

of the main fissile nuclei to the total number of fissions of the
kth branch and 𝑆

𝑘
to their corresponding neutrino spectrum

per fission. Antineutrino detection is achieved via the inverse
beta-decay (IBD) reaction ]

𝑒
+
1H → 𝑒

+
+ 𝑛. Experiments

at baselines below 100m reported either the ratios (𝑅) of
the measured to predicted cross-section per fission, or the
observed event rate to the predicted rate.

The event rate at a detector is predicted based on the
following formula:

𝑁
Pred
] (𝑠

−1
) =

1

4𝜋𝐿2
𝑁
𝑝

𝑃th

⟨𝐸
𝑓
⟩
𝜎
pred
𝑓

, (22)

where the first term stands for the mean solid angle and 𝑁
𝑝

is the number of target protons for the inverse beta-decay
process of detection.These two detector-related quantities are
usually known with very good accuracy. The last two terms
come from the reactor side. The ratio of 𝑃th, the thermal
power of the reactor, over ⟨𝐸

𝑓
⟩, the mean energy per fission,

provide the mean number of fissions in the core. 𝑃th can
be known at the subpercent level in commercial reactors,
somewhat less accurately at research reactors. The mean
energy per fission is computed as the average over the four
main fissioning isotopes, accounting for 99.5% of the fissions

⟨𝐸
𝑓
⟩ = ∑

𝑘

⟨𝐸
𝑘
⟩ , 𝑘 =

235U,238U,239Pu,241Pu. (23)

It is accurately known from the nuclear databases and
study of all decays and neutron captures subsequent to a
fission [72]. Finally, the dominant source of uncertainty and
by far the most complex quantity to compute is the mean
cross-section per fission defined as

𝜎
pred
𝑓

= ∫

∞

0

𝑆tot (𝐸]) 𝜎V−A (𝐸]) 𝑑𝐸] = ∑

𝑘

𝑓
𝑘
𝜎
pred
𝑓,𝑘

, (24)

where the 𝜎
pred
𝑓,𝑘

is the predicted cross-sections for each
fissile isotope, 𝑆tot is the model dependent reactor neutrino

spectrum for a given average fuel composition (𝑓
𝑘
), and 𝜎V−A

is the theoretical cross-section of the IBD reaction:

𝜎V−A (𝐸𝑒) [cm
2
] =

857 × 10
−43

𝜏
𝑛 [s]

𝑝
𝑒 [MeV]

× 𝐸
𝑒 [MeV] (1 + 𝛿rec + 𝛿wm + 𝛿rad) ,

(25)

where 𝛿rec, 𝛿wm, and 𝛿rad are, respectively, the nucleon recoil,
weak magnetism, and radiative corrections to the cross-
section (see [22, 93] for details). The fraction of fissions
undergone by the kth isotope, 𝑓

𝑘
, can be computed at the few

percent level with reactor evolution codes (see for instance
[79]), but their impact in the final error is well reduced by the
sum rule of the total thermal power, accurately known from
independent measurements

Accounting for new reactor antineutrino spectra [32] the
normalization of predicted antineutrino rates,𝜎pred

𝑓,𝑘
, is shifted

by+3.7%,+4.2%,+4.7%, and+9.8% for 𝑘 =235U, 239Pu, 241Pu,
and 238U, respectively. In the case of 238U, the completeness
of nuclear databases over the years largely explains the +9.8%
shift from the reference computations [22].

The new predicted cross-section for any fuel composition
can be computed from (24). By default, the new computation
takes into account the so-called off-equilibrium correction
[22] of the antineutrino fluxes (increase in fluxes caused by
the decay of long-lived fission products). Individual cross-
sections per fission per fissile isotope are slightly different, by
+1.25% for the averaged composition of Bugey-4 [10], with
respect to the original publication of the reactor antineu-
trino anomaly [93] because of the slight upward shift of
the antineutrino flux consecutive to the work of [32] (see
Section 2.2 for details).

7.2. Impact of the New Reactor Neutrino Spectra on Past Short-
Baseline (<100m) Experimental Results. In the eighties and
nineties, experiments were performed with detectors located
a few tens of meters from nuclear reactor cores at ILL,
Goesgen, Rovno, Krasnoyarsk, Bugey (phases 3 and 4), and
Savannah River [7–15]. In the context of the search of O(eV)
sterile neutrinos, these experiments, with baselines below
100m, have the advantage that they are not sensitive to a
possible 𝜃

13
-, Δ𝑚2
31
-driven oscillation effect (unlike the Palo

Verde and CHOOZ experiments, for instance).
The ratios of observed event rates to predicted event

rates (or cross-section per fission), 𝑅 = 𝑁obs/𝑁pred, are
summarized in Table 13. The observed event rates and
their associated errors are unchanged with respect to
the publications; the predicted rates are reevaluated
separately in each experimental case. One can observe
a general systematic shift more or less significantly
below unity. These reevaluations unveil a new reactor
antineutrino anomaly (http://irfu.cea.fr/en/Phocea/Vie des
(labos/Ast/ast visu.php?id ast=3045) [93], clearly illustrated
in Figure 24. In order to quantify the statistical significance
of the anomaly, one can compute the weighted average of the
ratios of expected-over-predicted rates, for all short-baseline
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Table 13: 𝑁obs/𝑁pred ratios based on old and new spectra. Off-equilibrium corrections have been applied when justified. The err column
is the total error published by the collaborations including the error on 𝑆tot, and the corr column is the part of the error correlated among
experiments (multiple baseline or same detector).

Result Det. type 𝜏
𝑛
(s) 235U 239Pu 238U 241Pu Old New Err (%) Corr (%) 𝐿 (m)

Bugey-4 3He + H
2
O 888.7 0.538 0.328 0.078 0.056 0.987 0.926 3.0 3.0 15

ROVNO91 3He + H
2
O 888.6 0.614 0.274 0.074 0.038 0.985 0.924 3.9 3.0 18

Bugey-3-I 6Li-LS 889 0.538 0.328 0.078 0.056 0.988 0.930 4.8 4.8 15
Bugey-3-II 6Li-LS 889 0.538 0.328 0.078 0.056 0.994 0.936 4.9 4.8 40
Bugey-3-III 6Li-LS 889 0.538 0.328 0.078 0.056 0.915 0.861 14.1 4.8 95
Goesgen-I 3He + LS 897 0.620 0.274 0.074 0.042 1.018 0.949 6.5 6.0 38
Goesgen-II 3He + LS 897 0.584 0.298 0.068 0.050 1.045 0.975 6.5 6.0 45
Goesgen-II 3He + LS 897 0.543 0.329 0.070 0.058 0.975 0.909 7.6 6.0 65
ILL 3He + LS 889 ≃1 — — — 0.832 0.7882 9.5 6.0 9
Krasn. I 3He + PE 899 ≃1 — — — 1.013 0.920 5.8 4.9 33
Krasn. II 3He + PE 899 ≃1 — — — 1.031 0.937 20.3 4.9 92
Krasn. III 3He + PE 899 ≃1 — — — 0.989 0.931 4.9 4.9 57
SRP I Gd-LS 887 ≃1 — — — 0.987 0.936 3.7 3.7 18
SRP II Gd-LS 887 ≃1 — — — 1.055 1.001 3.8 3.7 24
ROVNO88-1I 3He + PE 898.8 0.607 0.277 0.074 0.042 0.969 0.901 6.9 6.9 18
ROVNO88-2I 3He + PE 898.8 0.603 0.276 0.076 0.045 1.001 0.932 6.9 6.9 18
ROVNO88-1S Gd-LS 898.8 0.606 0.277 0.074 0.043 1.026 0.955 7.8 7.2 18
ROVNO88-2S Gd-LS 898.8 0.557 0.313 0.076 0.054 1.013 0.943 7.8 7.2 25
ROVNO88-3S Gd-LS 898.8 0.606 0.274 0.074 0.046 0.990 0.922 7.2 7.2 18
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Figure 24: Short-baseline reactor antineutrino anomaly. The experimental results are compared to the prediction without oscillation,
taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the off-equilibrium effects. Published
experimental errors and antineutrino spectra errors are added in quadrature. The mean-averaged ratio including possible correlations is
0.927 ± 0.023. As an illustration, the red line shows a 3 active neutrino mixing solution fitting the data, with sin2(2𝜃

13
) = 0.15. The blue line

displays a solution including a new neutrino mass state, such as |Δ𝑚2new,𝑅| ≫ 2 eV2 and sin2(2𝜃new,𝑅) = 0.12, as well as sin2(2𝜃
13
) = 0.085.

reactor neutrino experiments (including their possible
correlations).

In doing so, the authors of [93] have considered the fol-
lowing experimental rate information: Bugey-4 andRovno91,
the three Bugey-3 experiments, the three Goesgen experi-
ments and the ILL experiment, the three Krasnoyarsk exper-
iments, the two Savannah River results (SRP), and the five
Rovno88 experiments. 𝑅⃗ is the corresponding vector of 19
ratios of observed-to-predicted event rates. A 2.0% systematic
uncertainty was assumed, fully correlated among all 19 ratios,
resulting from the common normalization uncertainty of
the beta spectra measured in [19–21]. In order to account

for the potential experimental correlations, the experimental
errors of Bugey-4 and Rovno91, of the three Goesgen and
the ILL experiments, the three Krasnoyarsk experiments, the
five Rovno88 experiments, and the two SRP results were fully
correlated. Also, the Rovno88 (1I and 2I) results were fully
correlated with Rovno91, and an arbitrary 50% correlation
was added between the Rovno88 (1I and 2I) and the Bugey-4
measurement. These latest correlations are motivated by the
use of similar or identical integral detectors.

In order to account for the non-Gaussianity of the ratios
𝑅 a Monte Carlo simulation was developed to check this
point, and it was found that the ratios distribution is almost
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Gaussian, but with slightly longer tails, which were taken into
account in the calculations (in contours that appear later,
error bars are enlarged). With the old antineutrino spectra,
the mean ratio is 𝜇 = 0.980 ± 0.024.

With the new antineutrino spectra, one obtains 𝜇 =

0.927 ± 0.023, and the fraction of simple Monte Carlo
experiments with 𝑟 ≥ 1 is 0.3%, corresponding to a −2.9𝜎
effect (while a simple calculation assuming normality would
lead to −3.2𝜎). Clearly, the new spectra induce a statistically
significant deviation from the expectation. This motivates
the definition of an experimental cross-section 𝜎

ano,2012
𝑓

=

0.927 × 𝜎
pred,new
𝑓

. With the new antineutrino spectra, the
minimum 𝜒

2 for the data sample is 𝜒2min,data = 18.4. The
fraction of simple Monte Carlo experiments with 𝜒

2

min <

𝜒
2

min,data is 50%, showing that the distribution of experimental
ratios in 𝑅⃗ around the mean value is representative given the
correlations.

Assuming the correctness of 𝜎pred,new
𝑓

, the anomaly could
be explained by a common bias in all reactor neutrino
experiments. The measurements used different detection
techniques (scintillator counters and integral detectors).Neu-
trons were tagged either by their capture in metal-loaded
scintillator, or in proportional counters, thus leading to
two distinct systematics. As far as the neutron detection
efficiency calibration is concerned, note that different types
of radioactive sources emitting MeV or sub-MeV neutrons
were used (Am-Be, 252Cf, Sb-Pu, and Pu-Be). It should be
mentioned that the Krasnoyarsk, ILL, and SRP experiments
operated with nuclear fuel such that the difference between
the real antineutrino spectrum and that of pure 235Uwas less
than 1.5%. They reported similar deficits to those observed
at other reactors operating with a mixed fuel. Hence, the
anomaly can be associated neither with a single fissile isotope
nor with a single detection technique. All these elements
argue against a trivial bias in the experiments, but a detailed
analysis of the most sensitive of them, involving experts,
would certainly improve the quantification of the anomaly.

The other possible explanation of the anomaly is based
on a real physical effect and is detailed in the next section.
In that analysis, shape information from the Bugey-3 and
ILL-published data [7, 8] is used. From the analysis of the
shape of their energy spectra at different source-detector
distances [8, 9], the Goesgen and Bugey-3 measurements
exclude oscillations with 0.06 < Δ𝑚

2
< 1 eV2 for sin2(2𝜃) >

0.05. Bugey-3’s 40m/15m ratio data from [8] is used as it
provides the best limit. As already noted in [94], the data
from ILL showed a spectral deformation compatible with an
oscillation pattern in their ratio of measured over predicted
events. It should bementioned that the parameters best fitting
the data reported by the authors of [94] were Δ𝑚2 = 2.2 eV2
and sin2(2𝜃) = 0.3. A reanalysis of the data of [94] was carried
out in order to include the ILL shape-only information in the
analysis of the reactor antineutrino anomaly. The contour in
Figure 14 of [7] was reproduced for the shape-only analysis
(while for the rate-only analysis discussed above that of [94]
was reproduced, excluding the no-oscillation hypothesis at
2𝜎).

7.3. The Fourth Neutrino Hypothesis (3 + 1 Scenario)

7.3.1. Reactor Rate-Only Analysis. The reactor antineutrino
anomaly could be explained through the existence of a fourth
nonstandard neutrino, corresponding in the flavor basis to a
sterile neutrino ]

𝑠
with a large Δ𝑚2new value.

For simplicity, the analysis presented here is restricted to
the 3 + 1 four-neutrino scheme in which there is a group
of three active neutrino masses separated from an isolated
neutrino mass, such that |Δ𝑚2new| ≫ 10

−2 eV2. The latter
would be responsible for very short-baseline reactor neutrino
oscillations. For energies above the IBD threshold and base-
lines below 100m, the approximated oscillation formula

𝑃
𝑒𝑒
= 1 − sin2 (2𝜃new) sin

2
(
Δ𝑚
2

new𝐿

4𝐸]𝑒

) (26)

is adopted, where active neutrino oscillation effects are
neglected at these short baselines. In such a framework,
the mixing angle is related to the 𝑈 matrix element by the
relation:

sin2 (2𝜃new) = 4
󵄨󵄨󵄨󵄨𝑈𝑒4

󵄨󵄨󵄨󵄨
2

(1 −
󵄨󵄨󵄨󵄨𝑈𝑒4

󵄨󵄨󵄨󵄨
2

) . (27)

One can now fit the sterile neutrino hypothesis to the
data (baselines below 100m) by minimizing the least-squares
function

(𝑃
𝑒𝑒
− 𝑅⃗)
𝑇

𝑊
−1
(𝑃
𝑒𝑒
− 𝑅⃗) , (28)

assuming sin2(2𝜃
13
) = 0. Figure 25 provides the results of

the fit in the sin2(2𝜃new) − Δ𝑚
2

new plane, including only
the reactor experiment rate information. The fit to the data
indicates that |Δ𝑚2new,𝑅| > 0.2 eV2 (99%) and sin2(2𝜃new,𝑅) ∼
0.14. The best-fit point is at |Δ𝑚2new,𝑅| = 0.5 eV2 and sin2
(2𝜃new,𝑅) ∼ 0.14. The no-oscillation analysis is excluded at
99.8%, corresponding roughly to 3𝜎.

7.3.2. Reactor Rate+Shape Analysis. The ILL experiment
may have seen a hint of oscillation in their measured
positron energy spectrum [7, 94], but Bugey-3’s results do
not point to any significant spectral distortion more than
15m away from the antineutrino source. Hence, in a first
approximation, hypothetical oscillations could be seen as an
energy-independent suppression of the ]

𝑒
rate by a factor

of (1/2)sin2(2𝜃new,𝑅), thus leading to Δ𝑚2new,𝑅 > 1 eV2 and
accounting for the Bugey-3 and Goesgen shape analyses
[8, 9]. Considering the weighted average of all reactor
experiments, one obtains an estimate of the mixing angle,
sin2(2𝜃new,𝑅) ∼ 0.15. The ILL positron spectrum is thus in
agreement with the oscillation parameters found indepen-
dently in the reanalyses mainly based on rate information.
Because of the differences in the systematic effects in the
rate and shape analyses, this coincidence is in favor of a
true physical effect rather than an experimental anomaly.
Including the finite spatial extension of the nuclear reactors
and the ILL and Bugey-3 detectors, it is found that the small
dimensions of the ILL nuclear core lead to small corrections
of the oscillation pattern imprinted on the positron spectrum.
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Figure 25: (a) Allowed regions in the sin2(2𝜃new) − Δ𝑚
2

new plane obtained from the fit of the reactor neutrino data, without any energy
spectra information, to the 3 + 1 neutrino hypothesis, with sin2(2𝜃

13
) = 0. The best-fit point is indicated by a star. (b) Allowed regions in the

sin2(2𝜃new)−Δ𝑚
2

new plane obtained from the fit of the reactor neutrino data, without ILL-shape information, but with the stringent oscillation
constraint of Bugey-3 based on the 40m/15 m ratios to the 3 + 1 neutrino hypothesis, with sin2(2𝜃

13
) = 0. The best-fit point is indicated by a

star.

However, the large extension of the Bugey nuclear core is
sufficient to wash out most of the oscillation pattern at 15m.
This explains the absence of shape distortion in the Bugey-3
experiment. We now present results from a fit of the sterile
neutrino hypothesis to the data including both Bugey-3 and
ILL original results (no-oscillation reported). With respect to
the rate only parameters, the solutions at lower |Δ𝑚2new,𝑅+𝑆|
are now disfavored at large mixing angle because they would
have imprinted a strong oscillation pattern in the energy
spectra (or their ratio) measured at Bugey-3 and ILL. The
best fit point is moved to |Δ𝑚2new,𝑅+𝑆| = 2.4 eV2, whereas the
mixing angle remains almost unchanged, at sin2(2𝜃new,𝑅+S) ∼
0.14. The no-oscillation hypothesis is excluded at 99.6%,
corresponding roughly to 2.9𝜎. Figure 25 provides the results
of the fit in the sin2(2𝜃new)−Δ𝑚

2

new plane, including both the
reactor experiment rate and shape (Bugey-3 and ILL) data.

7.4. Combination of the Reactor and the GalliumAnomalies. It
is also possible to combine the results on the reactor antineu-
trino anomaly with the results on the gallium anomaly. The
goal is to quantify the compatibility of the reactor and the
gallium data.

For the reanalysis of the Gallex and Sage calibration
runs with 51Cr and 37Ar radioactive sources emitting ∼1MeV
electron neutrinos [95–100], the methodology developed in
[101] is used. However, in the analysis shown here, possible
correlations between these four measurements are included.
Details are given in [93]. This has the effect of being slightly
more conservative, with the no-oscillation hypothesis dis-
favored at 97.7% C.L. Gallex and Sage observed an average
deficit of 𝑅

𝐺
= 0.86 ± 0.06 (1𝜎). The best-fit point is at

|Δ𝑚
2

gallium| = 2.4 eV2 (poorly defined), whereas the mixing
angle is found to be sin2(2𝜃gallium) ∼ 0.27±0.13. Note that the
best-fit values are very close to those obtained by the analysis
of the rate+shape reactor data.

Combing both the reactor and the gallium data, The no-
oscillation hypothesis is disfavored at 99.97% C.L (3.6𝜎).
Allowed regions in the sin2(2𝜃new) − Δ𝑚

2

new plane are dis-
played in Figure 26, together with the marginal Δ𝜒2 profiles
for |Δ𝑚2new| and sin2(2𝜃new). The combined fit leads to the
following constraints on oscillation parameters: |Δ𝑚2new| >
1.5 eV2 (99% C.L.) and sin2(2𝜃new) = 0.17 ± 0.04 (1𝜎). The
most probable |Δ𝑚

2

new| is now rather better defined with
respect to what has been published in [93], at |Δ𝑚2new| =

2.3 ± 0.1 eV2 .

7.5. Status of the Reactor Antineutrino Anomaly. The impact
of the new reactor antineutrino spectra has been extensively
studied in [93].The increase of the expected antineutrino rate
by about 4.5% combined with revised values of the antineu-
trino cross-section significantly decreased the normalized
ratio of observed-to-expected event rates in all previous
reactor experiments performed over the last 30 years at
distances below 100m [7–15].The new average ratio, updated
early 2012, is now 0.927 ± 0.023, leading to an enhancement
of reactor antineutrino anomaly, now significant at the 3𝜎
confidence level.The best-fit point is at |Δ𝑚2new,𝑅+𝑆| = 2.4 eV

2

whereas the mixing angle is at sin2(2𝜃new,𝑅+𝑆) ∼ 0.14.
This deficit could still be due to some unknown in the

reactor physics, but it can also be analyzed in terms of a
suppression of the ]

𝑒
rate at short distance as could be
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Figure 26: Allowed regions in the sin2(2𝜃new) − Δ𝑚
2

new plane from
the combination of reactor neutrino experiments, the Gallex and
Sage calibration sources experiments, and the ILL and Bugey-3-
energy spectra. The data are well fitted by the 3 + 1 neutrino
hypothesis, while the no-oscillation hypothesis is disfavored at
99.97% C.L (3.6𝜎).

expected from a sterile neutrino, beyond the standardmodel,
with a large |Δ𝑚2new| ≫ |Δ𝑚

2

31
|. Note that hints of such results

were already present at the ILL neutrino experiment in 1981
[94].

Considering the reactor ]
𝑒
anomaly and the gallium ]

𝑒

source experiments [95–101] together, it is interesting to note
that in both cases (neutrinos and antineutrinos) comparable
deficits are observed at a similar 𝐿/𝐸. Furthermore, it turns
out that each experiment fitted separately leads to similar
values of sin2(2𝜃new) and similar lower bounds for |Δ𝑚2new|
but without a strong significance. A combined global fit of
gallium data and of short-baseline reactor data, taking into
account the reevaluation of the reactor results discussed here,
as well as the existing correlations, leads to a solution for a
new neutrino oscillation, such that |Δ𝑚2new| > 1.5 eV2 (99%
C.L.) and sin2(2𝜃new) = 0.17 ± 0.04 (1𝜎), disfavoring the
no-oscillation case at 99.97% C.L (3.6𝜎). The most probable
|Δ𝑚
2

new| is now at |Δ𝑚2new| = 2.3 ± 0.1 eV2. This hypothesis
should be checked against systematical effects, either in the
prediction of the reactor antineutrino spectra or in the
experimental results.

8. Reactor Monitoring for Nonproliferation of
Nuclear Weapons

In the past, neutrino experiments have only been used for
fundamental research, but today, thanks to the extraordinary
progress of the field, for example, the measurement of the
oscillation parameters, neutrinos could be useful for society.

The International Atomic Energy Agency (IAEA) works
with its member states to promote safe, secure, and peaceful
nuclear technologies. One of its missions is to verify that

safeguarded nuclear material and activities are not used
for military purposes. In a context of international tension,
neutrino detectors could help the IAEA to verify the treaty
on the non-proliferation of nuclear weapons (NPT), signed
by 145 states around the world.

A small neutrino detector located at a few tens of meters
from a nuclear core couldmonitor nuclear reactor cores non-
intrusively, robustly, and automatically. Since the antineu-
trino spectra and relative yields of fissioning isotopes 235U,
238U, 239Pu, and 241Pu depend on the isotopic composition
of the core, small changes in composition could be observed
without ever directly accessing the core itself. Information
from a modest-sized antineutrino detector, coupled with the
well-understood principles that govern the core’s evolution
in time, can be used to determine whether the reactor is
being operated in an illegitimate way. Furthermore, such a
detector can help to improve the reliability of the operation,
by providing an independent and accurate measurement, in
real time, of the thermal power and its reactivity at a level
of a few percent. The intention is to design an “optimal”
monitoring detector by using the experience obtained from
neutrino physics experiments and feasibility studies.

Sands is a one cubic meter antineutrino detector located
at 25 meters from the core of the San Onofre reactor site
in California [102]. The detector has been operating for
several months in an automatic and nonintrusive fashion that
demonstrates the principles of reactor monitoring. Although
the signal-to-noise ratio of the current design is still less than
two, it is possible to monitor the thermal power at a level of a
few percent in two weeks. At this stage of the work, the study
of the evolution of the fuel seems difficult, but this has already
been demonstrated by the Bugey and Rovno experiments.

The NUCIFER experiment in France [103], a 850 liters
Gd-doped liquid scintillator detector installed at 7m from
the Osiris nuclear reactor core at CEA-Saclay. The goal is the
measurement of its thermal power and plutonium content.
The design of such a small volume detector has been focused
on high detection efficiency and good background rejection.
The detector is being operated to since May 2012, and first
results are expected in 2013.

The near detectors of Daya Bay, RENO, and Double
Chooz will be a research detector with a very high sensitivity
to study neutrino oscillations. Millions of events are being
detected in the near detectors (between 300 and 500m away
from the cores). These huge statistics could be exploited to
help the IAEA in its safeguards missions. The potential of
neutrinos to detect various reactor diversion scenario’s can
be tested.

A realistic reactor monitor is likely to be somewhere
between the two concepts presented above.

9. Future Prospects

Reactors are powerful neutrino sources for free. It is a well
understood source since the precision of the neutrino flux
and energy spectrum is better than 2%. With a near detector,
this uncertainty can be reduced to 0.3%. Clearly, this is much
better than usual neutrinos sources such as accelerators, solar,
and atmospheric neutrinos. If a detector is placed at different
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Figure 27: The new site for a long-baseline reactor neutrino exper-
iment.

baseline, an experiment with different motivation can be
planned.

9.1. Mass Hierarchy. With the discovery of the unexpected
large 𝜃

13
, mass hierarchy and even the CP phase become

accessible with nowadays technologies. A number of new
projects are now proposed based on different neutrino
sources and different types of detectors.

It is known that neutrino mass hierarchy can be deter-
mined by long-baseline (more than 1000 km) accelerator
experiment through matter effects. Atmospheric neutrinos
may also be used for this purpose using a huge detector. Neu-
trino mass hierarchy can in fact distort the energy spectrum
from reactors [104, 105], and a Fourier transformation of the
spectrum can enhance the signature since mass terms appear
in the frequency regime of the oscillation probability [106].

It is also shown that by employing a different Fourier
transformation as the following:

FCT (𝜔) = ∫
𝑡max

𝑡min

𝐹 (𝑡) cos (𝜔𝑡) d𝑡,

FST (𝜔) = ∫
𝑡max

𝑡min

𝐹 (𝑡) sin (𝜔𝑡) d𝑡,
(29)

the signature of mass hierarchy is more evident, and it is
independent of the precise knowledge of Δ2

23
[107].

The normal hierarchy and inverted hierarchy have very
different shapes of the energy spectrum after the Fourier
transformation. A detailed Monte Carlo study [108] shows
that if sin22𝜃

13
is more than (1-2)%, a (10–50), kt liquid scin-

tillator at a baseline of about 60 kmwith an energy resolution
better than (2-3)% can determine the mass hierarchy at more
than 90% C L In fact, with sin22𝜃

13
= 0.1, the mass hierarchy

can be determined up to the 3𝜎 level with a nominal detector
size of 20 kt and a detector energy resolution of 3%.

The group at the Institute of High Energy Physics in
Beijing proposed such an experiment in 2008. Fortunately, at
a distance of 60 km from Daya Bay, there is a mountain with
overburden more than 1500MWE, where an underground
lab can be built. Moreover, this location is 60 km from
another nuclear power plant to be built, as shown in Figure 27.
The total number of reactors, 6 operational and 6 to be built,
may give a total thermal power of more than 35GW.

Figure 28: A conceptual design of a large liquid scintillator detector.

A conceptual design of the detector is shown in Figure 28.
The detector is 30m in diameter and 30m high, filled with
20 kt liquid scintillator. The oil buffer will be 6 kt and water
buffer is 10 kt. The totally needed number of 20󸀠󸀠 PMTs is
15000, covering 80% of the surface area.

There are actually two main technical difficulties for such
a detector. The attenuation length of the liquid scintillator
should be more than 30m, and the quantum efficiency of
PMTs should be more than 40%. R&D efforts are now started
at IHEP, and results will be reported in the near future.

There is another proposed project to construct an under-
ground detector of RENO-50 [109]. It consists of 5,000 tons of
ultralow-radioactivity liquid scintillator and photomultiplier
tubes, located at roughly 50 km away from the Yonggwang
nuclear power plant in Korea, where the neutrino oscillation
due to 𝜃

12
takes place at maximum. RENO-50 is expected to

detect neutrinos from nuclear reactors, the sun, supernova,
the earth, any possible stellar object, and a J-PARC neutrino
beam. It could be served as a multipurpose and long-term
operational detector including a neutrino telescope.Themain
goal is to measure the most accurate (1%) value of 𝜃

12
and to

attempt determination of the neutrino mass hierarchy.

9.2. Precision Measurement of Mixing Parameters. A 20 kt
liquid scintillator can have a long list of physics goals.
In addition to neutrino mass hierarchy, neutrino mixing
parameters including 𝜃

12
, Δ𝑚2
12

and Δ𝑚2
23

can be measured
at the ideal baseline of 60 km to a precision better than 1%.
Combined with results from other experiments for 𝜃

23
and

𝜃
13
, the unitarity of the neutrino mixing matrix can be tested

up to 1% level, much better than that in the quark sector for
the CKMmatrix.This is very important to explore the physics
beyond the standard model, and issues like sterile neutrinos
can be studied.

In fact, for this purpose, there is no need to require
extremely good energy resolution and huge detectors. Some
of the current members of the RENO group indeed proposed
a 5 kt liquid scintillator detector exactly for this purpose [109].
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If funding is approved, they can start right away based on the
existing technology.

9.3. Others. A large liquid scintillator detector is also ideal for
supernova neutrinos since it can determine neutrino energies
for different flavors, much better than flavor-blind detectors.
Geoneutrinos can be another interesting topic, together with
other traditional topics such as atmospheric neutrinos, solar
neutrinos, and exotic searches.

10. Conclusions and Outlook

Three reactor experiments have definitively measured the
value of sin22𝜃

13
based on the disappearance of electron

antineutrinos. Based on unprecedentedly copious data, Daya
Bay and RENO have performed rather precise measurements
of the value. Averaging the results of the three reactor
experiments with the standard Particle Data Group method,
one obtains sin22𝜃

13
= 0.098 ± 0.013 [110]. It took 14 years

to measure all three mixing angles after the discovery of
neutrino oscillation in 1998.

The exciting result of solving the longstanding secret
provides a comprehensive picture of neutrino transformation
among three kinds of neutrinos and opens the possibility
of searching for CP violation in the lepton sector. The
surprisingly large value of 𝜃

13
will strongly promote the

next round of neutrino experiments to find CP violation
effects and determine the neutrino mass hierarchy. The
relatively large value has already triggered reconsideration
of future long-baseline neutrino oscillation experiments.The
successful measurement of 𝜃

13
has made the very first step

on the long journey to the complete understanding of the
fundamental nature and implications of neutrino masses and
mixing parameters.
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The compelling experimental evidences for oscillations of solar, reactor, atmospheric, and accelerator neutrinos imply the existence
of 3-neutrino mixing in the weak charged lepton current. The current data on the 3-neutrino mixing parameters are summarised
and the phenomenology of 3-] mixing is reviewed. The properties of massive Majorana neutrinos and of their various possible
couplings are discussed in detail. Two models of neutrino mass generation with massive Majorana neutrinos—the type I see-saw
and the Higgs triplet model—are briefly reviewed.The problem of determining the nature, Dirac orMajorana, of massive neutrinos
is considered. The predictions for the effective Majorana mass |⟨𝑚⟩| in neutrinoless double-beta-((𝛽𝛽)

0]-) decay in the case of 3-
neutrino mixing and massive Majorana neutrinos are summarised. The physics potential of the experiments, searching for (𝛽𝛽)

0]-
decay for providing information on the type of the neutrino mass spectrum, on the absolute scale of neutrino masses, and on the
Majorana CP-violation phases in the PMNS neutrino mixing matrix, is also briefly discussed. The opened questions and the main
goals of future research in the field of neutrino physics are outlined.

1. Introduction: The Three Neutrino
Mixing—An Overview

It is a well-established experimental fact that the neutrinos
and antineutrinos which take part in the standard charged
current (CC) and neutral current (NC) weak interaction
are of three varieties (types) or flavours: electron, ]

𝑒
and

]
𝑒
, muon, ]

𝜇
and ]

𝜇
, and tauon, ]

𝜏
and ]

𝜏
. The notion of

neutrino type or flavour is dynamical: ]
𝑒
is the neutrino

which is produced with 𝑒+ or produces an 𝑒− in CC weak
interaction processes; ]

𝜇
is the neutrino which is produced

with 𝜇+ or produces 𝜇−, and so forth. The flavour of a given
neutrino is Lorentz invariant. Among the three different
flavour neutrinos and antineutrinos, no two are identical.
Correspondingly, the states which describe different flavour
neutrinos must be orthogonal (within the precision of the
current data): ⟨]

𝑙
󸀠 | ]

𝑙
⟩ = 𝛿

𝑙
󸀠
𝑙
, ⟨]

𝑙
󸀠 | ]

𝑙
⟩ = 𝛿

𝑙
󸀠
𝑙
, ⟨]

𝑙
󸀠 | ]

𝑙
⟩ = 0.

It is also well known from the existing data (all neutrino
experiments were done so far with relativistic neutrinos or
antineutrinos) that the flavour neutrinos ]

𝑙
(antineutrinos

]
𝑙
) are always produced in weak interaction processes in a

state that is predominantly left handed (LH) (right handed
(RH)). To account for this fact, ]

𝑙
and ]

𝑙
are described in

the Standard Model (SM) by a chiral LH flavour neutrino
field ]

𝑙𝐿
(𝑥), 𝑙 = 𝑒, 𝜇, 𝜏. For massless ]

𝑙
, the state of ]

𝑙
(]

𝑙
),

which the field ]
𝑙𝐿
(𝑥) annihilates (creates), is with helicity

(−1/2) (helicity +1/2). If ]
𝑙
has a nonzero mass𝑚(]

𝑙
), the state

of ]
𝑙
(]

𝑙
) is a linear superposition of the helicity (−1/2) and

(+1/2) states, but the helicity +1/2 state (helicity (−1/2) state)
enters into the superposition with a coefficient ∝ 𝑚(]

𝑙
)/𝐸,

𝐸 being the neutrino energy, and thus is strongly suppressed.
Together with the LH charged lepton field 𝑙

𝐿
(𝑥), ]

𝑙𝐿
(𝑥) forms

an SU(2)
𝐿
doublet in the Standard Model. In the absence of

neutrino mixing and zero neutrino masses, ]
𝑙𝐿
(𝑥) and 𝑙

𝐿
(𝑥)

can be assigned one unit of the additive lepton charge 𝐿
𝑙
and

the three charges 𝐿
𝑙
, 𝑙 = 𝑒, 𝜇, 𝜏, are conserved by the weak

interaction.
At present there is no compelling evidence for the

existence of states of relativistic neutrinos (antineutrinos),
which are predominantly right handed, ]

𝑅
(left handed, ]

𝐿
).

If RH neutrinos and LH antineutrinos exist, their interaction
withmatter should bemuchweaker than theweak interaction
of the flavour LH neutrinos ]

𝑙
and RH antineutrinos ]

𝑙
;

that is, ]
𝑅

(]
𝐿
) should be “sterile” or “inert” neutrinos

(antineutrinos) [1]. In the formalism of the Standard Model,
the sterile ]

𝑅
and ]

𝐿
can be described by SU(2)

𝐿
singlet RH
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neutrino fields ]
𝑅
(𝑥). In this case, ]

𝑅
and ]

𝐿
will have no

gauge interactions, that is, will not couple to the weak 𝑊±

and 𝑍0 bosons. If present in an extension of the Standard
Model (even in the minimal one), the RH neutrinos can
play a crucial role (i) in the generation of neutrino masses
and mixing, (ii) in understanding the remarkable disparity
between the magnitudes of neutrino masses and the masses
of the charged leptons and quarks, and (iii) in the generation
of the observedmatter-antimatter asymmetry of theUniverse
(via the leptogenesis mechanism [2, 3]; see also, e.g., [4,
5]). In this scenario which is based on the see-saw theory
[6–9], there is a link between the generation of neutrino
masses and the generation of the baryon asymmetry of
the Universe. The simplest hypothesis (based on symmetry
considerations) is that to each LHflavour neutrino field ]

𝑙𝐿
(𝑥)

there corresponds an RH neutrino field ]
𝑙𝑅
(𝑥), 𝑙 = 𝑒, 𝜇, 𝜏,

although schemes with less (more) than three RH neutrinos
are also being considered (see, e.g., [10]).

The experiments with solar, atmospheric, reactor, and
accelerator neutrinos (see [11] and the references quoted
therein) have provided compelling evidences for flavour
neutrino oscillations [1, 12–14]—transitions in flight between
the different flavour neutrinos ]

𝑒
, ]

𝜇
, ]

𝜏
(antineutrinos ]

𝑒
, ]

𝜇
,

]
𝜏
), caused by nonzero neutrinomasses and neutrinomixing.

As a consequence of the results of these experiments, the
existence of oscillations of the solar ]

𝑒
, atmospheric ]

𝜇
and

]
𝜇
, accelerator ]

𝜇
(at 𝐿 ∼ 250 km, 𝐿 ∼ 730 km, and 𝐿 ∼

295 km, with 𝐿 being the distance traveled by the neutrinos),
and reactor ]

𝑒
(at 𝐿 ∼ 180 km and 𝐿 ∼ 1 km), was firmly

established. The data imply the presence of neutrino mixing
in the weak charged lepton current:

LCC = −
𝑔

√2
∑

𝑙=𝑒,𝜇,𝜏

𝑙
𝐿
(𝑥) 𝛾

𝛼
]
𝑙𝐿
(𝑥)𝑊

𝛼†
(𝑥) + h.c.,

]
𝑙𝐿
(𝑥) =

𝑛

∑

𝑗=1

𝑈
𝑙𝑗
]
𝑗𝐿
(𝑥) ,

(1)

where ]
𝑙𝐿
(𝑥) are the flavour neutrino fields, ]

𝑗𝐿
(𝑥) is the left-

handed (LH) component of the field of the neutrino ]
𝑗
having

a mass𝑚
𝑗
, and𝑈 is a unitary matrix—the Pontecorvo-Maki-

Nakagawa-Sakata (PMNS) neutrino mixing matrix [1, 12–
14], 𝑈 ≡ 𝑈PMNS. All compelling neutrino oscillation data
can be described assuming 3-neutrino mixing in vacuum,
𝑛 = 3. The number of massive neutrinos 𝑛 can, in general,
be bigger than 3 if, for example, there exist right-handed
(RH) sterile neutrinos [1] and they mix with the LH flavour
neutrinos. It follows from the current data that at least 3 of the
neutrinos ]

𝑗
, say ]

1
, ]

2
, ]

3
, must be light, 𝑚

1,2,3
≲ 1 eV, and

must have different masses, 𝑚
1
̸= 𝑚

2
̸= 𝑚

3
. At present there

is no compelling experimental evidence for the existence of
more than 3 light neutrinos. Certain neutrino oscillation data
exhibit anomalies that could be interpreted as being due to
the existence of one or two additional (sterile) neutrinos with
mass in the eV range, which have a relatively small mixing
∼0.1 with the active flavour neutrinos (see, e.g., [15] and the
references quoted therein).

In the case of 3 light neutrinos on which we will con-
centrate on in this review, the neutrino mixing matrix 𝑈 can

be parametrised by 3 angles and, depending on whether the
massive neutrinos ]

𝑗
are Dirac or Majorana [16] particles, by

1 or 3 CP violation (CPV) phases [17–20]:

𝑈 = 𝑉𝑃, 𝑃 = diag (1, 𝑒𝑖(𝛼21/2), 𝑒𝑖(𝛼31/2)) , (2)

where 𝛼
21
and 𝛼

31
are the twoMajorana CPV phases and𝑉 is

a CKM-like matrix containing the Dirac CPV phase 𝛿:

𝑉=(

𝑐
12
𝑐
13

𝑠
12
𝑐
13

𝑠
13
𝑒
−𝑖𝛿

−𝑠
12
𝑐
23
− 𝑐

12
𝑠
23
𝑠
13
𝑒
𝑖𝛿
𝑐
12
𝑐
23
− 𝑠

12
𝑠
23
𝑠
13
𝑒
𝑖𝛿
𝑠
23
𝑐
13

𝑠
12
𝑠
23
− 𝑐

12
𝑐
23
𝑠
13
𝑒
𝑖𝛿
−𝑐

12
𝑠
23
− 𝑠

12
𝑐
23
𝑠
13
𝑒
𝑖𝛿
𝑐
23
𝑐
13

).

(3)

In (3), 𝑐
𝑖𝑗
= cos 𝜃

𝑖𝑗
, 𝑠

𝑖𝑗
= sin 𝜃

𝑖𝑗
, the angles 𝜃

𝑖𝑗
and the Dirac

phase 𝛿 lie in the intervals 0 ≤ 𝜃
𝑖𝑗
≤ 𝜋/2 and 0 ≤ 𝛿 ≤ 2𝜋, and,

in general, 0 ≤ 𝛼
𝑗1
/2 ≤ 2𝜋, 𝑗 = 2, 3 [21, 22]. If CP invariance

holds, we have 𝛿 = 0, 𝜋, and [20, 23–25], 𝛼
21(31)

= 𝑘
(󸀠)
𝜋,

𝑘
(󸀠)
= 0, 1, 2, 3, 4.
Thus, in the case of massive Dirac neutrinos, the neutrino

mixing matrix 𝑈 is similar, in what concerns the number
of mixing angles and CPV phases, to the CKM quark
mixing matrix. The presence of two additional physical CPV
phases in 𝑈 if ]

𝑗
are Majorana particles is a consequence

of the special properties of the latter (see, e.g., [17, 26]).
On the basis of the existing neutrino data it is impossible
to determine whether the massive neutrinos are Dirac or
Majorana fermions.

The neutrino oscillation probabilities depend, in general,
on the neutrino energy 𝐸, the source-detector distance, 𝐿,
on the elements of 𝑈, and, for relativistic neutrinos used in
all neutrino experiments performed so far, on the neutrino
mass squared differences Δ𝑚2

𝑖𝑗
≡ (𝑚

2

𝑖
− 𝑚

2

𝑗
), 𝑖 ̸= 𝑗 (see, e.g.,

[11, 26]). In the case of 3-neutrino mixing there are only two
independent neutrinomass squared differences, sayΔ𝑚2

21
̸= 0

and Δ𝑚2

31
̸= 0. The numbering of massive neutrinos ]

𝑗
is

arbitrary. We will employ here the widely used convention
of numbering of ]

𝑗
which allows to associate 𝜃

13
with the

smallest mixing angle in the PMNS matrix 𝑈, and 𝜃
12
,

Δ𝑚
2

21
> 0, and 𝜃

23
,Δ𝑚2

31(32)
, with the parameters which drive,

respectively, the solar (]
𝑒
), and the dominant atmospheric

]
𝜇
(and ]

𝜇
) (and accelerator ]

𝜇
) oscillations. Under the

assumption of CPT invariance, which wewill suppose to hold
throughout this article, 𝜃

12
and Δ𝑚2

21
drive also the reactor ]

𝑒

oscillations at 𝐿 ∼ 180 km (see, e.g., [11]). In this convention
𝑚

1
< 𝑚

2
, 0 < Δ𝑚2

21
< |Δ𝑚

2

31
|, and, depending on sgn(Δ𝑚2

31
),

we have either 𝑚
3
< 𝑚

1
or 𝑚

3
> 𝑚

2
(see further). In the

case of 𝑚
1
< 𝑚

2
< 𝑚

3
(𝑚

3
< 𝑚

1
< 𝑚

2
), the neutrino mass

squared difference Δ𝑚2

21
, as it follows from the data to be

discussed below, is much smaller than |Δ𝑚2

31(32)
|, Δ𝑚2

21
≪

|Δ𝑚
2

31(32)
|. This implies that in each of the two cases 𝑚

1
<

𝑚
2
< 𝑚

3
and 𝑚

3
< 𝑚

1
< 𝑚

2
we have |Δ𝑚2

31
− Δ𝑚

2

32
| =

Δ𝑚
2

21
≪ |Δ𝑚

2

31,32
|. The angles 𝜃

12
and 𝜃

23
are sometimes

called “solar” and “atmospheric” neutrino mixing angles and
are often denoted as 𝜃

12
= 𝜃

⊙
and 𝜃

23
= 𝜃atm, while Δ𝑚

2

21

and Δ𝑚2

31(32)
are sometimes referred to as the “solar” and

“atmospheric” neutrino mass squared differences and corre-
spondingly are denoted as Δ𝑚2

21
≡ Δ𝑚

2

⊙
, Δ𝑚2

31(32)
≡ Δ𝑚

2

atm.
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Table 1: The best-fit values and 3𝜎 allowed ranges of the 3-neutrino oscillation parameters, derived in [33] from a global fit of the current
neutrino oscillation data. The values (values in brackets) correspond to 𝑚

1
< 𝑚

2
< 𝑚

3
(𝑚

3
< 𝑚

1
< 𝑚

2
). The definition of Δ𝑚2

𝐴
used is:

Δ𝑚
2

𝐴
= 𝑚

2

3
− (𝑚

2

2
+ 𝑚

2

1
)/2.

Parameter Best fit (±1𝜎) 3𝜎
Δ𝑚

2

⊙
[10−5 eV2

] 7.54
+0.26

−0.22
6.99–8.18

|Δ𝑚
2

𝐴
| [10

−3 eV2
] 2.43

+0.06

−0.10
(2.42+0.07

−0.11
) 2.19 (2.17)–2.62 (2.61)

sin2𝜃
12

0.307
+0.018

−0.016
0.259–0.359

sin2𝜃
23

0.386
+0.024

−0.021
(0.392+0.039

−0.022
) 0.331 (0.335)–0.637(0.663)

sin2𝜃
13

0.0241 ± 0.0025 (0.0244+0.0023
−0.0025

) 0.0169 (0.0171)–0.0313 (0.0315)

Before continuing we would like to note that the preced-
ing discussion is to a large extent based on parts of the text of
the review article [11].

The neutrino oscillation data, accumulated over many
years, allowed to determine the parameters which drive
the solar, reactor, atmospheric, and accelerator neutrino
oscillations, Δ𝑚2

21
, 𝜃

12
, |Δ𝑚2

31(32)
| and 𝜃

23
, with a rather high

precision. Furthermore, therewere spectacular developments
in the period since June 2011 in what concerns the angle
𝜃
13

(see, e.g., [11]). They culminated in March of 2012 in a
high precision determination of sin22𝜃

13
in the Daya Bay

experiment with reactor ]
𝑒
[27, 28]:

sin22𝜃
13
= 0.089 ± 0.010 ± 0.005, (4)

where we have quoted the latest result of the Daya Bay
experiment published in [28]. Subsequently the RENO [29],
Double Chooz [30], and T2K [31] (see also [32]) experiments
reported, respectively, 4.9𝜎, 2.9𝜎, and 3.2𝜎 evidences for a
nonzero value of 𝜃

13
, compatible with the Day Bay result.

A global analysis of the latest neutrino oscillation data
presented at the Neutrino 2012 International Conference,
held in June of 2012 in Kyoto, Japan, was performed in [33].
We give below the best fit values of Δ𝑚2

21
, sin2𝜃

12
, |Δ𝑚2

31(32)
|,

sin2𝜃
23
, and sin2𝜃

13
, obtained in [33]:

Δ𝑚
2

21
= 7.54 × 10

−5 eV2
,

󵄨󵄨󵄨󵄨󵄨
Δ𝑚

2

31(32)

󵄨󵄨󵄨󵄨󵄨
= 2.47 (2.46) × 10

−3 eV2
,

(5)

sin2𝜃
12
= 0.307, sin2𝜃

23
= 0.39,

sin2𝜃
13
= 0.0241 (0.0244) ,

(6)

where the values (the values in brackets) correspond to𝑚
1
<

𝑚
2
< 𝑚

3
(𝑚

3
< 𝑚

1
< 𝑚

2
). The 1𝜎 uncertainties and the

3𝜎 ranges of the neutrino oscillation parameters found in
[33] are given in Table 1 (note that we have quoted the
value of |Δ𝑚2

31(32)
| in (5), while the mass squared difference

determined in [33] is |Δ𝑚2

𝐴
| = |Δ𝑚

2

31
− Δ𝑚

2

21
/2| (|Δ𝑚2

𝐴
| =

|Δ𝑚
2

32
+ Δ𝑚

2

21
/2|)).

A few comments are in order.We haveΔ𝑚2

21
/|Δ𝑚

2

31(32)
| ≅

0.031 ≪ 1, as was indicated earlier. The existing data do not
allow to determine the sign of Δ𝑚2

31(32)
. As we will discuss

further, the two possible signs correspond to two different

basic types of neutrino mass spectrum. Maximal solar neu-
trino mixing, that is, 𝜃

12
= 𝜋/4, is ruled out at more than

6𝜎 by the data. Correspondingly, one has cos 2𝜃
12
≥ 0.28 at

3𝜎. The results quoted in (6) imply that 𝜃
23

is close to (but
can be different from) 𝜋/4, 𝜃

12
≅ 𝜋/5.4 and that 𝜃

13
≅ 𝜋/20.

Thus, the pattern of neutrino mixing is drastically different
from the pattern of quark mixing. As we have noticed earlier,
the neutrino oscillations experiments are sensitive only to
neutrino mass squared differences Δ𝑚2

𝑖𝑗
≡ (𝑚

2

𝑖
− 𝑚

2

𝑗
), 𝑖 ̸= 𝑗,

and cannot give information on the absolute values of the
neutrino masses, that is, on the absolute neutrino mass scale.
They are insensitive also to the nature-Dirac or Majorana, of
massive neutrinos ]

𝑗
and, correspondingly, to the Majorana

CPV phases present in the PMNS matrix 𝑈 [17, 34].
After the successful measurement of 𝜃

13
, the determina-

tion of the absolute neutrino mass scale, of the type of the
neutrino mass spectrum, of the nature-Dirac or Majorana, of
massive neutrinos, and getting information about the status
of CP violation in the lepton sector, are the most pressing
and challenging problems and the highest priority goals of
the research in the field of neutrino physics.

As was already indicated above, the presently available
data do not permit to determine the sign of Δ𝑚2

31(2)
. In the

case of 3-neutrino mixing, the two possible signs of Δ𝑚2

31(32)

correspond to two types of neutrino mass spectrum. In the
widely used convention of numbering the neutrinos with
definite mass employed by us, the two spectra read:

(i) spectrum with normal ordering (NO):𝑚
1
< 𝑚

2
< 𝑚

3
,

Δ𝑚
2

atm = Δ𝑚
2

31
> 0, Δ𝑚2

⊙
≡ Δ𝑚

2

21
> 0,𝑚

2(3)
= (𝑚

2

1
+

Δ𝑚
2

21(31)
)
1/2;

(ii) spectrum with inverted ordering (IO): 𝑚
3
< 𝑚

1
< 𝑚

2
,

Δ𝑚
2

atm = Δ𝑚
2

32
< 0, Δ𝑚2

⊙
≡ Δ𝑚

2

21
> 0, 𝑚

2
= (𝑚

2

3
+

Δ𝑚
2

23
)
1/2,𝑚

1
= (𝑚

2

3
+ Δ𝑚

2

23
− Δ𝑚

2

21
)
1/2.

Depending on the value of the lightest neutrino mass,
min(𝑚

𝑗
), the neutrino mass spectrum can be

(a) normal hierarchical (NH): 𝑚
1
≪ 𝑚

2
< 𝑚

3
, 𝑚

2
≅

(Δ𝑚
2

⊙
)
1/2
≅ 8.68 × 10

−3 eV,𝑚
3
≅ |Δ𝑚

2

atm|
1/2
≅ 4.97 ×

10
−2 eV; or

(b) inverted hierarchical (IH):𝑚
3
≪ 𝑚

1
< 𝑚

2
, with𝑚

1,2
≅

|Δ𝑚
2

atm|
1/2
≅ 4.97 × 10

−2 eV; or
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(c) quasidegenerate (QD): 𝑚
1
≅ 𝑚

2
≅ 𝑚

3
≅ 𝑚

0
, 𝑚2

𝑗
≫

|Δ𝑚
2

atm|,𝑚0
≳ 0.10 eV.

The type of neutrino mass spectrum (hierarchy), that is,
the sign of Δ𝑚2

31(32)
, can be determined (i) using data from

neutrino oscillation experiments at accelerators (NO]A,T2K,
etc.) (see, e.g., [35]), (ii) in the experiments studying the
oscillations of atmospheric neutrinos (see, e.g., [36–39]),
and (iii) in experiments with reactor antineutrinos [40–47].
The relatively large value of 𝜃

13
is a favorable factor for the

sgn(Δ𝑚2

31(32)
) determination in these experiments. If neutri-

nos with definite mass are Majorana particles, information
about the sgn(Δ𝑚2

31(32)
) can be obtained also by measuring

the effective neutrino Majorana mass in neutrinoless double
𝛽-decay experiments [48, 49].

More specifically, in the cases (i) and (ii), the
sgn(Δ𝑚2

31(32)
) can be determined by studying oscillations of

neutrinos and antineutrinos, say, ]
𝜇
↔ ]

𝑒
and ]

𝜇
↔ ]

𝑒
, in

which matter effects are sufficiently large. This can be done
in long base-line oscillation experiments (see, e.g., [35]).
For sin22𝜃

13
≳ 0.05 and sin2𝜃

23
≳ 0.50, information on

sgn(Δ𝑚2

31(32)
) might be obtained in atmospheric neutrino

experiments by investigating the effects of the subdominant
transitions ]

𝜇(𝑒)
→ ]

𝑒(𝜇)
and ]

𝜇(𝑒)
→ ]

𝑒(𝜇)
of atmospheric

neutrinos which traverse the Earth (for a detailed discussion
see, e.g., [36–39]). For ]

𝜇(𝑒)
(or ]

𝜇(𝑒)
) crossing the Earth core,

new type of resonance-like enhancement of the indicated
transitions takes place due to the (Earth) mantle-core
constructive interference effect (neutrino oscillation length
resonance (NOLR)) [50] (see also [51]). As a consequence
of this effect, the corresponding ]

𝜇(𝑒)
(or ]

𝜇(𝑒)
) transition

probabilities can be maximal [52–54] (for the precise
conditions of the mantle-core (NOLR) enhancement see
[50, 52–54]). It should be noted that the Earth mantle-core
(NOLR) enhancement of neutrino transitions differs [50]
from the MSW one. It also differs [50, 52–54] from the
mechanisms of enhancement discussed, for example, in the
articles [55, 56]: the conditions of enhancement considered
in [55, 56] cannot be realised for the ]

𝜇(𝑒)
→ ]

𝑒(𝜇)
or

]
𝜇(𝑒)
→ ]

𝑒(𝜇)
transitions of the Earth core crossing neutrinos.

For Δ𝑚2

31(32)
> 0, the neutrino transitions ]

𝜇(𝑒)
→ ]

𝑒(𝜇)

are enhanced, while for Δ𝑚2

31(32)
< 0 the enhancement

of antineutrino transitions ]
𝜇(𝑒)

→ ]
𝑒(𝜇)

takes place [50]
(see also [51–54, 57]), which might allow to determine
sgn(Δ𝑚2

31(32)
). Determining the type of neutrino mass

spectrum is crucial for understanding the origin of neutrino
masses and mixing as well.

All possible types of neutrino mass spectrum we have
discussed above are compatible with the existing constraints
on the absolute scale of neutrino masses 𝑚

𝑗
. Information

about the absolute neutrino mass scale can be obtained by
measuring the spectrum of electrons near the end point in
3H 𝛽-decay experiments [58–60] and from cosmological and
astrophysical data (see, e.g., [61]). The most stringent upper
bound on the ]

𝑒
mass was obtained in the Troitzk [62]

experiment (see also [63]):

𝑚]𝑒
< 2.05 eV at 95% C.L. (7)

We have𝑚]𝑒
≅ 𝑚

1,2,3
≳ 0.1 eV in the case of quasidegenerate

(QD) spectrum. The KATRIN experiment [63], which is
under preparation, is planned to reach sensitivity of 𝑚]𝑒

∼

0.20 eV; that is, it will probe the region of the QD spectrum.
Information on the type of neutrino mass spectrum can
also be obtained in 𝛽-decay experiments having a sensitivity
to neutrino masses ∼√|Δ𝑚2

31(32)
| ≅ 5 × 10

−2 eV [64] (i.e.,
by a factor of ∼4 better sensitivity than that of the KATRIN
experiment [63]). Reaching the indicated sensitivity in elec-
tromagnetic spectrometer 𝛽-decay experiments of the type
of KATRIN does not seem feasible at present. The cosmic
microwave background (CMB) data of the WMAP experi-
ment, combined with supernovae data and data on galaxy
clustering can be used to derive an upper limit on the
sum of neutrinos masses (see, e.g., [61]). Depending on the
model complexity and the input data used one obtains [65]
∑

𝑗
𝑚

𝑗
≲ (0.3–1.3) eV, 95% C.L. Data on weak lensing of

galaxies, combined with data from theWMAP and PLANCK
experiments, may allow ∑

𝑗
𝑚

𝑗
to be determined with an

uncertainty of 𝜎(∑
𝑗
𝑚

𝑗
) = (0.04–0.07) eV [66, 67].

Thus, the data on the absolute scale of neutrino masses
imply that neutrinomasses are much smaller than themasses
of the charged leptons and quarks. If we take as an indicative
upper limit𝑚

𝑗
≲ 0.5 eV, 𝑗 = 1, 2, 3, we have

𝑚
𝑗

𝑚
𝑙,𝑞

≲ 10
−6
, 𝑙 = 𝑒, 𝜇, 𝜏, 𝑞 = 𝑑, 𝑠𝑏, 𝑢, 𝑐, 𝑡. (8)

It is natural to suppose that the remarkable smallness of
neutrino masses is related to the existence of a new funda-
mental mass scale in particle physics, and thus to new physics
beyond that predicted by the Standard Model. A compre-
hensive theory of the neutrino masses and mixing should
be able to explain the indicated enormous disparity between
the neutrino masses and the masses of the charged leptons
and quarks.

At present no experimental information on the Dirac
and Majorana CPV phases in the neutrino mixing matrix
is available. Therefore the status of the CP symmetry in the
lepton sector is unknown. The importance of getting infor-
mation about the Dirac and Majorana CPV phases in the
neutrino mixing matrix stems, in particular, from the possi-
bility that these phases play a fundamental role in the genera-
tion of the observed baryon asymmetry of theUniverse.More
specifically, the CP violation necessary for the generation of
the baryon asymmetry within the “flavoured” leptogenesis
scenario [68–70] can be due exclusively to the Dirac and/or
Majorana CPV phases in the PMNS matrix [71, 72] and thus
can be directly related to the low energy CP-violation in the
lepton sector. If the requisite CP violation is due to the Dirac
phases 𝛿, a necessary condition for a successful (flavoured)
leptogenesis is that sin 𝜃

13
≳ 0.09 [72], which is comfortably

compatible with the Daya Bay result, (4).
With 𝜃

13
̸= 0, the Dirac phase 𝛿 can generate CP violating

effects in neutrino oscillations [73] (see also [17, 74]), that
is, a difference between the probabilities of ]

𝑙
→ ]

𝑙
󸀠 and

]
𝑙
→ ]

𝑙
󸀠 oscillations in vacuum: 𝑃(]

𝑙
→ ]

𝑙
󸀠) ̸= 𝑃(]

𝑙
→ ]

𝑙
󸀠),

𝑙 ̸= 𝑙
󸀠
= 𝑒, 𝜇, 𝜏. The magnitude of the CP violating effects of
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interest is determined [75] by the rephasing invariant 𝐽CP
associated with the Dirac CPV phase 𝛿 in𝑈. It is analogous to
the rephasing invariant associated with the Dirac CPV phase
in the CKM quark mixing matrix [76, 77]. In the “standard”
parametrisation of the PMNS neutrino mixing matrix, (2)-
(3), we have

𝐽CP ≡ Im (𝑈𝜇3𝑈
∗

𝑒3
𝑈
𝑒2
𝑈

∗

𝜇2
)

=
1

8
cos 𝜃

13
sin 2𝜃

12
sin 2𝜃

23
sin 2𝜃

13
sin 𝛿.

(9)

Thus, given the fact that sin 𝜃
12
, sin 𝜃

23
, and sin 𝜃

13
have been

determined experimentally with a relatively good precision,
the size of CP violation effects in neutrino oscillations
depends essentially only on the magnitude of the currently
unknown value of the Dirac phase 𝛿. The current data imply
|𝐽CP| ≲ 0.039, where we have used (9) and the 3𝜎 ranges
of sin2𝜃

12
, sin2𝜃

23
, and sin2𝜃

13
given in Table 1. Data on the

Dirac phase 𝛿 will be obtained in the long baseline neutrino
oscillation experiments T2K, NO]A, and other (see, e.g.,
[78]). Testing the possibility of Dirac CP violation in the
lepton sector is one of the major goals of the next generation
of neutrino oscillation experiments (see, e.g., [35, 78]).
Measuring the magnitude of CP violation effects in neutrino
oscillations is at present also the only known feasible method
of determining the value of the phase 𝛿 (see, e.g., [79]).

If ]
𝑗
are Majorana fermions, getting experimental infor-

mation about the Majorana CPV phases in the neutrino
mixing matrix 𝑈 will be remarkably difficult [80–86]. As we
will discuss further, theMajorana phases of the PMNSmatrix
play important role in the phenomenology of neutrinoless
double-beta-((𝛽𝛽)

0]-) decay—the process whose existence is
related to the Majorana nature of massive neutrinos [87]:
(𝐴, 𝑍) → (𝐴, 𝑍 + 2) + 𝑒

−
+ 𝑒

−. The phases 𝛼
21,31

can affect
significantly the predictions for the rates of the (LFV) decays
𝜇 → 𝑒 + 𝛾, 𝜏 → 𝜇 + 𝛾, and so forth, in a large class
of supersymmetric theories incorporating the see-sawmech-
anism [88, 89]. As was mentioned earlier, the Majorana
phase(s) in the PMNS matrix can be the leptogenesis CP
violating parameter(s) at the origin of the baryon asymmetry
of the Universe [21, 22, 71, 72].

Establishing whether the neutrinos with definite mass ]
𝑗

are Dirac fermions possessing distinct antiparticles, or Majo-
rana fermions, that is, spin 1/2 particles that are identical
with their antiparticles, is of fundamental importance for
understanding the origin of neutrino masses and mixing and
the underlying symmetries of particle interactions. Let us
recall that the neutrinos ]

𝑗
with definitemass𝑚

𝑗
will beDirac

fermions if particle interactions conserve some additive lep-
ton number, for example, the total lepton charge 𝐿 = 𝐿

𝑒
+𝐿

𝜇
+

𝐿
𝜏
. If no lepton charge is conserved, the neutrinos ]

𝑗
will be

Majorana fermions (see, e.g., [26]).Themassive neutrinos are
predicted to be ofMajorana nature by the see-sawmechanism
of neutrino mass generation [6–9], which also provides an
attractive explanation of the smallness of neutrino masses
and, through the leptogenesis theory [2, 3], of the observed
baryon asymmetry of the Universe. The observed patterns of
neutrino mixing and of neutrino mass squared differences
driving the solar and the dominant atmospheric neutrino

oscillations can be related toMajoranamassive neutrinos and
the existence of an approximate symmetry in the lepton sector
corresponding to the conservation of the nonstandard lepton
charge 𝐿󸀠 = 𝐿

𝑒
− 𝐿

𝜇
− 𝐿

𝜏
[90]. They can also be associated

with the existence of approximate discrete symmetry (or
symmetries) of the particle interactions (see, e.g., [91–94]).
Determining the nature (Dirac or Majorana) of massive
neutrinos is one of the fundamental and most challenging
problems in the future studies of neutrino mixing [11].

2. The Nature of Massive Neutrinos

2.1. Majorana versus Dirac Massive Neutrinos (Particles). The
properties of Majorana particles (fields) are very different
from those of Dirac particles (fields). A massive Majorana
neutrino 𝜒

𝑗
(or Majorana spin 1/2 particle) with mass 𝑚

𝑗
>

0 can be described in local quantum field theory which is
used to construct, for example, the Standard Model, by 4-
component complex spin 1/2 field 𝜒

𝑗
(𝑥) which satisfies the

Dirac equation and the Majorana condition:

𝐶(𝜒
𝑗
(𝑥))

𝑇

= 𝜉
𝑘
𝜒
𝑗
(𝑥) ,

󵄨󵄨󵄨󵄨󵄨
𝜉
𝑗

󵄨󵄨󵄨󵄨󵄨

2

= 1, (10)

where 𝐶 is the charge conjugation matrix, 𝐶−1𝛾
𝛼
𝐶 = −(𝛾

𝛼
)
𝑇

(𝐶𝑇 = −𝐶, 𝐶−1 = 𝐶†), and 𝜉
𝑗
is, in general, an unphysical

phase. The Majorana condition is invariant under proper
Lorentz transformations. It reduces by a factor of 2 the
number of independent components in 𝜒

𝑗
(𝑥).

The condition (10) is invariant with respect to𝑈(1) global
gauge transformations of the field 𝜒

𝑗
(𝑥) carrying a 𝑈(1)

charge 𝑄, 𝜒
𝑗
(𝑥) → 𝑒

𝑖𝛼𝑄
𝜒
𝑗
(𝑥), only if 𝑄 = 0. As a result, (i)

𝜒
𝑗
cannot carry nonzero additive quantum numbers (lepton

charge, etc.), and (ii) the field 𝜒
𝑗
(𝑥) cannot “absorb” phases.

Thus, 𝜒
𝑗
(𝑥) describes 2 spin states of a spin 1/2, absolutely

neutral particle, which is identical with its antiparticle, 𝜒
𝑗
≡

𝜒
𝑗
. As is well known, spin 1/2 Dirac particles can carry

nonzero 𝑈(1) charges: the charged leptons and quarks, for
instance, carry nonzero electric charges.

Owing to the fact that the Majorana (neutrino) fields
cannot absorb phases, the neutrinomixingmatrix𝑈 contains
in the general case of 𝑛 charged leptons and mixing of 𝑛
massive Majorana neutrinos ]

𝑗
≡ 𝜒

𝑗
, altogether

𝑛
(𝑀)

CPV =
𝑛 (𝑛 − 1)

2
, Majorana ]

𝑗
, (11)

CPV phases [17]. In the case of mixing of 𝑛 massive Dirac
neutrinos, the number of CPV phases in𝑈, as is well known,
is

𝑛
(𝐷)

CPV =
(𝑛 − 1) (𝑛 − 2)

2
, Dirac ]

𝑗
. (12)

Thus, if ]
𝑗
are Majorana particles, 𝑈 contains the following

number of additionalMajoranaCP violation phases: 𝑛(𝑀)

MCPV ≡

𝑛
(𝑀)

CPV − 𝑛
(𝐷)

CPV = (𝑛 − 1). In the case of 𝑛 charged leptons and 𝑛
massive Majorana neutrinos, the PMNSmatrix𝑈 can be cast
in the form [17]

𝑈 = 𝑉𝑃, (13)
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where thematrix𝑉 contains the (𝑛−1)(𝑛−2)/2Dirac CP vio-
lation phases, while𝑃 is a diagonal matrix with the additional
(𝑛 − 1)Majorana CP violation phases 𝛼

21
, 𝛼

31
, . . . , 𝛼

𝑛1
,

𝑃 = diag (1, 𝑒𝑖(𝛼21/2), 𝑒𝑖(𝛼31/2), . . . , 𝑒𝑖(𝛼𝑛1/2)) . (14)

As will be discussed further, the Majorana phases will
conserve CP if [23–25] 𝛼

𝑗1
= 𝜋𝑞

𝑗
, 𝑞

𝑗
= 0, 1, 2, 𝑗 = 2, 3, . . . , 𝑛.

In this case exp(𝑖𝛼
𝑗1
) = ±1 and exp[𝑖(𝛼

𝑗1
− 𝛼

𝑘1
)] = ±1 have

a simple physical interpretation: these are the relative CP-
parities of the Majorana neutrinos ]

𝑗
and ]

1
and of ]

𝑗
and

]
𝑘
, respectively.
It follows from the preceding discussion that the mixing

of massive Majorana neutrinos differs, in what concerns the
number of CPV phases, from the mixing of massive Dirac
neutrinos. For 𝑛 = 3 of interest, we have one Dirac and
two Majorana CPV phases in 𝑈, which is consistent with the
expression of 𝑈 given in (2). If 𝑛 = 2, there is one Majorana
CPV phase and no Dirac CPV phases in𝑈. Correspondingly,
in contrast to the Dirac case, there can exist CP violating
effects even in the system of two mixed massive Majorana
neutrinos (particles).

The Majorana phases do not enter into the expressions
of the probabilities of oscillations involving the flavour
neutrinos and antineutrinos [17, 34], ]

𝑙
→ ]

𝑙
󸀠 and ]

𝑙
→ ]

𝑙
󸀠 .

Indeed, the probability to find neutrino ]
𝑙
󸀠 (antineutrino ]

𝑙
󸀠)

at time 𝑡 if a neutrino ]
𝑙
(antineutrino ]

𝑙
) has been produced

at time 𝑡
0
and it had traveled a distance 𝐿 ≅ 𝑡 in vacuum is

given by (see, e.g., [11, 26])

𝑃 (]
𝑙
󳨀→ ]

𝑙
󸀠) =

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

∑

𝑗

𝑈
𝑙
󸀠
𝑗
𝑒
−𝑖(𝐸𝑗𝑡−𝑝𝑗𝐿)𝑈

†

𝑗𝑙

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

2

,

𝑃 (]
𝑙
󳨀→ ]

𝑙
󸀠) =

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

∑

𝑗

𝑈
𝑙𝑗
𝑒
−𝑖(𝐸𝑗𝑡−𝑝𝑗𝐿)𝑈

†

𝑗𝑙
󸀠

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

2

,

(15)

where 𝐸
𝑗
and 𝑝

𝑗
are the energy and momentum of the

neutrino ]
𝑗
. It is easy to show, using the expression for 𝑈 in

(13), that 𝑃(]
𝑙
→ ]

𝑙
󸀠) and 𝑃(]

𝑙
→ ]

𝑙
󸀠) do not depend on the

Majorana phases present in 𝑈 since

∑

𝑗

(𝑉𝑃)
𝑙
󸀠
𝑗
𝑒
−𝑖(𝐸𝑗𝑡−𝑝𝑗𝐿)(𝑉𝑃)

†

𝑗𝑙
= ∑

𝑗

𝑉
𝑙
󸀠
𝑗
𝑒
−𝑖(𝐸𝑗𝑡−𝑝𝑗𝐿)𝑉

†

𝑗𝑙
. (16)

The same result holds when the neutrino oscillations take
place in matter [34].

If CP-invariance holds, Majorana neutrinos (particles)
have definite CP-parity 𝜂CP(𝜒𝑗) = ±𝑖:

𝑈CP𝜒𝑗 (𝑥)𝑈
−1

CP = 𝜂CP (𝜒𝑗) 𝛾0𝜒𝑗 (𝑥𝑝) ,

𝜂CP (𝜒𝑗) ≡ 𝑖𝜌𝑗 = ±𝑖,
(17)

where 𝑥 = (𝑥
0
, x), 𝑥

𝑝
= (𝑥

0
, −x) and 𝑈CP is the unitary CP-

transformation operator. In contrast, Dirac particles do not
have a definite CP-parity—a Dirac field 𝑓(𝑥) transforms as
follows under the CP-symmetry operation:

𝑈CP𝑓 (𝑥)𝑈
−1

CP = 𝜂𝑓𝛾0𝐶(𝑓 (𝑥𝑝))
𝑇

,
󵄨󵄨󵄨󵄨󵄨
𝜂
𝑓

󵄨󵄨󵄨󵄨󵄨

2

= 1, (18)

𝜂
𝑓

being an unphysical phase factor. In the case of CP
invariance, the CP-parities of massive Majorana fermions
(neutrinos) can play important role in processes involving
real of virtual Majorana particles (see, e.g., [26, 95]).

Using (18) and (17) and the transformation of the 𝑊±

boson field under the CP-symmetry operation,

𝑈CP𝑊𝛼
(𝑥)𝑈

†

CP = 𝜂𝑊𝜅𝛼(𝑊𝛼
(𝑥

𝑝
))

†

,
󵄨󵄨󵄨󵄨𝜂𝑊
󵄨󵄨󵄨󵄨
2

= 1,

𝜅
0
= −1, 𝜅

1,2,3
= +1,

(19)

where 𝜂
𝑊

is an unphysical phase, one can derive the con-
straints on the neutrino mixing matrix 𝑈 following from
the requirement of CP-invariance of the leptonic CC weak
interaction Lagrangian, (1). In the case of massive Dirac
neutrinos we obtain 𝜂∗]𝑗𝜂𝑙𝜂𝑊𝑈

∗

𝑙𝑗
= 𝑈

𝑙𝑗
, 𝑙 = 𝑒, 𝜇, 𝜏, 𝑗 = 1, 2, 3.

Setting the product of unphysical phases 𝜂∗]𝑗𝜂𝑙𝜂𝑊 = 1, one
obtains the well-known result:

CP invariance: 𝑈∗

𝑙𝑗
= 𝑈

𝑙𝑗
, 𝑙 = 𝑒, 𝜇, 𝜏, 𝑗 = 1, 2, 3,

Dirac ]
𝑗
.

(20)

In the case of massive Majorana neutrinos we obtain using
(10), (17), (18), and (19): 𝜉∗

𝑗
(𝑖𝜌

𝑗
)𝜂

∗

𝑙
𝜂
𝑊
𝑈
𝑙𝑗
= 𝑈

∗

𝑙𝑗
. It is convenient

now to set 𝜉
𝑗
= 1, 𝜂

𝑙
= 𝑖, and 𝜂

𝑊
= 1. In this (commonly used

by us) convention we get [26]

CP invariance: 𝑈∗

𝑙𝑗
= 𝜌

𝑗
𝑈
𝑙𝑗
,

𝜌
𝑗
= +1 or (−1) , 𝑙 = 𝑒, 𝜇, 𝜏, 𝑗 = 1, 2, 3,

Majorana ]
𝑗
.

(21)

Thus, in the convention used the elements of the PMNS
matrix can be either real or purely imaginary if ]

𝑗
are Majo-

rana fermions. Applying the above conditions to, for example,
𝑈
𝑒2
,𝑈

𝜏3
, and𝑈

𝑒3
elements of the PMNSmatrix (2) we obtain

the CP conserving values of the phases 𝛼
21
, 𝛼

31
, and 𝛿,

respectively: 𝛼
21
= 𝑘𝜋, 𝑘 = 0, 1, 2, . . ., 𝛼

31
= 𝑘

󸀠
𝜋, 𝑘󸀠 = 0, 1,

2, . . . , 𝛿 = 0, 𝜋, 2𝜋.
One can obtain in a similar way the CP-invariance

constraint on the matrix of neutrino Yukawa couplings, 𝜆
𝑘𝑙
,

which plays a fundamental role in the leptogenesis scenario of
baryon asymmetry generation, based on the (type I) see-saw
mechanism of generation of neutrino masses [2–5, 79]:

L
𝑌
(𝑥) = −𝜆

𝑘𝑙
𝑁

𝑘𝑅
(𝑥)𝐻

†
(𝑥) 𝜓

𝑙𝐿
(𝑥) + h.c.,

L
𝑁

𝑀
(𝑥) = −

1

2
𝑀

𝑘
𝑁

𝑘
(𝑥)𝑁

𝑘
(𝑥) .

(22)

Here𝑁
𝑘𝑅
(𝑥) is the field of a heavy right-handed (RH) sterile

Majorana neutrino with mass𝑀
𝑘
> 0, 𝜓

𝑙𝐿
denotes the Stan-

dard Model left-handed (LH) lepton doublet field of flavour
𝑙 = 𝑒, 𝜇, 𝜏, 𝜓

𝑇

𝑙𝐿
= (]𝑇

𝑙𝐿
𝑙
𝑇

𝐿
), and 𝐻 is the Standard Model

Higgs doublet field whose neutral component has a vac-
uum expectation value V = 174GeV. The term L

𝑌
(𝑥) +

L𝑁

𝑀
(𝑥) includes all the necessary ingredients of the see-saw

mechanism. Assuming the existence of two heavy Majorana
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neutrinos, that is, taking 𝑘 = 1, 2 in (22), and adding the term
L

𝑌
(𝑥)+L𝑁

𝑀
(𝑥) to the StandardModel Lagrangian, we obtain

the minimal extension of the Standard Model in which the
neutrinos have masses and mix and the leptogenesis can be
realised. In the leptogenesis formalism it is often convenient
to use the so-called orthogonal parametrisation of the matrix
of neutrino Yukawa couplings [96]:

𝜆
𝑘𝑙
=
1

V
√𝑀

𝑘
𝑅
𝑘𝑗√𝑚𝑗

(𝑈
†
)
𝑗𝑙
, (23)

where 𝑅 is, in general, a complex orthogonal matrix, 𝑅𝑅𝑇 =
𝑅
𝑇
𝑅 = 1. The CP violation necessary for the generation of

the baryon asymmetry of the Universe is provided in the
leptogenesis scenario of interest by the matrix of neutrino
Yukawa couplings 𝜆 (see, e.g., [4, 5, 79]). It follows from (23)
that it can be provided either by the neutrino mixing matrix
𝑈, or by the matrix 𝑅, or else by both the matrices𝑈 and 𝑅. It
is therefore important to derive the conditions under which
𝜆, 𝑅, and 𝑈 respect the CP symmetry. For the PMNS matrix
𝑈 these conditions are given in (21). For the matrices 𝜆 and
𝑅 in the convention in which (i) 𝑁

𝑘
(𝑥) satisfy the Majorana

condition with a phase equal to 1 (i.e., 𝜉
𝑘
= 1), (ii) 𝜂𝑙 = 𝑖 and

𝜂
𝐻
= 1, 𝜂𝑙 and 𝜂𝐻 being the unphysical phase factors which

appear in the CP-transformations of the LH lepton doublet
and Higgs doublet fields 𝜓

𝑙𝐿
(𝑥) and 𝐻(𝑥), respectively (this

convention is similar to, and consistent with, the convention
about the unphysical phases we have used to derive the CP-
invariance constraints on the elements of the PMNS matrix
𝑈), they read [72]

𝜆
∗

𝑘𝑙
= 𝜆

𝑘𝑙
𝜌
𝑁

𝑘
, 𝜌

𝑁

𝑘
= ±1, 𝑗 = 1, 2, 3, 𝑙 = 𝑒, 𝜇, 𝜏,

𝑅
∗

𝑘𝑗
= 𝑅

𝑘𝑗
𝜌
𝑁

𝑘
𝜌
𝑗
, 𝑗, 𝑘 = 1, 2, 3,

(24)

where 𝑖𝜌𝑁
𝑘
≡ 𝜂CP(𝑁𝑘

) = ±𝑖 is the CP-parity of 𝑁
𝑘
. Thus,

in the case of CP invariance also the elements of 𝜆 and
𝑅 can be real or purely imaginary. Note that, as it follows
from (21) and (24), given which elements are real and which
are purely imaginary of any two of the three matrices 𝑈,
𝜆 and 𝑅, determines (in the convention we are using and
if CP invariance holds), which elements are real or purely
imaginary in the third matrix. If, for instance, 𝑈

𝑒2
is purely

imaginary (𝜌
2
= −1) and 𝜆

1𝜇
is real (𝜌𝑁

1
= 1), then 𝑅

12
must

be purely imaginary.Thus, in the example we are considering,
a real 𝑅

12
would signal that the CP symmetry is broken [72].

The currents formed by Majorana fields have special
properties, which make them also quite different from the
currents formed by Dirac fields. In particular, it follows from
the Majorana condition that the following currents of the
Majorana field 𝜒

𝑘
(𝑥) are identically equal to zero (see, e.g.,

[26]):

𝜒
𝑘
(𝑥) 𝛾

𝛼
𝜒
𝑘
(𝑥) ≡ 0, (25)

𝜒
𝑘
(𝑥) 𝜎

𝛼𝛽
𝜒
𝑘
(𝑥) ≡ 0,

𝜒
𝑘
(𝑥) 𝜎

𝛼𝛽
𝛾
5
𝜒
𝑘
(𝑥) ≡ 0.

(26)

Equations (25) and (26) imply that Majorana fermions (neu-
trinos) cannot have nonzero 𝑈(1) charges and intrinsic

magnetic and electric dipole moments, respectively. A Dirac
spin 1/2 particle can have nontrivial𝑈(1) charges, as we have
already discussed, and nonzero intrinsic magnetic moment
(the electron and the muon, e.g., have it). If CP invariance
does not hold, Dirac fermions can have also nonzero electric
dipolemoments. Equations (26) imply also that theMajorana
particles (neutrinos) cannot couple to a real photon.The axial
current of a Majorana fermion, 𝜒

𝑘
(𝑥)𝛾

𝛼
𝛾
5
𝜒
𝑘
(𝑥) ̸= 0. Corre-

spondingly, 𝜒
𝑘
(𝑥) can have an effective coupling to a virtual

photon via the anapole momentum term, which has the
following form in momentum space:

(𝑔
𝛼𝛽
𝑞
2
− 𝑞

𝛼
𝑞
𝛽
) 𝛾

𝛽
𝛾
5
𝐹
(𝑘)

𝑎
(𝑞

2
) , (27)

where 𝑞 is themomentumof the virtual photon and𝐹(𝑘)
𝑎
(𝑞

2
) is

the anapole form factor of 𝜒
𝑘
. The fact that the vector current

of 𝜒
𝑘
is zero while the axial current is nonzero has important

implications in the calculations of the relic density of the
lightest and stable neutralino, which is a Majorana particle
and the dark matter candidate in many supersymmetric
(SUSY) extensions of the Standard Model [97].

In certain cases (e.g., in theories with a keV mass Majo-
rana neutrino (see, e.g., [15]), in the TeV scale type I see-saw
model (see, e.g., [98]), in SUSY extensions of the Standard
Model) one can have effective interactions involving two
different massive Majorana fermions (neutrinos), say 𝜒

1
and

𝜒
2
. We will consider two examples. The first is an effective

interaction with the photon field, which can be written as

L
(𝐴)

eff (𝑥) = 𝜒1 (𝑥) 𝜎𝛼𝛽 (𝜇12 − 𝑑12𝛾5) 𝜒2 (𝑥) 𝐹
𝛼𝛽
(𝑥) + h.c.,

(28)

where 𝜇
12

and 𝑑
12

are, in general, complex constants,
𝐹
𝛼𝛽
(𝑥) = 𝜕

𝛼
𝐴
𝛽
(𝑥)−𝜕

𝛽
𝐴
𝛼
(𝑥),𝐴𝜇

(𝑥) being the 4-vector poten-
tial of the photon field. Using the Majorana conditions for
𝜒
1
(𝑥) and 𝜒

2
(𝑥) in the convention in which the phases 𝜉

1
=

𝜉
2
= 1, it is not difficult to show that the constants 𝜇

12
and 𝑑

12

enter into the expression forL(𝐴)

eff (𝑥) in the form: (𝜇
12
−𝜇

∗

12
) =

2𝑖 Im(𝜇
12
) ≡ 𝜇

12
, (𝑑

12
+ 𝑑

∗

12
) = 2Re(𝑑

12
) ≡ 𝑑

12
, that is, 𝜇

12

is purely imaginary and 𝑑
12

is real. In the case of 𝜒
1
(𝑥) ≡

𝜒
2
(𝑥) = 𝜒(𝑥), the current 𝜒(𝑥)𝜎

𝛼𝛽
(𝜇

12
− 𝑑

12
𝛾
5
)𝜒(𝑥) has to

be Hermitian, which implies that 𝜇
12
should be real while 𝑑

12

should be purely imaginary. Combined with constraints on
𝜇
12
and 𝑑

12
we have just obtained, this leads to 𝜇

12
= 𝑑

12
= 0,

which is consistent with (26). In the case of CP invariance of
L

(𝐴)

eff (𝑥), the constants 𝜇12 (𝜇12) and 𝑑12 (𝑑12) should satisfy

CP invariance: 𝜇
12
= −𝜌

1
𝜌
2
𝜇
12
, 𝑑

12
= +𝜌

1
𝜌
2
𝑑
12
. (29)

Thus, if 𝜌
1
= 𝜌

2
, that is, if 𝜒

1
(𝑥) and 𝜒

2
(𝑥) possess the same

CP-parity, 𝜇
12
= 0 and 𝑑

12
(and 𝑑

12
) can be different from

zero. If 𝜌
1
= −𝜌

2
, that is, if 𝜒

1
(𝑥) and 𝜒

2
(𝑥) have opposite CP-

parities, 𝑑
12
= 0 and 𝜇

12
(and 𝜇

12
) can be different from zero.

If CP invariance does not hold, we can have both 𝜇
12
̸= 0 and

𝑑
12
̸= 0 (𝜇

12
̸= 0 and 𝑑

12
̸= 0).
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As a second example wewill consider effective interaction
of 𝜒

1
and 𝜒

2
with a vector field (current), which for concrete-

ness will be assumed to be the𝑍0-boson field of the Standard
Model:

L
(𝑍)

eff (𝑥) = 𝜒1 (𝑥) 𝛾𝛼 (V12 − 𝑎12𝛾5) 𝜒2 (𝑥) 𝑍
𝛼
(𝑥) + h.c. (30)

Here V
12
and 𝑎

12
are, in general, complex constants. Using the

Majorana conditions for 𝜒
1
(𝑥) and 𝜒

2
(𝑥) with 𝜉

1
= 𝜉

2
= 1,

one can easily show that V
12
has to be purely imaginary, while

𝑎
12

has to be real. In the case of 𝜒
1
(𝑥) ≡ 𝜒

2
(𝑥) = 𝜒(𝑥),

the hermiticity of the current 𝜒(𝑥)𝛾
𝛼
(V

12
−𝑎

12
𝛾
5
)𝜒(𝑥) implies

that both V
12

and 𝑎
12

have to be real. This, together with
constraints on V

12
and 𝑎

12
just derived, leads to V

12
= 0, which

is consistent with the result given in (25). The requirement of
CP invariance ofL(𝑍)

eff (𝑥), as can be shown, leads to (𝜉1 = 𝜉2 =
1):

CP invariance: V
12
= −𝜌

1
𝜌
2
V
12
, 𝑎

12
= +𝜌

1
𝜌
2
𝑎
12
. (31)

Thus, we find, similarly to the case considered above, that if
𝜒
1
(𝑥) and 𝜒

2
(𝑥) posses the same CP-parity (𝜌

1
= 𝜌

2
), V

12
= 0

and 𝑎
12

can be different from zero; if 𝜒
1
(𝑥) and 𝜒

2
(𝑥) have

opposite CP-parities (𝜌
1
= −𝜌

2
), 𝑎

12
= 0 while V

12
can be

different from zero. If CP invariance does not hold, we can
have both V

12
̸= 0 and 𝑎

12
̸= 0.

These results have important implications, in particular,
for the phenomenology of the heavy Majorana neutrinos𝑁

𝑘

in the TeV scale (type I) see-saw models, for the neutralino
phenomenology in SUSY extensions of the Standard Model,
in which the neutralinos are Majorana particles, and more
specifically for the processes 𝑒− + 𝑒+ → 𝜒

1
+ 𝜒

2
, 𝜒

2
→

𝜒
1
+ 𝑙

+
+ 𝑙

− (𝑚(𝜒
2
) > 𝑚(𝜒

1
)), 𝑙 = 𝑒, 𝜇, 𝜏, where 𝜒

1
and 𝜒

2

are, for instance, two neutralinos of, for example, theminimal
SUSY extension of the Standard Model (see, e.g., [95, 99]).

Finally, ifΨ(𝑥) is a Dirac field and we define the standard
propagator of Ψ(𝑥) as

⟨0
󵄨󵄨󵄨󵄨󵄨
𝑇 (Ψ

𝛼
(𝑥)Ψ

𝛽
(𝑦))
󵄨󵄨󵄨󵄨󵄨
0⟩ = 𝑆

𝐹

𝛼𝛽
(𝑥 − 𝑦) , (32)

one has

⟨0
󵄨󵄨󵄨󵄨󵄨
𝑇 (Ψ

𝛼
(𝑥)Ψ

𝛽
(𝑦))
󵄨󵄨󵄨󵄨󵄨
0⟩ = 0,

⟨0
󵄨󵄨󵄨󵄨󵄨
𝑇 (Ψ

𝛼
(𝑥)Ψ

𝛽
(𝑦))
󵄨󵄨󵄨󵄨󵄨
0⟩ = 0.

(33)

In contrast, a Majorana neutrino field 𝜒
𝑘
(𝑥) has, in addition

to the standard propagator

⟨0
󵄨󵄨󵄨󵄨󵄨
𝑇 (𝜒

𝑘𝛼
(𝑥) 𝜒

𝑘𝛽
(𝑦))
󵄨󵄨󵄨󵄨󵄨
0⟩ = 𝑆

𝐹𝑘

𝛼𝛽
(𝑥 − 𝑦) , (34)

two nontrivial nonstandard (Majorana) propagators

⟨0
󵄨󵄨󵄨󵄨󵄨
𝑇 (𝜒

𝑘𝛼
(𝑥) 𝜒

𝑘𝛽
(𝑦))
󵄨󵄨󵄨󵄨󵄨
0⟩ = −𝜉

∗

𝑘
𝑆
𝐹𝑘

𝛼𝛿
(𝑥 − 𝑦)𝐶

𝛿𝛽
,

⟨0
󵄨󵄨󵄨󵄨󵄨
𝑇 (𝜒

𝑘𝛼
(𝑥) 𝜒

𝑘𝛽
(𝑦))
󵄨󵄨󵄨󵄨󵄨
0⟩ = 𝜉

𝑘
𝐶
−1

𝛼𝛿
𝑆
𝐹𝑘

𝛿𝛽
(𝑥 − 𝑦) .

(35)

This result implies that if ]
𝑗
(𝑥) in (1) are massive Majorana

neutrinos, (𝛽𝛽)
0]-decay can proceed by exchange of virtual

neutrinos ]
𝑗
since ⟨0|𝑇(]

𝑗𝛼
(𝑥)]

𝑗𝛽
(𝑦))|0⟩ ̸= 0. The Majorana

propagators play a crucial role in the calculation of the baryon
asymmetry of the Universe in the leptogenesis scenario of the
asymmetry generation (see, e.g., [4, 5, 79]).

2.2. Generating Dirac and Majorana Massive Neutrinos. The
type of massive neutrinos in a given theory is determined
by the type of the (effective) mass term L]

𝑚
(𝑥) neutrinos

have, more precisely, by the symmetries ofL]
𝑚
(𝑥) and of the

total Lagrangian L(𝑥) of the theory. A fermion mass term
is bilinear in the fermion fields which is invariant under the
proper Lorentz transformations.

Massive Dirac neutrinos arise in theories in which the
neutrino mass term conserves some additive quantum num-
ber that could be, for example, the (total) lepton charge 𝐿 =
𝐿
𝑒
+𝐿

𝜇
+𝐿

𝜏
, which is conserved also by the total Lagrangian

L(𝑥) of the theory. A well-known example is the Dirac mass
term, which can arise in the minimally extended Standard
Model to include three RH neutrino fields ]

𝑙𝑅
, 𝑙 = 𝑒, 𝜇, 𝜏, as

SU(2)
𝐿
singlets:

L
]
𝐷
(𝑥) = −]

𝑙
󸀠
𝑅
(𝑥)𝑀

𝐷𝑙
󸀠
𝑙
]
𝑙𝐿
(𝑥) + h.c., (36)

where 𝑀
𝐷
is a 3 × 3, in general complex, matrix. The term

L]
𝐷
(𝑥) can be generated after the spontaneous breaking of

the Standard Model gauge symmetry by an SU(2)
𝐿
× 𝑈(1)

𝑌𝑤

invariant Yukawa coupling of the lepton doublet, Higgs
doublet, and the RH neutrino fields [100]:

L
𝑌
(𝑥) = − 𝑌

]
𝑙
󸀠
𝑙
]
𝑙
󸀠
𝑅
(𝑥)𝐻

†
(𝑥) 𝜓

𝑙𝐿
(𝑥) + h.c., (37)

𝑀
𝐷
= V𝑌

]
. (38)

If the nondiagonal elements of 𝑀
𝐷
are different from zero,

𝑀
𝐷𝑙
󸀠
𝑙
̸= 0, 𝑙 ̸= 𝑙󸀠 = 𝑒, 𝜇, 𝜏, the individual lepton charges 𝐿

𝑙
,

𝑙 = 𝑒, 𝜇, 𝜏, will not be conserved. Nevertheless, the total
lepton charge 𝐿 is conserved byL]

𝐷
(𝑥). As in the case of the

charged lepton and quark mass matrices generated via the
spontaneous electroweak symmetry breaking byYukawa type
terms in the SM Lagrangian, 𝑀

𝐷
is diagonalised by a biu-

nitary transformation: 𝑀
𝐷
= 𝑈

lep
𝑅
𝑀

diag
𝐷
(𝑈

lep
𝐿
)
†, where 𝑈lep

𝑅

and𝑈lep
𝐿

are 3×3 unitary matrices. If the mass term in (36) is
written in the basis in which the charged lepton mass matrix
is diagonal, 𝑈lep

𝐿
coincides with the PMNS matrix, 𝑈lep

𝐿
≡

𝑈PMNS. The neutrinos ]
𝑗
with definite mass𝑚

𝑗
> 0 are Dirac

particles: their fields ]
𝑗
(𝑥) = (𝑈

lep
𝐿
)
†

𝑗𝑙
]
𝑙𝐿
(𝑥) + (𝑈

lep
𝑅
)
†

𝑗𝑙
󸀠]𝑙󸀠𝑅(𝑥)

do not satisfy the Majorana condition, 𝐶(]
𝑗
(𝑥))

𝑇
̸= 𝜉
𝑗
𝜒
𝑗
(𝑥).

Although the scheme we are considering is phenomenologi-
cally viable (it does not contain a candidate for a dark matter
particle though), it does not provide an insight of why the
neutrino masses are much smaller than the charged fermion
masses. The only observable “new physics” is that related to
the neutrino masses and mixing: apart from the neutrino
masses and mixing themselves, this is the phenomenon of
neutrino oscillations [100].

Indeed, given the fact that the lepton charges 𝐿
𝑙
, 𝑙 =

𝑒, 𝜇, 𝜏, are not conserved, processes like 𝜇+ → 𝑒
+
+ 𝛾 decay,

𝜇
−
→ 𝑒

−
+𝑒

+
+𝑒

− decay, 𝜏− → 𝑒− +𝛾 decay, and so forth are
allowed. However, the rates of these processes are suppressed
by the factor [100] |𝑈

𝑙
󸀠
𝑗
𝑈

∗

𝑙𝑗
𝑚

2

𝑗
/𝑀

2

𝑊
|
2, 𝑙󸀠 ̸= 𝑙, 𝑀

𝑊
≅ 80 GeV

being the𝑊±-mass and 𝑙 = 𝜇, 𝑙󸀠 = 𝑒 for the 𝜇± → 𝑒
±
+ 𝛾
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decay, and so forth, and are unobservably small. For instance,
for the 𝜇 → 𝑒 + 𝛾 decay branching ratio we have [100]

BR (𝜇 󳨀→ 𝑒 + 𝛾) = 3𝛼
32𝜋

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

𝑈
𝑒𝑗
𝑈

∗

𝜇𝑗

𝑚
2

𝑗

𝑀2

𝑊

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

2

≅ (2.5 − 3.9) × 10
−55
,

(39)

where we have used the best fit values of the neutrino
oscillation parameters given in (5) and (6) and the two values
correspond to 𝛿 = 𝜋 and 0. The current experimental upper
limit reads [101] BR(𝜇+ → 𝑒

+
+ 𝛾) < 2.4 × 10

−12. Thus,
although the predicted branching ratio BR(𝜇+ → 𝑒++𝛾) ̸= 0,
its value is approximately by 43 orders of magnitude smaller
than the sensitivity reached in the experiments searching for
the 𝜇 → 𝑒 + 𝛾 decay, which renders it unobservable in
practice.

As was emphasised already, massive Majorana neutrinos
appear in theories with no conserved additive quantum
number, and more specifically, in which the total lepton
charge 𝐿 is not conserved and changes by two units. In the
absence of RH singlet neutrino fields in the theory, the flavour
neutrinos and antineutrinos ]

𝑙
and ]

𝑙
, 𝑙 = 𝑒, 𝜇, 𝜏, can have a

mass term of the so-called Majorana type:

L
]
𝑀
(𝑥) = −

1

2
]𝑐
𝑙
󸀠
𝑅
(𝑥)𝑀

𝑙
󸀠
𝑙
]
𝑙𝐿
(𝑥) + h.c.,

]
𝑐

𝑙
󸀠
𝑅
≡ 𝐶(]

𝑙
󸀠
𝐿
(𝑥))

𝑇

,

(40)

where𝑀 is a 3×3, in general complexmatrix. In the casewhen
all elements of𝑀 are nonzero,𝑀

𝑙
󸀠
𝑙
̸= 0, 𝑙, 𝑙

󸀠
= 𝑒, 𝜇, 𝜏, neither

the individual lepton charges 𝐿
𝑙
nor the total lepton charge 𝐿

is conserved: 𝐿
𝑙
̸= const., 𝐿 ̸= const. As it is possible to show,

owing to the fact that ]
𝑙𝐿
(𝑥) are fermion (anticommuting)

fields, the matrix 𝑀 has to be symmetric (see, e.g., [26]):
𝑀 = 𝑀

𝑇. A complex symmetric matrix is diagonalised by
the congruent transformation:

𝑀
diag
= 𝑈

𝑇
𝑀𝑈, 𝑈-unitary, (41)

where 𝑈 is a 3 × 3 unitary matrix. IfL]
𝑀
(𝑥) is written in the

basis in which the charged lepton mass matrix is diagonal, 𝑈
coincides with the PMNS matrix: 𝑈 ≡ 𝑈PMNS. The fields of
neutrinos ]

𝑗
with definite mass 𝑚

𝑗
are expressed in terms of

]
𝑙𝐿
(𝑥) and ]𝑐

𝑙𝑅
:

L
]
𝑀
(𝑥) = −

1

2
]
𝑗
(𝑥)𝑚

𝑗
]
𝑗
(𝑥) , (42)

]
𝑗
(𝑥) = 𝑈

†

𝑗𝑙
]
𝑙𝐿
(𝑥) + 𝑈

𝑇

𝑗𝑙
]
𝑐

𝑙𝑅
= 𝐶(]

𝑗
(𝑥))

𝑇

, 𝑗 = 1, 2, 3.

(43)

They satisfy the Majorana condition with 𝜉
𝑗
= 1, as (43)

shows.
TheMajoranamass term (40) for the LH flavour neutrino

fields ]
𝑙𝐿
can be generated

(i) effectively after the electroweak symmetry (EWS)
breaking in the type I see-saw models [6–9],

(ii) effectively after the EWS breaking in the type III see-
saw models [102],

(iii) directly as a result of the EWS breaking by an SU(2)
𝐿

triplet Higgs field which carries two units of the weak
hypercharge 𝑌

𝑊
and couples in an SU(2)

𝐿
× 𝑈

𝑌𝑊

invariant manner to two lepton doublets [18, 103, 104]
(the Higgs triplet model (HTM) sometimes called
also “type II see-saw model”),

(iv) as a one-loop correction to a Lagrangian which does
not contain a neutrino mass term [105, 106] (see also
[107]),

(v) as a two-loop correction in a theory where the neu-
trino masses are zero at tree and one-loop levels [108,
109] (see also [107]),

(vi) as a three-loop correction in a theory in which the
neutrino masses are zero at tree, one-loop and two-
loop levels [107].

In all three types of see-sawmodels, for instance, the neutrino
masses can be generated at the EWS breaking scale and in
this case the models predict rich beyond the Standard Model
physics at the TeV scale, some of which can be probed at the
LHC (see, e.g., [110] and further). We will consider briefly
below the neutrino mass generation in the type I see-saw and
the Higgs triplet models.

In a theory in which the SU(2)
𝐿
singlet RH neutrino

fields ]
𝑙𝑅
, 𝑙 = 𝑒, 𝜇, 𝜏, are present (we consider in the present

paper the case of three RH sterile neutrinos, but schemes
with less than 3 and more than 3 sterile neutrinos are also
discussed in the literature, see, e.g., [10, 15]), the most general
neutrinomass Lagrangian contains the Diracmass term (36),
the Majorana mass term for the LH flavour neutrino fields
(40), and a Majorana mass term for the RH neutrino fields
]
𝑙𝑅
(𝑥) [111]:

L
]
𝐷+𝑀
(𝑥) = − ]

𝑙
󸀠
𝑅
(𝑥)𝑀

𝐷𝑙
󸀠
𝑙
]
𝑙𝐿
(𝑥)

−
1

2
]𝑐
𝑙
󸀠
𝑅
(𝑥)𝑀

𝐿𝑙
󸀠
𝑙
]
𝑙𝐿
(𝑥)

−
1

2
]𝑐
𝑙
󸀠
𝐿
(𝑥)𝑀

𝑅𝑙
󸀠
𝑙
]
𝑙𝑅
(𝑥) + h.c.,

(44)

where ]𝑐
𝑙
󸀠
𝐿
≡ 𝐶(]

𝑙
󸀠
𝑅
(𝑥))

𝑇 and 𝑀
𝐷
, 𝑀

𝐿
, and 𝑀

𝑅
are 3 × 3,

in general complex matrices. By a simple rearrangement of
the neutrino fields this mass term can be cast in the form of a
Majoranamass termwhich is then diagonalised with the help
of the congruent transformation [26]. In this case there are
six Majorana mass eigenstate neutrinos; that is, the flavour
neutrino fields ]

𝑙𝐿
(𝑥) are linear combinations of the fields

of six Majorana neutrinos with definite mass. The neutrino
mixing matrix in (1) is a 3 × 6 block of a 6 × 6 unitary matrix.

The Dirac-Majorana mass term is at the basis of the
type I see-saw mechanism of generation of the neutrino
masses and appears in many grand unified theories (GUTs)
(see, e.g., [26] for further details). In the see-saw models,
some of the six massive Majorana neutrinos typically are
too heavy to be produced in the weak processes in which
the initial states of the flavour neutrinos and antineutrinos
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]
ℓ
and ]

ℓ
, used in the neutrino oscillation experiments, are

being formed. As a consequence, the states of ]
ℓ
and ]

ℓ

will be coherent superpositions only of the states of the
light massive neutrinos ]

𝑗
, and the elements of the neutrino

mixing matrix 𝑈PMNS, which are determined in experiments
studying the oscillations of ]

ℓ
and ]

ℓ
, will exhibit deviations

from unitarity. These deviations can be relatively large and
can have observable effects in the TeV scale see-saw models,
in which the heavy Majorana neutrinos have masses in the
∼ (100–1000)GeV range (see, e.g., [112]).

If after the diagonalisation of L]
𝐷+𝑀
(𝑥) more than three

neutrinos will turn out to be light, that is, to have masses
∼1 eV or smaller, active-sterile neutrino oscillations can take
place (see, e.g., [15, 26]): an LH (RH) flavour neutrino ]

𝑙𝐿

(antineutrino ]
𝑙𝑅
) can undergo transitions into LH sterile

antineutrino(s) ]
𝑙
󸀠
𝐿
≡ ]𝑠

𝑙
󸀠
𝐿
(RH sterile neutrino(s) ]

𝑙
󸀠
𝑅
≡

]𝑠
𝑙
󸀠
𝑅
). As a consequence of this type of oscillations, one would

observe a “disappearance” of, for example, ]
𝑒
and/or ]

𝜇
(]

𝑒

and/or ]
𝜇
) on the way from the source to the detector.

We would like to discuss next the implications of CP
invariance for the neutrino Majorana mass matrix, (40). In
the convention we have used to derive (24), in which the
unphysical phase factor in the CP transformation of the
lepton doublet field Ψ

𝑙𝐿
(𝑥), and thus of ]

𝑙𝐿
(𝑥), 𝜂𝑙 = 𝑖, the

requirement of CP invariance leads to the reality condition
for𝑀:

CP-invariance:𝑀∗
= 𝑀. (45)

Thus,𝑀 is real and symmetric and therefore is diagonalised
by an orthogonal transformation; that is, if CP invariance
holds, the matrix 𝑈 in (41) is an orthogonal matrix. The
nonzero eigenvalues of a real symmetric matrix can be posi-
tive or negative (the absolute value of the difference between
the number of positive and number of negative eigenvalues
of a real symmetric matrix 𝐴 is an invariant of the matrix
with respect to transformations 𝐴󸀠

= 𝑃𝐴𝑃
𝑇, where 𝑃 is a real

matrix which has an inverse). Consequently,𝑀diag in (41) in
general has the form

𝑀
diag
= (𝑚

󸀠

1
, 𝑚

󸀠

2
, 𝑚

󸀠

3
) , 𝑚

󸀠

𝑗
= 𝜌

𝑗
𝑚

𝑗
, 𝑚

𝑗
> 0, 𝜌

𝑗
= ±1.

(46)

Let us denote the neutrino field which has a mass 𝑚󸀠

𝑗
̸= 0 by

]󸀠
𝑗
(𝑥). According to (43), the field ]󸀠

𝑗
(𝑥) satisfies theMajorana

condition: ]󸀠
𝑗
(𝑥) = 𝐶(]󸀠

𝑗
(𝑥))

𝑇. One can work with the fields
]󸀠
𝑗
(𝑥) remembering that some of them have a negative mass.

It is not difficult to show that the CP-parity of the fields ]󸀠
𝑗
(𝑥)

is 𝜂CP(]
󸀠

𝑗
) = 𝑖, 𝑗 = 1, 2, 3. The physical meaning of the signs of

the masses 𝑚󸀠

𝑗
̸= 0 of the Majorana neutrinos becomes clear

if we change to a “basis” of neutrino fields ]
𝑗
(𝑥) which have

positive masses 𝑚
𝑗
> 0. This can be done, for example, by

introducing the fields [26]:

]
󸀠

𝑗
(𝑥) = (−𝛾

5
)
(1/2)(1−𝜌𝑗)]

𝑗
(𝑥) : ]

󸀠

𝑗
(𝑥) = ]

𝑗
(𝑥) if 𝜌

𝑗
= 1;

]
󸀠

𝑗
(𝑥) = −𝛾

5
]
𝑗
(𝑥) if 𝜌

𝑗
= −1.

(47)

As it is not difficult to show, if ]󸀠
𝑗
(𝑥) has a mass 𝑚󸀠

𝑗
< 0,

CP-parity 𝜂CP(]
󸀠

𝑗
) = 𝑖 and satisfies the Majorana condition

𝐶(]󸀠
𝑗
(𝑥))

𝑇
= ]󸀠

𝑗
(𝑥), the field ]

𝑗
(𝑥) possesses a mass 𝑚

𝑗
> 0,

CP-parity 𝜂CP(]𝑗) = 𝑖𝜌𝑗 and satisfies the Majorana condition
𝐶(]

𝑗
(𝑥))

𝑇
= 𝜌

𝑗
]
𝑗
(𝑥):

]
𝑗
: 𝑚

𝑗
> 0, 𝜂CP (]𝑗) = 𝑖𝜌𝑗, 𝐶(]

𝑗
(𝑥))

𝑇

= 𝜌
𝑗
]
𝑗
(𝑥) .

(48)

Thus, in the case of CP invariance, the signs of the nonzero
eigenvalues of the neutrinoMajorana mass matrix determine
the CP-parities of the corresponding positive mass Majorana
(mass eigenstate) neutrinos (for further discussion of the
properties of massive Majorana neutrinos (fermions) and
their couplings, see, e.g., [26]).

2.3. A Brief Historical Detour. It is interesting to note that
Pontecorvo in his seminal article on neutrino oscillations
[13], which was published in 1958 when only one type of
neutrino and antineutrino was known, assumed that the state
of the neutrino ], emitted in weak interaction processes, is a
linear superposition of the states of two Majorana neutrinos
]𝑀
1

and ]𝑀
2

which have different masses, 𝑚
1
̸= 𝑚

2
, opposite

CP-parities, 𝜂CP(]
𝑀

1
) = −𝜂CP(]

𝑀

2
) and are maximally mixed,

while the state of the corresponding antineutrino ] is just the
orthogonal superposition of the states of ]𝑀

1
and ]𝑀

2
:

|]⟩ =

󵄨󵄨󵄨󵄨󵄨
]𝑀
1
⟩ +
󵄨󵄨󵄨󵄨󵄨
]𝑀
2
⟩

√2
,

|]⟩ =

󵄨󵄨󵄨󵄨󵄨
]𝑀
1
⟩ −
󵄨󵄨󵄨󵄨󵄨
]𝑀
2
⟩

√2
.

(49)

Thus, the oscillations are between the neutrino ] and the
antineutrino ], in full analogy with the 𝐾0

− 𝐾
0 oscillations.

From contemporary point of view, Pontecorvo proposed
active-sterile neutrino oscillations with maximal mixing and
massive Majorana neutrinos. To our knowledge, the article
[13] was also the first in which fermion mixing in the weak
interaction Lagrangian was introduced.

The article of Maki et al. [14] was inspired, in part, by
the discovery of the second type of neutrino—the muon
neutrino, in 1962 at Brookhaven. These authors considered
a composite model of elementary particles in which the
electron and muon neutrino states are superpositions of the
states of composite Dirac neutrinos ]𝐷

1
and ]𝐷

2
which have

different masses,𝑚𝐷

1
̸= 𝑚

𝐷

2
:

󵄨󵄨󵄨󵄨]𝑒⟩ =
󵄨󵄨󵄨󵄨󵄨
]
𝐷

1
⟩ cos 𝜃

𝑐
+
󵄨󵄨󵄨󵄨󵄨
]
𝐷

2
⟩ sin 𝜃

𝑐
,

󵄨󵄨󵄨󵄨󵄨
]
𝜇
⟩ = −

󵄨󵄨󵄨󵄨󵄨
]
𝐷

1
⟩ sin 𝜃

𝑐
+
󵄨󵄨󵄨󵄨󵄨
]
𝐷

2
⟩ cos 𝜃

𝑐
,

(50)

where 𝜃
𝑐
is the neutrinomixing angle.Themodel proposed in

[14] has lepton-hadron symmetry built in and as consequence
of this symmetry the neutrino mixing angle coincides with
what we call today the Cabibbo angle 𝜃

𝑐
≅ 0.22 (the article by
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Maki et al. [14] appeared before the article by Cabibbo [113] in
which the “Cabibbo angle” 𝜃

𝑐
was introduced and the hadron

phenomenology related to this angle was discussed, but after
the article by Gell-Mann and Lévy [114] in which 𝜃

𝑐
was also

introduced (by the way, in a footnote)). The authors of [14]
discuss the possibility of ]

𝜇
−]

𝑒
oscillations, which they called

“virtual transmutations.”
In an article [115] by Katayama et al., published in 1962

somewhat earlier than [14], the authors also introduce two-
neutrino mixing. However, this is done purely for model
construction purposes and does not have any physical conse-
quences since the neutrinos in the model constructed in [115]
are massless particles.

In 1967 Pontecorvo independently considered the pos-
sibility of ]

𝑒
↔ ]

𝜇
oscillations in the article [1], in which

the notion of a “sterile” or “inert” neutrino was introduced.
Later in 1969, Gribov and Pontecorvo [116] introduced for
the first time a Majorana mass term for the LH flavour
neutrinos ]

𝑒
and ]

𝜇
, the diagonalisation of which leads to

twoMajorana neutrinos ]𝑀
1,2

with definite but differentmasses
𝑚

1,2
, 𝑚

1
̸= 𝑚

2
, and two-neutrino mixing with an arbitrary

mixing angle 𝜃:

󵄨󵄨󵄨󵄨]𝑒⟩ =
󵄨󵄨󵄨󵄨󵄨
]
𝑀

1
⟩ cos 𝜃 + 󵄨󵄨󵄨󵄨󵄨]

𝑀

2
⟩ sin 𝜃,

󵄨󵄨󵄨󵄨󵄨
]
𝜇
⟩ = −

󵄨󵄨󵄨󵄨󵄨
]
𝑀

1
⟩ sin 𝜃 + 󵄨󵄨󵄨󵄨󵄨]

𝑀

2
⟩ cos 𝜃.

(51)

This was the first modern treatment of the problem of
neutrino mixing which anticipated the way this problem is
addressed in gauge theories of electroweak interactions and
in grand unified theories (GUTs). In the same article for the
first time the analytic expression for the probability of ]

𝑒
↔

]
𝜇
oscillations was also derived.

2.4. Models of Neutrino Mass Generation: Two Examples

Type I See-Saw Model. A natural explanation of the small-
ness of neutrino masses is provided by the type I see-saw
mechanism of neutrino mass generation [6–9]. Integral part
of this rather simplemechanism are theRHneutrinos ]

𝑙𝑅
(RH

neutrino fields ]
𝑙𝑅
(𝑥)). The latter are assumed to possess a

Majorana mass termL𝑁

𝑀
(𝑥) as well as Yukawa type coupling

L
𝑌
(𝑥) with the Standard Model lepton and Higgs doublets,

𝜓
𝑙𝐿
(𝑥) and 𝐻(𝑥), given in (37). In the basis in which the

Majorana mass matrix of RH neutrinos is diagonal, we have

L
𝑌,𝑀
(𝑥) ≡ L

𝑌
(𝑥) +L

𝑁

𝑀
(𝑥)

= − (𝜆
𝑘𝑙
𝑁

𝑘𝑅
(𝑥)𝐻

†
(𝑥) 𝜓

𝑙𝐿
(𝑥) + h.c.)

−
1

2
𝑀

𝑘
𝑁

𝑘
(𝑥)𝑁

𝑘
(𝑥) ,

(52)

where we have combined the expressions given in (22).
When the electroweak symmetry is broken spontaneously,
the neutrino Yukawa coupling generates a Dirac mass term:
𝑚

𝐷

𝑘𝑙
𝑁

𝑘𝑅
(𝑥)]

𝑙𝐿
(𝑥)+h.c., with𝑚𝐷

= V𝜆, V = 174GeV being the
Higgs doublet v.e.v. In the case when the elements of 𝑚𝐷 are
much smaller than𝑀

𝑘
, |𝑚𝐷

𝑖𝑙
| ≪ 𝑀

𝑘
, 𝑖, 𝑘 = 1, 2, 3, 𝑙 = 𝑒, 𝜇, 𝜏,

the interplay between the Dirac mass term and the mass
term of the heavy (RH) Majorana neutrinos𝑁

𝑘
generates an

effective Majorana mass (term) for the LH flavour neutrinos
[6–9]:

𝑀
𝑙
󸀠
𝑙
≅ −(𝑚

𝐷
)
𝑇

𝑙
󸀠
𝑘
𝑀

−1

𝑘
𝑚

𝐷

𝑘𝑙
= −V

2
(𝜆)

𝑇

𝑙
󸀠
𝑘
𝑀

−1

𝑘
𝜆
𝑘𝑙
. (53)

In grand unified theories, 𝑚𝐷 is typically of the order of the
charged fermionmasses. In SO(10) theories, for instance,𝑚𝐷

coincides with the up-quarkmass matrix. Taking indicatively
𝑀 ∼ 0.1 eV, 𝑚𝐷

∼ 100GeV, one obtains 𝑀
𝑘
∼ 𝑀

𝑁
∼

10
14 GeV, which is close to the scale of unification of the

electroweak and strong interactions,𝑀GUT ≅ 2 × 10
16 GeV.

In GUT theories with RH neutrinos one finds that indeed the
heavy Majorana neutrinos𝑁

𝑘
naturally obtain masses which

are by few to several orders of magnitude smaller than𝑀GUT
(see, e.g., [7, 8]). Thus, the enormous disparity between the
neutrino and charged fermion masses is explained effectively
in this approach by the huge difference between the elec-
troweak symmetry breaking scale and𝑀GUT.

An additional attractive feature of the see-saw scenario
under discussion is that the generation and smallness of
neutrino masses are related via the leptogenesis mechanism
[2, 3] (see also, e.g., [4, 5, 68–70, 79]) to the generation of
the baryon asymmetry of the Universe. Indeed, the Yukawa
coupling in (52), in general, is not CP conserving. Due to this
CP-nonconserving coupling, the heavy Majorana neutrinos
undergo, for example, the decays 𝑁

𝑗
→ 𝑙

+
+ 𝐻

(−), 𝑁
𝑗
→

𝑙
−
+ 𝐻

(+), which have different rates: Γ(𝑁
𝑗
→ 𝑙

+
+ 𝐻

(−)
) ̸=

Γ(𝑁
𝑗
→ 𝑙

−
+ 𝐻

(+)
). When these decays occur in the Early

Universe at temperatures somewhat below the mass of, say,
𝑁

1
, so that the latter are out of equilibriumwith the rest of the

particles present at that epoch, CP violating asymmetries in
the individual lepton charges 𝐿

𝑙
and in the total lepton charge

𝐿 of theUniverse are generated.These lepton asymmetries are
converted into a baryon asymmetry by (𝐵 − 𝐿) conserving,
but (𝐵 + 𝐿) violating, sphaleron processes, which exist in the
Standard Model and are effective at temperatures 𝑇 ∼ (100–
10

12
)GeV [117]. If the heavy neutrinos 𝑁

𝑗
have hierarchical

spectrum,𝑀
1
≪ 𝑀

2
≪ 𝑀

3
, the observed baryon asymmetry

can be reproduced provided the mass of the lightest one
satisfies𝑀

1
≳ 10

9GeV [118] (in specific type I see-sawmodels
this bound can be lower by a few orders of magnitude, see,
e.g., [119]). Thus, in this scenario, the neutrino masses and
mixing and the baryon asymmetry have the same origin—the
neutrino Yukawa couplings and the existence of (at least two)
heavy Majorana neutrinos. Moreover, quantitative studies
based on advances in leptogenesis theory [68–70], in which
the importance of the flavour effects in the generation of
the baryon asymmetry was understood, have shown that the
Dirac and/or Majorana phases in the neutrino mixing matrix
𝑈 can provide the CP violation, necessary in leptogenesis
for the generation of the observed baryon asymmetry of the
Universe [71, 72]. This implies, in particular, that if the CP
symmetry is established not to hold in the lepton sector due
to the PMNS matrix 𝑈, at least some fraction (if not all) of
the observed baryon asymmetry might be due to the Dirac
and/orMajoranaCPviolation present in the neutrinomixing.
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In the see-saw scenario considered, the scale at which the
newphysicsmanifests itself, which is set by the scale ofmasses
of the RH neutrinos, can, in principle, have an arbitrary
large value, up to the GUT scale of 2 × 1016 GeV and even
beyond, up to the Planck mass. An interesting possibility,
which can also be theoretically well motivated (see, e.g.,
[120, 121]), is to have the new physics at the TeV scale,
that is, 𝑀

𝑘
∼ (100–1000)GeV. Low scale see-saw scenarios

usually predict a rich phenomenology at the TeV scale and
are constrained by different sets of data, such as, the data
on neutrino oscillations, from EW precision tests and on the
lepton flavour violating (LFV) processes 𝜇 → 𝑒𝛾, 𝜇 →
3𝑒, 𝜇− − 𝑒− conversion in nuclei. In the case of the TeV
scale type I see-saw scenario of interest, the flavour
structure of the couplings of the heavy Majorana neutrinos
𝑁

𝑘
to the charged leptons and the 𝑊± bosons, and to the

LH flavour neutrinos ]
𝑙𝐿
and the 𝑍0 boson, are essentially

determined by the requirement of reproducing the data on
the neutrino oscillation parameters [98]. All present exper-
imental constraints on this scenario still allow (i) for the
predicted rates of the 𝜇 → 𝑒 + 𝛾 decay, 𝜇 → 3𝑒 decay, and
𝜇−𝑒 conversion in the nuclei to be [122] within the sensitivity
range of the currently running MEG experiment on 𝜇 →
𝑒 + 𝛾 decay [101] planned to probe values of BR(𝜇+ → 𝑒

+
+

𝛾) ≳ 10
−13, and of the future planned experiments on 𝜇 →

3𝑒 decay and 𝜇 − 𝑒 conversion [123–127], (ii) for an enhance-
ment of the rate of neutrinoless double-beta-((𝛽𝛽)

0]-) decay
[98], which thus can be in the range of sensitivity of the
(𝛽𝛽)

0]-decay experiments which are taking data or are under
preparation (see, e.g., [128]) even when the light Majorana
neutrinos possess a normal hierarchical mass spectrum (see
further), and (iii) for the possibility of an exotic Higgs decay
channel into a light neutrino and a heavy Majorana neutrino
with a sizable branching ratio, which can lead to observables
effects at the LHC [110] (for further details concerning the low
energy phenomenology of theTeV scale type I see-sawmodel,
see, e.g., [98, 120–122]).

Let us add that the role of the experiments searching for
lepton flavour violation to test and possibly constrain low
scale see-saw models, and more generally, extensions of the
Standard Model predicting “new” (lepton flavour violating)
physics at the TeV scale, will be significantly strengthened in
the next years. Searches for 𝜇 − 𝑒 conversion at the planned
COMET experiment at KEK [124] and Mu2e experiment at
Fermilab [125] aim to reach sensitivity to conversion rates
CR(𝜇Al → 𝑒Al) ≈ 10−16, while, in the longer run, the
PRISM/PRIME experiment in KEK [126] and the project-X
experiment in Fermilab [127] are being designed to probe
values of the 𝜇−𝑒 conversion rate on Ti, which are smaller by
2 orders of magnitude, CR(𝜇Ti → 𝑒Ti) ≈ 10−18 [126]. The
current upper limit on the 𝜇−𝑒 conversion rate is CR(𝜇Al →
𝑒Al) < 4.3×10−12 [129].There are also plans to perform a new
search for the𝜇+ → 𝑒+𝑒−𝑒+ decay [123], whichwill probe val-
ues of the corresponding branching ratio down to BR(𝜇+ →
𝑒
+
𝑒
−
𝑒
+
) ≈ 10

−15, that is, by 3 orders ofmagnitude smaller than
the best current upper limit [130]. Furthermore, searches for
tau lepton flavour violation at superB factories aim to reach a
sensitivity to BR(𝜏 → (𝜇, 𝑒)𝛾) ≈ 10−9 (see, e.g., [131]).

The Higgs Triplet Model (HTM). In its minimal formulation
this model includes one additional SU(2)

𝐿
triplet Higgs field

Δ, which has weak hypercharge 𝑌
𝑊
= 2 [18, 103, 104]:

Δ = (

Δ
+

√2
Δ
++

Δ
0
−
Δ
+

√2

) . (54)

The Lagrangian of the Higgs triplet model which is some-
times called also the “type II see-sawmodel,” reads (we do not
give here, for simplicity, all the quadratic and quartic terms
present in the scalar potential (see, e.g., [132])):

LHTM = −𝑀
2

Δ
Tr (Δ†Δ)

− (ℎ
ℓℓ
󸀠𝜓𝐶

ℓ𝐿
𝑖𝜏
2
Δ𝜓

ℓ
󸀠
𝐿
+ 𝜇

Δ
𝐻

†
Δ
†
𝑖𝜏
2
𝐻

∗
+ h.c.) ,

(55)

where 𝜓𝐶
ℓ𝐿
≡ (−]𝑇

ℓ𝐿
𝐶
−1
− ℓ

𝑇

𝐿
𝐶
−1
), 𝐶 being the charge

conjugation matrix, 𝐻 is the SM Higgs doublet, and 𝜇
Δ
is

a real parameter characterising the soft explicit breaking of
the total lepton charge conservation. We will discuss briefly
the low energy version of HTM, where the new physics scale
𝑀

Δ
associated with the mass of Δ takes values 100GeV ≲

𝑀
Δ
≲ 1TeV, which, in principle, can be probed by LHC (see

[132, 133] and references quoted therein).
The flavour structure of the Yukawa coupling matrix ℎ

and the size of the lepton charge soft breaking parameter
𝜇
Δ
are related to the light neutrino Majorana mass matrix

𝑀
], which is generated when the neutral component of Δ

develops a “small” vev V
Δ
∝ 𝜇

Δ
. Indeed, setting Δ0 = V

Δ
and

𝐻
𝑇
= (V 0)

𝑇 with V ≃ 174GeV, from Lagrangian (55) one
obtains

𝑀
]
ℓℓ
󸀠 ≃ 2ℎℓℓ󸀠VΔ. (56)

The matrix of Yukawa couplings ℎ
ℓℓ
󸀠 is directly related to the

PMNS neutrino mixing matrix 𝑈PMNS ≡ 𝑈, which is unitary
in this case:

ℎ
ℓℓ
󸀠 ≡

1

2V
Δ

(𝑈
∗ diag (𝑚

1
, 𝑚

2
, 𝑚

3
) 𝑈

†
)
ℓℓ
󸀠
, 𝑚

𝑗
≥ 0. (57)

An upper limit on V
Δ
can be obtained from considering its

effect on the parameter𝜌 = 𝑀2

𝑊
/𝑀

2

𝑍
cos2𝜃

𝑊
. In the SM,𝜌 = 1

at tree-level, while in the HTM one has

𝜌 ≡ 1 + 𝛿𝜌 =
1 + 2𝑥

2

1 + 4𝑥2
, 𝑥 ≡

V
Δ

V
. (58)

The measurement 𝜌 ≈ 1 leads to the bound V
Δ
/V ≲ 0.03, or

V
Δ
< 5GeV (see, e.g., [132]).
For𝑀

Δ
∼ (100–1000)GeV, the model predicts a plethora

of beyond the SM physics phenomena (see, e.g., [132, 134–
139]), most of which can be probed at the LHC and in
the experiments on charged lepton flavour violation, if the
Higgs triplet vacuum expectation value V

Δ
is relatively small,

roughly V
Δ
∼ (1–100) eV. As can be shown (see, e.g., [132]),
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the parameters V
Δ
and 𝜇

Δ
are related: for𝑀

Δ
∼ V = 174GeV

we have V
Δ
≅ 𝜇

Δ
, while if𝑀2

Δ
≫ V2, then V

Δ
≅ 𝜇

Δ
V2/(2𝑀2

Δ
).

Thus, a relatively small value of V
Δ
in the TeV scale HTM

implies that 𝜇
Δ
has also to be small, and vice versa. A nonzero

but relatively small value of 𝜇
Δ
can be generated, for example,

at higher orders in perturbation theory [140]. The smallness
of the neutrino masses is therefore related to the smallness of
the vacuum expectation value V

Δ
, which in turn is related to

the smallness of the parameter 𝜇
Δ
.

Under the conditions specified above one can have
testable predictions of the model in low energy experiments,
and in particular, in the ongoingMEG and the planned future
experiments on the lepton flavour violating processes 𝜇 →
𝑒𝛾, 𝜇 → 3𝑒 and 𝜇 + N → 𝑒 + N (see, e.g., [122]). The
HTM has also an extended Higgs sector including neutral,
singly charged and doubly charged Higgs particles. The
physical singly chargedHiggs scalar field (particle) practically
coincides with the triplet scalar field Δ+, the admixture of the
doublet charged scalar field being suppressed by the factor
V
Δ
/V. The singly and doubly charged Higgs scalars Δ+ and
Δ
++ have, in general, differentmasses [140]:𝑚

Δ
+ ̸= 𝑚

Δ
++ . Both

cases 𝑚
Δ
+ > 𝑚

Δ
++ and 𝑚

Δ
+ < 𝑚

Δ
++ are possible. The TeV

scale HTM predicts the existence of rich new physics at LHC
as well, associated with the presence of the singly and doubly
charged Higgs particles Δ+ and Δ++ in the theory (see, e.g.,
[132, 137–139]).

3. Determining the Nature of
Massive Neutrinos

TheMajorana nature ofmassive neutrinos typicallymanifests
itself in the existence of processes in which the total lepton
charge 𝐿 changes by two units: 𝐾+

→ 𝜋
−
+ 𝜇

+
+ 𝜇

+, 𝜇− +
(𝐴, 𝑍) → 𝜇

+
+(𝐴, 𝑍−2), and so forth. Extensive studies have

shown that the only feasible experiments having the potential
of establishing the Majorana nature of massive neutrinos at
present are the (𝛽𝛽)

0]-decay experiments searching for the
process (𝐴, 𝑍) → (𝐴, 𝑍 + 2) + 𝑒− + 𝑒− (for reviews see, e.g.,
[26, 128, 141, 142]). The observation of (𝛽𝛽)

0]-decay and the
measurement of the corresponding half-life with sufficient
accuracy not only would be a proof that the total lepton
charge is not conserved, but might provide also information
(i) on the type of neutrino mass spectrum [48, 49], and (ii)
on the absolute scale of neutrino masses (see, e.g., [81]).

The observation of (𝛽𝛽)
0]-decay and the measurement

of the corresponding half-life with sufficient accuracy, com-
bined with data on the absolute neutrino mass scale, might
provide also information on the Majorana phases in 𝑈 [80,
82, 83, 143, 144]. If the neutrino mass spectrum is inverted
hierarchical or quasidegenerate, for instance, it would be
possible to get information about the phase 𝛼

21
. However,

establishing even in this case that 𝛼
21

has a CP violating
value would be a remarkably challenging problem [83] (see
also [84]). Determining experimentally the values of both
the Majorana phases 𝛼

21
and 𝛼

31
is an exceptionally difficult

problem. It requires the knowledge of the type of neutrino
mass spectrum and high precision determination of both the
absolute neutrinomass scale and of the (𝛽𝛽)

0]-decay effective
Majorana mass, |⟨𝑚⟩| (see, e.g., [80, 83]).

3.1. Majorana Neutrinos and (𝛽𝛽)
0]-Decay. Under the

assumptions of 3-] mixing, for which we have compelling
evidence, of massive neutrinos ]

𝑗
being Majorana particles

and of (𝛽𝛽)
0]-decay generated only by the (V-A) charged

current weak interaction via the exchange of the three
Majorana neutrinos ]

𝑗
having masses 𝑚

𝑗
≲ few MeV, the

(𝛽𝛽)
0]-decay amplitude of interest has the form (see, e.g.,

[80, 141, 142]): 𝐴(𝛽𝛽)
0] ≅ ⟨𝑚⟩𝑀, where 𝑀 is the corre-

sponding nuclear matrix element (NME) which does not
depend on the neutrino mixing parameters, and

|⟨𝑚⟩| =
󵄨󵄨󵄨󵄨󵄨
𝑚

1

󵄨󵄨󵄨󵄨𝑈𝑒1
󵄨󵄨󵄨󵄨
2

+ 𝑚
2

󵄨󵄨󵄨󵄨𝑈𝑒2
󵄨󵄨󵄨󵄨
2

𝑒
𝑖𝛼21 + 𝑚

3

󵄨󵄨󵄨󵄨𝑈𝑒3
󵄨󵄨󵄨󵄨
2

𝑒
𝑖(𝛼31−2𝛿)

󵄨󵄨󵄨󵄨󵄨
,

(59)

is the effective Majorana mass in (𝛽𝛽)
0]-decay, |𝑈𝑒1| = 𝑐12𝑐13,

|𝑈
𝑒2
| = 𝑠

12
𝑐
13
, |𝑈

𝑒3
| = 𝑠

13
. In the case of CP-invariance one has

2𝛿 = 0 or 2𝜋 and,

𝜂
21
≡ 𝑒

𝑖𝛼21 = ±1, 𝜂
31
≡ 𝑒

𝑖𝛼31 = ±1, (60)

𝜂
21(31)

being the relative CP-parity of the Majorana neutrinos
]
2(3)

and ]
1
.

It proves convenient to express [145] the three neutrino
masses in terms of Δ𝑚2

21
and Δ𝑚2

31(32)
, measured in neutrino

oscillation experiments, and the absolute neutrinomass scale
determined by min(𝑚

𝑗
) (for a detailed discussion of the

relevant formalism, see, e.g., [26, 80, 141, 142]). In both
cases of neutrino mass spectrum with normal and inverted
ordering one has (in the convention we use): Δ𝑚2

21
> 0,𝑚

2
=

(𝑚
2

1
+ Δ𝑚

2

21
)
1/2. For normal ordering, Δ𝑚2

31
> 0, and 𝑚

3
=

(𝑚
2

1
+ Δ𝑚

2

31
)
1/2, while if the spectrum is with inverted

ordering, min(𝑚
𝑗
) = 𝑚

3
, Δ𝑚2

32
< 0 and 𝑚

1
= (𝑚

2

3
+ Δ𝑚

2

23
−

Δ𝑚
2

21
)
1/2. Thus, given Δ𝑚2

21
, Δ𝑚2

31(32)
, 𝜃

12
, and 𝜃

13
, |⟨𝑚⟩|

depends on min(𝑚
𝑗
), the Majorana phases 𝛼

21
, 𝛼

31
, and the

type of neutrino mass spectrum.
The problem of obtaining the allowed values of |⟨𝑚⟩|

given the constraints on the parameters following from ]-
oscillation data, and more generally of the physics potential
of (𝛽𝛽)

0]-decay experiments, was first studied in [145] and
subsequently in a large number of papers (see, e.g., [80, 83,
146–153]; extensive list of references on the subject is given
in [141, 142]). The results of this analysis are illustrated in
Figure 1. The main features of the predictions for |⟨𝑚⟩| in the
cases of the NH, IH, and QD spectra are summarised below.

(i) NH spectrum:

|⟨𝑚⟩| ≅

󵄨󵄨󵄨󵄨󵄨󵄨󵄨
(Δ𝑚

2

21
)
1/2

𝑠
2

12
+ (Δ𝑚

2

31
)
1/2

𝑠
2

13
𝑒
−𝑖(𝛼21−𝛼31+2𝛿)

󵄨󵄨󵄨󵄨󵄨󵄨󵄨
. (61)

Using the 3𝜎 allowed ranges of the relevant neutrino
oscillation parameters we get

4.7 × 10
−4 eV ≲ |⟨𝑚⟩| ≲ 4.8 × 10−3 eV, NH. (62)

(ii) IH spectrum:

|⟨𝑚⟩| ≅ (
󵄨󵄨󵄨󵄨󵄨
Δ𝑚

2

32

󵄨󵄨󵄨󵄨󵄨
)
1/2

(1 − sin22𝜃
21
sin2 𝛼21

2
)

1/2

,

(
󵄨󵄨󵄨󵄨󵄨
Δ𝑚

2

32

󵄨󵄨󵄨󵄨󵄨
)
1/2

cos 2𝜃
12
≲ |⟨𝑚⟩| ≲ (

󵄨󵄨󵄨󵄨󵄨
Δ𝑚

2

32

󵄨󵄨󵄨󵄨󵄨
)
1/2

.

(63)
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Figure 1: The effective Majorana mass |⟨𝑚⟩| (including a 2𝜎
uncertainty), as a function of min(𝑚

𝑗
) for sin2𝜃

13
= 0.0236 ± 0.0042

[27, 28] and 𝛿 = 0.The figure is obtained using also the best fit values
and 1𝜎 errors ofΔ𝑚2

21
, sin2𝜃

12
, and |Δ𝑚2

31(32)
| given inTable 1.7 in [11].

The phases 𝛼
21,31

are varied in the interval [0, 𝜋]. The predictions
for the NH, IH, and QD spectra are indicated. The red regions
correspond to at least one of the phases 𝛼

21,31
and (𝛼

31
− 𝛼

21
) having

a CP violating value, while the blue and green areas correspond to
𝛼
21,31

possessing CP conserving values (from [11]).

Numerically one finds

0.014 eV ≲ |⟨𝑚⟩| ≲ 0.050 eV, IH, (64)

the upper and the lower bounds corresponding to the
CP-conserving values of 𝛼

21
= 0; 𝜋.

(iii) QD spectrum:

|⟨𝑚⟩| ≅ 𝑚0
(1 − sin22𝜃

12
sin2𝛼21

2
)

1/2

,

𝑚
0
≳ |⟨𝑚⟩| ≳ 𝑚0

cos 2𝜃
12
≳ 0.028 eV

(65)

with 𝑚
0
≳ 0.1 eV, 𝑚

0
< 2.05 eV [62] (see also [63]),

or 𝑚
0
≲ (0.3–1.3) eV [65] (see (7) and the discussion

following after it).

For the IH (QD) spectrum we have also [80, 143]

sin2 (𝛼21
2
) ≅ (1 −

|⟨𝑚⟩|
2

𝑚̃2
)

1

sin22𝜃
12

,

𝑚̃
2
≡
󵄨󵄨󵄨󵄨󵄨
Δ𝑚

2

32

󵄨󵄨󵄨󵄨󵄨
(𝑚

2

0
) , IH (QD) .

(66)

Thus, a measurement of |⟨𝑚⟩| and 𝑚
0
(|Δ𝑚2

32
|) for QD (IH)

spectrum can allow to determine 𝛼
21
.

The experimental searches for (𝛽𝛽)
0]-decay have a long

history (see, e.g., [154, 155]). The most stringent upper limits
on |⟨𝑚⟩| were set by the IGEX [156] and Heidelberg-Moscow
[157], CUORICINO [158], NEMO3 [159], and EXO-200 [160]
experiments with 76Ge, 130Te, 100Mo, and 136Xe, respectively
(the NEMO3 collaboration has searched for (𝛽𝛽)

0]-decay of
82Se and other isotopes as well). The IGEX collaboration has
obtained for the half-life of 76Ge that 𝑇0]

1/2
> 1.57 × 10

25 yr

(90% C.L.), from which the limit |⟨𝑚⟩| < (0.33–1.35) eV was
derived [156]. Using the recent more advanced calculations
of the corresponding nuclear matrix elements (including the
relevant uncertainties) [161] one finds |⟨𝑚⟩| < (0.22–0.35) eV.
The NEMO3 and CUORICINO experiments, designed to
reach a sensitivity to |⟨𝑚⟩| ∼ (0.2–0.3) eV, set the limits:
|⟨𝑚⟩| < (0.61–1.26) eV [159] and |⟨𝑚⟩| < (0.19–0.68) eV
[158] (90% C.L.), where estimated uncertainties in the NME
are accounted for. The two upper limits were derived from
the experimental lower limits on the half-lives of 100Mo and
130Te, 𝑇0]

1/2
> 5.8 × 10

23 yr (90% C.L.) [159] and 𝑇0]
1/2
> 3.0 ×

10
24 yr (90% C.L.) [158]. With the NMEs and their uncer-

tainties calculated in [161], the NEMO3 and CUORICINO
upper limits read, respectively, |⟨𝑚⟩| < (0.50–0.96) eV and
|⟨𝑚⟩| < (0.25–0.43) eV. A best lower limit on the half-life
of 136Xe was obtained recently in the EXO-200 experiment
[160]: 𝑇0]

1/2
(
136Xe) > 1.6 × 1025 yr (90% C.L.).

The best lower limit on the half-life of 76Ge, 𝑇0]
1/2
> 1.9 ×

10
25 yr (90% C.L.), was found in the Heidelberg-Moscow

76Ge experiment [157]. It corresponds to the upper limit [161]
|⟨𝑚⟩| < (0.20–0.35) eV. A positive (𝛽𝛽)

0]-decay signal at>3𝜎,
corresponding to 𝑇0]

1/2
= (0.69–4.18) × 1025 yr (99.73% C.L.)

and implying |⟨𝑚⟩| = (0.1–0.9) eV, is claimed to have been
observed in [162], while a later analysis reports evidence for
(𝛽𝛽)

0]-decay at 6𝜎 corresponding to |⟨𝑚⟩| = 0.32 ± 0.03 eV
[163].

Most importantly, a large number of projects aim at a
sensitivity to |⟨𝑚⟩| ∼ (0.01–0.05) eV [128]: CUORE (130Te),
GERDA (76Ge), SuperNEMO, EXO (136Xe), MAJORANA
(76Ge), MOON (100Mo), COBRA (116Cd), XMASS (136Xe),
CANDLES (48Ca), KamLAND-Zen (136Xe), SNO+ (150Nd),
and so forth. These experiments, in particular, will test the
positive result claimed in [163].

The existence of significant lower bounds on |⟨𝑚⟩| in
the cases of IH and QD spectra [48, 49], which lie either
partially (IH spectrum) or completely (QD spectrum) within
the range of sensitivity of the next generation of (𝛽𝛽)

0]-decay
experiments, is one of the most important features of the pre-
dictions of |⟨𝑚⟩|. These minimal values are given, up to small
corrections, by |Δ𝑚2

32
| cos 2𝜃

12
and 𝑚

0
cos 2𝜃

12
. According

to the combined analysis of the solar and reactor neutrino
data [33], (i) the possibility of cos 2𝜃

12
= 0 is excluded at

∼6𝜎, (ii) the best fit value of cos 2𝜃
12

is cos 2𝜃
12
≅ 0.39, and

(iii) at 99.73% C.L. one has cos 2𝜃
12
≳ 0.28. The quoted

results on cos 2𝜃
12
together with the range of possible values

of |Δ𝑚2

32
| and 𝑚

0
lead to the conclusion about the existence

of significant and robust lower bounds on |⟨𝑚⟩| in the cases
of IH and QD spectrum. At the same time one can always
have |⟨𝑚⟩| ≪ 10−3 eV in the case of spectrum with normal
ordering [81]. As Figure 1 indicates, |⟨𝑚⟩| cannot exceed ∼
5meV for NH neutrino mass spectrum. This implies that
max(|⟨𝑚⟩|) in the case of NH spectrum is considerably
smaller than min(|⟨𝑚⟩|) for the IH and QD spectrum. This
opens the possibility of obtaining information about the type
of ]-mass spectrum from a measurement of |⟨𝑚⟩| ̸= 0 [48,
49]. In particular, a positive result in the future (𝛽𝛽)

0]-
decay experiments with |⟨𝑚⟩| > 0.01 eV would imply that
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the NH spectrum is strongly disfavored (if not excluded). For
Δ𝑚

2

31(32)
> 0, such a result wouldmean that the neutrinomass

spectrum is with normal ordering, but is not hierarchical. If
Δ𝑚

2

31(32)
< 0, the neutrinomass spectrumwould be either IH

or QD. Prospective experimental errors in the values of
oscillation parameters in |⟨𝑚⟩| and the sum of neutrino
masses, and the uncertainty in the relevant NME, can weaken
but do not invalidate these results [82, 83, 86, 164]. Let us
note that encouraging results, in what regards the problem
of calculation of the NME, were reported at the MEDEX’11
Workshop on Matrix Elements for the Double-beta-decay
Experiments [165] (for the bounds on |⟨𝑚⟩| obtained using
the current results on the NME, see, e.g., [86]).

As Figure 1 indicates, a measurement of |⟨𝑚⟩| ≳ 0.01 eV
would either [81] (i) determine a relatively narrow interval of
possible values of the lightest neutrino mass min(𝑚

𝑗
) or (ii)

would establish an upper limit on min(𝑚
𝑗
). If an upper limit

on |⟨𝑚⟩| is experimentally obtained below 0.01 eV, this would
lead to a significant upper limit on min(𝑚

𝑗
).

The possibility of establishing CP-violation in the lepton
sector due to Majorana CPV phases has been studied in [81,
84] and in much greater detail in [82, 83]. It was found that it
is very challenging: it requires quite accurate measurements
of |⟨𝑚⟩| (and of 𝑚

0
for QD spectrum) and holds only for

a limited range of values of the relevant parameters. More
specifically [82, 83], establishing at 2𝜎CP-violation associated
withMajorana neutrinos in the case of QD spectrum requires
for sin2𝜃

⊙
= 0.31, in particular, a relative experimental error

on the measured value of |⟨𝑚⟩| and 𝑚
0
smaller than 15%, a

“theoretical uncertainty” 𝐹 ≲ 1.5 in the value of |⟨𝑚⟩| due
to an imprecise knowledge of the corresponding NME, and
value of the relevantMajoranaCPVphase𝛼

21
typicallywithin

the ranges of ∼ (𝜋/4 − 3𝜋/4) and ∼ (5𝜋/4 − 7𝜋/4).
The knowledge of NME with sufficiently small uncer-

tainty is crucial for obtaining quantitative information on
the ]-mixing parameters from a measurement of (𝛽𝛽)

0]-
decay half-life. The observation of a (𝛽𝛽)

0]-decay of one
nucleus is likely to lead to the searches and eventually to
observation of the decay of other nuclei. One can expect that
such a progress, in particular, will help to solve completely the
problem of the sufficiently precise calculation of the nuclear
matrix elements for the (𝛽𝛽)

0]-decay [81] (a possible test of
the NME calculations is suggested in [81] and is discussed in
greater detail in [166]).

If the future (𝛽𝛽)
0]-decay experiments show that |⟨𝑚⟩| <

0.01 eV, both the IH and the QD spectrum will be ruled out
formassiveMajorana neutrinos. If in addition it is established
in neutrino oscillation experiments that the neutrino mass
spectrum is with inverted ordering, that is, that Δ𝑚2

31(32)
<

0, one would be led to conclude that either the massive
neutrinos ]

𝑗
are Dirac fermions or that ]

𝑗
are Majorana

particles but there are additional contributions to the (𝛽𝛽)
0]-

decay amplitude which interfere destructively with that due
to the exchange of lightmassiveMajorana neutrinos.The case
of more than one mechanism generating the (𝛽𝛽)

0]-decay
was discussed recently in, for example, [167, 168], where the
possibility to identify the mechanisms inducing the decay
was also analysed. If, however, Δ𝑚2

31(32)
is determined to be

positive in neutrino oscillation experiments, the upper limit
|⟨𝑚⟩| < 0.01 eV would be perfectly compatible with massive
Majorana neutrinos possessing NH mass spectrum, or mass
spectrumwith normal ordering but partial hierarchy, and the
quest for |⟨𝑚⟩| would still be open.

If indeed in the next generation of (𝛽𝛽)
0]-decay experi-

ments it is found that |⟨𝑚⟩| < 0.01 eV, while the neutrino
oscillation experiments show thatΔ𝑚2

31(32)
> 0, the next fron-

tier in the searches for (𝛽𝛽)
0]-decay would most probably

correspond to values of |⟨𝑚⟩| ∼ 0.001 eV. Taking |⟨𝑚⟩| =
0.001 eV as a reference value, the conditions under which
|⟨𝑚⟩| in the case of neutrino mass spectrum with normal
ordering would be guaranteed to satisfy |⟨𝑚⟩| ≳ 0.001 eV,
were investigated in [146]. In the analysis performed in
[146], the specific case of normal hierarchical neutrino mass
spectrum and the general case of spectrum with normal
ordering, partial hierarchy, and values of 𝜃

13
, including the

value measured in the Daya-Bay, RENO, Double Chooz, and
T2K experiments, (4), were considered. The ranges of the
lightest neutrinomass𝑚

1
and/or of sin2𝜃

13
, for which |⟨𝑚⟩| ≳

0.001 eV were derived as well, and the phenomenological
implications of such scenarios were discussed.

4. Outlook

The last 14 years or so witnessed a spectacular experimental
progress in the studies of the properties of neutrinos. In
this period the existence of neutrino oscillations, caused by
nonzero neutrino masses and neutrino mixing, was estab-
lished and the parameters which drive the oscillations were
determined with a relatively high precision. In spite of these
remarkable achievements one has to admit that we are still
completely ignorant about some of the fundamental aspects
of neutrinomixing: the nature, Dirac orMajorana, of massive
neutrinos, the type of spectrum the neutrino masses obey,
the absolute scale of neutrino masses, and the status of CP
symmetry in the lepton sector. Finding out these aspects and
understanding the origins of the neutrinomasses andmixing
and the patterns they and possibly leptonic CP violation
exhibit require an extensive and challenging program of
research. The main goals of such a research program include
the following.

(i) Determining the nature, Dirac or Majorana, of mas-
sive neutrinos ]

𝑗
. This is of fundamental importance

for making progress in our understanding of the
origin of neutrinomasses andmixing and of the sym-
metries governing the lepton sector of particle inter-
actions.

(ii) Determination of the sign of Δ𝑚2

31(32)
(Δ𝑚

2

31
) and of

the type of neutrino mass spectrum.
(iii) Determining or obtaining significant constraints on

the absolute neutrino mass scale.
(iv) Determining the status of CP symmetry in the lepton

sector.
(v) Understanding at a fundamental level themechanism

giving rise to neutrino masses and mixing and to
𝐿
𝑙
-non-conservation. This includes understanding
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the origin of the patterns of neutrinomixing and neu-
trino masses, suggested by the data. Are the observed
patterns of ]-mixing and of Δ𝑚2

21,31
related to the

existence of a new fundamental symmetry of particle
interactions? Is there any relation between quarkmix-
ing and neutrino (lepton) mixing? What is the phys-
ical origin of CP violation phases in the neutrino
mixing matrix 𝑈? Is there any relation (correlation)
between the (values of) CP violation phases and
mixing angles in𝑈? Progress in the theory of neutrino
mixing might also lead to a better understanding of
the mechanism of generation of baryon asymmetry
of the Universe.

The successful realization of this research programwould
be a formidable task and would requiremany years. It already
beganwith the high precisionmeasurement of 𝜃

13
in theDaya

Bay and RENO experiments, which showed that sin22𝜃
13

has a relatively large value (4). The Double Chooz and T2K
experiments also found values of sin22𝜃

13
, which are different

from zero, respectively, at 2.9𝜎 and 3.2𝜎 and are compatible
with those obtained in the Daya Bay and RENO experiments.
These results on 𝜃

13
have far reaching implications. As we

have alreadymentioned or discussed, the measured relatively
large value of 𝜃

13
opens up the possibilities, in particular,

(i) for searching for CP violation effects in neutrino
oscillation experiments with high intensity accelera-
tor neutrino beams, like T2K, NO]A [169] (the sensi-
tivities of T2K andNO]A onCP violation in neutrino
oscillations are discussed, e.g., in [78]),

(ii) for determining the sign of Δ𝑚2

32
, and thus the type

of neutrino mass spectrum, in neutrino oscillation
experiments with sufficiently long baselines (see, e.g.,
[35, 40–47]).

A value of sin 𝜃
13
≳ 0.09 is a necessary condition for a

successful “flavoured” leptogenesis with hierarchical heavy
Majorana neutrinos when the CP violation required for
the generation of the matter-antimatter asymmetry of the
Universe is provided entirely by the Dirac CP violating phase
in the neutrino mixing matrix [72].

With the measurement of 𝜃
13
, the first steps on the long

“road” leading to a comprehensive understanding of the pat-
terns of neutrino masses and mixing, of their origin and
implications, were made. The future of neutrino physics is
bright.
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We describe the effects of neutrino propagation in thematter of the Earth relevant to experiments with atmospheric and accelerator
neutrinos and aimed at the determination of the neutrino mass hierarchy and CP violation. These include (i) the resonance
enhancement of neutrino oscillations in matter with constant or nearly constant density, (ii) adiabatic conversion in matter with
slowly changing density, (iii) parametric enhancement of oscillations in a multilayer medium, and (iv) oscillations in thin layers of
matter. We present the results of semianalytic descriptions of flavor transitions for the cases of small density perturbations, in the
limit of large densities and for small densitywidths. Neutrino oscillograms of the Earth and their structure after determination of the
1–3 mixing are described. A possibility to identify the neutrino mass hierarchy with the atmospheric neutrinos and multimegaton
scale detectors having low energy thresholds is explored. The potential of future accelerator experiments to establish the hierarchy
is outlined.

1. Introduction

Neutrinos are eternal travelers: once produced (especially
at low energies) they have little chance to interact and
be absorbed. Properties of neutrino fluxes are flavor com-
positions, lepton charge asymmetries, and energy spectra
of encode information. Detection of the neutrinos brings
unique knowledge about their sources, properties ofmedium,
the space-time they propagated as well as about neutrinos
themselves.

Neutrino propagation in matter is vast area of research
which covers a variety of different aspects: from conceptual
ones to applications. This includes propagation in matter
(media) with (i) different properties (unpolarized, polarized,
moving, turbulent, fluctuating, with neutrino components,
etc.), (ii) different density profiles, and (iii) in different
energy regions. The applications cover neutrino propagation
in matter of the Earth and the Sun, supernova and relativistic
jets as well as neutrinos in the early universe.

The impact of matter on neutrino oscillations was first
studied by Wolfenstein in 1978 [1]. He marked that matter
suppresses oscillations of the solar neutrinos propagating in
the Sun and supernova neutrinos inside a star. He consid-
ered hypothetical experiments with neutrinos propagating
through 1000 km of rock, something that today is no longer
only a thought but actual experimental reality. Later Barger et
al. [2] have observed thatmatter can also enhance oscillations
at certain energies. The work of Wolfenstein was expanded
upon in papers by Mikheev and Smirnov [3–5], in particular,
in the context of the solar neutrino problem. Essentially two
new effects have been proposed: the resonant enhancement
of neutrino oscillations in matter with constant and nearly
constant density and the adiabatic flavor conversion inmatter
with slowly changing density. It was marked that the first
effect can be realized for neutrinos crossing the matter of the
Earth. The second one can take place in propagation of solar
neutrinos from the dense solar core via the resonance region
inside the Sun to the surface with negligible density. This



2 Advances in High Energy Physics

adiabatic flavor transformation, called later the MSW effect,
was proposed as a solution of the solar neutrino problem.

Since the appearance of these seminal papers, neu-
trino flavor evolution in background matter was studied
extensively including the treatment of propagation in media
which are not consisting simply of matter at rest, but also
backgrounds that take on a more general form. For instance,
in a thermal field theory approach [6], effects of finite
temperature and density can be taken readily into account.
If neutrinos are dense enough, new type of effects can arise
due to the neutrino background itself, causing a collective
behavior in the flavor evolution.This type of effect could have
a significant impact on neutrinos in the early universe and in
central parts of collapsing stars.

There has been a great progress in treatments of neutrino
conversion in matter, both from an analytical and a pure
computational points of view. From the analytical side, the
description of three-flavor neutrino oscillations in matter is
given by a plethora of formulas containing information that
may be hard to get a proper grasp of without introducing
approximations. Luckily, given the parameter values inferred
from experiments, various perturbation theories and series
expansions in small parameters can be developed. In this
paper we will explain the basic physical effects important
for the current and next generation neutrino oscillation
experiments and provide the relevant formalism. We present
an updated picture of oscillations and conversion given the
current knowledge on the neutrino oscillation parameters.

In this paper we focus mainly on aspects related to future
experiments with atmospheric and accelerator neutrinos.
The main goals of these experiments are to (i) establish the
neutrino mass hierarchy, (ii) discover CP violation in the
lepton sector and determination of the CP-violating phase,
(iii) precisely measure the neutrino parameters, in particular,
the deviation of 2-3 mixing frommaximal, and (iv) search for
sterile neutrinos and new neutrino interactions.

Accelerator and atmospheric neutrinos propagate in the
matter of the Earth. Therefore we mainly concentrate on
effects of neutrino propagation in the Earth, that is, in usual
electrically neutral and nonrelativistic matter. We update
existing results on effects of neutrino propagation in view of
the recent determination of the 1–3 mixing.

Thepaper is organized as follows. In Section 2we consider
properties of neutrinos in matter, in particular, mixing in
matter and effective masses (eigenvalues of the Hamilto-
nian); we derive equations which describe the propagation.
Section 3 is devoted to various effects relevant to neutrino
propagating in the Earth. We consider the properties of the
oscillation/conversion probabilities in different channels. In
Section 4 we explore the effects of the neutrino mass hier-
archy and CP-violating phase on the atmospheric neutrino
fluxes and neutrino beams from accelerators. Conclusions
and outlook are presented in Section 5.

2. Neutrino Properties in Matter

We will consider the system of 3-flavor neutrinos, ]𝑇
𝑓

≡

(]
𝑒
, ]

𝜇
, ]

𝜏
), mixed in vacuum:

]
𝑓
= 𝑈PMNS]𝑚. (1)

Here 𝑈PMNS is the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) mixing matrix [7–9] and ]𝑇

𝑚
≡ (]

1
, ]

2
, ]

3
) is the

vector of mass eigenstates with masses 𝑚
𝑖
(𝑖 = 1, 2, 3). We

will use the standard parameterization of the PMNS matrix,

𝑈PMNS = 𝑈
23
(𝜃

23
) 𝐼

𝛿
𝑈
13
(𝜃

13
) 𝐼

∗

𝛿
𝑈
12
(𝜃

12
) , (2)

which is the most suitable for describing usual matter effects.
In (2) 𝑈

𝑖𝑗
(𝜃

𝑖𝑗
) are the matrices of rotations in the 𝑖𝑗-planes

with angles 𝜃
𝑖𝑗
and 𝐼

𝛿
≡ diag(1, 1, 𝑒𝛿).

In vacuum the flavor evolution of these neutrinos is
described by the Schrödinger-like equation

𝑖
𝑑]

𝑓

𝑑𝑡
=
𝑀𝑀

†

2𝐸
]
𝑓
, (3)

where 𝑀 is the neutrino mass matrix in the flavor basis
and 𝐸 is the neutrino energy. Equation (3) is essentially a
generalization of the equation 𝐸 ≈ 𝑝 + 𝑚

2
/2𝐸 for a single

ultrarelativistic particle. According to (3), the Hamiltonian in
vacuum can be written as

𝐻
0
=

1

2𝐸
𝑈PMNS𝑀

2

diag𝑈
†

PMNS, (4)

where 𝑀2

diag ≡ 𝑀
†
𝑀 = diag(𝑚2

1
, 𝑚

2

2
, 𝑚

2

3
) and we take the

masses 𝑚
𝑖
to be real (the term 𝑝𝐼 is omitted in (4) since it

does not produce a phase difference).

2.1. Refraction and Matter Potentials. The effective potential
for a neutrino in medium 𝑉

𝑓
can be computed as a forward

scattering matrix element 𝑉
𝑓

= ⟨Ψ|𝐻int|Ψ⟩. Here Ψ is the
wave function of the system of neutrino and medium, and
𝐻int is the Hamiltonian of interactions.

At low energies, theHamiltonian𝐻int is the effective four-
fermionHamiltonian due to exchange of the𝑊 and𝑍 bosons:

𝐻int =
𝐺
𝐹

√2
]𝛾

𝜇
(1 − 𝛾

5
) ]

× {𝑒𝛾
𝜇
(𝑔

𝑉
+ 𝑔

𝐴
𝛾
5
) 𝑒 + 𝑝𝛾

𝜇
(𝑔

𝑝

𝑉
+ 𝑔

𝑝

𝐴
𝛾
5
) 𝑝

+𝑛𝛾
𝜇
(𝑔

𝑛

𝑉
+ 𝑔

𝑛

𝐴
𝛾
5
) 𝑛} ,

(5)

where 𝑔
𝑉
and 𝑔

𝐴
are the vector and axial vector coupling

constants.
In the Standard Model the matrix of the potentials in the

flavor basis is diagonal: 𝑉
𝑓
= diag(𝑉

𝑒
, 𝑉

𝜇
, 𝑉

𝜏
, 0, . . .).

Formedium thematrix elements of vectorial components
of vector current are proportional to velocity of particles of
medium. The matrix elements of the axial vector current are
proportional to spin vector. Therefore for nonrelativistic and
unpolarized medium (as well as for an isotropic distribution
of ultrarelativistic electrons) only the 𝛾

0 component of the
vector current gives a nonzero result, which is proportional
to the number density of the corresponding particles. Fur-
thermore, due to conservation of the vector current (CVC),
the couplings 𝑔𝑝

𝑉
and 𝑔

𝑛

𝑉
can be computed using the neutral

current couplings of quarks. Thus, taking into account that,
in the Standard Model, the neutral current couplings of
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electrons and protons are equal and of opposite sign, their
NC contributionscancel in electrically neutral medium. As a
result, the potential for neutrino flavor ]

𝑎
is

𝑉
𝑎
= √2𝐺

𝐹
(𝛿

𝑎𝑒
𝑛
𝑒
−
1

2
𝑛
𝑛
) , (6)

where 𝑛
𝑒
and 𝑛

𝑛
are the densities of electrons and neutrons,

respectively.
Only the difference of potentials has a physical meaning.

Contribution of the neutral current scattering to 𝑉 is the
same for all active neutrinos. Since 𝑉

𝑎
(𝑎 = 𝜇, 𝜏, or a

combination thereof) is due to the neutral current scattering,
in a normal medium composed of protons neutrons (nuclei)
and electrons,𝑉

𝜇
−𝑉

𝜏
= 0. Furthermore, the difference of the

potentials for ]
𝑒
and ]

𝑎
is due to the charged current scattering

of ]
𝑒
on electrons (]

𝑒
𝑒 → ]

𝑒
𝑒) [1]:

𝑉 = 𝑉
𝑒
− 𝑉

𝑎
= √2𝐺

𝐹
𝑛
𝑒
. (7)

The difference of potentials leads to the appearance of an
additional phase difference in the neutrino system: 𝜙matter ≡
(𝑉

𝑒
− 𝑉

𝑎
)𝑡 ≈ 𝑉𝑥. This determines the refraction length, the

distance over which an additional “matter” phase equals 2𝜋:

𝑙
0
≡

2𝜋

𝑉
𝑒
− 𝑉

𝑎

=
√2𝜋

𝐺
𝐹
𝑛
𝑒

. (8)

Numerically,

𝑙
0
= 1.6 ⋅ 10

9cm
1 g/cm3

𝑛
𝑒
𝑚
𝑁

, (9)

where 𝑚
𝑁
is the nucleon mass. The corresponding column

density 𝑑 ≡ 𝑙
0
𝑛
𝑒
= √2𝜋/𝐺

𝐹
is given by the Fermi coupling

constant only.
For antineutrinos the potential has an opposite sign.

Being zero in the lowest order the difference of potentials
in the ]

𝜇
-]
𝜏
system appears at a level of 10−5𝑉 due to the

radiative corrections [10].Thus in the flavor basis in the lowest
order in EW interactions the effect of medium on neutrinos
is described by 𝑉̂ = diag(𝑉

𝑒
, 0, 0) with 𝑉

𝑒
given in (7).

The potential has been computed for neutrinos in differ-
ent types of media, such as polarized or heavily degenerate
electrons, in [11–13].

2.2. Evolution Equation, Effective Hamiltonian, and
Mixing in Matter

2.2.1. Wolfenstein Equation. In the flavor basis, the Hamilto-
nian inmatter can be obtained by adding the interaction term
to the vacuum Hamiltonian in vacuum [1, 3–5, 14, 15]:

𝐻
𝑓
=

1

2𝐸
𝑈PMNS𝑀

2

diag𝑈
†

PMNS + 𝑉̂. (10)

In (10) we have omitted irrelevant parts of the Hamiltonian
proportional to the unitmatrix.TheHamiltonian for antineu-
trinos can be obtained by the substitution

𝑈 󳨀→ 𝑈
∗
, 𝑉 󳨀→ −𝑉. (11)

There are different derivations of the neutrino evolution
equation in matter, in particular, strict derivations starting
from the Dirac equation or derivation in the context of
quantum field theory (see [16] and references therein).

Although the Hamiltonian 𝐻
𝑓
describes evolution in

time, with the connection 𝑥 = V𝑡 ≈ 𝑥 = 𝑐𝑡, (12) can be
rewritten as 𝑖𝑑]

𝑓
/𝑑𝑥 = (𝐻

0
+ 𝑉̂)]

𝑓
with 𝑉 = 𝑉(𝑥), so it can

be used as an evolution equation in space.
Due to the strong hierarchy of Δ𝑚2 and the smallness

of 1–3 mixing, the results can be qualitatively understood
and in many cases quantitatively described by reducing
3] evolution to 2] evolution. The reason is that the third
neutrino effectively decouples and its effect can be considered
as a perturbation. Of course, there are genuine 3] phenomena
such as CP violation, but even in this case the dynamics
of evolution can be reduced effectively to the dynamics of
evolution of 2] systems.The evolution equation for two-flavor
states, ]𝑇

𝑓
= (]

𝑒
, ]

𝑎
), in matter is

𝑖
𝑑]

𝑓

𝑑𝑡
=
[
[

[

Δ𝑚
2

4𝐸
(
− cos 2𝜃 sin 2𝜃
sin 2𝜃 cos 2𝜃) +(

1

2
𝑉
𝑒

0

0 −
1

2
𝑉
𝑒

)
]
]

]

]
𝑓
,

(12)

where the Hamiltonian is written in symmetric form.

2.3. Mixing and Eigenstates in Matter. The mixing in matter
is defined with respect to ]

𝑖𝑚
—the eigenstates of the Hamil-

tonian in matter𝐻
𝑓
.

As usual, the eigenstates are obtained from the equation

𝐻
𝑓
]
𝑖𝑚

= 𝐻
𝑖𝑚
]
𝑖𝑚
, (13)

where 𝐻
𝑖𝑚

are the eigenvalues of 𝐻
𝑓
. If the density and

therefore 𝐻
𝑓
are constant, ]

𝑖𝑚
correspond to the eigenstates

of propagation. Since 𝐻
𝑓

̸=𝐻
0
, the states ]

𝑖𝑚
differ from

the mass states, ]
𝑖
. For low density 𝑛 → 0, the vacuum

eigenstates are recovered: ]
𝑖𝑚

→ ]
𝑖
. If the density, and

thus 𝐻
𝑓
change during neutrino propagation, ]

𝑖𝑚
and 𝐻

𝑖𝑚

should be considered as the eigenstates and eigenvalues of the
instantaneous Hamiltonian: 𝐻

𝑓
= 𝐻

𝑓
(𝑥), ]

𝑖𝑚
= ]

𝑖𝑚
(𝑥), and

𝐻
𝑖𝑚

= 𝐻
𝑖𝑚
(𝑥). For 𝑛 → 0 we have𝐻

𝑖𝑚
→ 𝑚

2

𝑖
/2𝐸.

The mixing in matter is a generalization of the mixing
in vacuum (1). Recall that the mixing matrix in vacuum
connects the flavor neutrinos, ]

𝑓
, and the massive neutrinos,

]mass.The latter are the eigenstates ofHamiltonian in vacuum:
]
𝐻

= ]mass. Therefore, the mixing matrix in matter is
defined as the matrix which relates the flavor states with the
eigenstates of theHamiltonian inmatter ]𝑇

𝐻
= (]

1𝑚
, ]

2𝑚
, ]

3𝑚
):

]
𝑓
= 𝑈

𝑚
]
𝐻
. (14)

From (13) we find that

]
†

𝑗𝑚
𝐻
𝑓
]
𝑖𝑚

= 𝐻
𝑖𝑚
𝛿
𝑗𝑖
. (15)

Furthermore, the Hamiltonian can be represented in the
flavor basis as

𝐻
𝑓
= ∑

𝛼𝛽

𝐻
𝛼𝛽
]
𝛼
]
†

𝛽
. (16)
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Inserting this expression as well as the relation ]
𝑗𝑚

= 𝑈
𝑚∗

𝛼𝑗
]
𝛼
,

which follows from (14), into (15) one obtains

∑

𝛼𝛽

𝑈
𝑚∗

𝛼𝑗
𝐻
𝛼𝛽
𝑈
𝑚

𝛽𝑖
= 𝐻

𝑖𝑚
𝛿
𝑗𝑖 (17)

or in matrix form 𝑈
𝑚†
𝐻
𝑓
𝑈
𝑚

= 𝐻
diag

= diag(𝐻
1𝑚
, 𝐻

2𝑚
,

𝐻
3𝑚
).Thus, themixingmatrix𝑈𝑚 can be founddiagonalizing

the full Hamiltonian. The columns of the mixing matrix,
𝑈
𝑖
≡ (𝑈

𝑚

𝑒𝑖
, 𝑈

𝑚

𝜇𝑖
, 𝑈

𝑚

𝜏𝑖
), are the eigenstates of theHamiltonian𝐻

𝑓

which correspond to the eigenvalues 𝐻
𝑖𝑚
. Indeed, it follows

from (17) that𝐻
𝑓
𝑈
𝑚
= 𝑈

𝑚
𝐻

diag.
Equation (14) can be inverted to ]

𝐻
= 𝑈

𝑚†]
𝑓
, or in

components ]
𝑖𝑚

= 𝑈
𝑚∗

𝛼𝑖
]
𝛼
, 𝛼 = 𝑒, 𝜇, 𝜏. According to this, the

elements ofmixingmatrix determine the flavor content of the
mass eigenstates so that |𝑈𝑚

𝛼𝑖
|
2 gives the probability to find ]

𝛼

in a given eigenstate ]
𝑖𝑚
. Correspondingly, the elements of the

PMNS matrix determine the flavor composition of the mass
eigenstates in vacuum.

2.4. Mixing in the Two-Neutrino Case. In the 2] case, there
is single mixing angle in matter 𝜃

𝑚
and the relations between

the eigenstates in matter and the flavor states read

]
𝑒
= cos 𝜃

𝑚
]
1𝑚

+ sin 𝜃
𝑚
]
2𝑚
,

]
𝑎
= cos 𝜃

𝑚
]
2𝑚

− sin 𝜃
𝑚
]
1𝑚
.

(18)

The angle 𝜃
𝑚
is obtained by diagonalization of the Hamilto-

nian (12) (see previous section):

sin22𝜃
𝑚
=

1

𝑅
sin22𝜃,

𝑅 ≡ (cos 2𝜃 − 2𝑉𝐸

Δ𝑚2
)

2

+ sin22𝜃,
(19)

where𝑅 is the resonance factor. In the limit𝑉 → 0, the factor
𝑅 → 1 and the vacuummixing are recovered.The difference
of eigenvalues𝐻

𝑖𝑚
equals

𝜔
𝑚
≡ 𝐻

2𝑚
− 𝐻

1𝑚
=
Δ𝑚

2

2𝐸
√𝑅. (20)

This difference is also called the level splitting or oscillation
frequency, which determines the oscillation length: 𝑙

𝑚
=

2𝜋/𝜔
𝑚
(see Section 3.2).

The matter potential and Δ𝑚
2 always enter the mixing

angle and other dimensionless quantities in the combination

2𝐸𝑉

Δ𝑚2
=
𝑙]

𝑙
0

, (21)

where 𝑙
0
is the refraction length. This is the origin of the

“scaling” behavior of various characteristics of the flavor
conversion probabilities. In terms of the mixing angle in
matter the Hamiltonian can be rewritten in the following
symmetric form:

𝐻
𝑓
=
𝜔
𝑚

2
(
− cos 2𝜃

𝑚
sin 2𝜃

𝑚

sin 2𝜃
𝑚

cos 2𝜃
𝑚

) . (22)

2.4.1. Resonance and Level Crossing. According to (19) the
effective mixing parameter in matter, sin22𝜃

𝑚
, depends on

the electron density and neutrino energy through the ratio
(21) of the oscillation and refraction lengths, 𝑥 = 𝑙]/𝑙0 ∝ 𝐸𝑉.
The dependence sin22𝜃

𝑚
(𝑉𝐸) for two different values of the

vacuum mixing angle, corresponding to angles from the full
three-flavor framework, is shown in Figure 1.Thedependence
of sin22𝜃

𝑚
on 𝐸 has a resonant character [3]. At

𝑙] = 𝑙
0
cos 2𝜃 (23)

the mixing becomes maximal: sin22𝜃
𝑚

= 1 (𝑅 = sin22𝜃).
The equality in (23) is called the resonance condition and it
can be rewritten as 2𝐸𝑉 = Δ𝑚

2 cos 2𝜃. For small vacuum
mixing the condition reads the following: oscillation length
≈ refraction length. The physical meaning of the resonance
is that the eigenfrequency, which characterizes a system of
mixed neutrinos, 𝜔 = 2𝜋/𝑙] = Δ𝑚

2
/2𝐸, coincides with the

eigenfrequency of the medium, 2𝜋/𝑙
0
= 1/𝑉. The resonance

condition (23) determines the resonance density

𝑛
𝑅

𝑒
=
Δ𝑚

2

2𝐸

cos 2𝜃
√2𝐺

𝐹

. (24)

The width of resonance on the half of height (in the density
scale) is given by 2Δ𝑛

𝑅

𝑒
= 2𝑛

𝑅

𝑒
tan 2𝜃. Similarly, for fixed 𝑛

𝑒

one can introduce the resonance energy and the width of
resonance in the energy scale. The width can be rewritten as
Δ𝑛

𝑅

𝑒
= 𝑛

0
sin 2𝜃, where 𝑛

0
≡ Δ𝑚

2
/2√2𝐸𝐺

𝐹
. When the mix-

ing approaches its maximalvalue: 𝜃 → 𝜋/4, the resonance
shifts to zero density: 𝑛𝑅

𝑒
→ 0, and thewidth of the resonance

increases converging to the fixed value: Δ𝑛𝑅
𝑒
→ 𝑛

0
.

In a medium with varying density, the layer in which
the density changes in the interval 𝑛𝑅

𝑒
± Δ𝑛

𝑅

𝑒
is called the

resonance layer. In this layer the angle 𝜃
𝑚
varies in the interval

from 𝜋/8 to 3𝜋/8.
For 𝑉 ≪ 𝑉

𝑅
, the mixing angle is close to the vacuum

angle: 𝜃
𝑚

≈ 𝜃, while for 𝑉 ≫ 𝑉
𝑅
, the angle becomes 𝜃

𝑚
≈

𝜋/2 and the mixing is strongly suppressed. In the resonance
region, the level splitting is minimal [17, 18], therefore the
oscillation length, as the function of density, is maximal.

2.5. Mixing of 3 Neutrinos in Matter. To a large extent,
knowledge of the eigenstates (mixing parameters) and eigen-
values of the instantaneous Hamiltonian in matter allows
the determination of flavor evolution in most of the realistic
situations (oscillations inmatter of constant density, adiabatic
conversion, and strong breaking of adiabaticity). The exact
expressions for the eigenstates and eigenvalues [19, 20]
are rather complicated and difficult to analyze. Therefore
approximate expressions for the mixing angles and eigenval-
ues are usually used. They can be obtained performing an
approximate diagonalization of𝐻

𝑓
which relies on the strong

hierarchy of the mass squared differences:

𝑟
Δ
≡
Δ𝑚

2

21

Δ𝑚2

31

≈ 0.03. (25)

Without changing physics, the factor 𝐼
−𝛿

in themixingmatrix
can be eliminated by permuting it with 𝑈

12
and redefining
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the state ]
3
. Therefore, in what follows, we use 𝑈PMNS =

𝑈
23
𝐼
𝛿
𝑈
13
𝑈
12
. Here we will describe the case of normal mass

hierarchy: Δ𝑚2

31
> 0, Δ𝑚

2

32
> 0. Subtracting from the

Hamiltonian the matrix proportional to the unit matrix
𝑚
2

1
/2𝐸I, we obtain

𝑀
2

diag = Δ𝑚
2

31
diag (0, 𝑟

Δ
, 1) . (26)

2.5.1. Propagation Basis. The propagation basis, ]̃ =

(]
𝑒
, ]̃

2
, ]̃

3
)
𝑇, which is most suitable for consideration of the

neutrino oscillations inmatter, is defined through the relation

]
𝑓
= 𝑈

23
𝐼
𝛿
]̃. (27)

Since the potential matrix is invariant under 2-3 rotations,
the matrix of the potentials is unchanged and the the
Hamiltonian in the propagation basis becomes

𝐻̃ =
1

2𝐸
𝑈
13
𝑈
12
𝑀

2

diag𝑈
†

12
𝑈
†

13
+ 𝑉̂. (28)

It does not depend on the 2-3 mixing or CP violation phase,
and so the dynamics of the flavor evolution do not depend on
𝛿 and 𝜃

23
. These parameters appear in the final amplitudes

when projecting the flavor states onto propagation-basis
states and back onto (27) the neutrino production and
detection.

Explicitly, the Hamiltonian 𝐻̃ can be written as

𝐻̃ =
Δ𝑚

2

31

2𝐸

×(

𝑠
2

13
+ 𝑠

2

12
𝑐
2

13
𝑟
Δ
+

2𝑉
𝑒
𝐸

Δ𝑚2

31

𝑠
12

𝑐
12

𝑐
13

𝑟
Δ

𝑠
13

𝑐
13
(1 − 𝑠

2

12
𝑟
Δ
)

. . . 𝑐
2

12
𝑟
Δ

−𝑠
12

𝑐
12

𝑠
13

𝑟
Δ

. . . . . . 𝑐
2

13
+ 𝑠

2

12
𝑠
2

13
𝑟
Δ

).

(29)

Here all the off-diagonal elements contain small parameters
𝑟
Δ

and/or 𝑠
13
. Notice that, for the measured oscillation

parameters, 𝑠2
13

∼ 𝑟
Δ
.

2.5.2. Mixing Angles in Matter. The Hamiltonian in (29)
can be diagonalized performing several consecutive rotations
which correspond to developing the perturbation theory in
𝑟
Δ
. After a 1–3 rotation

]̃ = 𝑈
13
(𝜃

𝑚

13
) ]

󸀠 (30)

over the angle 𝜃𝑚
13
determined by

tan 2𝜃𝑚
13

=
sin 2𝜃

13

cos 2𝜃
13
− 2𝐸𝑉󸀠/Δ𝑚2

31

,

where 𝑉
󸀠
=

𝑉

1 − 𝑠2
12
𝑟
Δ

,

(31)

the 1–3 element of (29) vanishes. The expression (31) differs
from that for 2]mixing inmatter by a factor (1−𝑠2

12
𝑟
Δ
), which

increases the potential and deviates from 1 by

𝜉 ≡ 𝑠
2

12
𝑟
Δ
≈ 10

−2
. (32)

After this rotation the Hamiltonian in the ]󸀠 basis (30)
becomes

𝐻
󸀠
=

Δ𝑚
2

31

2𝐸

×(

ℎ
11

𝑠
12

𝑐
12

𝑟
Δ
cos (𝜃𝑚

13
−𝜃

13
) 0

. . . 𝑐
2

12
𝑟
Δ

𝑠
12

𝑐
12
𝑟
Δ
sin (𝜃𝑚

13
−𝜃

13
)

. . . . . . ℎ
33

),

(33)

where

ℎ
11,33

=
1

2
[ (1+𝜉+ 𝑥)

∓√[cos 2𝜃
13
(1−𝜉)−𝑥]

2

+sin22𝜃
13
(1−𝜉)

2
] ,

(34)

and 𝑥 ≡ 2𝐸𝑉/Δ𝑚
2

31
. For 𝜉 = 0, these elements are reduced

to the standard 2] expressions. In the limit of zero density,
𝑥 → 0, ℎ

11
= 𝜉 = 𝑠

2

12
𝑟
Δ
, and consequently the 11-element of

the Hamiltonian equals𝐻󸀠

11
= 𝑠

2

12
Δ𝑚

2

12
/2𝐸.

In the lowest 𝑟
Δ

approximation one can neglect the
nonzero 2-3 element in (33). The state ]󸀠

3
then decouples and

the problem is reduced to a two-neutrino problem for (]󸀠
1
, ]󸀠

2
).

The eigenvalue of this decoupled state equals

𝐻
3𝑚

≈
Δ𝑚

2

31

2𝐸
ℎ
33
, ℎ

33
≥ 1. (35)

The diagonalization of the remaining 1-2 submatrix is given
by rotation

]
󸀠
= 𝑈

12
(𝜃

𝑚

12
) ]

𝑚
, (36)

where 𝜃𝑚
12
is determined by

tan 2𝜃𝑚
12

=
sin 2𝜃

12
𝑟
Δ
cos (𝜃𝑚

13
− 𝜃

13
)

𝑐2
12
𝑟
Δ
− ℎ

11

. (37)

Here ℎ
11
and 𝜃𝑚

13
are defined in (34) and (31), respectively.The

eigenvalues equal

𝐻
1𝑚,2𝑚

=
Δ𝑚

2

31

4𝐸
[𝑐

2

12
𝑟
Δ
+ℎ

11

∓√(𝑐2
12
𝑟
Δ
−ℎ

11
)
2

+sin22𝜃
12
𝑟2
Δ
cos2 (𝜃𝑚

13
−𝜃

13
)] .

(38)

According to this diagonalization procedure in the lowest
order in 𝑟

Δ
the mixing matrix in matter is given by

𝑈
𝑚
= 𝑈

23
(𝜃

23
) 𝐼

𝛿
𝑈
13
(𝜃

𝑚

13
) 𝑈

12
(𝜃

𝑚

12
) , (39)

where mixing angles 𝜃
𝑚

12
and 𝜃

𝑚

13
are determined in (37)

and (31), respectively. The 2-3 angle and the CP violation
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Figure 1: Resonance in neutrino mixing. The dependence of sin22𝜃
𝑚𝑖𝑗

on the product 𝑉𝐸 for vacuum mixing: sin22𝜃
12

= 0.851, Δ𝑚2

21
=

7.59 ⋅10
−5 eV2 (red) and sin2𝜃

13
= 0.0241,Δ𝑚2

31
= 2.47 ⋅10

−3 eV2 (green).The left semiplane corresponds to antineutrinos.The behavior of 𝜃
23

with vacuum value sin22𝜃
23
= 0.953 is included for completeness.The dashed lines are the predictions from a strict two-flavor approximation

while the solid thin lines are the results of numerical diagonalization of the full three-flavor system. The upper panels show the case of the
normal mass hierarchy and the lower panels show the inverted hierarchy.

phase are not modified by matter in this approximation.
The eigenvalues 𝐻

1𝑚
and 𝐻

2𝑚
are given in (38) and 𝐻

3𝑚
is

determined by (35).
The 2-3 element of matrix (33) vanishes after additional

2-3 rotation by an angle 𝜃󸀠
23

∼ 𝑟
Δ
:

tan 2𝜃󸀠
23

=
sin 2𝜃

12
𝑟
Δ
sin (𝜃𝑚

13
− 𝜃

13
)

ℎ
33
− 𝑐2

12
𝑟
Δ

, (40)

which produces corrections of the next order in 𝑟
Δ
. With an

additional 2-3 rotation the mixing matrix becomes

𝑈
𝑚
= 𝑈

23
(𝜃

23
) 𝐼

𝛿
𝑈
13
(𝜃

𝑚

13
) 𝑈

12
(𝜃

𝑚

12
) 𝑈

23
(𝜃

󸀠

23
)

≈ 𝑈
23
(𝜃

𝑚

23
) 𝐼

𝛿
𝑚𝑈

13
(𝜃

𝑚

13
) 𝑈

12
(𝜃

𝑚

12
) ,

(41)

where

𝑈
23
(𝜃

𝑚

23
) 𝐼

𝑚

𝛿
= 𝑈

23
(𝜃

23
) 𝐼

𝛿
𝑈
23
(𝜃

23
) , (42)

and the last 2-3 rotation is on the angle 𝜃
23

determined
through sin 𝜃

23
= sin 𝜃󸀠

23
/ cos 𝜃𝑚

13
. The expression on the RH

of (41) is obtained by reducing the expression on the LH
side to the standard form by permuting the correctionmatrix
𝑈
23
(𝜃

󸀠

23
). According to (42), it is this matrix that leads to the

modification of 2-3mixing andCPphase inmatter. From (42)
one finds

sin 𝛿𝑚 sin 2𝜃𝑚
23

= sin 𝛿 sin 2𝜃
23
, (43)

that is, the combination sin 𝛿 sin 2𝜃
23

is invariant under
inclusion of matter effects. Furthermore, 𝜃𝑚

23
≈ 𝜃

23
and

𝛿
𝑚

≈ 𝛿 up to corrections of the order 𝑂(𝑟
Δ
). The results

described here allowing understand the behavior of the
mixing parameters sin22𝜃

𝑚𝑖𝑗
in the 𝐸𝑉 region of the 1–3

resonance and above it (see Figure 1).
In Figure 2 we present dependence of the flavor content

of the neutrino eigenstates on the potential. The energy level
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Figure 2: The flavor contents of the eigenstates of the Hamiltonian
in matter as functions of 𝐸𝑉. The vertical width of the band is taken
to be 1, then the vertical sizes of the colored parts give |𝑈

𝑒𝑖
|
2 (red),

and |𝑈
𝜇𝑖
|
2 (green), |𝑈

𝜏𝑖
|
2 (blue).The right and left panels correspond

to neutrinos and antineutrinos, respectively. We take the best fit
values of [21] with 𝛿 = 0. Variations of 𝛿 change the relative ]

𝜇
and

]
𝜏
contents. The dashed red line shows a shift of border between ]

𝜇

and ]
𝜏
flavors for 𝛿 = 𝜋. The upper (lower) panel corresponds to

normal (inverted) mass ordering.

scheme, the dependence of the eigenvalues 𝐻
𝑖𝑚

on matter
density, is shown in Figure 3. The energy levels in matter do
not depend on 𝛿 or 𝜃

23
, but they do depend on the 1–3 and 1-2

mixing.
In the case of normal mass hierarchy, there are two

resonances (level crossings) whose location is defined as the
density (energy) at which the mixing in a given channel
becomes maximal.

(1) TheH resonance, in the ]
𝑒
-]󸀠
𝜏
channel, is associated to

the 1–3 mixing and large mass splitting. According to
(31) 𝜃𝑚

13
= 𝜋/4 at

𝑉
𝑅

13
= cos 2𝜃

13
(1 − 𝑠

2

12
𝑟
Δ
)
Δ𝑚

2

31

2𝐸
. (44)

(2) The L resonance at low densities is associated to the
small mass splitting and 1-2 mixing. It appears in the
]󸀠
𝑒
-]󸀠
𝜇
channel, where ]󸀠

𝑒
and ]

𝑒
differ by small (at low

densities) rotation given by an angle ∼ 𝜃
13
(see (31)).

According to (37) the position of the L-resonance,
𝜃
𝑚

12
= 𝜋/4, is given by 𝑐2

12
𝑟
Δ
= ℎ

11
, where ℎ

11
is defined

in (34). This leads to

𝑉
𝑅

12
= cos 2𝜃

12

Δ𝑚
2

21

2𝐸

1

𝑐2
13

. (45)

For antineutrinos (𝑉𝐸 < 0 in Figure 3), the oscillation
parameters in matter can be obtained from the neutrino
parameters taking 𝑉 → −𝑉 and 𝛿 → −𝛿. The mixing
pattern and level scheme for neutrinos and antineutrinos are
different both due to the possible fundamental violation of
CP invariance and the sign of matter effect. Matter violates
CP invariance and the origin of this violation stems from the
fact that usual matter is CP asymmetric; in particular, there
are electrons in the medium but no positrons.

In the case of normalmass hierarchy there are no antineu-
trino resonances (level crossings), and with the increase of
density (energy) the eigenvalues have the following asymp-
totic limits:

𝐻
1𝑚

󳨀→ −𝑉, 𝐻
2𝑚

󳨀→
Δ𝑚

2

21
𝑐
2

12

2𝐸]

,

𝐻
3𝑚

󳨀→
Δ𝑚

2

31
𝑐
2

13

2𝐸]

.

(46)

3. Effects of Neutrino Propagation in
Different Media

3.1. The Evolution Matrix. The evolution matrix, 𝑆(𝑡, 𝑡
0
), is

defined as the matrix which gives the wave function of the
neutrino system ](𝑡) at an arbitrary moment 𝑡 once it is
known in the initial moment 𝑡

0
:

] (𝑡) = 𝑆 (𝑡, 𝑡
0
) ] (𝑡

0
) . (47)

Inserting this expression in the evolution equation (12), we
find that 𝑆(𝑡, 𝑡

0
) satisfies the same evolution equation as ](𝑡):

𝑖
𝑑𝑆

𝑑𝑡
= 𝐻𝑆. (48)

The elements 𝑆(𝑡, 𝑡
0
)
𝛼𝛽

of this matrix are the amplitudes of
]
𝛽
→ ]

𝛼
transitions: 𝑆(𝑡, 𝑡

0
)
𝛼𝛽

≡ 𝐴(]
𝛽
→ ]

𝛼
).The transition

probability equals 𝑃
𝛼𝛽

= |𝑆(𝑡, 𝑡
0
)
𝛼𝛽
|
2. The unitarity of the

evolution matrix, 𝑆†𝑆 = 𝐼, leads to the following relations
between the amplitudes (matrix elements):

󵄨󵄨󵄨󵄨𝑆𝛼𝛼
󵄨󵄨󵄨󵄨
2

+
󵄨󵄨󵄨󵄨󵄨
𝑆
𝛽𝛼

󵄨󵄨󵄨󵄨󵄨

2

= 1,

󵄨󵄨󵄨󵄨󵄨
𝑆
𝛽𝛽

󵄨󵄨󵄨󵄨󵄨

2

+
󵄨󵄨󵄨󵄨󵄨
𝑆
𝛼𝛽

󵄨󵄨󵄨󵄨󵄨

2

= 1,

𝑆
∗

𝛼𝛼
𝑆
𝛼𝛽

+ 𝑆
∗

𝛽𝛼
𝑆
𝛽𝛽

= 0,

𝑆
∗

𝛼𝛽
𝑆
𝛼𝛼

+ 𝑆
∗

𝛽𝛽
𝑆
𝛽𝛼

= 0.

(49)

The first and the second equations express the fact that the
total probability of transition of ]

𝛼
to everything is one, and
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Figure 3: The energy level scheme. We here show the dependence of the eigenvalues of the Hamiltonian in matter on 𝐸𝑉. Note that we are
plotting 2𝐸𝐻

𝑖𝑚
, which goes to Δ𝑚2

𝑖1
for low 𝑉𝐸. The left (right) panel corresponds to normal (inverted) mass ordering.

the same holds for ]
𝛽
. The third and fourth equations are

satisfied if
𝑆
𝛼𝛼

= 𝑆
∗

𝛽𝛽
, 𝑆

𝛽𝛼
= −𝑆

∗

𝛼𝛽
. (50)

With these relations the evolution matrix can be parame-
trized as

𝑆 = (
𝛼 𝛽

−𝛽
∗

𝛼
∗) , |𝛼|

2
+
󵄨󵄨󵄨󵄨𝛽
󵄨󵄨󵄨󵄨
2

= 1. (51)

The Hamiltonian for a 2] system is T symmetric in
vacuum as well as in medium with constant density. In
medium with varying density the T symmetry is realized if
the potential is symmetric. Under T transformations 𝑆

𝛽𝛼
→

𝑆
𝛼𝛽
, and the diagonal elements 𝑆

𝛼𝛼
do not change. Therefore

according to (50) the T invariance implies that 𝑆
𝛽𝛼

= −𝑆
∗

𝛽𝛼
, or

Re 𝑆
𝛽𝛼

= 0; that is, the off-diagonal elements of the 𝑆 matrix
are pure imaginary.

3.2. Neutrino Oscillations in Matter with Constant Density.
In a medium with constant density and therefore constant
potential the mixing is constant: 𝜃

𝑚
(𝐸, 𝑛) = const. Conse-

quently, the flavor composition of the eigenstates does not
change and the eigenvalues 𝐻

𝑖𝑚
of the full Hamiltonian are

constant. The two-neutrino evolution equation in matter of
constant density can be written in the matter eigenstate basis
as

𝑖
𝑑]

𝑚

𝑑𝑥
= 𝐻

diag
]
𝑚
, (52)

where 𝐻
diag

≡ diag(𝐻
1𝑚
, 𝐻

2𝑚
). This system of equations

splits and the integration is trivial, ]
𝑖𝑚
(𝑡) = 𝑒

−𝑖𝐻𝑖𝑚𝑡]
𝑖𝑚
(0). The

corresponding 𝑆matrix is diagonal:

𝑆̃ (𝑥, 0) = (
𝑒
𝑖𝜙𝑚(𝑥) 0

0 𝑒
−𝑖𝜙𝑚(𝑥)

) , (53)

where 𝜙
𝑚

≡ (1/2)𝜔
𝑚
𝑥 is the half-oscillation phase in

matter and a matrix proportional to the unit matrix has been
subtracted from the Hamiltonian.

The 𝑆matrix in the flavor basis (]
𝑒
, ]

𝑎
) is therefore

𝑆 (𝑥, 0)

=𝑈
𝑚
𝑆̃ (𝑥, 0) 𝑈

𝑚†

=(
cos𝜙

𝑚
+𝑖 cos 2𝜃

𝑚
sin𝜙

𝑚
−𝑖 sin 2𝜃

𝑚
sin𝜙

𝑚

−𝑖 sin 2𝜃
𝑚

sin𝜙
𝑚

cos𝜙−𝑖 cos 2𝜃
𝑚

sin𝜙
𝑚

).

(54)

Then, for the transition probability, we can immediately
deduce

𝑃
𝑒𝑎
=
󵄨󵄨󵄨󵄨𝑆𝑒𝑎

󵄨󵄨󵄨󵄨
2

= sin22𝜃
𝑚
sin2𝜙

𝑚
, (55)

where 𝜙
𝑚
= 𝜋𝑥/𝑙

𝑚
, with

𝑙
𝑚
=

2𝜋

𝐻
2𝑚

− 𝐻
1𝑚

=
𝑙]

√𝑅
(56)

being the oscillation length in matter. The dependence of
𝑙
𝑚
on the neutrino energy is shown in Figure 4. For small

energies,𝑉𝐸 ≪ Δ𝑚
2, the length 𝑙

𝑚
≃ 𝑙]. It then increases with

energy and for small 𝜃 reaches themaximum 𝑙
max
𝑚

= 𝑙
0
/ sin 2𝜃

at 𝐸max
= 𝐸

𝑅
/cos22𝜃, that is, above the resonance energy. For

𝐸 → ∞ the oscillation length converges to the refraction
length 𝑙

𝑚
→ 𝑙

0
.

A useful representation of the 𝑆 matrix for a layer with
constant density follows from (54):

𝑆 (𝑥, 0) = cos𝜙
𝑚
𝐼 − 𝑖 sin𝜙

𝑚
(𝜎 ⋅ n) , (57)

where 𝜎 is a vector containing the Pauli matrices and n ≡

(sin 2𝜃
𝑚
, 0, − cos 2𝜃

𝑚
).
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Figure 4: Dependence of the oscillation length in matter in units of the refraction length on neutrino energy for two different mixing angles
in vacuum.

The dynamics of neutrino flavor evolution in uniform
matter are the same as in vacuum, that is, it has a character
of oscillations. However, the oscillation parameters (length
and depth) differ from those in vacuum. They are now
determined by the mixing and effective energy splitting in
matter: sin22𝜃 → sin22𝜃

𝑚
, 𝑙] → 𝑙

𝑚
.

3.3.Neutrino PolarizationVectors andGraphic Representation.
It is illuminating to consider the dynamics of transitions
in different media using graphic representation [22–24].
Consider the two-flavor neutrino state, 𝜓𝑇

= (𝜓
𝑒
, 𝜓

𝑎
). The

corresponding Hamiltonian can be written as

𝐻 = (H ⋅ 𝜎) , (58)

where 𝜎 = (𝜎
1
, 𝜎

2
, 𝜎

3
), H is the Hamiltonian vector H ≡

(2𝜋/𝑙
𝑚
) ⋅ (sin 2𝜃

𝑚
, 0, cos 2𝜃

𝑚
), and 𝑙

𝑚
= 2𝜋/Δ𝐻

𝑚
is the

oscillation length. The evolution equation then becomes

𝑖𝜓̇ = (H ⋅ 𝜎) 𝜓. (59)

Let us define the polarization vector P

P ≡ 𝜓
† 𝜎

2
𝜓. (60)

In terms of the wave functions, the components of P equal

(𝑃
𝑥
, 𝑃

𝑦
, 𝑃

𝑧
)

= (Re𝜓∗

𝑒
𝜓
𝑎
, Im𝜓

∗

𝑒
𝜓
𝑎
,
1

2
(
󵄨󵄨󵄨󵄨𝜓𝑒

󵄨󵄨󵄨󵄨
2

−
󵄨󵄨󵄨󵄨𝜓𝑎

󵄨󵄨󵄨󵄨
2

)) .

(61)

The 𝑧-component can be rewritten as 𝑃
𝑧

= |𝜓
𝑒
|
2
− 1/2;

therefore𝑃
𝑒
≡ |𝜓

𝑒
|
2
= 𝑃

𝑧
+1/2 and fromunitarity𝑃

𝑎
≡ |𝜓

𝑎
|
2
=

1/2 − 𝑃
𝑧
. Hence, 𝑃

𝑧
determines the probabilities to find the

neutrino in a given flavor state. The flavor evolution of the

neutrino state corresponds to a motion of the polarization
vector in the flavor space. The evolution equation for P can
be obtained by differentiating (60) with respect to time and
inserting 𝜓̇ and 𝜓̇

† from evolution equation (59). As a result,
one finds that

𝑑

𝑑𝑡
P = H × P. (62)

If H is identified with the strength of a magnetic field,
the equation of motion (62) coincides with the equation
of motion for the spin of electron in the magnetic field.
According to this equation P precesses aroundH.

With an increase of the oscillation phase 𝜙 (see Figure 5)
the vector Pmoves on the surface of the cone having axis H.
The cone angle 𝜃

𝑎
, the angle between P andH, depends both

on themixing angle and on the initial state, and, in general, on
changes in process of evolution, for example, if the neutrino
evolves through several layers of different density. If the initial
state is ]

𝑒
, the angle equals 𝜃

𝑎
= 2𝜃

𝑚
in the initial moment.

The components of the polarization vector P are nothing
but the elements of the densitymatrix 𝜌 = 𝜎⋅P.The evolution
equation for 𝜌 can be obtained from (62)

𝑖
𝑑𝜌

𝑑𝑡
= [𝐻, 𝜌] . (63)

The diagonal elements of the density matrix give the proba-
bilities to find the neutrino in the corresponding flavor state.

3.4. Resonance Enhancement of Oscillations. Suppose a
source produces flux of neutrinos in the flavor state ]

𝜇
with

continuous energy spectrum. This flux then traverses a layer
of length 𝐿 with constant density 𝑛

𝑒
. At the end of this

layer a detector measures the ]
𝑒
component of the flux, so

that oscillation effect is given by the transition probability
𝑃
𝜇𝑒
. In Figure 6 we show dependence of this probability on
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𝑧

𝑥

𝑦

H

2𝜃𝑚

𝜃𝑎

P

𝜙

Figure 5: Graphic representation of neutrino oscillations. Neutrino polarization vector P precesses around the Hamiltonian vectorH (or the
vector of eigenstates of the Hamiltonian). The angle between P and H is given by the cone angle 𝜃

𝑎
, and the direction of axis of the cone is

determined by the mixing angle in matter 2𝜃
𝑚
.

energy for thin and thick layers. The oscillatory curves are
inscribed in the resonance envelope sin22𝜃

𝑚
. The period of

the oscillatory curve decreases with the length 𝐿. At the
resonance energy,

𝐸
𝑅
=
Δ𝑚

2 cos 2𝜃
2𝑉

=
Δ𝑚

2 cos 2𝜃
2√2𝐺

𝐹
𝑛
𝑒

, (64)

oscillations proceed with maximal depths. Oscillations are
enhanced up to 𝑃 > 1/2 in the resonance range (𝐸

𝑅
± Δ𝐸

𝑅
)

whereΔ𝐸
𝑅
= tan 2𝜃𝐸

𝑅
(see Section 2.4).This effectwas called

the resonance enhancement of oscillations.

3.5. Three-Neutrino Oscillations in Matter with Constant
Density. The oscillation probabilities in matter with constant
density have the same form as oscillation probabilities in
vacuum and the generalization of (53) is straightforward. In
the basis of the eigenstates of the Hamiltonian the evolution
matrix equals

𝑆̃ (𝑥, 0) = (

𝑒
−2𝑖𝜙1𝑚(𝑥) 0 0

0 𝑒
−2𝑖𝜙2𝑚(𝑥) 0

0 0 𝑒
−2𝑖𝜙3𝑚(𝑥)

), (65)

and for the elements of the 𝑆 matrix in the flavor basis we
obtain 𝑆

𝛼𝛽
= ∑

𝑖
𝑈
𝑚∗

𝛼𝑖
𝑈
𝑚

𝛽𝑖
𝑒
−2𝑖𝜙
𝑚

𝑖
(𝑥). Removing 𝑒−2𝑖𝜙2𝑚 and using

the unitarity of the mixing matrix in matter we have

𝑆
𝛼𝛽

= 𝛿
𝛼𝛽

+ 2𝑖𝑒
𝜙
𝑚

21
(𝑥)
𝑈
𝑚∗

𝛼2
𝑈
𝑚

𝛽2
sin𝜙𝑚

21
(𝑥)

− 2𝑖𝑒
−𝑖𝜙
𝑚

32
(𝑥)
𝑈
𝑚∗

𝛼3
𝑈
𝑚

𝛽3
sin𝜙𝑚

32
(𝑥) .

(66)

In particular, for the amplitudes in matter involving only ]
𝑒

and ]
𝜇
, we obtain

𝑆
cst
𝑒𝜇

= 2𝑖𝑒
𝑖𝜙
𝑚

21 [𝑈
𝑚

𝑒1
𝑈
𝑚∗

𝜇1
sin𝜙𝑚

21

−𝑒
−𝑖𝜙
𝑚

31𝑈
𝑚

𝑒3
𝑈
𝑚∗

𝜇3
sin𝜙𝑚

32
] ,

𝑆
cst
𝜇𝜇

= 1 + 2𝑖𝑒
𝑖𝜙
𝑚

21
󵄨󵄨󵄨󵄨󵄨
𝑈
𝑚

𝜇1

󵄨󵄨󵄨󵄨󵄨

2

sin𝜙𝑚
21

− 2𝑖𝑒
−𝑖𝜙
𝑚

32
󵄨󵄨󵄨󵄨󵄨
𝑈
𝑚

𝜇3

󵄨󵄨󵄨󵄨󵄨

2

sin𝜙𝑚
32
,

𝑆
cst
𝑒𝑒

= 1 + 2𝑖𝑒
𝑖𝜙
𝑚

21cos2𝜃𝑚
13
cos2𝜃𝑚

12
sin𝜙𝑚

21

− 2𝑖𝑒
−𝑖𝜙
𝑚

32sin2𝜃𝑚
13
sin𝜙𝑚

32
.

(67)

3.6. Propagation in a Medium with Varying Density and
the MSW Effect

3.6.1. Equation for the Instantaneous Eigenvalues and the
Adiabaticity Condition. In nonuniform media, the density
changes along neutrino trajectory: 𝑛

𝑒
= 𝑛

𝑒
(𝑡). Correspond-

ingly, the Hamiltonian of system depends on time, 𝐻 =

𝐻(𝑡), and therefore themixing angle changes during neutrino
propagation: 𝜃

𝑚
= 𝜃

𝑚
(𝑛

𝑒
(𝑡)). Furthermore, the eigenstates of

the instantaneous Hamiltonian, ]
1𝑚

and ]
2𝑚
, are no longer

the “eigenstates” of propagation. Indeed, inserting ]
𝑓

=

𝑈(𝜃
𝑚
)]
𝑚
in the equation for the flavor states (c.f., (3)) we

obtain the evolution equation for eigenstates ]
𝑖𝑚
:

𝑖
𝑑]

𝑚

𝑑𝑡
= (

𝐻
1𝑚

−𝑖𝜃̇
𝑚

𝑖𝜃̇
𝑚

𝐻
2𝑚

) ]
𝑚
, (68)

where 𝜃̇
𝑚

≡ 𝑑𝜃
𝑚
/𝑑𝑡. The Hamiltonian for ]

𝑖𝑚
(68) is

nondiagonal and, consequently, the transitions ]
1𝑚

↔ ]
2𝑚

occur. The rate of these transitions is given by the speed with
which the mixing angle changes with time. According to (68)
[3, 25], |𝜃̇

𝑚
| determines the energy of transition ]

1𝑚
↔ ]

2𝑚

and |𝐻
2𝑚

− 𝐻
1𝑚
| gives the energy gap between the levels.
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Figure 6: Resonance enhancement of neutrino oscillations in matter with constant density. Shown is the dependence of the transition
probability ]

𝑒
→ ]

𝜇
on energy for sin2𝜃

13
= 0.0241 for three different sizes of layers: 𝐿 = 3𝑙

𝑚
(𝐸

𝑅
)/2, 𝑙

𝑚
(𝐸

𝑅
)/2, and 𝑙

𝑚
(𝐸

𝑅
)/6. The shaded area

shows the resonance envelope: sin22𝜃
𝑚
(𝐸).

The off-diagonal elements of the evolution equation (68)
can be neglected if 𝜃̇

𝑚
is much smaller than other energy

scales in the system. The difference of the diagonal elements
of the Hamiltonian is, in fact, the only other energy quantity
and therefore the criterion for smallness of 𝜃̇

𝑚
is

𝜃̇
𝑚
≪ 𝐻

2𝑚
− 𝐻

1𝑚
. (69)

This inequality implies a slow enough change of density and
is called the adiabaticity condition. Defining the adiabaticity
parameter [22, 25] as

𝛾 ≡

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

𝜃̇
𝑚

𝐻
2𝑚

− 𝐻
1𝑚

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

, (70)

the adiabaticity condition can be written as 𝛾 ≪ 1.
For small mixing angle, the adiabaticity condition is most

crucial in the resonance layer where the level splitting is
small and the mixing angle changes rapidly. In the resonance
point, it takes the physically transparent form [3]: Δ𝑟

𝑅
> 𝑙

𝑅

𝑚
,

where 𝑙𝑅
𝑚

≡ 𝑙]/ sin 2𝜃 is the oscillation length in resonance,
and Δ𝑟

𝑅
≡ (𝑛

𝑒
/(𝑑𝑛

𝑒
/𝑑𝑟))

𝑅
tan 2𝜃 is the spatial width of

the resonance layer. According to this condition at least one
oscillation length should be obtained within the resonance
layer.

In the case of large vacuummixing, the point of maximal
adiabaticity violation [26, 27] is shifted to density, 𝑛

𝑒
(𝑎V),

larger than the resonance density: 𝑛
𝑒
(𝑎V) → 𝑛

𝐵
> 𝑛

𝑅
.

Here 𝑛
𝐵

= Δ𝑚
2
/2√2𝐺

𝐹
𝐸 is the density at the border of

resonance layer for maximal mixing. Outside the resonance
and in the nonresonant channel, the adiabaticity condition
has been considered in [28, 29].

3.7. Adiabatic Conversion and the MSW Effect. If the adia-
baticity condition is fulfilled and 𝜃̇

𝑚
can be neglected, the

Hamiltonian for the eigenstates becomes diagonal. Con-
sequently, the equations for the instantaneous eigenstates
]
𝑖𝑚

split as in the constant density case. The instantaneous
eigenvalues evolve independently, but the flavor content of
the eigenstates changes according to the change of mixing
in matter. This is the essence of the adiabatic approximation;
we neglect 𝜃̇

𝑚
in evolution equation but do not neglect the

dependence of 𝜃
𝑚
on density. The solution can be obtained

immediately as

𝑆̃ (𝑥, 0) = (
𝑒
𝑖𝜙𝑚 0

0 𝑒
−𝑖𝜙𝑚

) ,

𝜙
𝑚
=
1

2
∫

𝑥

0

(𝐻
2𝑚

− 𝐻
1𝑚
) 𝑑𝑥

󸀠
,

(71)

in symmetric form. The only difference from the constant
density case is that the eigenvalues now depend on time and
therefore integration appears in the phase factors.

The evolution matrix in the flavor basis can be obtained
by projecting back from the eigenstate basis to the flavor basis
with the mixing matrices corresponding to initial and final
densities:
𝑆
𝑓
(𝑥, 0)

= 𝑈
𝑚
(𝑡) 𝑆̃ (𝑥, 0) 𝑈

𝑚†
(0)

=(

𝑐
𝑚
𝑐
0

𝑚
𝑒
𝑖𝜙𝑚+𝑠

𝑚
𝑠
0

𝑚
𝑒
−𝑖𝜙𝑚 −𝑐

𝑚
𝑠
0

𝑚
𝑒
𝑖𝜙𝑚+𝑠

𝑚
𝑐
0

𝑚
𝑒
−𝑖𝜙𝑚

−𝑠
𝑚
𝑐
0

𝑚
𝑒
𝑖𝜙𝑚+𝑐

𝑚
𝑠
0

𝑚
𝑒
−𝑖𝜙𝑚 𝑠

𝑚
𝑠
0

𝑚
𝑒
𝑖𝜙𝑚+𝑐

𝑚
𝑐
0

𝑚
𝑒
−𝑖𝜙𝑚

).

(72)
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From this procedure we find, for example, the probability of
]
𝑒
-]
𝑒
transition

𝑃
𝑒𝑒
=
󵄨󵄨󵄨󵄨󵄨
𝑆
𝑓
(𝑥, 0)

𝑒𝑒

󵄨󵄨󵄨󵄨󵄨

2

=
1

2
[1 + cos 2𝜃

𝑚
(𝑥) cos 2𝜃

𝑚
(0)]

+
1

2
sin 2𝜃

𝑚
(𝑥) sin 2𝜃

𝑚
(0) cos 2𝜙

𝑚
(𝑥) .

(73)

If the initial and final densities coincide, as in the case of
neutrinos crossing the Earth, we obtain the same formulas
as in constant density case:

𝑃
𝛼𝛽

=

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

∑

𝑖

𝑈
𝑚

𝛼𝑖
(0) 𝑈

𝑚∗

𝛽𝑖
(0) 𝑒

−𝑖𝜙𝑖𝑚(𝑡,0)

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

(74)

with the mixing angle taken at the borders (initial or final
state). In particular, the survival probability equals 𝑃

𝛼𝛼
=

1 − sin22𝜃
𝑚
(0)sin2𝜙

𝑚
(𝑥).

Averaging over the phase, which means that the contri-
butions from ]

1
and ]

2
add incoherently, gives

𝑃 = (cos 𝜃
𝑚
cos 𝜃0

𝑚
)
2

+ (sin 𝜃
𝑚
sin 𝜃0

𝑚
)
2

= sin2𝜃
𝑚
+ cos 2𝜃

𝑚
cos2𝜃0

𝑚
.

(75)

The mixing in the neutrino production point 𝜃0
𝑚

is deter-
mined by density in this point, 𝑛0

𝑒
, and the resonance density.

Consequently, the picture of the conversion depends on how
far from the resonance layer (in the density scale) a neutrino
is produced. Strong transitions occur if the initial and final
mixings differ substantially, which is realized when the initial
density is much above the resonance density and the final one
is below the resonance density and therefore neutrinos cross
the resonance layer.

According to (73) the oscillation depth equals 𝐷 =

| sin 2𝜃
𝑚
sin 2𝜃0

𝑚
|. Both the averaged probability (75) and the

depth (73) are determined by the initial and final densities
and do not depend on the density distribution along the
neutrino trajectory. Essentially they are determined by the
ratios 𝑦 ≡ 𝑛/𝑛

𝑅
in the initial and final moments. This is a

manifestation of the universality of the adiabatic approxima-
tion result.

In contrast, the phase does depend on the density distri-
bution and the period of oscillations (the latter is given by the
oscillation length in matter). So, it is the phase that encodes
information about the density distribution.

The probability depends on 𝑡 via the phase 𝜙
𝑚
(𝑡) and

also via the mixing angle 𝜃
𝑚
(𝑡). Two degrees of freedom

are operative and 𝑃 dependence on time is an interplay of
two effects: oscillations, associated with the phase 𝜙

𝑚
(𝑡), and

the adiabatic conversion related to change of 𝜃
𝑚
. Depending

on initial condition 𝑛
0

𝑒
, the relative importance of the two

effects is different. If neutrinos are produced far above the
resonance, 𝑛0

𝑒
≫ 𝑛

𝑅

𝑒
, the initial mixing is strongly suppressed,

𝜃
0

𝑚
≈ 𝜋/2. Consequently, the neutrino state, for example,

]
𝑒
, consists mainly of one eigenstate, ]

2𝑚
, and furthermore,

one-flavor ]
𝑒
dominates in ]

2𝑚
. Since the admixture of the

second eigenstate is very small, oscillations (interference

effects) are strongly suppressed.Thus, here the nonoscillatory
flavor transition occurs when the flavor of whole state (which
nearly coincides with ]

2𝑚
) follows the density change. At zero

density ]
2𝑚

= ]
2
, and therefore the probability to find the

electron neutrino (survival probability) equals [3]

𝑃 =
󵄨󵄨󵄨󵄨⟨]𝑒 | ] (𝑡)⟩

󵄨󵄨󵄨󵄨
2

≈
󵄨󵄨󵄨󵄨⟨]𝑒 | ]2𝑚 (𝑡)⟩

󵄨󵄨󵄨󵄨
2

=
󵄨󵄨󵄨󵄨⟨]𝑒 | ]2⟩

󵄨󵄨󵄨󵄨
2

≈ sin2𝜃.
(76)

The final probability, 𝑃 = sin2𝜃, is the feature of the nonoscil-
latory transition (as pure adiabatic conversion). Deviation
from this value indicates the presence of oscillations; see (73).

If neutrinos are produced not too far from resonance, for
example, at 𝑛0

𝑒
> 𝑛

𝑅

𝑒
, the initial mixing is not suppressed.

Although ]
2𝑚

is the main component of the neutrino state,
the second eigenstate, ]

1𝑚
, has appreciable admixture; the

flavor mixing in the neutrino eigenstates is significant, and
the interference effect is not suppressed. Here we deal with
the interplay of the adiabatic conversion and oscillations.

Production in the resonance is a special case; if 𝜃0
𝑚
= 45

∘,
the averaged probability equals 𝑃 = 1/2 independently of
the final mixing. This feature is important for determining
the oscillation parameters. Strong transitions (𝑃 > 1/2)
occur when neutrinos cross resonance layer. These features
are realized for solar neutrinos when propagating from their
production region inside the Sun to the surface of the Sun.
The adiabatic propagation occurs also in a single layer of the
Earth (e.g., in the mantle).

3.8. Adiabaticity Violation. For most of applications the
adiabaticity is either well satisfied (neutrinos in the Sun or
supernovae), or maximally broken due to sharp (instanta-
neous) density change (neutrinos in the Earth, neutrinos
crossing the shock wave fronts in supernova). In the former
case the evolution is described by the adiabatic formulas. In
the latter case description is also simple; one just needs to
match the flavor conditions at the borders between layers,
find the flavor state before the density jump, and then
use it as an initial state for the evolution after the jump.
The intermediate case of the adiabaticity breaking can be
realized for neutrinos in the mantle of the Earth, for high
energy neutrinos propagating in the Sun (neutrinos from
annihilation of hypothetical WIMPs) or for sterile neutrinos
with very small mixing.

If the density changes rapidly, 𝜃̇
𝑚

is not negligible in
(68) and the adiabaticity condition (70) is not satisfied. The
transitions ]

1𝑚
↔ ]

2𝑚
become noticeable and therefore the

admixtures of the eigenstates in a given propagating state
change. The 𝑆matrix in the flavor basis is given by

𝑆
𝑓
(𝑥, 0) = 𝑈

𝑚
(𝑡) 𝑆̃ (𝑥, 0) 𝑈

𝑚†
(0)

= 𝑈
𝑚
(𝑡) (

𝑆
11

−𝑆
∗

21

𝑆
21

𝑆
∗

11

)𝑈
𝑚†

(0) ,

(77)
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where 𝑆̃ is the evolution matrix in the basis of instantaneous
eigenstates. Then the ]

𝑒
-]
𝑒
transition probability 𝑃

𝑒𝑒
≡

|𝑆
𝑓
(𝑥, 0)

𝑒𝑒
|
2 equals

𝑃
𝑒𝑒
=

1

2
[1 + cos 2𝜃

𝑚
(𝑡) cos 2𝜃

𝑚
(0)]

− 𝑃
21
cos 2𝜃

𝑚
(𝑡) cos 2𝜃

𝑚
(0) + 𝑃int,

(78)

where𝑃
21

≡ |𝑆
21
|
2 is the probability of ]

2𝑚
→ ]

1𝑚
transitions

and 𝑃int is an interference term

𝑃int =
1

4
sin 2𝜃

𝑚
(𝑡) sin 2𝜃

𝑚
(0) [𝑆

2

11
+ 𝑆

∗2

11
+ 𝑆

2

21
+ 𝑆

∗2

21
]

+
1

2
sin [2𝜃

𝑚
(0) − 2𝜃

𝑚
(𝑥)] [𝑆

11
𝑆
∗

21
+ 𝑆

∗

11
𝑆
21
] ,

(79)

which depends on the oscillation phase.The averaged proba-
bility (𝑃int = 0) equals [30]

𝑃
𝑒𝑒
=
1

2
+ (

1

2
− 𝑃

21
) cos 2𝜃

𝑚
(𝑡) cos 2𝜃

𝑚
(0) . (80)

If the initial density ismuch larger than the resonance density,
then 𝜃

𝑚
(0) ≈ 𝜋/2 and cos 2𝜃

𝑚
(0) = −1. In this case the

averaged probability can be rewritten as

𝑃
𝑒𝑒
= sin2𝜃

𝑚
(𝑡) + 𝑃

21
cos 2𝜃

𝑚
(𝑡) . (81)

Violation of adiabaticity weakens transitions if cos 2𝜃
𝑚
(𝑡) >

0, thus leading to an increase of the survival probability. In the
adiabatic case 𝑆

11
= 𝑒

𝑖𝜙𝑚 , 𝑆
21

= 0, and therefore 𝑆2
11
+ 𝑆

∗2

11
=

2 cos 2𝜙
𝑚
(𝑥), so that (78) is reduced to (73).

In the graphic representation (Figure 5), the neutrino
vector moves on the surface of the cone (phase change) and
the axis of the cone rotates according to the density change.
The cone angle 𝜃

𝑎
changes as a result of violation of the

adiabaticity).
There are different approaches to compute the flop proba-

bility 𝑃
21
. In the adiabatic regime the probability of transition

between the eigenstates is exponentially suppressed 𝑃
12

∼

exp(−𝜋/2𝛾) with 𝛾 given in (70) [30, 31]. One can consider
such a transition as penetration through a barrier of height
𝐻
2𝑚

− 𝐻
1𝑚

by a system with the kinetic energy 𝑑𝜃
𝑚
/𝑑𝑡. This

leads to the Landau-Zener probability

𝑃
𝐿𝑍

= exp (−𝜋2𝜅
𝑅
) = exp(−𝜋ℎΔ𝑚

2

4𝐸

sin22𝜃
cos 2𝜃

) , (82)

where ℎ ≡ 𝑛(𝑑𝑛/𝑑𝑟)
−1 [32]. In the case of weak adiabaticity

violation, one can develop an adiabatic perturbation theory
which gives the results as a series expansion in the adiabaticity
parameter [33].

3.9. Theory of Small Matter Effects

3.9.1. Minimal Width Condition. If the vacuummixing angle
is small, there exists a lower limit on the amount of matter
needed to induce significant flavor change due to matter

effect. The amount of matter is characterized by the column
density of electrons along the neutrino trajectory:

𝑑 = ∫

𝐿

0

𝑛
𝑒
(𝑥) 𝑑𝑥. (83)

We can define 𝑑
1/2

as the column density for which the
oscillation transition probability surpasses 1/2 for the first
time in the course of propagation. Then it is possible to show
that [34]

𝑑
1/2

≥ 𝑑min =
𝜋

2√2𝐺
𝐹
tan 2𝜃 (84)

for all density profiles. Furthermore, the minimum, 𝑑min, is
realized for oscillations in amediumof constant density equal
to the resonance density. The relation (84) is known as the
minimal width condition. This condition originates from an
interplay between matter effects and vacuum mixing. The
acquired matter phase, √2𝐺

𝐹
𝑑, must be large. At the same

time, sincematter effects by themselves are flavor conserving,
also vacuum mixing is required in order to induce flavor
conversion. The smaller the vacuum mixing is, the larger the
width that is required.

3.9.2. Vacuum Mimicking. Vacuum mimicking [35], which
states that regardless of the matter density, the initial flavor
evolution of neutrino state is similar to that of vacuum
oscillations. Consequently for small baselines, 𝐿, it is not
possible to see matter effect and any such effect appearing in
higher order of 𝐿. Indeed, consider the evolution matrix

𝑆 = T [exp(−𝑖 ∫
𝐿

0

𝐻(𝑥) 𝑑𝑥)] , (85)

whereT denotes time ordering of the exponential. For small
values of 𝐿, it can be expanded as

𝑆 = 1 − 𝑖 ∫

𝐿

0

𝐻(𝑥) 𝑑𝑥 + O (𝐿
2
) . (86)

If initial neutrino state has definite flavor, the amplitude
of flavor transition is given by the off-diagonal element
of 𝐻(𝑥) which does not depend on matter potential. The
matter contribution to𝐻(𝑥) is diagonal. Therefore the flavor
transitions depend on the matter density only at higher order
in 𝐿. This result holds true as long as 𝐿 ≪ 𝑙

𝑚
or when the

phase of oscillation is small [36].
This can be seen explicitly in the case of medium with

constant density where, expanding the oscillatory factor for
small oscillation phase, we have the transition probability

𝑃 = sin22𝜃
𝑚
sin2𝜙𝑚

=
1

𝑅
sin22𝜃 sin2𝜙√𝑅 ≈ 𝜙

2sin22𝜃.
(87)

Note that vacuum mimicking only occurs if the initial
neutrino state is a flavor eigenstate [36]. If the initial neutrino
is in a flavor-mixed state, for example, in a mass eigenstate,
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then matter will affect this state already at lowest order
in 𝐿. This situation is realized in several settings involving
astrophysical neutrinos propagating through the Earth, for
example, solar and supernova neutrinos, where the neutrinos
arrive at the Earth as mass eigenstates. The mimicking is not
valid if there are nonstandard flavor changing interactions, so
that matter effect appears in the off-diagonal elements of the
Hamiltonian.

3.9.3. Effects of Small Layers of Matter. If the minimal width
condition is not satisfied, that is 𝑑 = 𝑛𝑥 ≪ 𝐺

−1

𝐹
, the matter

effect on result of evolution is small. This inequality can be
written as 𝑉𝑥 ≪ 1 which means that the oscillation phase
is small. In this case the matter effect can be considered as
small perturbation of the vacuumoscillation result even if the
MSW resonance condition is satisfied.

The reasons for the smallness of the matter effect are
different depending on the energy interval. Consider a layer
of constant density with the length 𝑥. There are three
possibilities.

(i) 𝐸 ≪ 𝐸
𝑅

(𝐸
𝑅

is the resonance density)—nearly
vacuum oscillations in low density medium take
place. Matter effect gives small corrections to the
oscillation depth and length which are characterized
by 2𝑉𝐸/Δ𝑚2

= 𝑉𝑥/2𝜋 ≪ 1, here 𝑥 ∼ 𝑙].
(ii) 𝐸 ∼ 𝐸

𝑅
—modification of oscillation parameters is

strong; however 𝑙𝑅] ∼ 𝑙]/ sin 2𝜃 ∼ 2𝜋/(𝑉 sin 2𝜃).
Consequently, 𝑥/𝑙𝑅] = 𝑥𝑉 sin 2𝜃/2𝜋 ≪ 1. Oscillations
are undeveloped due to smallness of phase.

(iii) 𝐸 ≫ 𝐸
𝑅
—matter suppresses oscillation depth by a

factor 𝐸
𝑅
/𝐸 ≪ 1. Since the oscillation length equals

𝑙
𝑚

≈ 2𝜋/𝑉, one obtains 𝑥/𝑙
𝑚

= 𝑥𝑉/2𝜋 ≪ 1. Hence
in this case the distance is very small and oscillation
effect in the layer has double suppression.

3.10. Propagation in Multilayer Medium

3.10.1. Parametric Effects in the Neutrino Oscillations. The
strong transitions discussed in the previous sections require
the existence of large effective mixing, either in the entire
medium (constant density) or at least in a layer (adiabatic
conversion). There is a way to get strong transition without
large vacuum or matter mixings. This can be realized with
periodically or quasiperiodically changing density [24, 37]
when the conditions of parametric resonance are satisfied.
Although the flavor conversion in a layer which corresponds
to one period is small, strong transitions can build up over
several periods. For large mixing even a small number of
periods are enough to obtain strong flavor transitions.

The usual condition of parametric resonance is that the
period of density change 𝑇

𝑛
is an integer times the effective

oscillation length 𝑙
𝑚
[38]:

∫
𝑙𝑇

𝑑𝑥

𝑙
𝑚

= 𝑘, (𝑘 = 1, 2, 3, . . .) , (88)

or 𝑙
𝑇
/𝑙
𝑚

= 𝑘. Such an enhancement has been considered
first for modulation of the profile by sine function [39]. This

may have some applications for intense neutrino fluxes when
neutrino-neutrino interactions become important.

The solvable case, which has simple physical interpreta-
tion, is provided by the castle wall profile, forwhich the period
𝑙
𝑇
is divided into the two parts 𝑙

1
and 𝑙

2
(𝑙
1
+ 𝑙

2
= 𝑙

𝑇
) with

the densities 𝑛
1
and 𝑛

2
, respectively (𝑛

1
̸= 𝑛
2
and, in general,

𝑙
1

̸= 𝑙
2
). Thus, the medium consists of alternating layers with

two different densities [37, 40–45].
For the “castle wall” profile, the simplest realization of the

parametric resonance condition is reduced to equality of the
oscillation phases acquired by neutrinos over the two parts of
the periods [41]:

Φ
1
= Φ

2
= 𝜋. (89)

The enhancement of transition depends on the number
of periods and on the amplitude of perturbation, which
determines the swing angle (the difference of the mixing
angles in the two layers, Δ𝜃 ≡ 2𝜃

1𝑚
− 2𝜃

2𝑚
). For small

Δ𝜃 a large transition probability can be achieved after many
periods. For large “swing” angle, even a small number of
periods are sufficient.

3.10.2. Parametric Enhancement: General Consideration. In
general the condition (89) is not necessary for the enhance-
ment or even for maximal enhancement. First, consider
the oscillation effect over one period. The corresponding
evolution matrix is given by the product

𝑆
𝑇
= 𝑆

2
𝑆
1
, (90)

where 𝑆
𝑘
(𝑘 = 1, 2) is the evolution in layer 𝑘 given by (57). For

brevity we will write it as 𝑆
𝑘
= 𝑐

𝑘
𝐼−𝑖𝑠

𝑘
(𝜎⋅n

𝑘
), 𝑘 = 1, 2, where

𝑐
𝑘
≡ cos𝜙

𝑘
, 𝑠

𝑘
≡ sin𝜙

𝑘
, and 𝜙

𝑘
is the half phase acquired in

layer 𝑘:

𝜙
𝑘
=
1

2
Δ𝐻

𝑘
𝑙
𝑘
=
Δ𝑚

2

4𝐸
𝑅(𝑉

𝑘
)
1/2

𝑙
𝑘
,

n
𝑘
≡ (sin 2𝜃

𝑚𝑘
, 0, − cos 2𝜃

𝑚𝑘
) .

(91)

Here 𝜃
𝑚𝑘

is the mixing angle in layer 𝑘.
Insertion of 𝑆

𝑘
from (57) into (90) gives [37]

𝑆
𝑇
= 𝑌I − 𝑖 (𝜎 ⋅ X) , (92)

where
𝑌 ≡ 𝑐

1
𝑐
2
− 𝑠

1
𝑠
2
(n

1
⋅ n

2
) ,

X = 𝑠
1
𝑐
2
n
1
+ 𝑠

2
𝑐
1
n
2
− 𝑠

1
𝑠
2
[n

1
× n

2
] .

(93)

Explicitly, (n
1
⋅ n

2
) = cos(2𝜃

𝑚1
− 2𝜃

𝑚2
) and [n

1
× n

2
] =

sin(2𝜃
𝑚1

− 2𝜃
𝑚2
)e
𝑦
. Using unitarity of 𝑆

𝑇
, which gives 𝑋2

+

𝑌
2
= 1, one can parametrize 𝑋 and 𝑌 with a new phase Φ as

𝑌 ≡ cosΦ and 𝑋 ≡ sinΦ. Then the evolution matrix 𝑆
𝑇
can

be written in the form 𝑆
𝑇
= cosΦ − 𝑖 sinΦ(𝜎 ⋅ X̂) = 𝑒

−𝑖(𝜎⋅X̂)Φ,
where X̂ ≡ X/𝑋. Consequently, the evolution matrix after 𝑛
periods equals

𝑆
𝑛
= (𝑆

𝑇
)
𝑛

= 𝑒
−𝑖(𝜎⋅X̂)𝑛Φ

= cos 𝑛Φ − 𝑖 (𝜎 ⋅ X̂) sin 𝑛Φ.
(94)
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It is simply accounted for by an increase of the phase: Φ →

𝑛Φ. This is the consequence of the fact that the evolution
matrices over all periods are equal and therefore commute. If
the evolution ends at some instant 𝑡 which does not coincide
with the end of a full period, that is, 𝑡 = 𝑛𝑇 + 𝑡

󸀠, then
𝑆(𝑡) = 𝑆(𝑡

󸀠
)𝑆

𝑛
.

The transition probability computed with (94) is

𝑃
𝑛

𝑒𝜇
=
󵄨󵄨󵄨󵄨󵄨
𝑆
𝑛

𝑒𝜇

󵄨󵄨󵄨󵄨󵄨

2

=
𝑋
2

1
+ 𝑋

2

2

𝑋2
sin2𝑛Φ. (95)

It has the form of the usual oscillation probability with phase
𝑛Φ and depth (𝑋

2

1
+ 𝑋

2

2
)/𝑋

2. The oscillations described by
(95) are called the parametric oscillations. Under condition

−𝑋
3
= 𝑠

1
𝑐
2
cos 2𝜃

𝑚1
+ 𝑠

2
𝑐
1
cos 2𝜃

𝑚2
= 0, (96)

which is called the parametric resonance condition, the depth
of oscillations (95) becomes 1 and the transition probability is
maximal when 𝑛Φ = 𝜋/2 + 𝜋𝑘, where 𝑘 is an integer. There
are different realizations of the condition (96) which imply
certain correlations among themixing angles and phases.The
simplest one, 𝑐

1
= 𝑐

2
= 0, coincides with (89).

3.10.3. Parametric Enhancement in Three Layers. For small
number of layers an enhancement of flavor transition can
occur due to certain relations between the phases andmixing
angles in different layers. This in turn imposes certain
conditions on the parameters of the layers: their densities
and widths. The conditions are similar to the parametric
resonance condition and this enhancement is called the
parametric enhancement of flavor transitions. These condi-
tions can be satisfied for certain energies and baselines for
neutrinos propagating in the Earth.

Consider conditions for maximal enhancement of oscil-
lations for a different number of layers. It is possible to show
[46] that they are generalizations of the conditions in one
layer which require that (i) the depth of oscillations is 1 (we
call it the amplitude condition) and (ii) the oscillation phase
is 𝜙 = 𝜋/2 + 𝜋𝑘—the phase condition.

Consider first the case of one layer with (in general)
varying density (it can correspond to the mantle crossing
trajectories in the Earth). The resonance condition for con-
stant density case, cos 2𝜃

𝑚
= 0, can be written according to

(22) and (51) as 𝛼 = 𝛼
∗, that is, 𝑆(1)

11
= 𝑆

(1)

22
, or equivalently,

Im 𝑆
(1)

11
= 0, where the superscript indicates the number of

layers. This generalization goes beyond the original MSW
resonance condition (even for constant density). The phase
condition can be rewritten in terms of the elements of the
evolution matrix (c.f., (54)) as Re𝛼 ≡ Re 𝑆(1)

11
= 0. The

absolute maximum of the transition probability occurs when
these conditions are satisfied simultaneously, that is, when
𝑆
(1)

11
= 0.
The parametric resonance condition (96) can be general-

ized to the case of nonconstant densities in the layers although
the generalization is not unique. Indeed, according to (92) the
condition 𝑋

3
= 0 can be written in terms of the elements of

the evolution matrix for the two layers as the equality of the
diagonal elements 𝑆(2)

11
= 𝑆

(2)

22
. Let us find the conditions for

extrema for density profiles consisting of two layers. We have
𝑆
(2)

= 𝑆
2
𝑆
1
, where 𝑆(2)

11
= 𝛼

2
𝛼
1
− 𝛽

2
𝛽
∗

1
, 𝑆

(2)

12
= 𝛼

2
𝛽
1
+ 𝛽

2
𝛼
∗

1
,

and 𝛼
𝑖
, 𝛽

𝑖
for each layer have been defined in (51). The sum

of the two complex numbers in the transition amplitude 𝑆(2)
12

has the largest possible result if they have the same phase:
arg(𝛼

2
𝛽
1
) = arg(𝛽

2
𝛼
∗

1
), which can also be rewritten as

arg (𝛼
1
𝛼
2
𝛽
1
) = arg (𝛽

2
) . (97)

This condition is called the collinearity condition [46]. It is an
extremum condition for the two-layer transition probability
under the constraint of fixed transition probabilities in the
individual layers. In other words, if the absolute values |𝛽

𝑖
|

of the transition amplitudes are fixed while their arguments
are allowed to vary, then the transition probability reaches an
extremum when these arguments satisfy (97).

The conditions for maximal transition probability for
three layers can be found in the following way. The 1-2
elements of the evolution matrix 𝑆(3) equal

𝑆
(3)

12
= 𝛼

3
𝑆
(2)

12
+ 𝛽

3
𝑆
(2)∗

11

= 𝛼
3
𝛼
2
𝛽
1
+ 𝛼

3
𝛽
2
𝛼
∗

1
+ 𝛽

3
𝛼
∗

2
𝛼
∗

1
− 𝛽

3
𝛽
∗

2
𝛽
1
.

(98)

In the case of neutrino oscillations in the Earth, the third layer
is just the second mantle layer, and its density profile is the
reverse of that of the first layer. The evolution matrix for the
third layer is therefore the transpose of that for the first one
[47]; that is, 𝛼

3
= 𝛼

1
, 𝛽

3
= −𝛽

∗

1
, and the expression for 𝑆(3)

12

can be written as

𝑆
(3)

12
= 𝛼

1
𝛼
2
𝛽
1
− 𝛼

∗

1
𝛼
∗

2
𝛽
∗

1
+
󵄨󵄨󵄨󵄨𝛼1

󵄨󵄨󵄨󵄨
2

𝛽
2
+
󵄨󵄨󵄨󵄨𝛽1

󵄨󵄨󵄨󵄨
2

𝛽
∗

2
. (99)

Note that𝛽
2
is pure imaginary because the core density profile

is symmetric.Therefore the amplitude 𝑆(3)
12

in (99) is also pure
imaginary, as it must be because the overall density profile
of the Earth is symmetric as well. If the collinearity condition
for two layers (97) is satisfied, then not only the full amplitude
𝑆
(3)

12
, but also each of the four terms on the right-hand side of

(99) is pure imaginary. If the collinearity condition is satisfied
for two layers, then it is automatically satisfied for three layers.
This is a consequence of the facts that the density profile of
the third layer is the reverse of that of the first layer and
that the second layer has a symmetric profile. The conditions
described here allow reproducing very precisely all the main
structures of the oscillograms of the Earth (see Section 4.1).

3.11. Oscillations of High Energy Neutrinos. At high energies
or in high density medium when 𝑉 > Δ𝑚

2
/2𝐸, we can

use Δ/𝑉 ≡ Δ𝑚
2
/4𝐸𝑉 as a small parameter and develop a

perturbation theory using its smallness. However, in most
situations of interest, the neutrino path length in matter 𝐿
is so large that Δ ⋅ 𝐿 ≳ 1. Therefore the vacuum part of the
Hamiltonian cannot be considered as a small perturbation in
itself and the effect of Δ on the neutrino energy level splitting
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should be taken into account. For this reason we split the
Hamiltonian as𝐻 = 𝐻̃

0
+ 𝐻

𝐼
with

𝐻̃
0
=
𝜔
𝑚

2
(
1 0

0 −1
) ,

𝐻
𝐼
= sin 2𝜃Δ(

−𝜖 1

1 𝜖
) ,

(100)

where 𝜔
𝑚 is the oscillation frequency (20) and 𝜖 ≡

(2Δ cos 2𝜃−𝑉+𝜔
𝑚
)/2Δ sin 2𝜃 ≈ (Δ/𝑉) sin 2𝜃 ≪ 1. The ratio

of the second and the first terms in the Hamiltonian (100)
is given by the mixing angle in matter 𝜃

𝑚
: 2Δ sin 2𝜃/𝜔𝑚

=

sin 2𝜃
𝑚
. Therefore for sin 2𝜃

𝑚
≪ 1 the term 𝐻

𝐼
can be

considered as a perturbation. Furthermore, 𝜖 ∼ sin 2𝜃
𝑚
,

so the diagonal terms in 𝐻
𝐼
can be neglected in the lowest

approximation.
The solution for 𝑆 matrix can be found in the form 𝑆 =

𝑆
0
⋅ 𝑆

𝐼
, where 𝑆

0
is the solution of the evolution equation with

𝐻 replaced by 𝐻
0
(see (71)). The matrix 𝑆

𝐼
then satisfies the

equation

𝑖
𝑑𝑆

𝐼

𝑑𝑥
= 𝑆

−1

0
𝐻
𝐼
𝑆
0
𝑆
𝐼
= 𝐻̃

𝐼
𝑆
𝐼
, (101)

where 𝐻̃
𝐼
≡ 𝑆

−1

0
𝐻
𝐼
𝑆
0
is the perturbation Hamiltonian in the

“interaction” representation. Equation (101) can be solved by
iterations: 𝑆

𝐼
= 𝐼 + 𝑆

(1)

𝐼
+ . . ., which leads to the standard

perturbation series for the 𝑆matrix. For neutrino propagation
between 𝑥 = 0 and 𝑥 = 𝐿 we have, to the lowest non-trivial
order,

𝑆 (𝐿) = 𝑆
0
(𝐿) [𝐼 − 𝑖Δ sin 2𝜃∫

𝐿

0

𝑑𝑥(
0 𝑒

𝑖2𝜙(𝑥)

𝑒
−𝑖2𝜙(𝑥)

0
)] .

(102)

The ]
𝑒
↔ ]

𝑎
transition probability 𝑃

2
= [𝑆(𝐿)]

𝑎𝑒
is given by

𝑃
2
= Δ

2sin22𝜃
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

∫

𝐿

0

𝑑𝑥𝑒
−𝑖2𝜙(𝑥)

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

2

. (103)

For density profiles that are symmetric with respect to the
center of the neutrino trajectory,𝑉(𝑥) = 𝑉(𝐿−𝑥), (103) gives

𝑃
2
= 4(

Δ𝑚
2

4𝐸
)

2

sin22𝜃[∫
𝐿/2

0

𝑑𝑧 cos 2𝜙 (𝑧)]
2

, (104)

where 𝑧 = 𝑥 − 𝐿/2 is the distance from the midpoint
of the trajectory and 𝜙(𝑧) is the phase acquired between
this midpoint and the point 𝑧. The transition probability 𝑃

2

decreases with the increase of neutrino energy essentially as
𝐸
−2. The accuracy of (103) also improves with energy as 𝐸−2.
Inside the Earth, the accuracy of the analytic formula

is extremely good already for 𝐸 ≳ 8GeV. When neutrinos
do not cross the Earth’s core (cosΘ > −0.837) and so
experience a slowly changing potential 𝑉(𝑥), the accuracy
of the approximation (103) is very good even in the MSW
resonance region 𝐸 ∼ (5–8)GeV.

The above formalism applies in the low energy case as
well, with only minor modifications: the sign of 𝐻

0
in (100)

has to be flipped, and correspondingly one has to replace
𝜔
𝑚

→ −𝜔
𝑚 in the definition of 𝜖. The expressions for the

transition probability in (103) and (104) remain unchanged.

3.12. Effects of Small Density Perturbations. Let us consider
perturbation around smooth profile for which exact solution
is known. The simplest possibility that has implications
for the Earth matter profile is the constant density with
additional perturbation:𝑉(𝑥) = 𝑉+Δ𝑉(𝑥). Correspondingly,
the Hamiltonian of the system can be written as the sum of
two terms:

𝐻(𝑥) = 𝐻 + Δ𝐻 (𝑥) , (105)

where

𝐻 ≡ 𝜔(
− cos 2𝜃 sin 2𝜃
sin 2𝜃 cos 2𝜃

) ,

Δ𝐻 ≡
Δ𝑉 (𝑥)

2
(
1 0

0 −1
) .

(106)

Here, 𝜃 = 𝜃
𝑚
(𝑉) is themixing angle inmatter and𝜔 = 𝜔

𝑚
(𝑉)

is half of the energy splitting (half-frequency) in matter, both
with the average potential 𝑉. We will denote by 𝑆(𝑥) the
evolution matrix of the system for the constant density case
𝐻(𝑥) = 𝐻. The expression for 𝑆(𝑥) is given in (54) with
𝜃
𝑚
= 𝜃 and 𝜙

𝑚
(𝑥) = 𝜙(𝑥) ≡ 𝜔𝑥, 𝜔 = 𝜔

𝑚
(𝑉).

The solution of the evolution equation with Hamiltonian
(105) [46] is of the form

𝑆 (𝑥) = 𝑆 (𝑥) + Δ𝑆 (𝑥) ,

Δ𝑆 (𝑥) = −𝑖𝑆 (𝑥)𝐾
1
(𝑥) ,

(107)

where 𝐾
1
(𝑥) satisfies |𝐾

1
(𝑥)

𝑎𝑏
| ≪ 1. Inserting (107) into

the evolution equation, one finds the following equation for
𝐾
1
(𝑥) to the first order in Δ𝐻(𝑥) and𝐾

1
(𝑥):

𝑑𝐾
1
(𝑥)

𝑑𝑥
= 𝑆

†

Δ𝐻 (𝑥) 𝑆

=
Δ𝑉

2
[− cos 2𝜃(− cos 2𝜃 sin 2𝜃

sin 2𝜃 cos 2𝜃
)

+ sin 2𝜃 cos 2𝜙𝐺 (𝜃) + sin 2𝜃 sin 2𝜙𝜎
2
] ,

(108)

where𝐺(𝜃) ≡ cos 2𝜃𝜎
1
+ sin 2𝜃𝜎

3
.The first term in (108) does

not contribute to 𝑆 ≡ 𝑆(𝐿) since ⟨Δ𝑉⟩ ≡ ∫Δ𝑉(𝑥)𝑑𝑥 = 0, and
(108) can be immediately integrated:

𝐾
1
(𝐿) =

1

2
sin 2𝜃 [𝐺 (𝜃)∫

𝐿

0

Δ𝑉 (𝑥) cos 2𝜙 (𝑥) 𝑑𝑥

+𝜎
2
∫

𝐿

0

Δ𝑉 (𝑥) sin 2𝜙 (𝑥) 𝑑𝑥] .

(109)
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Introducing the distance from the midpoint of the neutrino
trajectory 𝑧 ≡ 𝑥 − 𝐿/2, one obtains from (109)

Δ𝑆 ≡ Δ𝑆 (𝐿) = −𝑖 sin 2𝜃 [𝐺 (𝜃) Δ𝐼 + 𝜎
2
Δ𝐽] , (110)

where Δ𝐼 ≡ (1/2) ∫
𝐿/2

−𝐿/2
Δ𝑉(𝑧) cos(2𝜔𝑧)𝑑𝑧, Δ𝐽 ≡ (1/2)

∫
𝐿/2

−𝐿/2
Δ𝑉(𝑧) sin(2𝜔𝑧)𝑑𝑧. In these integrals, Δ𝑉(𝑧) ≡

Δ𝑉(𝑥(𝑧)) and 𝑥(𝑧) = 𝑧 − 𝐿/2. The integral Δ𝐽 vanishes if
the perturbation Δ𝑉(𝑧) is symmetric with respect to the
midpoint of the trajectory. Analogously,Δ𝐼 vanishes ifΔ𝑉(𝑧)
is antisymmetric. The expression for 𝑆 defined in (107) is
equivalent to (13)–(16) obtained in [48] in the context of
solar neutrino oscillations.

For practical purposes it is useful to have an expression
for 𝑆 which is exactly unitary regardless of the size of the
perturbation. For this we rewrite (110) as follows:

Δ𝑆 = 𝜀𝑆
󸀠
,

𝑆
󸀠
= −𝑖 [𝐺 (𝜃) cos 𝜉 + 𝜎

2
sin 𝜉] ,

(111)

where sin 𝜉 = Δ𝐽/√(Δ𝐽)
2
+ (Δ𝐼)

2 and 𝜖 = sin 2𝜃 ⋅

√(Δ𝐽)
2
+ (Δ𝐼)

2. Thus, 𝑆 = 𝑆 + 𝜀𝑆
󸀠 and we replace it by

𝑆 = cos 𝜀𝑆 + sin 𝜀𝑆󸀠. (112)

Here both 𝑆
󸀠 and 𝑆 are unitary matrices, and due to their

specific form the combination on the right-hand side of (112)
is exactly unitary.

For a symmetric density profile with respect to the
midpoint of the trajectory, the term Δ𝐽 is absent. From (54),
(110), and (112) we immediately get the transition probability

𝑃 = [cos 𝜀 sin 2𝜃 sin𝜙 + sin 𝜀 cos 2𝜃]
2

≈ sin22𝜃 [sin𝜙 + Δ𝐼 cos 2𝜃]
2

,

(113)

where 𝜀 ≡ sin 2𝜃 Δ𝐼 and𝜙 ≡ 𝜙(𝐿) = 𝜔𝐿. Here the first term in
the square brackets describes oscillations in constant density
matter with average potential 𝑉

1
.

3.13. Oscillation Probabilities and Their Properties. It is con-
venient to consider the neutrino flavor evolution in the
propagation basis ]̃ = (]

𝑒
, ]̃

2
, ]̃

3
)
𝑇, defined in (27). In this

basis propagation is not affected by the 2-3 mixing and CP
violation.The dependence on these parameters appears when
one projects the initial flavor state on the propagation basis
and the final state back onto the original flavor basis. The
propagation-basis states are related to the mass states as

]̃ = 𝑈
13
𝐼
−𝛿
𝑈
12
]. (114)

Since the transformations, which connect ]̃ and ]
𝑓
, do not

depend on matter potential and therefore distance, the states
]̃ satisfy the evolution equation 𝑖(𝑑]̃/𝑑𝑡) = 𝐻̃]̃, with the
Hamiltonian 𝐻̃ defined in (28).
3.13.1. 𝑆 Matrix and Oscillation Amplitudes. A number of
properties of the oscillation probabilities can be obtained
from general consideration of matrix of the oscillation
amplitudes. We introduce the evolution matrix (the matrix
of amplitudes) in the propagation basis as

𝑆̃ = (

𝐴
𝑒𝑒

𝐴
𝑒2̃

𝐴
𝑒3̃

𝐴
2̃𝑒

𝐴
2̃2̃

𝐴
2̃3̃

𝐴
3̃𝑒

𝐴
3̃2̃

𝐴
3̃3̃

) . (115)

Then according to (27) the 𝑆matrix in the flavor basis equals

𝑆 = 𝑈̃𝑆̃𝑈̃
†

,

𝑈̃ ≡ 𝑈
23
𝐼
𝛿
.

(116)

In this part, we use the notation 𝐴
𝑖𝑗
for the amplitudes in

the propagation basis and 𝑆
𝑖𝑗
for the amplitudes in the flavor

basis. In terms of the propagation-basis amplitudes (115) the
𝑆matrix in the flavor basis can be written as

𝑆 = (

𝐴
𝑒𝑒

𝑐
23
𝐴
𝑒2̃
+ 𝑠

23
𝑒
−𝑖𝛿

𝐴
𝑒3̃

−𝑠
23
𝐴
𝑒2̃
+ 𝑐

23
𝑒
−𝑖𝛿

𝐴
𝑒3̃

𝑐
23
𝐴
2̃𝑒
+ 𝑠

23
𝑒
𝑖𝛿
𝐴
3̃𝑒

𝑐
2

23
𝐴
2̃ 2̃

+ 𝑠
2

23
𝐴
3̃ 3̃

+ 𝐾
𝜇𝜇

−𝑠
23
𝑐
23
(𝐴

2̃ 2̃
− 𝐴

3̃ 3̃
) + 𝐾

𝜇𝜏

−𝑠
23
𝐴
2̃𝑒
+ 𝑐

23
𝑒
𝑖𝛿
𝐴
3̃𝑒

−𝑠
23
𝑐
23
(𝐴

2̃ 2̃
− 𝐴

3̃ 3̃
) + 𝐾

𝜏𝜇
𝑠
2

23
𝐴
2̃ 2̃

+ 𝑐
2

23
𝐴
3̃ 3̃

+ 𝐾
𝜏𝜏

), (117)

where

𝐾
𝜇𝜇

≡ 𝑠
23
𝑐
23
(𝑒

−𝑖𝛿
𝐴
2̃ 3̃

+ 𝑒
𝑖𝛿
𝐴
3̃2̃
) ,

𝐾
𝜇𝜏

≡ 𝑐
2

23
𝑒
−𝑖𝛿

𝐴
2̃ 3̃

− 𝑠
2

23
𝑒
𝑖𝛿
𝐴
3̃2̃
,

𝐾
𝜏𝜇

= 𝐾
𝜇𝜏
(𝛿 󳨀→ −𝛿, 2̃ ←→ 3̃) ,

𝐾
𝜏𝜏

= −𝐾
𝜇𝜇
.

(118)

The scheme of transitions is shown in Figure 7. There is
certain hierarchy of the amplitudes which can be obtained
immediately from the form of the Hamiltonian in the propa-
gation basis (29):

𝐴
𝑒3̃
, 𝐴

3̃𝑒
∼ 𝑠

13
,

𝐴
𝑒2̃
, 𝐴

2̃𝑒
∼ 𝑟

Δ
∼ 𝑠

2

13
,

𝐴
3̃2̃
, 𝐴

2̃3̃
∼ 𝑠

13
𝑟
Δ
∼ 𝑠

3

13
,

(119)
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that is, 𝐴
2̃3̃

and 𝐴
3̃2̃

are the smallest amplitudes. In the
propagation basis there is no fundamental CP or T violation.
Therefore for a symmetric density profile with respect to the
middle point of trajectory (as in the case of the Earth) the
neutrino evolution is T invariant which yields

𝐴
2̃𝑒
= 𝐴

𝑒2̃
,

𝐴
3̃𝑒
= 𝐴

𝑒3̃
,

𝐴
3̃2̃

= 𝐴
2̃ 3̃
.

(120)

Consequently, for𝐾
𝛼𝛽

we obtain

𝐾
𝜇𝜏

= 𝐴
2̃ 3̃

(cos 2𝜃
23
cos 𝛿 − 𝑖 sin 𝛿) ,

𝐾
𝜏𝜇

= 𝐾
𝜇𝜏
(𝛿 󳨀→ −𝛿) ,

𝐾
𝜇𝜇

= −𝐾
𝜏𝜏

= 𝐴
2̃ 3̃

sin 2𝜃
23
cos 𝛿.

(121)

These terms proportional to small amplitudes 𝐴
2̃ 3̃

and 𝐴
3̃2̃

are of the order 𝑂(𝑠2
13
).

For a symmetric density profile, from (117), (120), and
(121) one finds for the probabilities 𝑃

𝛼𝛽
≡ |𝑆

𝛽𝛼
|
2:

𝑃
𝑒𝑒
=
󵄨󵄨󵄨󵄨𝐴𝑒𝑒

󵄨󵄨󵄨󵄨
2

= 1 −
󵄨󵄨󵄨󵄨𝐴𝑒2̃

󵄨󵄨󵄨󵄨
2

−
󵄨󵄨󵄨󵄨𝐴𝑒3̃

󵄨󵄨󵄨󵄨
2

, (122)

𝑃
𝜇𝑒

= 𝑐
2

23

󵄨󵄨󵄨󵄨𝐴𝑒2̃

󵄨󵄨󵄨󵄨
2

+ 𝑠
2

23

󵄨󵄨󵄨󵄨𝐴𝑒3̃

󵄨󵄨󵄨󵄨
2

+ 2𝑠
23
𝑐
23
Re (𝑒−𝑖𝛿𝐴∗

𝑒2̃
𝐴
𝑒3̃
) ,

(123)

𝑃
𝜏𝑒
= 𝑠

2

23

󵄨󵄨󵄨󵄨𝐴𝑒2̃

󵄨󵄨󵄨󵄨
2

+ 𝑐
2

23

󵄨󵄨󵄨󵄨𝐴𝑒3̃

󵄨󵄨󵄨󵄨
2

− 2𝑠
23
𝑐
23
Re (𝑒−𝑖𝛿𝐴∗

𝑒2̃
𝐴
𝑒3̃
) ,

(124)

𝑃
𝜇𝜇

=
󵄨󵄨󵄨󵄨󵄨
𝑐
2

23
𝐴
2̃ 2̃

+ 𝑠
2

23
𝐴
3̃ 3̃

+2𝑠
23
𝑐
23
cos 𝛿𝐴

2̃ 3̃

󵄨󵄨󵄨󵄨
2

,

(125)

𝑃
𝜇𝜏

=
󵄨󵄨󵄨󵄨𝑠23𝑐23 (𝐴 3̃ 3̃

− 𝐴
2̃ 2̃
)

+ (cos 2𝜃
23
cos 𝛿 + 𝑖 sin 𝛿)𝐴

2̃ 3̃

󵄨󵄨󵄨󵄨
2

.

(126)

For antineutrinos the amplitudes can be obtained from the
results presented above substituting

𝛿 󳨀→ −𝛿, 𝐴
𝑖𝑗
󳨀→ 𝐴

𝑖𝑗
,

where 𝐴
𝑖𝑗
≡ 𝐴

𝑖𝑗
(𝑉 󳨀→ −𝑉) .

(127)

Notice that the amplitudes of transitions (123) and (124),
that involve ]

𝑒
, are given by linear combinations of two

propagation-basis amplitudes. The other flavor amplitudes
depend on three propagation-basis amplitudes.

3.13.2. Factorization Approximation and Amplitudes for Con-
stant Density. As follows immediately from the form of the
Hamiltonian 𝐻̃ in (29), in the limitsΔ𝑚2

21
→ 0 or/and 𝑠

12
→

0 the state ]̃
2
decouples from the rest of the system, and

consequently, the amplitude 𝐴
𝑒2̃
vanishes. In this limit, 𝐴

𝑒3̃

(as well as 𝐴
3̃ 3̃

and 𝑆
𝑒𝑒
) is reduced to a 2] amplitude which

depends on the parameters Δ𝑚2

31
and 𝜃

13
: 𝐴

𝐴
(Δ𝑚

2

31
, 𝜃

13
) ≡

𝐴
𝑒3̃
(Δ𝑚

2

21
= 0). The corresponding probability equals 𝑃

𝐴
≡

|𝐴
𝐴
|
2.
In the limit 𝑠

13
→ 0 the state ]̃

3
decouples while

the amplitude 𝐴
𝑒3̃

vanishes and the amplitude 𝐴
𝑒2̃

reduces
to a 2] amplitude depending on the parameters of the 1-2
sector, Δ𝑚2

21
and 𝜃

12
. Denoting this amplitude by𝐴

𝑆
we have

𝐴
𝑆
(Δ𝑚

2

21
, 𝜃

12
) ≡ 𝐴

𝑒2̃
(𝜃

13
= 0). We will use the notation

𝑃
𝑆
≡ |𝐴

𝑆
|
2.

This consideration implies that to the leading nontrivial
order in the small parameters 𝑠

13
and 𝑟

Δ
the amplitudes 𝐴

𝑒2̃

and𝐴
2̃𝑒
are reduced to two neutrino probabilities and depend

only on the “solar” parameters, whereas the amplitudes 𝐴
𝑒3̃

and 𝐴
3̃𝑒
only on the “atmospheric” parameters:

𝐴
𝑒2̃
≃ 𝐴

2̃𝑒
≃ 𝐴

𝑆
(Δ𝑚

2

21
, 𝜃

12
) ,

𝐴
𝑒3̃
≃ 𝐴

3̃𝑒
≃ 𝐴

𝐴
(Δ𝑚

2

31
, 𝜃

13
) .

(128)

The approximate equalities in (128) are called the factoriza-
tion approximation.

Due to the level crossing phenomenon the factorization
approximation (128) is not valid in the energy range of the
1–3 resonance where the 1–3 mixing in matter is enhanced.
In the case of a matter with an arbitrary density profile,
one can show, using simple power counting arguments, that
the corrections to the factorization approximation for the
amplitude 𝐴

𝑒2̃
are of order 𝑠2

13
, whereas the corrections to

the “atmospheric” amplitude 𝐴
𝑒3̃

are of order 𝑟
Δ
[49], in

agreement with our consideration for constant density. The
amplitude 𝐴

𝑒3̃
does not in general have a 2-flavor form, once

the corrections to the factorization approximation are taken
into account.

Using the expressions for 𝑈
𝑚

𝑒𝑖
and 𝑈

𝑚

𝜇𝑖
in terms of the

mixing angles in the standard parametrization,we can rewrite
(67) as

𝑆
cst
𝑒𝜇

= cos 𝜃𝑚
23
𝐴

cst
𝑒2̃

+ sin 𝜃𝑚
23
𝑒
−𝑖𝛿
𝑚

𝐴
cst
𝑒3̃
, (129)

where

𝐴
cst
𝑒2̃

≡ −𝑖𝑒
𝑖𝜙
𝑚

21 cos 𝜃𝑚
13
sin 2𝜃𝑚

12
sin𝜙𝑚

21
,

𝐴
cst
𝑒3̃

≡ −𝑖𝑒
𝑖𝜙
𝑚

21 sin 2𝜃𝑚
13
[sin𝜙𝑚

32
𝑒
−𝑖𝜙
𝑚

31 + cos2𝜃𝑚
12
sin𝜙𝑚

21
] .

(130)

Here 𝜙𝑚
31

= 𝜙
𝑚

32
+𝜙

𝑚

21
. Since to a good approximation 𝜃𝑚

23
≈ 𝜃

23

and 𝛿𝑚 ≈ 𝛿 (see Section 2.5) [20, 50], the amplitudes𝐴cst
𝑒2̃
and

𝐴
cst
e3̃ can be identified with 𝐴

𝑒2̃
and 𝐴

𝑒3̃
in (123) and (124).

In terms of mixing angles, 𝑈𝑚

𝜇1
= −𝑠

𝑚

12
𝑐
𝑚

23
− 𝑐

𝑚

12
𝑠
𝑚

13
𝑠
𝑚

23
𝑒
𝑖𝛿
𝑚

,
𝑈
𝑚

𝜇3
= 𝑐

𝑚

13
𝑠
𝑚

23
, the amplitude 𝑆cst

𝜇𝜇
can be rewritten as

𝑆
cst
𝜇𝜇

= cos2𝜃𝑚
23
𝐴

cst
2̃ 2̃

+ sin2𝜃𝑚
23
𝐴

cst
3̃ 3̃

+ sin 2𝜃𝑚
23
cos 𝛿𝑚𝐴cst

2̃ 3̃
,

(131)
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𝑣𝑒 𝑣𝑒 𝑣𝑒 𝑣𝑒

𝐴𝑒2
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𝑣2 𝑣2

Figure 7: Scheme of transitions between the flavor states. Evolution is considered in the propagation basis ]̃. The lines which connect the
flavor states and the propagation-basis states indicated projection of one basis onto another. The lines connecting the states of propagation
basis ]̃ show transitions between them.

where

𝐴
cst
2̃ 2̃

≡ 1 + 2𝑖𝑒
𝑖𝜙
𝑚

21sin2𝜃𝑚
12
sin𝜙𝑚

21
,

𝐴
cst
3̃ 3̃

≡ 1 − 2𝑖𝑒
−𝑖𝜙
𝑚

32cos2𝜃𝑚
13
sin𝜙𝑚

32

+ 2𝑖𝑒
𝑖𝜙
𝑚

21sin2𝜃𝑚
13
cos2𝜃𝑚

12
sin𝜙𝑚

21
,

𝐴
cst
2̃ 3̃

≡ 𝑖𝑒
𝑖𝜙
𝑚

21 sin 𝜃𝑚
13
sin 2𝜃𝑚

12
sin𝜙𝑚

21
.

(132)

Notice that 𝐴cst
2̃ 2̃

has exactly the form of the corresponding
2] amplitude driven by the solar parameters. The amplitude
𝐴

cst
3̃ 3̃

also coincides to a very good approximation with
the corresponding 2] amplitude driven by the atmospheric
parameters. In the approximation 𝜃

𝑚

23
≈ 𝜃

23
and 𝛿

𝑚
≈ 𝛿

the amplitudes (132) can be identified with the corresponding
amplitudes in the propagation basis.

3.13.3. Properties of the Flavor Oscillation Probabilities

(1) ]
𝑒
-]
𝑒
channel: the total probability of the ]

𝑒
disappear-

ance equals

1 − 𝑃
𝑒𝑒
= 𝑃

𝑒𝜇
+ 𝑃

𝑒𝜏
= 𝑃

𝑒2̃
+ 𝑃

𝑒3̃
. (133)

The probability 𝑃
𝑒𝑒

does not depend on the CP-
violating phase and the 2-3 mixing in the standard
parametrization. The interference of the solar and
atmospheric modes in 𝑃

𝑒𝑒
originates mainly from

𝑃
𝑒3̃

≡ |𝐴
𝑒3̃
|
2. The survival probability then equals

𝑃
𝑒𝑒
= 1−𝑃

𝑒𝜇
−𝑃

𝑒𝜏
= 1−𝑃

𝐴
−𝑃

𝑆
. At high energies, where

the effects of the 1-2mixing andmass splitting in𝑃 are
suppressed, the probability is 𝑃

𝑒𝑒
≈ 1 − 𝑃

𝑒𝜏
≈ 1 − 𝑃

𝐴
.

(2) ]
𝑒
-]
𝜇
and ]

𝑒
-]
𝜏
channels: the transition probability

𝑃
𝜇𝑒

≡ 𝑃(]
𝜇
→ ]

𝑒
) (see (123)) can be rewritten as

𝑃
𝜇𝑒

= 𝑐
2

23

󵄨󵄨󵄨󵄨𝐴𝑒2̃

󵄨󵄨󵄨󵄨
2

+ 𝑠
2

23

󵄨󵄨󵄨󵄨𝐴𝑒3̃

󵄨󵄨󵄨󵄨
2

+ sin 2𝜃
23

󵄨󵄨󵄨󵄨𝐴
∗

𝑒2̃
𝐴
𝑒3̃

󵄨󵄨󵄨󵄨 cos (𝜙 − 𝛿) ,

(134)

where𝜙 ≡ arg(𝐴∗

𝑒2̃
𝐴
𝑒3̃
). Unlike 1−𝑃

𝑒𝑒
, this probability

contains the interference term between 𝐴
𝑒2̃
and 𝐴

𝑒3̃

which depends on the CP violation phase. Since the
amplitude 𝐴

𝑒2̃
is suppressed at high energies due to

the smallness of the 1-2mixing inmatter, in the lowest
approximation we have

𝑃
𝜇𝑒

≈ sin2𝜃
23

󵄨󵄨󵄨󵄨𝐴𝑒3̃

󵄨󵄨󵄨󵄨
2

≈ sin2𝜃
23

󵄨󵄨󵄨󵄨𝐴𝐴

󵄨󵄨󵄨󵄨
2

. (135)

Themaximal value of the probability equals 𝑃
𝜇𝑒

≃ 𝑠
2

23
.

According to (123) and (124) the oscillation probabili-
ties 𝑃

𝜏𝑒
and 𝑃

𝑒𝜏
can be obtained from the correspond-

ing probabilities 𝑃
𝜇𝑒
and 𝑃

𝑒𝜇
through the substitution

𝑠
23

→ 𝑐
23
, 𝑐

23
→ −𝑠

23
[51]. The interference term

has the opposite signs for channels including ]
𝜏
as

compared with those with ]
𝜇
, which can be obtained

from the unitarity condition 𝑃
𝑒𝑒
+ 𝑃

𝜇𝑒
+ 𝑃

𝜏𝑒
= 1 and

the fact that 𝑃
𝑒𝑒
does not depend on 𝛿.

(3) The ]
𝜇
survival probability,𝑃

𝜇𝜇
, for symmetric density

profiles, (125), can be rewritten as

𝑃
𝜇𝜇

=
󵄨󵄨󵄨󵄨󵄨
𝑐
2

23
𝐴
2̃ 2̃

+ 𝑠
2

23
𝐴
3̃ 3̃

󵄨󵄨󵄨󵄨󵄨

2

+ 2 sin 2𝜃
23
cos 𝛿 Re [𝐴∗

2̃ 3̃
(𝑐

2

23
𝐴
2̃2̃
+ 𝑠

2

23
𝐴
3̃ 3̃
)]

+ sin22𝜃
23
cos2𝛿󵄨󵄨󵄨󵄨𝐴 2̃ 3̃

󵄨󵄨󵄨󵄨
2

.

(136)

Since 𝐴
2̃ 3̃

= O(𝑟
Δ
𝑠
13
) is a small quantity, to a good

approximation one can neglect the term ∼ cos2𝛿
in (125), which is proportional to |𝐴

2̃ 3̃
|
2. For high

energies in the limit Δ𝑚2

21
→ 0 we have 𝐴

2̃ 2̃
= 1,

𝐴
2̃ 3̃

= 0. Then, parameterizing the 33-amplitude as
𝐴
3̃3̃

= √1 − 𝑃
𝐴
𝑒
−𝑖𝜙
𝑚

3̃ 3̃ we obtain from (136)

𝑃
𝜇𝜇

(Δ𝑚
2

21
= 0)

= 1 − sin22𝜃
23
sin2𝜙

𝑥
− 𝑠

4

23
𝑃
𝐴

− 0.5 sin22𝜃
23
cos 2𝜙

𝑋
(1 − √1 − 𝑃

𝐴
) ,

(137)

where 𝜙
𝑋

= 0.5 arg[𝐴∗

3̃3̃
𝐴
2̃2̃
] = 𝜙

𝑚

2̃2̃
− 𝜙

𝑚

3̃3̃
. The

probability can be rewritten as

𝑃
𝜇𝜇

= 1 − 0.5 sin22𝜃
23
− 𝑠

4

23
𝑃
𝐴

+ 0.5 sin22𝜃
23
(√1 − 𝑃

𝐴
) cos 2𝜙

𝑋
.

(138)
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(4) ]
𝜇
-]
𝜏
channel: for symmetric matter density profiles

the probability of ]
𝜇

→ ]
𝜏
oscillations is given in

(126). It can be rewritten as

𝑃
𝜇𝜏

=
1

4
sin22𝜃

23

󵄨󵄨󵄨󵄨𝐴 2̃2̃
− 𝐴

3̃3̃

󵄨󵄨󵄨󵄨
2

+ sin 2𝜃
23
cos 2𝜃

23
cos 𝛿 Re [(𝐴∗

3̃ 3̃
− 𝐴

∗

2̃ 2̃
) 𝐴

2̃3̃
]

− sin 2𝜃
23
sin 𝛿 Im [𝐴

∗

𝑒2̃
𝐴
𝑒3̃
]

+ (1 − sin22𝜃
23
cos2𝛿) 󵄨󵄨󵄨󵄨𝐴 2̃3̃

󵄨󵄨󵄨󵄨
2

.

(139)

The amplitude depends on 𝛿 through the terms proportional
to cos 𝛿 and sin 𝛿, and therefore 𝑃

𝜇𝜏
contains both CP- and

T-even and -odd terms. One can show that the 𝛿-dependent
interference terms, which are proportional to sin 𝛿 and cos 𝛿,
satisfy the relation 𝑃

𝛿

𝜇𝜏
= −𝑃

𝛿

𝜇𝑒
− 𝑃

𝛿

𝜇𝜇
. In the limit Δ𝑚2

21
→ 0

we obtain

𝑃
𝜇𝜏

= 0.5 sin22𝜃
23
− 𝑠

2

23
𝑐
2

23
𝑃
𝐴

− 0.5 sin22𝜃
23
(√1 − 𝑃

𝐴
) cos 2𝜙

𝑋
.

(140)

4. Matter Effects and Determination
of Neutrino Mass Hierarchy

4.1. Propagation of Neutrinos through the Earth. Flavor
neutrino evolution in the Earth is essentially oscillations in
a multi-layer medium with slowly changing density in the
individual layers and sharp density change on the borders
of layers. For energies 𝐸 > 0.1GeV, possible short-scale
inhomogeneities of the matter distribution can be neglected
and the density profile experienced by neutrinos is symmetric
with respect to the midpoint of the trajectory:

𝑉 (𝑥) = 𝑉 (𝐿 − 𝑥) . (141)

Here 𝐿 = 2𝑅
⊕
| cos 𝜃

𝑧
| is the length of the trajectory inside

the Earth, 𝑅
⊕
= 6371 km is the Earth radius, and 𝜃

𝑧
is the

zenith angle related to the nadir angle as Θ] = 𝜋 − 𝜃
𝑧
. For

0 ≤ Θ] ≤ 33.1
∘ neutrinos cross both the mantle and the core

of the Earth, whereas for larger values of the nadir angle they
only cross the Earth’smantle.The column density of the Earth
along the diameter equals 𝑑Earth = ∫ 𝑛(𝑥)𝑑𝑥, which is bigger
than the minimal width; the size of the Earth is comparable
with the neutrino refraction length.

For the 1-2 channel, the adiabaticity is well satisfied for all
energies. We can therefore use the adiabatic approximation.
The results of the evolution are determined by the mixing
at the surface of the Earth and by the adiabatic phase. In
the 1–3 channel the adiabaticity is broken at the resonance.
Thus, the constant density approximation with the average
density works well in this regime. For energies below the
resonance the matter effect becomes small and the constant
density approximation and the adiabatic approximation give
very similar results.

For the core-crossing trajectories, the profile consists
of three layers in the first approximation: (i) mantle (with

increasing density), (ii) core (with a symmetric profile), and
(iii) second mantle layer (with decreasing density). This
second mantle layer is T-inverted with respect to the first.
In this approximation the profile can be considered as three
layers of constant effective densities. As such, it looks like a
part (1.5 period) of the castle wall profile. Consequently, the
parametric enhancement of oscillations, and in particular, the
parametric resonance can be realized.

4.1.1. Neutrino Oscillograms of the Earth. A comprehensive
description of effects of neutrino passage through the Earth
can be obtained in terms of neutrino oscillograms. The
oscillograms are defined as lines of equal probabilities (or
certain combinations of probabilities) in the 𝐸]-cos𝜃𝑧 plane.
In Figure 8, we show the oscillograms for the oscillation
probabilities 𝑃

𝑒𝜇
and 𝑃

𝜇𝜇
, as well as the corresponding

probabilities for antineutrinos [43, 46, 52–55].
The structure of the oscillograms is well defined and

unique and reflects the structure of the Earth as well as
the properties of the neutrinos themselves. In a sense, the
oscillograms are the neutrino images of the Earth. In contrast
to usual light, there are several different images in different
flavors as well as in neutrinos and antineutrinos.

The positions of all main structures of the oscillograms
are determined by different realizations of the amplitude
condition and the phase condition. These are generalizations
of the condition for maximal flavor transitions in the case of
vacuum oscillations or oscillation in uniform matter. Recall
that, in the latter case, 𝑃 = 1 requires

(i) sin22𝜃
𝑚

= 1, the amplitude condition, which is
nothing but the MSW resonance condition, and

(ii) 𝜙 = 𝜋/2 + 𝜋𝑘, the phase condition.

At 𝐸 > 1GeV the main structures of oscillograms are
generated by the 1–3 mixing. They include the following.

(1) The MSW resonance pattern (resonance enhance-
ment of the oscillations) for trajectories crossing only
the mantle, with the main peak at 𝐸] ∼ (5–7)GeV.
The position of the maximum is given by the MSW
resonance condition:

𝐸] = 𝐸
𝑅
(Θ]) =

Δ𝑚
2

31
cos 2𝜃

13

2𝑉
1
(Θ])

, (142)

where 𝑉
1
(Θ]) is the average value of the potential

along the trajectory characterized by Θ]. The phase
condition becomes 2𝜙(𝐸], Θ]) = 2𝜔(𝑉, 𝐸])𝐿(Θ]) = 𝜋

and the intersection of the resonance and the phase
condition lines gives the absolute maximum of 𝑃

𝐴
.

Combining these conditions gives the coordinates of
the peak: cosΘ] = 0.77 and 𝐸

𝑅
= 6GeV.

(2) Three parametric ridges in the domain of core-
crossing trajectories | cos 𝜃

𝑧
| > 0.87 and 𝐸] > 3GeV.

The parametric ridges differ by the oscillation phase
acquired in the core, 𝜙

2
.
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Figure 8: Neutrino oscillograms of the Earth. Shown are the lines of equal flavor conversion probability in the 𝐸]-cosΘ] plane. Upper panels:
]
𝑒
→ ]

𝜇
(left) and ]

𝑒
→ ]

𝜇
(right); bottom panels: ]

𝜇
→ ]

𝜇
(left) and ]

𝜇
→ ]

𝜇
(right). Normal hierarchy is assumed.

(i) Ridge A lies between the core resonance (atΘ] ∼

0
∘) and the mantle resonance regions, 𝐸] ≈ 3–
6GeV. The phase in the core is 𝜙

2
≲ 𝜋. This

ridge merges with the MSW resonance peak in
the mantle.

(ii) Ridge B is situated at 𝐸] ≥ 5GeV. For the lowest
energies in the ridge andΘ] ∼ 0, the half phase
in the core equals 𝜙

2
∼ (1.2-1.3)𝜋.

(iii) Ridge C is located at 𝐸] > 11GeV in the matter
dominated region, where the mixing and, con-
sequently, oscillation depth are suppressed.

(3) The MSW resonance peak in core located at 𝐸] ∼

2.5–2.8GeV.
(4) The regular oscillatory pattern at low energies with

“valleys” of zero probability and ridges in the mantle
domain and a more complicated pattern with local
maxima and saddle points in the core domain.

In Figure 9, we show graphic representations of oscilla-
tionswhich correspond to salient features of the oscillograms.

For energies 𝐸] < 1GeV the main structures are induced
by the 1-2 mixing with small corrections due to 1–3 vacuum

oscillations. Neglecting effect of 𝜃
13
we have 1−𝑃

𝑒𝑒
= |𝐴

𝑒2̃
|
2
≡

𝑃
𝑆
. The probabilities of the modes including ]

𝑒
are expressed

in terms of a unique probability 𝑃
𝑆
.

The 1-2 pattern differs from the pattern for the 1–3 mixing
due to the large value of the 1-2 mixing.The oscillation length
at the resonance is smaller than that for the 1–3 mixing,
𝑙
𝑅

𝑚
= 𝑙]/ sin 2𝜃12 ∼ 𝑙]. The resonance energy is shifted to

smaller values both due to Δ𝑚
2

21
≪ Δ𝑚

2

31
and because of

the factor cos 2𝜃
12

≈ 0.4: 𝐸𝑅
12

= (Δ𝑚
2

21
/2𝑉) cos 2𝜃

12
. Here

𝑉 is the average value of the potential. The adiabaticity is
better satisfied than for the 1–3 mixing case and therefore
the oscillation probability in the mantle is determined by
the potential near the surface of the Earth 𝑉 averaged over
a distance of the order of the first oscillation length. The
oscillation length in matter 𝑙

𝑚
monotonically increases with

energy, approaching the refraction length 𝑙
0

≡ 2𝜋/𝑉 (c.f.
Figure 4). The jump of the mixing angle at the mantle-
core boundary is small. Thus, the sudden distortion of the
oscillation patterns at Θ] = 33

∘ is not as significant as it
is for the 1–3 mixing, in particular below the 1-2 resonance
energy. These features allow understanding the structure
of the oscillograms. In the mantle domain (Θ] > 33

∘)
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Figure 9: Graphic representation of transition in different points of oscillogram: peak due to MSW resonance in the mantle (left), peak
due to parametric enhancement of transition driven by 1–3 mixing (middle), and peak due to parametric enhancement of transition driven
by 1-2 mixing (right). In the left panel, neutrinos traverse only the mantle layer. In the right panel, neutrinos traverse the mantle (red), the
core (green), and again the mantle (blue). The dashed lines correspond to the Hamiltonian vector H for the mantle (red) and core (green),
respectively.

the oscillation pattern for neutrinos is determined by the
resonance enhancement of oscillations.There are threeMSW
resonance peaks above 0.1GeV, which differ from each other
by value of the total oscillation phase. The outer peak (Θ] ≈

82
∘) corresponds to 𝜙 ≈ 𝜋/2, the middle (Θ] = 60

∘) to
𝜙 ≈ 3𝜋/2, and the inner (Θ] ≈ 40

∘) to 𝜙 = 5𝜋/2. Recall
that such a large phase can be acquired due to the smaller
resonance oscillation length in comparison to that of the 1–3
mixing case, for which only one peak with 𝜙 = 𝜋/2 can be
realized. The resonance energy is given by (45), and for the
surface potential we find

𝐸
𝑅

12
≈ 0.12GeV. (143)

The ratio of the 1-2 and 1–3 resonance energies equals
𝐸
𝑅

12
/𝐸

𝑅

13
≈ 1/50. The estimate (143) is valid for the two outer

peaks. For the peak at Θ] = 40
∘, 𝑉 is larger and, accordingly,

the resonance energy is slightly smaller. The width of the
1-2 resonance is large and therefore the regions of sizable
oscillation probability are more extended in the 𝐸] direction
as compared to the oscillations governed by the 1–3 mixing
and splitting.

The resonance energy in the core is 𝐸
𝑅

12
≈ 0.04GeV.

Therefore for 𝐸] > (0.10–0.15)GeV the 1-2 mixing in the
core is substantially suppressed by matter. The peak at 𝐸] ≃

0.2GeV andΘ] ≃ 25
∘ is due to the parametric enhancement

of the oscillations. It corresponds to the realization of the
parametric resonance condition when the oscillation half
phases equal approximately 𝜙mantle ≈ 𝜋/2 and 𝜙core ≈ 3𝜋/2

(note that the total phase is ≈5𝜋/2 and this parametric ridge
is attached to the 5𝜋/2MSW peak in the mantle domain).

4.1.2. Oscillograms for the Inverted Mass Hierarchy. Themain
change compared to the normal hierarchy is that the 1–3
resonance structure now appears in the antineutrino channel.
The level crossing scheme is modified in comparison to NH.
In the neutrino channel there is only the 1-2 resonance.

In the approximation of Δ𝑚
2

21
= 0, the neutrino

oscillograms for the inverted hierarchy coincide with the
antineutrino oscillograms for the normal hierarchy and vice

versa, provided that Δ𝑚2

31
is taken to be the same in both

cases [56]: 𝑃𝐼𝐻
𝐴

= 𝑃
𝑁𝐻

𝐴
, 𝜙

𝐼𝐻

𝑋
= −𝜙

𝑁𝐻

𝑋
. Therefore 𝑃

𝐼𝐻

𝛼𝛽
=

𝑃
𝑁𝐻

𝛼𝛽
, 𝑃

𝐼𝐻

𝛼𝛽
= 𝑃

𝑁𝐻

𝛼𝛽
. The inclusion of the 1-2 mixing and mass

splitting breaks this symmetry.

4.2. CP Violation Effects

4.2.1. Interference and CP Violation. The survival probability
𝑃
𝑒𝑒

does not depend on the CP-violating phase 𝛿 neither
for oscillations in vacuum nor in matter [57, 58]. This is
the consequence of the facts that 𝛿 can be removed by
transforming to the propagation basis and that ]

𝑒
is not

affected by this transformation. For oscillations in vacuum,
or in matter with symmetric density profiles, the other two
survival probabilities, 𝑃

𝜇𝜇
and 𝑃

𝜏𝜏
, are T-even quantities

dependent on 𝛿 only through terms proportional to cos 𝛿 and
cos 2𝛿 [59]. In contrast to this, for oscillations in a matter
with nonsymmetric density profiles, these probabilities also
acquire terms proportional to sin 𝛿 and sin 2𝛿.

Introducing the phase 𝜙 ≡ arg(𝐴∗

𝑒2̃
𝐴
𝑒3̃
) and omitting

small terms proportional to |𝐴
2̃ 3̃
|
2
= O(𝑠6

13
) we obtain

𝑃
𝛿

𝜇𝑒
= sin 2𝜃

23
cos (𝜙 − 𝛿)

󵄨󵄨󵄨󵄨𝐴𝑒2̃
𝐴
𝑒3̃

󵄨󵄨󵄨󵄨 , (144)

𝑃
𝛿

𝜇𝜇
= − sin 2𝜃

23
cos 𝛿 cos𝜙 󵄨󵄨󵄨󵄨𝐴𝑒2̃

𝐴
𝑒3̃

󵄨󵄨󵄨󵄨 − 𝐷
23
, (145)

𝑃
𝛿

𝜇𝜏
= − sin 2𝜃

23
sin 𝛿 sin𝜙 󵄨󵄨󵄨󵄨𝐴𝑒2̃

𝐴
𝑒3̃

󵄨󵄨󵄨󵄨 + 𝐷
23
, (146)

where 𝐷
23

≡ (1/2) sin 4𝜃
23
cos 𝛿Re[𝐴∗

2̃ 3̃
(𝐴

3̃ 3̃
− 𝐴

2̃ 2̃
)] is

proportional to the small deviation of the 2-3 mixing from
maximal one. Notice that 𝐷

23
enters 𝑃

𝛿

𝜇𝜇
and 𝑃

𝛿

𝜇𝜏
with

opposite signs while 𝑃𝛿
𝜇𝑒

does not depend on 𝐷
23

at all. 𝐷
23

is CP even. The sum of these interference terms is zero.
For the other channels, 𝑃𝛿

𝛼𝛽
= 𝑃

−𝛿

𝛽𝛼
. For antineutrinos,

according to (127), the probabilities have the same form as
the corresponding probabilities derived abovewith a changed
sign of 𝛿 and the amplitudes computed with the opposite
sign of the potential. Thus, the 𝛿-dependent parts in all the
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channels are expressed in terms of two combinations of the
propagation-basis amplitudes, |𝐴

𝑒2̃
𝐴
𝑒3̃
| and𝐷

23
.

4.2.2.Magic Lines andCPDomains. To better assess the effect
of 𝛿, one can consider the difference of the oscillation prob-
abilities for two different values of the CP phase Δ𝑃CP

𝛼𝛽
(𝛿) ≡

𝑃
𝛼𝛽
(𝛿)−𝑃

𝛼𝛽
(𝛿

0
). In practice, this quantifies howwell the phase

𝛿 fits with some assumed true value 𝛿
0
. The structure of the

oscillograms for Δ𝑃CP
𝛼𝛽

(𝛿) can be understood in terms of the
grids of magic lines and interference phase lines along which
Δ𝑃

CP
𝛼𝛽

(𝛿) ≈ 0.
For the ]

𝜇
→ ]

𝑒
oscillation probability, the equality

Δ𝑃
CP
𝜇𝑒

(𝛿) ≡ 𝑃
𝜇𝑒
(𝛿) − 𝑃

𝜇𝑒
(𝛿

0
)

= 𝑃
𝛿

𝜇𝑒
(𝛿) − 𝑃

𝛿

𝜇𝑒
(𝛿

0
)

(147)

is exact and the condition Δ𝑃
CP
𝜇𝑒

= 0 is equivalent to

󵄨󵄨󵄨󵄨𝐴𝑒2̃
𝐴
𝑒3̃

󵄨󵄨󵄨󵄨 cos (𝜙 − 𝛿)

=
󵄨󵄨󵄨󵄨𝐴𝑒2̃

𝐴
𝑒3̃

󵄨󵄨󵄨󵄨 cos (𝜙 − 𝛿
0
) .

(148)

This equality is satisfied if at least one of the following three
conditions is fulfilled:

𝐴
𝑒2̃
(𝐸], Θ]) = 0,

𝐴
𝑒3̃
(𝐸], Θ]) = 0,

𝜙 (𝐸], Θ]) − 𝛿
0
= − [𝜙 (𝐸], Θ]) − 𝛿] + 2𝜋𝑙.

(149)

The last condition implies

𝜙 (𝐸], Θ]) =
(𝛿 + 𝛿

0
)

2
+ 𝜋𝑙. (150)

Under the conditions (149), the equality (148) is satisfied
identically for all values of 𝛿. In these cases the transition
probability does not depend on the CP phase. Since the
amplitudes 𝐴

𝑒2̃
and 𝐴

𝑒3̃
are complex quantities, these con-

ditions can be satisfied in isolated points of the (Θ], 𝐸]) plane
only. In contrast to this, in the factorization approximation
𝐴
𝑒2̃

= 𝐴
𝑆
and 𝐴

𝑒3̃
= 𝐴

𝐴
both the conditions are

fulfilled along certain lines in the oscillograms. This occurs
because the amplitudes 𝐴

𝑆
and 𝐴

𝐴
take a 2-flavor form.

On the basis of neutrino states where the corresponding
2 × 2 Hamiltonians are traceless, both 𝐴

𝐴
and 𝐴

𝑆
are pure

imaginary because of the symmetry of the Earth’s density
profile [47].

Let us consider the equalities 𝐴
𝑆
= 0 and 𝐴

𝐴
= 0 using

the constant density approximation.

(1) The condition 𝐴
𝑆
(𝐸], Θ]) = 0 is satisfied when

sin𝜙
𝑆
(𝐸], Θ]) = 0, which leads to

𝐿 (Θ]) ≈
2𝜋𝑛

𝜔𝑚

21

, 𝑛 = 1, 2, . . . . (151)

At energies 𝐸] ≳ 0.5GeV which are much higher
than the 1-2 mixing MSW resonance in the mantle
and in the core of the Earth one has 𝜔𝑚

21
≈ 𝑉 and the

condition (151) becomes

𝐿 (Θ]) ≃
2𝜋𝑛

𝑉
. (152)

This expression is energy independent and deter-
mines the baselines for which the “solar” contribution
to the probability vanishes [61]. In the plane (Θ], 𝐸])

it represents nearly vertical lines at fixedΘ].There are
three solar magic lines which correspond to 𝑛 = 1 (in
the mantle domain) Θ] ≈ 54

∘ and 𝑛 = 2, 3 (in the
core domain) [61] Θ] ≈ 30

∘ and 12
∘. The existence of

a baseline (𝐿 ≈ 7600 km) for which the probability
of ]

𝑒
↔ ]

𝜇
oscillations in the Earth is approximately

independent of the “solar” parameters (Δ𝑚2

21
, 𝜃

12
) and

of theCPphase𝛿was first pointed out in [62] and later
discussed in, for example, [61, 63–68]. This baseline
was dubbed “magic” in [63].

(2) The atmospheric magic lines are determined by the
condition 𝐴

𝐴
(𝐸], Θ]) = 0 [61]. Along these lines,

the “atmospheric” contribution to the amplitudes of
]
𝜇

↔ ]
𝑒
and ]

𝜏
↔ ]

𝑒
transitions vanishes and

the probabilities of oscillations involving ]
𝑒
or ]

𝑒
do

not depend on CP phase. In the constant density
approximation, the condition 𝐴

𝐴
= 0 is satisfied

when sin𝜙
𝐴
= 0 (𝜙

𝐴
= 𝜋𝑘, 𝑘 = 1, 2, . . .) or explicitly

𝐿 (Θ]) ≈
2𝜋𝑘

𝜔𝑚

31

, 𝑘 = 1, 2, . . . . (153)

For energies which are not too close to the 1–3 MSW
resonance, it reduces to

𝐸] ≃
Δ𝑚

2

31
𝐿 (Θ])

󵄨󵄨󵄨󵄨4𝜋𝑘 ± 2𝑉𝐿 (Θ])
󵄨󵄨󵄨󵄨

, (154)

which corresponds to the bent curves in the (Θ], 𝐸])

plane. For very large energies, where Δ𝑚2

31
/2𝐸 ≪ 𝑉,

the atmospheric lines approach the same vertical lines
as the solar magic lines (152).

(3) The condition (150) determines the interference phase
lines in the (Θ], 𝐸]) plane. In the constant density
approximation 𝜙 ≈ −𝜙

𝑚

31
. Consequently in the energy

range between the two resonances we have

𝜙
𝑚

31
≈
Δ𝑚

2

31
𝐿

4𝐸]

= 𝜙
0

𝐴
, (155)
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Figure 10: Oscillograms for the difference of probabilities Δ𝑃CP
𝜇𝑒

(𝛿) = 𝑃
𝜇𝑒
(𝛿) − 𝑃

𝜇𝑒
(𝛿

0
) with 𝛿

0
= 0

∘. Shown are the solar (black), atmospheric
(white), and interference phase condition (cyan) curves from [60].

that is, in the first approximation 𝜙 does not depend
on the matter density. From (150) we then obtain

𝐸] =
Δ𝑚

2

31
𝐿 (Θ])

4𝜋𝑙 − 2 (𝛿 + 𝛿
0
)
. (156)

Thus, in the factorization approximation, the conditions
(149) and (150) define three sets of lines (grid of magic lines)
in the oscillograms (see Figure 10), which play crucial roles in
understanding the CP violation effects. Along the lines, the
probabilities 𝑃

𝜇𝑒
, 𝑃

𝑒𝜇
, 𝑃

𝜏𝑒
, and 𝑃

𝑒𝜏
do not depend on the CP

phase in the first order approximation.Theother probabilities
depend on the phase weakly.

From Figure 10, we can see that the magic lines described
above do not coincide exactly with the lines of Δ𝑃CP

𝜇𝑒
= 0

which bound the CP-domains. Furthermore, interconnec-
tions of the latter occur. This is due to the breakdown of the
factorization approximation.

4.3. Determination of Hierarchy with Accelerator Experiments.
An accelerator neutrino experiment has a fixed baseline
which corresponds to a vertical line with the length deter-
mined by the available energy spectrum. In the oscillogram
of Figure 11 we have included such lines for a handful of

accelerator experiments. Furthermore, this energy spectrum
is usually peaked at certain energy (or narrow energy range)
resulting in the experiment being most sensitive to the
oscillation probability at that specific energy. An accelerator
neutrino experiment would typically run for several years
in neutrinos or antineutrinos before switching polarity and
therefore getting information both on 𝑃

𝛼𝛽
and 𝑃

𝛼𝛽
. The goal

of such a search is to observe in which channel the oscillation
probability is suppressed and in which it is enhanced. If
a neutrino experiment could run at energy similar to the
resonant one and at a baseline of several thousand kilometers,
then this determination would be quite simple. However,
as can be seen from the oscillogram, accelerator neutrino
experiments are confined to relatively shallow trajectories
with rather poor oscillatory pattern, and this severely limits
their capabilities leading to various degeneracies. In partic-
ular, lack of knowledge of the mass hierarchy is part of the
famous eightfold degeneracy, which arises as follows. Assume
wehave access to the values of oscillation probabilities𝑃

𝜇𝑒
and

𝑃
𝜇𝑒
at a given baseline 𝐿 and energy 𝐸 only. Then there exist

three types of ambiguities that give rise to the same values
of the probabilities in different parts of the parameter space
(mixing angles, CP phase, and signs of mass differences).
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Figure 11: Physics reach of the accelerator and atmospheric neutrino experiments. Shown are areas in the oscillogram for ]
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channel

which can be covered by different accelerator (vertical sections) and atmospheric neutrino experiments (sensitive to the area above the
corresponding horizontal lines).

(1) Sign (hierarchy) degeneracy: this is the degeneracy due
to the unknown neutrino mass hierarchy. Changing
the mass hierarchy, it is often possible to find a point
in parameter space that predicts the same oscillation
probabilities.

(2) Intrinsic (𝜃
13
, 𝛿) degeneracy: for any combination of

(𝜃
13
, 𝛿), there exists a different combination (𝜃̂

13
, 𝛿̂)

that also predicts the same oscillation probabilities.

(3) Octant (𝜃
23
) degeneracy: changing the octant of 𝜃

23

also leads to a degeneracy due to 𝜇-𝜏 symmetry. If 𝜃
23

is close to maximal, the effects of this degeneracy are
less pronounced.

Since each of these degeneracies is twofold, an overall
degeneracy is eightfold: 23 = 8. The first two of these
degeneracies can be illustrated in a biprobability plot of
Figure 12. As follows from this figure, even if both the
probabilities (for a given neutrino energy) are known with
infinite accuracy, we cannot identify the hierarchy within the
pink region.

For known mass hierarchy (e.g., normal one) a given
value of 𝜃

13
fixes ellipse in the plot along which the CP phase

varies. Increasing 𝜃
13

moves the ellipse up and to the right
in the plot. Therefore for every point on an ellipse, there will
be another ellipse corresponding another value 𝜃prime

13
, which

crosses this point and therefore 𝜃prime
13

reproduces the same
oscillation probabilities. For example, in the left intersection
of the black andwhite ellipse (Figure 12) both combinations of
𝜃
13
and 𝛿 correspond to those precise oscillation probabilities

and there are also values of 𝜃
13

and 𝛿 that will reproduce
them in the inverted hierarchy. For the right intersection, the
intrinsic degeneracy is still present, while the sign degeneracy
is resolved. It should be remembered that this type of figure
is just an illustration. In real experiment the neutrino energy
spans over wide range, the oscillation probabilities would

not be exactly known, and strictly this type of consideration
becomes invalid.

In order to see how these degeneracies manifest them-
selves in an experimental setup, we show the oscillation prob-
ability 𝑃

𝜇𝑒
as a function of the baseline length in Figure 13.

While the 295 km baseline is too short for matter effects to
be very significant, as the baseline increases matter effects
start being more and more important. In particular, when
the oscillation phase maximum occurs at an energy similar
to that of the matter resonance, as is the case of 7500 km
baseline, we can see the enhancement of the transition
probability in the neutrino channel for the normal hierarchy
and the suppression in the inverted. In a simple two-flavor
scenario, the amplitude of 𝑃

𝜇𝑒
at the resonance is one by

definition in the normal mass hierarchy case. At the same
time, the oscillation amplitude in the inverted hierarchy at the
same energy is given by

sin22𝜃̃ =
sin22𝜃

1 + 3cos22𝜃
≃
1

4
sin22𝜃, (157)

where the last equality holds for small 𝜃. On the other hand,
if the neutrino energy is far below the resonance in order
to accumulate a significant oscillation phase, such as in the
left and middle panels, then the oscillation amplitude will be
effectively given by

sin22𝜃̃ ≃ sin22𝜃 [1 + 4𝑉𝐸

Δ𝑚2
cos 2𝜃] . (158)

The reason that the 810 km baseline separates the hierarchies
better than the 295 km one is based mainly on the fact that
the oscillation maximum can be reached for higher energies
due to the longer baseline, and thus, the relative difference
between probabilities for the two hierarchies increases. Also
note that the oscillation probabilities for the 7500 kmbaseline
are not very dependent on the CP-violating phase 𝛿. This is
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Figure 12: Two different illustrations of parameter space degeneracies. Left panel: biprobability plot for 𝐿 = 295 km and 𝐸 = 0.65GeV.
The red band indicates the possible values of the probabilities for normal hierarchy, the blue for inverted, and the pink for the intersection
of the two. The black and white ellipses represent the possible values of the probabilities for two different fixed values of 𝜃
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. Right panel:
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(black) and 𝑃

𝜇𝑒
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and white ellipses in the left panel (with the thick lines representing the upper left intersection). The intersections are where the parameter
values reproduce the oscillation probabilities for both neutrinos and antineutrinos.
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due to the so-called magic baseline effect, which has been
discussed before.

In order to successfully determine the neutrinomass hier-
archy in a single accelerator experiment, two conditions are
of major importance. (1) The baseline must be long enough
to allow for a significant value of 𝑉𝐸 in order to separate
the neutrino and antineutrino oscillation probabilities. To
separate the mass hierarchy determination from the effects
of the CP phase, this separation must be large enough to
avoid overlap of the probabilities within the experimental
uncertainties. (2) The statistics must be high enough and the
systematics low enough in order to make the split statistically
significant. The literature contains several proposals for long
baseline experiments with baselines of several thousands of

kilometers in order to satisfy these conditions. However, as
we will discuss later, the large value of 𝜃

13
also provides

us with an opportunity to pin down the value of 𝛿. Such
measurements require the presence of interference terms
which will be small at the very long baselines, and instead
medium long baselines around 1000 km, such as the 810 km
baseline shown in Figure 13, may be preferable due to the
significant 𝛿 dependence of probabilities.

4.3.1. CP Violation Effects and the Mass Hierarchy. Figure 13
shows a significant dependence of the probabilities on theCP-
violating phase 𝛿, especially at small baselines. We are mainly
interested in the oscillation probability at the first or second
oscillation maximum, where an experiment would typically
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be placed. In these baselines𝐿 the ]
𝜇
-]
𝑒
oscillation probability

(the “golden channel”) can be expanded in the small quantity
Δ𝑚

2

21
𝐿/2𝐸 which gives [69]

𝑃
𝑒𝜇

≈ 𝑠
2

23
𝑃
2𝑓

+ 𝑐
13
sin 2𝜃

13
sin 2𝜃

12
sin 2𝜃

23

Δ𝑚
2

21

2𝐸𝑉

× sin(𝑉𝐿
2
) sin(

Δ𝑚
2

31
𝐿

4𝐸
) cos(𝛿 −

Δ𝑚
2

31
𝐿

4𝐸
) ,

(159)

where 𝑃2𝑓 is the two-flavor oscillation probability discussed
earlier. In (159) we have neglected terms of the second (and
higher) order in Δ𝑚

2

21
𝐿/2𝐸 (while the first neglected term

is not suppressed by 𝜃
13
, for the value of 𝜃

13
measured by

reactor experiments the suppression by the solar mass square
splitting is about 6 times stronger) as well as the matter effect
on Δ𝑚

2

31
. It is the second term that is responsible for creating

the band of different oscillation probabilities displayed in
Figure 13, and hence, for creating the sign degeneracy in
accelerator neutrino experiments. The appearance of the
sin(𝑉𝐿/2) term is an inheritance from the magic baseline
oscillations and will vanish the 𝛿-dependent termwhen𝑉𝐿 =

2𝜋. Furthermore, we can observe that this term contains all
of themixing angles in the sameway as the Jarlskog invariant,
which is expected due to the CP dependence of the term.

4.4. Determination of Hierarchy with Atmospheric Neutrinos

4.4.1. Neutrino Fluxes. The original flux of atmospheric
neutrinos contains incoherent components of ]

𝑒
, ]

𝜇
and the

corresponding antineutrinos, while the original ]
𝜏
flux is

negligible. We introduce Φ0

𝑒
and Φ

0

𝜇
, the electron and muon

neutrino fluxes, as well as Φ
0

𝑒
and Φ

0

𝜇
, the electron and

muon antineutrino fluxes, at the detector in the absence of
oscillations. The flavor ratios

𝑟 ≡
Φ
0

𝜇

Φ0

𝑒

, 𝑟 ≡
Φ
0

𝜇

Φ
0

𝑒

(160)

increase with energy.
There is a mild neutrino-antineutrino asymmetry: the

neutrino flux Φ0

𝜇
/Φ

0

𝜇
≈ 0.8-0.9. All the fluxes (at 𝐸 > 1GeV)

decrease rapidly with energyΦ0

𝛼
∝ 𝐸

−𝑘, 𝑘 = 𝑘(𝐸) = 3–5, and
an azimuthal dependence shows up at low energies.

The flux of neutrinos of flavor ]
𝛼
at a detector, with

oscillations taken into account, is given by

Φ
𝛼
= Φ

0

𝑒
𝑃
𝑒𝛼
+ Φ

0

𝜇
𝑃
𝜇𝛼

= Φ
0

𝑒
[𝑃

𝑒𝛼
+ 𝑟 (𝐸,Θ]) 𝑃𝜇𝛼] , 𝛼 = 𝑒, 𝜇, 𝜏.

(161)

Similar expressions hold for the antineutrino fluxes. Inserting
the analytic expressions for the probabilities (122)–(126), one
finds

Φ
𝑒

Φ0

𝑒

= 1 + (𝑟𝑠
2

23
− 1) 𝑃

𝑒3̃
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,
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𝑟
𝑃
𝛿
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(162)

where 𝑃
𝑒3̃

≡ |𝐴
𝑒3̃
|
2 and 𝑃

𝑒2̃
≡ |𝐴

𝑒2̃
|
2 are defined in

Section 3.13. In the factorization approximation they corre-
spond to the atmospheric and solar oscillation modes. The
𝛿-dependent terms have been introduced in (144).

Using unitarity relations

󵄨󵄨󵄨󵄨𝐴 2̃ 2̃

󵄨󵄨󵄨󵄨
2

= 1 −
󵄨󵄨󵄨󵄨𝐴 2̃𝑒

󵄨󵄨󵄨󵄨
2

−
󵄨󵄨󵄨󵄨𝐴 2̃ 3̃

󵄨󵄨󵄨󵄨
2

≈ 1 −
󵄨󵄨󵄨󵄨𝐴 2̃𝑒

󵄨󵄨󵄨󵄨
2

= 1 − 𝑃
𝑒2̃
,

(163)

where the terms proportional to |𝐴
3̃2̃
|
2 have been neglected

we can approximate

Re (𝐴∗

2̃ 2̃
𝐴
3̃ 3̃
) ≈ √(1 − 𝑃

𝑒3̃
) (1 − 𝑃

𝑒2̃
) cos𝜓. (164)

Here 𝜓 ≡ arg𝐴
33
𝐴
∗

22
is the relative phase between the two

amplitudes. For the ]
𝑒
flux, we then obtain

Φ
𝑒

Φ0

𝑒

≈ 1 + (𝑟𝑠
2

23
− 1) 𝑃

𝑒3̃
+ (𝑟𝑐

2

23
− 1) 𝑃

𝑒2̃

+ 𝑟 sin 2𝜃
23
√𝑃

𝑒3̃
𝑃
𝑒2̃
cos (𝜙 − 𝛿) .

(165)

The oscillated fluxes satisfy the sum rule

Φ
𝑒
+ Φ

𝜇
+ Φ

𝜏
= Φ

0

𝑒
+ Φ

0

𝜇
, (166)

which simply reflects the unitarity of transitions and, conse-
quently, conservation of the total flux in oscillations.

The formulas (161) also show the screening effect. Terms
with oscillation probabilities driven by the 1-2 and 1–3
mixings appear with the “screening” factors [70, 71]: 𝑃

𝑒3̃
with

(𝑟𝑠
2

23
− 1) and 𝑃

𝑒2̃
with (𝑟𝑐

2

23
− 1). The contribution of the

“atmospheric mode” vanishes along the line 𝑟(𝐸, Θ]) = 1/𝑠
2

23
,

whereas the contribution of the “solar mode” vanishes along
𝑟(𝐸, Θ]) = 1/𝑐

2

23
. For maximal mixing both contributions

vanish along the same line, 𝑟(𝐸, Θ]) = 2. For the neutrino
energies above 0.1 GeV, 𝑟 > 1.8-1.9, and only one of these
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contributions can vanish for substantial deviation of the 2-
3 mixing from maximal: 𝑠2

23
or 𝑐2

23
< 0.45. Thus, both the

effects of 1-2 and 1–3 mixing turn out to be subleading and
the oscillation effects are well described by the first order
approximation of 2-3 vacuum oscillations.

In the ]
𝜇
flux, the contributions of the 1-2 and 1–3

modes are suppressed by additional factors 𝑠2
23
/𝑟 and 𝑐

2

23
/𝑟,

respectively.There is no suppression of the interference terms,
which depend on the CP violation phase. Furthermore, in the
]
𝑒
flux the interference term is enhanced by the flux ratio 𝑟.

There is no suppression of the interference terms of the 1-2
and 1–3 modes in the 𝜇-𝜏mode.

4.4.2. Sensitivity to Mass Hierarchy. Let us discuss the sensi-
tivity of large water or ice detectors of atmospheric neutrinos
to the neutrinomass hierarchy.The ]

𝜇
-like events correspond

to interactions ]
𝜇
+𝑁 → 𝜇+𝑋, ]

𝜇
+𝑁 → 𝜇

+
+𝑋 and can

be observed as events withmuon tracks and hadron cascades.
There are also some contributions from ]

𝜏
which produce 𝜏

with subsequent decay into 𝜇. The number of ]
𝜇
-like events

in the 𝑖𝑗-bin in the 𝐸]-cos 𝜃𝑧 plane equals

𝑁
𝑁𝐻

𝑖𝑗,𝜇
= 2𝜋𝑁

𝐴
𝜌𝑇∫

Δ 𝑖 cos 𝜃𝑧
𝑑 cos 𝜃

𝑧

× ∫
Δ 𝑗𝐸]

𝑑𝐸]𝑉eff (𝐸])𝐷𝜇
(𝐸], 𝜃𝑧) ,

(167)

where 𝑇 is the exposure time,𝑁
𝐴
is the Avogadro number, 𝜌

is the density of ice, 𝑉eff(𝐸], 𝜃𝑧) is the effective volume of the
detector, and the number density of events per unit time per
target nucleon is given by

𝐷
𝜇
(𝐸], 𝜃𝑧) = [𝜎

𝐶𝐶
(Φ

0

𝜇
𝑃
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+ Φ
0

𝑒
𝑃
𝑒𝜇
)

+𝜎
𝐶𝐶

(Φ
0

𝜇
𝑃
𝜇𝜇

+ Φ
0

𝑒
𝑃
𝑒𝜇
)] .

(168)

It is assumed here that experiments do not distinguish the
neutrino and antineutrino events and corresponding signals
are summed up.

The fine-binned distribution of events (166) is shown in
Figure 14. For illustration we use the effective volume of
PINGU with 22 additional strings [72]. which increases from
∼2Mt at 𝐸] = 2GeV to 20Mt at 𝐸] = 20GeV. The pattern
of the event number distribution follows the oscillatory
picture due to the ]

𝜇
-]
𝜇
mode of oscillations with a certain

distortion in the resonance region. The maxima and minima
are approximately along the lines of equal oscillation phases
𝐸] ∼ 𝜙

32
Δ𝑚

2

32
| cos 𝜃

𝑧
|𝑅

⊕
(where 𝑅

⊕
is the Earth radius), with

distortion in the resonance region 𝐸] = (4–10)GeV. In the
high density bins, the number of events reaches 200 and the
total number of events is about 105.

The expression for the density of events (168) can be
written as

𝐷
𝑁𝐻

𝜇
= 𝜎

𝐶𝐶
(𝐸])Φ
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[(𝑃
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) + 𝜅

𝜇
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𝑟
𝑃
𝑒𝜇
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(169)

where

𝜅
𝜇
≡
𝜎
𝐶𝐶
Φ
0

𝜇

𝜎𝐶𝐶Φ0

𝜇

. (170)

Similarly one can determine the number of events for
inverted mass hierarchy. Let us introduce the 𝑁-𝐼 hierarchy
asymmetry for the 𝑖𝑗-bin in the (𝐸]-cos 𝜃𝑧) plane as

𝐴
𝑁-𝐼
𝜇,𝑖𝑗

≡
𝑁

𝐼𝐻

𝜇,𝑖𝑗
− 𝑁

𝑁𝐻

𝜇,𝑖𝑗

√𝑁𝑁𝐻

𝜇,𝑖𝑗

. (171)

The moduli of the asymmetry (171) are the measures of
statistical significance of the difference of the number of
events for the normal and inverted mass hierarchies: 𝑆

𝑖𝑗
=

|𝐴
𝑖𝑗
|.
The strongest effect of hierarchy change is in the strips

along the constant phase lines in the energy interval 𝐸] = (4–
12)GeV, where these lines are distorted by the matter effect.
Here the asymmetry changes sign with the zenith angle,
and the number of intervals with the same sign asymmetry
increases with the decrease of energy. The ]

𝜏
→ 𝜏 → 𝜇

events can be considered as background events and treated
within ∼5% systematic errors.

4.4.3. Measurements. According to Figure 14, the hierarchy
asymmetry of the ]

𝜇
events has opposite signs in different

parts of the oscillogram. Thus, the integration over 𝐸] and
cos 𝜃

𝑧
substantially reduces the sensitivity to the hierarchy.

Due to this, a relatively good reconstruction of the neutrino
energy and direction is required to identify the hierarchy.
The uncertainties of the reconstruction of energy 𝜎

𝐸
and

angle 𝜎
𝜃
should be comparable to or smaller than the sizes

of the domains with the same sign of the asymmetry. The
oscillograms for the reconstructed neutrino energy 𝐸

𝑟

] and
angle 𝜃

𝑟

𝑧
can be obtained by smearing of the 𝐸]-cos𝜃𝑧

oscillograms with the reconstruction functions of the width
𝜎
𝐸
and angle 𝜎

𝜃
.

Small uncertainties 𝜎
𝐸

and 𝜎
𝜃
require rather precise

measurements of the energy 𝐸
𝜇
and direction 𝜃

𝜇
of the

muon, as well as energy of the accompanying hadron cascade
𝐸
ℎ
. Then the neutrino energy equals 𝐸

𝑟

] = 𝐸
𝜇
+ 𝐸

ℎ
. The

reconstruction of the neutrino direction is more involved. In
the first approximation, one can use 𝜃] ≈ 𝜃

𝜇
with a spread

which decreases with energy: 𝜎
𝜃

∼ 𝐴√𝑚
𝑝
/𝐸](𝐴 = 𝑂(1)).

Knowledge of the hadron cascade energy allows reducing
this uncertainty. Further improvements could be possible if
some information about geometry of the cascade is available.
A possibility to separate (at least partially) the neutrino and
antineutrino samples would significantly improve sensitivity
to the mass hierarchy, as well as to CP violation.

All this imposes conditions on the detector character-
istics. According to Figure 14, the most sensitive region to
the hierarchy is around the resonance and above: 𝐸 = (5–
15)GeV. The number of events in Super-Kamiokande is too
small, but (upgraded) ice and underwater detectors of the
multimegaton (∼10 Mt) scale could collect around the order
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Figure 14: Left: the binned distribution of the number of 𝜇 events in PINGU after 1 year under the assumption that the neutrino hierarchy is
normal. Right: the𝑁-𝐼 hierarchy asymmetry of ]

𝜇
events in the𝐸]-cos 𝜃𝑧 plane.The absolute value of the asymmetry in a given bin determines

the statistical significance of the difference of the numbers of events for the inverted and normal mass hierarchies. Both figures from [56].

of 105]
𝜇
events a year in this range so that a high statistics

study becomes possible.
A small enough spacing between the PMTs (∼10–20m

between strings and 3–5m in the vertical direction) will
allow the reduction of the threshold down to a few GeV
and perform reasonably good measurements of the muon
and hadron cascade characteristics. Very high statistics will
also allow resolving the problem of parameter degeneracy;
effects qualitatively similar to the mass hierarchy effect can
be obtained by small (within 1𝜎 interval) variations of Δ𝑚2

32

and 𝜃
23
. The effect of an unknown CP phase is small.

High statistics would allow resolving the degeneracy
problem by selecting specific regions in the 𝐸]-cos𝜃𝑧 for the
analysis, where effects of Δ𝑚2

32
are suppressed in comparison

to the hierarchy effects or averaged out as a result of specific
integration. High statistics also allow performing an analysis
of the data using Δ𝑚

2

32
and 𝜃

23
as fit parameters. This will

open a possibility to determine the mass hierarchy and
measure these parameters simultaneously.

Note that other experimental techniques using atmo-
spheric neutrinos may also prove valuable for determination
of the mass hierarchy. In particular, experiments that can
separate neutrinos from antineutrinos on an event basis
need a significantly lower number of events to obtain the
same sensitivity. Thus, such detectors can be smaller in size
as compared to the neutrino telescopes. In this context,
a magnetized iron calorimeter, such as the India-based
Neutrino Observatory [73], could also provide an important
contribution to the determination of mass hierarchy. The
capabilities of detectors using charge identification were
studied in [74].

4.4.4. Interplay between Accelerator and Atmospheric Neu-
trinos. The atmospheric neutrino data can also be used
to complement the data from accelerator neutrino exper-
iments in order to extract the most information possible.

As was demonstrated in [74], the atmospheric neutrino
determination of the neutrino mass hierarchy can be sig-
nificantly affected by the addition of external priors and, in
particular, may lead to different sensitivity to the neutrino
mass hierarchy in the cases of true normal or inverted
hierarchy. However, once external input on the neutrino
oscillation parameters is included by considering also other
experiments, the room to mimic the true oscillation pattern
in the wrong hierarchy becomes much more restricted and
the sensitivity to the hierarchy increases. Adding the accel-
erator experiments’ own sensitivity to the mass hierarchy, a
measurementmay be possible even for the current generation
of accelerator experiments by the addition of detector capable
of lepton charge identification. This has been discussed in
[75] and the prospects of using amagnetized iron calorimeter
detector to augment the current generation of accelerator
experiments are a 2–4𝜎 determination of the mass hierarchy
within 10 years of data taking, depending on the true value
of the oscillation parameters and the characteristics of the
detector.

5. Discussion and Conclusions

In this paper, we have described the effects of neutrino prop-
agation in matter relevant to experiments with atmospheric
and accelerator neutrinos and aimed at the determination of
the neutrinomass hierarchy andCP violation.Thus, to a large
extent, we have focused on neutrino propagation in the Earth
matter.

(1) At relatively low energies, the dominant effect of neu-
trino interactions with matter is the elastic forward
scattering, which is described by an effective poten-
tial. Neutrino evolution in matter is then described
by a Schrödinger-like equation including this effective
potential. The potential differences for neutrinos of
different types influence the flavor evolution of the
system of mixed neutrinos. In the majority of realistic
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situations, neutrinos propagate in normal (unpolar-
ized nonrelativistic) matter with nearly constant or
slowly changing density.

(2) Matter modifies the neutrino flavor mixing and
changes the eigenvalues of the Hamiltonian of prop-
agation. This is equivalent to a modification of the
dispersion relations of neutrinos. The influence of
matter on mixing of neutrinos has a resonance char-
acter. At energies or densities for which the eigen-
frequency of the neutrino system with mixing 𝜔

𝑖𝑗
=

Δ
2

𝑖𝑗
/2𝐸 equals approximately the eigenfrequency of

the medium 2𝜋/𝑙
0
, the mixing in matter becomes

maximal. Large mixing shifts the position of the
resonance to lower values of the potential. At usual
densities, there are two resonances related to the two
mass squared differences Δ𝑚

2

21
and Δ𝑚

2

31
between

the neutrino mass eigenstates. The resonances are
realized in oscillation channels involving electron
neutrinos.

(3) In many practical situations, knowledge of neutrino
mixing in matter and the eigenstates of the Hamil-
tonian in matter allows finding the results of the
neutrino flavor evolution immediately. This includes
neutrino oscillations in matter with constant density
and also adiabatic conversion of neutrinos, where
the averaged oscillation results can be written down
immediately. In the nonaveraged case, the problem is
reduced to finding the oscillation phase (integrating
the energy splittings over distance). In this sense the
Nature has implemented the most (computationally)
simple setups. The very convenient presentation of
mixing in matter can be obtained as series expansion
in the ratio of the two mass squared differences, 𝑟

Δ

(perturbative diagonalization of the effective Hamil-
tonian), which allows to understanding a number of
subtle results.The simplest and physically transparent
description of dynamics of neutrino flavor evolution
can be obtained in the propagation basis (in the case
of the standard parameterization). In this basis, the
CP-violating phase and 2-3 mixing do not influence
the evolution and the amplitudes of transitions do
not depend on 𝛿 or 𝜃

23
. The dependence on these

parameters appears as a result of projecting the states
of the propagation basis back to the flavor states at
production and detection. In many practical cases
the 3] evolution can be reduced to evolution of two
neutrino systems with certain corrections.

(4) There are two practically important cases: (i) neutrino
propagation in matter with constant or nearly con-
stant density and (ii) neutrino propagation in matter
with slowly (adiabatically) changing density.

(5) In the case of constant density, flavor evolution has a
character of oscillations with parameters determined
by mixing and mass splitting in matter. The oscilla-
tions are an effect of a phase difference increase in
the course of neutrino propagation. The resonance
enhancement of oscillations is realized in an energy

region around 𝐸
𝑅
. If the density is approximately

constant, then the results can be obtained by using
perturbation theory in the deviation of the den-
sity distribution from a constant one. The accuracy
improves if the density profile is symmetric with
respect to the middle point of the neutrino trajectory,
as is realized for neutrinos crossing the Earth. A
simple and rather precise semianalytical description
of neutrino oscillations inmatter with varying density
can be obtained in the limits of small density, 𝑉 <

Δ𝑚
2

𝑖𝑗
/2𝐸, and high density, 𝑉 ≫ Δ𝑚

2

𝑖𝑗
/2𝐸. The latter

gives a very accurate description of neutrino flavor
evolution in the Earth at 𝐸 > (8–10)GeV.

(6) In a medium with slowly changing density, adia-
batic conversion takes place. This effect is related
to the change of mixing in matter due to density
change. Adiabaticity implies that there are no tran-
sitions among the eigenstates of the instantaneous
Hamiltonian during propagation.The strongest flavor
transformation is realized when the initial density is
much larger, and the final one is much lower than
the resonance density. In this case, the initial state
(and due to adiabaticity, the state at any othermoment
of evolution) practically coincides with one of the
eigenstates. Therefore, oscillation effects are absent
and nonoscillatory flavor conversion takes place.This
is realized for supernova neutrinos and approximately
for high energy solar neutrinos. In general, if the
initial mixing is not strongly suppressed, an interplay
of adiabatic conversion and oscillations occurs. Adia-
batic transformations are also realized for neutrinos
with energy ≤ 1GeV propagating in the mantle of
the Earth. In particular, thismeans that the oscillation
depth at the detector is determined by mixing at the
surface of the Earth and not bymixing at average den-
sity. Until now, the mater effects have been observed
in solar neutrinos and, indirectly, in atmospheric
neutrinos and there is good chance that they will be
observed by new generation of the accelerator and
atmospheric neutrino experiments.

(7) Strong flavor transition can be realized without
enhancement of mixing. This occurs in matter with
periodic or quasiperiodic density change when the
parametric resonance condition is fulfilled. For small
mixing strong transition requires a large number of
periods. A similar enhancement can take place in
matter with several layers of different densities. Here
the enhancement occurs when a certain correlation
between the oscillation phases in each layer and
amplitudes of oscillations determined by mixing is
present. The case of a medium with 3 layers (1.5
periods) is of practical interest for neutrinos crossing
both the mantle and the core of the Earth. For a
multilayer medium two conditions must be satisfied
to have strong transitions: the amplitude (collinearity)
and the phase conditions.

(8) For neutrinos crossing a small amount of matter,
such as accelerator experiments with baselines up to
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(1-2) ⋅ 103 km, the column density of matter is small
and, according to the minimal width condition, the
matter effect on oscillations is small regardless of
energy, vacuum mass splitting, and neutrino mixing.
Furthermore, if the oscillation phase is small, then
mimicking of vacuum oscillations occurs.

(9) A comprehensive description of the neutrino fla-
vor transitions in the Earth is given in terms of
neutrino oscillograms of the Earth. After the recent
determination of the 1–3 mixing, the structure of
oscillograms is well fixed. The salient features of
oscillograms at high energies (due to 1–3 mixing) are
theMSWresonance peak in themantle domain, three
parametric ridges, and the MSW peak in the core
domain. At low energies (due to 1-2 mixing), there
are three peaks, due to the MSW resonance, and the
parametric ridge. The positions of all these and other
structures are determined by the generalized phase
and amplitude conditions. In the case of normal mass
hierarchy, the resonance peaks induced by the 1–3
mixing are in the neutrino channels. For inverted
mass hierarchy they are in the antineutrino channels.
This is the foundation for determining the neutrino
mass hierarchy. The resonance structures due to the
1-2 mixing are always in the neutrino channels, since
the sign of the small mass square difference has been
fixed.

(10) The CP properties of the oscillograms (their depen-
dence on CP phase) are determined by the CP
domains, areas in which the CP violation effect has
the same sign. The borders of these domains are
approximately determined by the grids of the magic
lines (solar and atmosphericmagic lines) and the lines
where the oscillation phase condition is fulfilled.

(11) Measurements of matter effects in neutrino oscilla-
tions provide a good opportunity to determine the
neutrino mass hierarchy. The 1-2 ordering has been
determined due to thematter effect of solar neutrinos.
The 1–3 ordering can be identified by studying the
matter effects in accelerator and atmospheric neu-
trino experiments. There is a good chance that future
studies of the atmospheric neutrinos with multi-
megaton underwater (ice) detectors will be able to
establish the mass hierarchy. With a threshold of
a few GeV, these detectors will be sensitive to the
resonance region (∼ 6–10)GeV, where the difference
of probabilities for the normal and inverted mass
hierarchies is maximal. The challenges here are the
accuracy of reconstruction of the neutrino energies
and directions. Integration over the energy and angle,
as well as summation of neutrino and antineutrino
signals, diminishes the sensitivity to the hierarchy.
Another problem is the degeneracy of the hierarchy
effects with the effects of other neutrino parameters,
in particular with Δ𝑚

2
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and 𝜃
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.

(12) In accelerator experiments, many of the problems
mentioned above are absent. However, existing and

proposed accelerator experiments will cover only
peripheral regions of oscillograms where enhance-
ment of oscillations is very weak and oscillatory
structures are rather poor. As a consequence the
problem of degeneracy here is even more severe.
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The study of solar neutrinos has given a fundamental contribution both to astroparticle and to elementary particle physics, offering
an ideal test of solar models and offering at the same time relevant indications on the fundamental interactions among particles.
After reviewing the striking results of the last two decades, which were determinant to solve the long standing solar neutrino puzzle
and refine the Standard SolarModel, we focus our attention on themore recent results in this field and on the experiments presently
running or planned for the near future.Themain focus at the moment is to improve the knowledge of the mass and mixing pattern
and especially to study in detail the lowest energy part of the spectrum, which represents most of the solar neutrino spectrum but
is still a partially unexplored realm. We discuss this research project and the way in which present and future experiments could
contribute to make the theoretical framework more complete and stable, understanding the origin of some “anomalies” that seem
to emerge from the data and contributing to answer some present questions, like the exact mechanism of the vacuum to matter
transition and the solution of the so-called solar metallicity problem.

1. Motivations for the Solar Neutrino Study

The analysis of neutrinos emitted in the fusion processes
inside the Sun is one of most significant examples of the
relevant role played by the study of neutrino properties in
elementary particle physics and astrophysics and in creating a
link between these two sectors [1–13].The pioneering work in
the sixties [14–16] had the main goal of understanding better
the way in which our star shines and to test solar models.
But the surprising result of an apparent deficit in the electron
neutrino flux reaching the detectormarked the raise of the so-
called solar neutrino puzzle and opened a whole new field of
research, that has been central in elementary particle physics
for many decades.

The experimental results obtained using different tech-
niques in more than thirty years [17] and the parallel theoret-
ical advancements confirmed at the end the validity of Pon-
tecorvo’s revolutionary idea of neutrino oscillation [18, 19],
proving in a crystal clear way that neutrinos are massive and
oscillating particles. This is one of the first pieces of clear
evidence of the need to go beyond the standard model of

electroweak interactions and the attempt to accommodate
the experimental results about neutrino masses and mixing
is a test that every theory “beyond the Standard Model” has
to pass. Therefore, it is clear why these results had a great
impact on elementary particle physics and also on cosmolog-
ical models. At the same time, the possibility of measuring
directly at least some components of the solar neutrino
spectrum and of recovering in an indirect way the value of
total solar neutrino flux have been fundamental for the pro-
gressive refinement of the standard solarmodel (SSM), which
evolved during these years and is now in a general good agree-
ment with the solar neutrino experiments.

Despite the fundamental steps forward made in the last
decades, many questions are still open about the real nature
and the main properties of neutrinos and the exact mixing
mechanism, for example are neutrinos Majorana or Dirac
fermions, the determination of mass hierarchy and exact
mass values, accurate determination of themixing angles, and
presence of CP violation.The solar neutrino experiments pre-
sently running or planned for the future can contribute to
solve at least some of these puzzles. The new frontier in this
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field is the study of the low energy part of the solar neutrino
spectrum, which represents the great majority of the spec-
trum and is still an almost unexplored realm. Some of the
challenges ahead are reducing significantly the indetermina-
tion on pep and CNO neutrinos and attaching the pp solar
neutrino measurement. This would be essential to test the
stability and consistency of the standard explanation of the
oscillation mechanism, confirming or definitely disproving
the presence of discrepancies between theory and experi-
ments, which has lately stimulated a flourishing of models
introducing the so-called “Non Standard Interactions” (Sec-
tion 6.1). Once more, these results would be of great interest
to improve the knowledge both of elementary particle prop-
erties and interactions and of the astrophysical models of the
Sun. They could help also to discriminate between different
versions of the solar models, for instance, for what concerns
the so-called “solar abundance problem,” and to deepen the
comparison with the results coming from other studies of
solar properties, for example, from helioseismology. These
studies would of course imply a further improvement of the
already known detection techniques and the introduction of
new ones (see, for instance, Section 7). Also from this point of
view, solar neutrino physics will continue to give a stimulat-
ing contribution both to elementary particle physics and to
astrophysics.

In the present paper we are going to treat all of these top-
ics, focusing our attention on the important advancements
of the last years, on the main open questions, and the future
perspectives of solar neutrino physics. In Section 2, the inter-
ested reader can find a short review of the history of the so-
called “solar neutrino puzzle,” from the the radiochemical
experiments results up to the first data obtained by SNO and
the reactor experiment KamLAND, that solved this puzzle.
The following section is devoted to the standard solar model,
its main input parameters (with the relative uncertainties)
and predictions, the helioseismology, and the “metallicity
problem.”The other ingredient essential for the calculation of
the expected neutrino signal, the neutrino flavor conversion
probability (in vacuum andmatter), is discussed in Section 4.
In Section 5, we report and discuss the important advance-
ments which took place after 2002: from the results of the dif-
ferent phases of SNO and Super-Kamiokande to the discus-
sion of the impact on solar neutrino physics of the data
obtained by the reactor experiment KamLAND and finally to
the first real-time measurements of the low energy solar neu-
trinos performed by Borexino.The discussion on the present
phenomenological situation is completed in Section 6, with a
particular attention to three flavors and to free fluxes analyses.
We close the paper turning our attention to the near and
far future, discussing the experimental and the theoretical
challenges in Sections 7, 8, and 9.

2. Brief History and Solution of the Solar
Neutrino Problem

2.1. From Homestake to Super-Kamiokande. The first exper-
iment built to detect solar neutrinos took place in the
Homestake gold mine in South Dakota [14–16]. The detector

consisted of a large tank containing 615 metric tons of liquid
perchloroethylene, chosen because it is rich in chlorine and
the experiment operated continuously from 1970 until 1994.
Neutrinos were detected via the reaction:

𝜈
𝑒
+
37Cl 󳨀→ 37Ar + 𝑒

−
. (1)

The energy threshold of this reaction, 𝐸th = 814 keV, allowed
the detection of 7Be and 8B (and a small signal from the CNO
and pep) but not that of 𝑝𝑝 neutrinos, because of their low
maximal energy of 0.42MeV. The radioactive 37Ar isotopes
decay by the electron capture with a 𝜏

1/2
of about 35 days into

37Cl∗:

37Ar + 𝑒
−
󳨀→
37Cl∗ + 𝜈

𝑒
. (2)

Once a month, after bubbling helium through the tank, the
37Ar atomswere extracted and counted.Thenumber of atoms
created was only about 5 atoms of 37Ar permonth in 615met-
ric tons C

2
Cl
4
. The number of detected neutrinos was lower

(about 1/3) than the value expected by the Solar Standard
Model. This discrepancy is the essence of the solar neutrino
problem, which has been for many years an important puzzle
among physicists.

There were three possible explanations to the solar neu-
trino problem. The first one was to consider that Homestake
could be wrong, that is, the Homestake detector could be
inefficient and, in this case, its reactions would not have been
predicted correctly. After all, to detect a handful of atoms per
week in more than 600 metric tons of material is not an easy
task (the science that studies the interior of the Sun by looking
at its vibration modes). The second one was to consider that
the SSM was not correct, but as helioseismology started to
provide independent tests of solar models, the SSM passed all
tests. Indeed, nonstandard solar models constructed ad hoc
to resolve the solar neutrino problem seemed very unlikely
when scrutinized under the light of helioseismology. The
third one, and the strangest hypothesis, was to consider that
something happens to the neutrinos while traveling from the
core of the Sun to the Earth.

The first real-time solar neutrino detector, Kamiokande,
was built in Japan in 1982-1983 [20]. It consisted of a large
water Čerenkov detector with a totalmass of 3048metric tons
of pure water. In real-time neutrino experiments, scientists
study the bluish light produced by the electrons scattered by
an impinging neutrino according to the following equation:

𝜈
𝑥
+ 𝑒
−
󳨀→ 𝜈
𝑥
+ 𝑒
−
. (3)

In the Kamiokande detector, light is recorded by 1000 photo-
multiplier tubes (PMT) and the energy threshold of the reac-
tion is 𝐸th = 7.5MeV; therefore, only 8B and ℎ𝑒𝑝 neutrinos
are detected (Here and in the rest of the paper, following the
convention commonly adopted in the literature, we use the
term “energy threshold” to indicate the lowest observable
neutrino energy also for Čerenkov’s detector experiments.
However, it is important to bear inmind that for these experi-
ments, differently from the radiochemical ones, there is not a
real energy threshold for the reaction and the lowest limit on
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the detectable energy is, instead, mainly due to the difficulty
of separating the signal from the radioactive background
due to natural sources and impurities.). At the beginning
of the 90s, a much larger version of the detector was built,
Super-Kamiokande, where the active mass was more than
50000metric tons of pure water viewed by about 11200 PMTs.
In Super-Kamiokande, the energy threshold was lowered to
𝐸th = 5.5MeV [21].

Radiochemical experiments integrate in time and in
energy because they are slow and need time to produce
measurable results. This causes the loss of information about
single individual energy values. In real-time experiments,
instead, it is possible to obtain single values and therefore a
spectrum energy to distinguish the different neutrino contri-
butions. Furthermore, given that the scattered electronmain-
tains the same direction of the impinging neutrino, it is possi-
ble to infer the direction of the incoming neutrino and there-
fore to point at its source. This proved that the detected neu-
trinos actually came from the Sun. The number of detected
neutrinos was about 1/2 lower than the number of expected
ones, aggravating the solar neutrino problem.

Until 1990, there were no observations of the initial reac-
tion in the nuclear fusion chain, that is, the detection of 𝑝𝑝
neutrinos, which are less model dependent and hence more
significant to test the hypothesis that fusion of hydrogen
powers the Sun. Two radiochemical experiments were built
in order to detect solar 𝑝𝑝 neutrinos, both employing the
reaction

𝜈
𝑒
+
71Ga 󳨀→ 71Ge + 𝑒

−
, (4)

which has a threshold of 𝐸th = 233 keV.
In the Gallex experiment, located at the Gran Sasso

underground laboratory in Italy, 30 metric tons of natural
galliumwere employed [22, 23], while in the Soviet-American
experiment (SAGE), located in the Baksan underground
laboratory, there were more than 50 metric tons of metallic
gallium [24]. Calibration tests with an artificial neutrino
source, 51Cr, confirmed the efficiency of both detectors. Once
again, the measured neutrino signal was smaller than pre-
dicted by the SSM (≈60%).

All experiments detected fewer neutrinos than expected
from the SSM. Table 1 summarizes the ratios between the
observed and the expected neutrino interaction rates for all
the experiments before SNO.

2.2. The Advent of SNO and KamLAND: The Solution of
the Solar Neutrino Problem. The real breakthrough in solar
neutrino physics was due to the advent of the SNO (Sudbury
Neutrino Observatory) experiment. It had the peculiarity to
measure simultaneously, by means of a deuterium Čerenkov
detector, three different interaction channels for neutrinos:
the neutral current (NC: 𝜈

𝑋
+ 𝑑 → 𝜈

𝑋
+ 𝑝
+
+ 𝑛), receiving

contributions from all active flavors, the elastic scattering (ES:
𝜈
𝑋
+𝑒
−
→ 𝜈
𝑋
+𝑒
−), and the charged current (CC: 𝜈

𝑒
+𝑑 →

𝑒
−
+ 𝑝
+
+ 𝑝
+), that is, sensitive only to electronic neutrinos.

In this way, it has been possible to prove in a clear and direct
way that the measured total neutrino flux was in a very good
agreement with the SSM predictions, but only a fraction of

Table 1: Ratios of the observed versus expected neutrino rates in the
four solar neutrino experiments (before SNO, see later).

Homestake 0.34 ± 0.03

Super-K 0.46 ± 0.02

SAGE 0.59 ± 0.06

Gallex and GNO 0.58 ± 0.05

these neutrinos had conserved its flavor during their way
from the production point in the Sun to the detector.

The first SNO data [25], including elastic scattering and
charged current analysis, published in 2001, confirmed the
results obtained by previous solar neutrino experiments,
mainly by Super-Kamiokande [26], providing a significant
evidence (at the 3.3𝜎 level) of the presence of a nonelectronic
active neutrino component in the solar flux. For the first time,
it was possible to indicate the large mixing angle (LMA) as
the preferred solution of the solar neutrino puzzle, even if
different alternative possibilities (and in particular the low
probability, low mass —LOW— solution) were still surviv-
ing [27, 28]. In the following years, the SNO experiment
measured also the neutral current channel, using different
techniques.The data of these different “phases” of the experi-
ment are usually reported as SNO I [29], SNO II [30] (chara-
cterized by the addition of salt to improve the efficiency of
neutral current detection) and SNO III [31] (with the use of
helium chamber proportional counters).

The year 2002 is very often denoted as the “annus mira-
bilis” of solar neutrino physics: in April the first SNO results
including neutral current detection [29, 32]marked a turning
point in the history of the solar neutrino problem, in October
the Nobel prize for physics was awarded to Davis [33] and
Koshiba (for their pioneeringwork on the detection of cosmic
neutrinos), and in December of the same year the first
results of the Kamiokande Liquid scintillator antineutrino
detector (KamLAND) [34] offered the first clear terrestrial
confirmation of the validity of the oscillation solution to the
solar neutrino problem.

The total 8B neutrino flux, 𝜙NC = 5.09
+0.44

−0.43
(stat)+0.46
−0.43

×

(syst)×106 cm−2 s−1, measured by SNOwith neutral currents
was in a very good agreement with the SSM [35]. Assuming
the standard shape for the component of the solar neutrino
flux (undistorted spectrum hypothesis), the SNO collabora-
tion recovered also a value of the nonelectronic component of
the fluxwhichwas 5.3𝜎 different from zero, providing a direct
proof of the validity of the oscillation hypothesis. These data
were also decisive to indicate the LMA region as the solution
to the solar neutrino puzzle.

Looking at the oscillation probability, it is apparent that
the reactor experiments that run before KamLAND, and
used neutrino energy beams of the order of the MeV with a
baseline of the order of 1 km, could test only values of Δ𝑚2
above 10

−3 eV2 (For instance, in a simple 2-flavor analysis,
the flavor transition probability is given by the expression
𝑃
12

= sin2(2𝜃
12
)sin2(Δ𝑚2

12
(eV2)𝐿(km)/4𝐸(GeV)), where 𝜃

12

is the mixing angle between the two flavors, Δ𝑚2
𝑖𝑗
≡ 𝑚
2

1
− 𝑚
2

2

the difference of the masses squared, 𝐿 the distance traveled,
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and 𝐸 the neutrino energy.). The KamLAND experiment,
instead, with an average baseline of about 180 km, was ideal to
probe the LMAregion,which corresponds to values ofΔ𝑚2 of
the order 10−5–10−4 eV2 [36–38].The KamLAND experiment
studied the ratio of the number of inverse 𝛽 decay events (due
to reactor 𝜈

𝑒
with an energy threshold of 3.4MeV) to the

expected number of events without disappearance and also
the spectrum shape [34]. The observed deficit of events was
inconsistent with the expected rate in absence of oscillation
at the 99.95% confidence level.

Since one would expect a negligible reduction of the 𝜈
𝑒

flux from the SMA, LOW, and vacuum solar neutrino solu-
tions, the LMA was the only oscillation solution compatible
with KamLAND results and CPT invariance. This evidence
was further reinforced by the data published by the collabora-
tion in the following years (with greater statistical precisions
and reduced systematic errors), which showed also a spectral
distortion in a very good agreement with the oscillation
solution [39–41]. KamLAND data also restricted the allowed
LMA region in a significant way. The preferred values for
Δ𝑚
2

12
and 𝜃
12
are slightly higher than the ones corresponding

to the best fit solution of the solar neutrino experiments, but
this small tension can be explained by taking into account the
experimental uncertainties. Moreover, the difference on the
Δ𝑚
2

12
parameter has been reduced by the more recent solar

neutrino data.

3. Standard Solar Model

SSMs have to be understood, primarily, as a framework
within which solar models can be constructed and clear pre-
dictions can be made with respect to the properties of the
solar interior, including the production of solar neutrinos.
The defining characteristics are simple: the SSM is the result
of the evolution of a 1M

⊙
star since its formation and the

evolutionary models have to include the physical ingredients
considered standard in stellar structure and evolutionmodels
(here, standard also implies trying to keep to a minimum the
number of free tunable parameters—knobs—in the model).
SSMs are therefore progressively refined as our understand-
ing of stellar physics progresses.

In practice, an SSM is constructed as follows. An initial
chemically homogeneous model of a 1M

⊙
stellar model on

the premain sequence is constructed with a composition
determined by a guess (educated one) for the initial mass
fractions of hydrogen𝑋ini, helium𝑌ini, andmetals𝑍ini (𝑋ini+
𝑌ini + 𝑍ini = 1); additionally, a third free parameter has to be
specified, the mixing length parameter 𝛼MLT of convection.
This model is then evolved up to the solar system age 𝜏

⊙
=

4.57Gyr [42, 43]. At this age, the model is required to match
the present-day solar luminosity 𝐿

⊙
and radius 𝑅

⊙
, as well

as the surface metal-to-hydrogen abundance ratio (𝑍/𝑋)
⊙
.

The initial andfinal surfacemetal-to-hydrogen ratios differ by
about 10% to 15% due to the effects of gravitational settling. In
general, the SSM constructed with the first set of guesses for
𝛼MLT, 𝑌ini, and 𝑍ini will not lead to a satisfactory agreement
with the surface constraints, and an iterative procedure is
used to refine the free parameters until the right surface

conditions are achieved at 𝜏
⊙
. In general, surface conditions

are matched to one part in 10
5 or 106 within two or three iter-

ations. It is important to keep inmind that the SSM is not just
a snapshot aimed at representing the present-day structure
of the Sun, but actually the result of taking into account all
its previous history. There are alternative ways to construct a
model of the present-day solar structure using, for example,
helioseismic constraints. This kind of models is constructed
“ad-hoc” to match helioseismic data and is, therefore, a
limited predictive power.

The internal structure of an SSM depends on the values
adopted for the three constraints mentioned above and, of
course, on the physical inputs of themodels such as the radia-
tive opacities, cross-sections of nuclear reactions, and others.
Next, we describe the changes/updates that have occurred
during the last decade that impact predictions of solar
models.

3.1. Input Physics and Parameters

3.1.1. Solar Surface Composition. The constraint imposed by
the surface metallicity of the Sun or, more precisely, the
surfacemetal-to-hydrogen ratio (𝑍/𝑋)

⊙
is critical in the con-

struction of solarmodels.The reason is that, aside from the 10
to 15% change in this value due to the action of gravitational
settling, (𝑍/𝑋)

⊙
determines almost directly the metallicity

of solar models. As for any other star, the metal content in
the Sun has a fundamental role in its structure through its
contribution to the radiative opacity 𝜅, which determines, in
turn, the temperature gradient in the radiative solar interior.
It is important, in fact, that the abundance of individual
metals are accurately determined, because different elements
contribute to the radiative opacities in different regions of the
Sun.

The abundance of metals in the solar surface has to be
determined or inferred from a variety of sources: photo-
spheric abundances from solar spectra, chemical analysis of
primitive meteorites, emission lines from the solar corona,
and composition of the solar wind [44]. While meteoritic
abundances are the most precisely determined, at 2/3 of the
solar metallicity is composed by the volatile elements C, N,
and O and can only be determined from the analysis of the
solar spectrum.

Over the last decade, the development of three-dimen-
sional radiation hydrodynamic (3DRHD)models of the solar
atmosphere has prompted a thorough revision of the solar
composition determined from the solar spectrum. These 3D
RHD models of the solar atmosphere capture the dynamics
of convection and its interaction with the radiation field and
are able to reproduce features such as the solar granulation
pattern, observed limb-darkening, and asymmetries in the
shapes of spectral lines [45]. The structure of the solar model
atmospheres derived by different groups are nicely consistent
with each other, adding to the credibility of themodels.Newly
derived spectroscopic abundances rely on the 3D atmosphere
model or more appropriately on a one-dimensional model
obtained from a suitably averaged 3D model, as the back-
ground on top of which detailed radiative transfer and line
formation calculations are performed a posteriori. It is this



Advances in High Energy Physics 5

second step that leads, finally, to the determination of the
abundances of the different elements. The most thorough
and consistent determination of the solar photospheric abun-
dances based on 3D model atmospheres has been presented
by Asplund and collaborators [46, 47], although the revision
on key elements like oxygen was initially published already in
2001 [48]. In addition to using 3D RHD atmosphere models,
nonlocal thermodynamic equilibrium has been taken into
account when computing the line formation for some key
elements such as C, N, and O. Also, and this is of particular
importance for oxygen, blends in the solar spectrum that
had been previously unnoticed were identified and taken into
account in the determination of abundances. The most rele-
vant result in the context of solarmodels and neutrinos is that
abundances of CNO elements (also Ne, but this is mostly
because its abundance ratio to oxygen is assumed fixed) have
been revised downby 30% to 40%.Combining the abundance
of allmetals, the present-daymetal-to-hydrogen ratio that has
been obtained is (𝑍/𝑋)

⊙
= 0.0178 [46]. This represents a

large decrease in comparisonwith previously accepted values,
0.0245 [49] and 0.0229 [50], that have been widely used in
solar modeling. We note, however, that results by Asplund
have not been unchallenged. In fact, also based on 3D RHD
model solar atmospheres, larger CNO abundances have been
derived [51] to yield (𝑍/𝑋)

⊙
= 0.0209, much closer to older

determinations. Discrepancies between authors seem to have
their origin at the preferred set of spectral lines each group
uses and on using either a spectral synthesis or equivalent
width techniques to determine the final abundances.

In the last decade, there have been two flavors in SSM cal-
culations. In one case, a high solar metallicity from older
determinations [49, 50] is adopted; we will generically refer
to these models as high-Z solar models. In the other case, a
low (𝑍/𝑋)

⊙
[46, 47] is taken from and we refer to these, not

surprisingly, as the low-Z solar models. Differences in the
structure of high-Z and low-Z models are readily noticeable
in quantities such as the internal sound speed and density
profiles, the depth of the solar convective envelope, and the
surface helium abundance among others.The deficit that low-
Zmodels have in matching helioseismic constraints has been
named the solar abundance problem in the literature, in clear
analogy to the solar neutrino problem. We discuss it in some
detail in Section 3.2.

3.1.2. Radiative Opacities. Themost widely used calculations
of atomic radiative opacities, appropriate for solar interiors,
are those fromOPAL [52]. However, the opacity project (OP)
released in 2005 a completely independent set of atomic
radiative opacities for stellar interiors [53]. In the case of the
solar radiative interior, differences between OPAL and OP
Rosseland mean opacities are of the order of a few percent,
withOP being larger by about 3% at the base of the convective
zone and 1% to 2% smaller in the central regions (see Figure 7
in [53]). At low temperatures neither OP nor OPAL atomic
opacities are adequate, because the possible formation of
molecules have to be taken into account and, therefore, they
have to be complemented by low-temperature opacities [54].
However, due to the relatively high solar temperature, their
influence in the properties of solar models is rather limited.

3.1.3. Nuclear Reactions Cross-Sections. Experimental and
theoretical work on the determination of nuclear cross-
sections have been very active fields with a strong impact on
solar model predictions of solar neutrino fluxes (A nonreso-
nant charged-particle induced reaction cross-section can be
written as 𝜎(𝐸) = (𝑆(𝐸)/𝐸) exp[−2𝜋𝜂(𝐸)] where 𝜂(𝐸) =

𝑍
1
𝑍
2
𝛼/𝑣 is the Sommerfeld parameters, 𝑣 = √(2𝐸/𝜇), 𝛼 the

fine structure constant in natural units, and 𝜇 the reduced
mass of the interacting nuclei. The nuclear physics is isolated
in 𝑆(𝐸), the astrophysical or 𝑆-factor, a slowly varying func-
tion of energy that can be more accurately extrapolated from
experimental data down to the energy of the Gamow peak.).
Recently, a set of recommended rates and uncertainties,
expressed through the 𝑆-factor, for all the reactions both
in the pp-chains and CNO-bicycle that are relevant to
solar modeling and neutrino production, has been published
(Solar Fusion II, [55], hereafter SFII).The results presented in
SFII reflect the progress made in laboratory and theoretical
nuclear astrophysics over the last decade, since the publica-
tion of the seminal Solar Fusion I (SFI) article [56]. Unfortu-
nately, for reasons of space, here we cannot review in detail
every reaction. Instead, we provide in Table 2 the standard
𝑆-factors at zero energy, 𝑆(0), and the uncertainties recom-
mended in SFII for the most relevant reactions. For com-
parison, with results from SFI are also shown. The impact of
changes in key reactions on the production of neutrino fluxes
is discussed in Section 3.3. The reader is referred to the SFII
paper and references therein for details on the experimental
and theoretical developments in nuclear astrophysics related
to the Sun during the last decade.

3.2. Solar Models: Helioseismology. Helioseismology, the
study of the natural oscillations of the Sun, provides a unique
tool to determine the structure of the solar interior. The 90s
witnessed a rapid development of helioseismic observations
and analysis techniques, which led, in very few years, to
an accurate characterization of the solar interior [57]. The
agreement between SSMs and helioseismic inferences of the
solar structure [35, 58] provided a strong support to the
accuracy with which SSMs could predict the 8B neutrino flux
and, therefore, a strong indication, before Kamland and SNO
results found evidence of neutrino flavor oscillations, that the
solution to the solar neutrino problem had to be found in the
realm of particle physics.

In the context of the present paper, the most relevant
results from helioseismology are the following (The Sun is
characterized by an outer region where energy is transported
by convection. The boundary between this region, located at
𝑅CZ, and the radiative interior can be accurately located by
helioseismology because the discontinuity in the slope of the
temperature gradient across this boundary leaves its imprint
in the solar sound speed profile. The depth of the envelope
can be located by helioseismology because properties of solar
oscillations are sensitive to the derivative of the sound speed
as a function of depth.).The depth of the convective envelope
is 𝑅C𝑍 = 0.713 ± 0.001 𝑅

⊙
[59] and the surface helium

abundance 𝑌
𝑆

= 0.2485 ± 0.0034 [60]. The sound speed
differences between the Sun and a reference solar model can
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Table 2: Standard astrophysical factors and uncertainties for key nuclear reactions in the 𝑝𝑝-chains and CNO-bicycle. SFII represents the
state-of-the-art [55]; SFI [56] shows, for comparison, the situation around 1998.

Reaction SFII SFI
𝑆(0) [keV b] 𝑆(0) [keV b]

S
11

𝑝(𝑝, 𝑒
+
𝜈
𝑒
)𝑑 4.01 × 10

−22
(1 ± 0.010) 4.00 × 10

−22
(1 ± 0.005)

S
33

3He(3He, 2𝑝)4He 5.21 × 10
3
(1 ± 0.052) 5.4 × 10

3
(1 ± 0.074)

S
34

3He(4He, 𝛾)7Be 5.6 × 10
−1

(1 ± 0.054) 5.3 × 10
−1

(1 ± 0.094)

Shep
3He(𝑝, 𝑒+𝜈

𝑒
)
4He 8.6 × 10

−20
(1 ± 0.30) 2.3 × 10

−20

S
17

7Be(𝑝, 𝛾)8B 2.08 × 10
−2

(1 ± 0.077) 1.9 × 10
−2

(1
+0.20

−0.10
)

S
1,14

14N(𝑝, 𝛾)
15O 1.66 (1 ± 0.072) 3.5 (1

+0.11

−0.46
)

be obtained by inversion from the oscillation frequencieswith
a formal error of a few parts per 10−4 for most of the solar
interior 0.07 ≲ 𝑅/𝑅

⊙
≲ 0.95 [61, 62]. Most recently, using

a time series 4752 days long from the Birmingham Solar
Oscillation Network, improved results on the sound speed in
the solar core have been obtained [63]. The density profile
can also be determined from the inversion of frequencies,
but with worse precision than for the sound speed, and we
therefore assign to it a secondary role in constraining the solar
structure.

As mentioned previously, metals determine to a large
extent the radiative opacity in the solar interior and, in this
way, define the temperature stratification from below of the
convective envelope inwards, to the solar center. At the base
of the convective zone, for example, metals are responsible
for about 70% of the total radiative opacity with O, Fe, and
Ne being the main contributors. In the solar core, where light
metals are completely ionized, the contribution from Fe and,
to a lesser extent Ni, Si, and S, is still above 30%. In view of
this, it is not surprising that the lowCNO andNe abundances
determined from 3D model atmospheres have a strong
impact on the structure of the solar interior.

It has been clear since initial works where low-Z SSMs
were presented that low (𝑍/𝑋)

⊙
values posed a problem, later

named the solar abundance problem, for solar modeling [60,
67–69]. In short, all helioseismic predictions of these models
are in disagreement with observations. On the other hand,
high-Z SSMs have consistently reproduced earlier success
[58]. The solar abundance problem represents the incompat-
ibility between the best solar atmosphere and interior models
available [70]. In this paper, we will base the presentation and
discussion of results on the most up-to-date standard solar
models that we identify as SFII-GS98 and SFII-AGSS09 [64],
representative of high-Z and low-Z SSM families defined in
Section 3.1, respectively. With the exception made on small
quantitative variations, results based on these models are
extensible to results for all SSMs available in the literature cor-
responding to each of the two families.

The most important characteristics of the SFII-GS98 and
SFII-AGSS09 models are summarized in Table 3. Helioseis-
mic constraints are also included for comparison when
appropriate. The disagreement between SFII-AGSS09 and
helioseismic data is evident in the surface metallicity and
helium abundances, 𝑍

𝑆
and 𝑌

𝑆
, and in the depth of the con-

vective envelope 𝑅CZ. A similar conclusion could be drawn
from comparing 𝑌ini; however, the determination of the solar

value of 𝑌ini [71] depends strongly on the seismic value for
𝑌
𝑆
and, therefore, it is not an independent constraint. When

model uncertainties are included, the discrepancy between
SFII-AGSS09 and seismic results are, for each of the quantities
mentioned above, of the order 3 to 4−𝜎 [72]. On the contrary,
the SFII-GS98 model performs very well, within 1 − 𝜎, when
model uncertainties are accounted for.

Very explicit manifestations of the solar abundance prob-
lem are shown in the plots in Figure 1, where degradation in
the sound speed and density profiles found in low-Z SSMs
are clearly evident. Particularly the peak in the sound speed
profile differences found right below the convective zone is
4 times larger in the low-Z SFII-AGSS09 than in the high-Z
SFII-GS98 model. The reason is the wrong location of 𝑅C𝑍 in
the model, caused by the lower opacity which, in turn, is due
to the low abundance ofmetals.The density profile also shows
very large discrepancies, but they are less telling. Density
inversions include as a constraint the known value of the solar
mass and for this reason small differences in the core, where
density is large, translate into the large difference seen in the
outer envelope. The average rms in the sound speed and
density differences, ⟨𝛿𝑐/𝑐⟩ and ⟨𝛿𝜌/𝜌⟩, also show that low-Z
models are about 4 times worse than high-Z models.

Low-degree helioseismology provides useful information
about the solar innermost regions. Specific combinations of
mode frequencies enhance the signal that the structure of the
solar core imprints on the oscillation pattern [73]. This has
been used to determine the mean molecular weight averaged
over the innermost 20% solar core [66], ⟨𝜇

𝐶
⟩ in Table 3. Com-

parison with SSMs results shows that ⟨𝜇
𝐶
⟩ is too low in low-

Z models as a result of the lower helium abundance (𝑌
𝐶
).

This is due to the lower temperature in the solar core and
the constraint imposed by the solar luminosity.The decreased
nuclear energy production originated by a smaller core tem-
perature has to be compensated by an increased hydrogen
mass fraction, therefore leading to a lower molecular weight.
It is interesting to note this puts a stringent constraint in the
amount of rotational mixing that can take place in the solar
core if the low-Z abundances are correct, since any mixing
would lower the molecular weight even more, by bringing
fresh hydrogen from outer regions, and make the agreement
with helioseismic data worse.

The current situation regarding SSMs and their perfor-
mance against helioseismic inferences on the solar structure
can be summarized as follows. SSMs that use solar abun-
dances derived from 1D model atmospheres [49, 50], that
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Table 3:Main characteristics of SSMs representative of high-Z (GS98) and low-Z (AGSS09) solar compositions.Models have been computed
including the most up-to-date input physics [64]. Helioseismic constraints are given when available. See text for details.

SFII-GS98 SFII-AGSS09 Helioseismology
(𝑍/𝑋)

⨀
0.0229 0.0178 —

𝑍
𝑆

0.0170 0.0134 0.0172 ± 0.002 [65]
𝑌
𝑆

0.2429 0.2319 0.2485 ± 0.0034 [60]
𝑅CZ/𝑅⨀ 0.7124 0.7231 0.713 ± 0.001 [59]
⟨𝛿𝑐/𝑐⟩ 0.0009 0.0037 —
⟨𝛿𝜌/𝜌⟩ 0.011 0.040 —
𝑍
𝐶

0.0200 0.0159 —
𝑌
𝐶

0.6333 0.6222 —
⟨𝜇
𝐶
⟩ 0.7200 0.7136 0.7225 ± 0.0014 [66]

𝑍ini 0.0187 0.0149 —
𝑌ini 0.2724 0.2620 —
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Figure 1: Sound speed and density relative differences between solar models and the Sun as determined from helioseismic inversions [72].
The convective envelope is depicted by the grey area.

is, high-Z models, reproduce overall the most important
seismic constraints. Improvements in the input physics, for
example, radiative opacities and nuclear reaction rates, that
have occurred over the last 10 years introduce only small
changes to the solar structure as seen by helioseismology. On
the other hand, the solar abundance problem arises if the
solar surface composition used to construct SSMs are derived
from the most sophisticated 3D RHD solar model atmo-
spheres. The family of low-Z SSMs does not match any helio-
seismic constraint.

Have we reached the limit where the paradigm of the SSM
is not good enough as a model of the solar interior? Are the
3D-based determinations of solar abundances systematically
underestimating the metallicity of the solar surface? Does
the microscopic input physics in solar models, for example,
radiative opacities, need to be thoroughly revised? It is not
possible to advance answers to these questions, but solar neu-
trino experiments can play an important role in guiding the
research towards the solution of the solar abundance
problem. In the next section, we discuss the current status
on the theoretical predictions of solar neutrino fluxes and the
prospects of using solar neutrinos to constraint the properties
of the solar core.

3.3. Solar Models: Neutrino Fluxes

3.3.1. Production. Based on theoretical arguments and indi-
rect evidence, it has long been believed that the source of
energy of the Sun is the conversion of protons into helium,
4p →

4He+2𝑒++2𝜈
𝑒
+𝛾.The original quest for solar neutri-

nos was indeed the search for the experimental confirmation
of this hypothesis (Under peculiar conditions reached in
advanced phases of stellar evolution, hydrogen can be con-
verted into heliumby other cycles like theNaMg-cycle.While
important for nucleosynthesis or intermediate mass ele-
ments, these processes are not energetically relevant.). In
more detail, hydrogen burning in the Sun (and in all other
hydrogen-burning stars) takes place either through the pp-
chains or theCNO-bicycle [43, 75]. Proton fusion through the
pp-chains is a primary process because only protons need to
be present in the star. On the contrary, the CNO-bicycle is
secondary because the proton fusion relies on, and is regu-
lated by, the abundance of C, N, andOwhich act as catalyzers.
This qualitative difference is very important, since it renders
neutrino fluxes from the CNO-bicyle a very good diagnostic
tool to study properties of the solar core, particularly its com-
position, as it will be discussed below. A general discussion
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Table 4: SSM predictions for solar neutrino fluxes (second and third columns) and solar neutrino fluxes (fourth column) inferred from all
available neutrino data. Units are, in cm−2 s−1, as usual: 1010 (𝑝𝑝), 109 (7Be), 108 (𝑝𝑒𝑝, 13N, 15O) 106 (8B, 17F), and 10

3
(ℎ𝑒𝑝). Note that the

limit on the fluxes relative to the CNO cycle do not contain yet the information coming from recent Borexino result [74]. A revised analysis
including these data is in progress.

Flux SFII-GS98 SFII-AGSS09 Solar BP04
𝑝𝑝 5.98 (1 ± 0.006) 6.03 (1 ± 0.006) 6.05 (1

+0.003

−0.011
) 5.94 (1 ± 0.01)

𝑝𝑒𝑝 1.44 (1 ± 0.012) 1.47 (1 ± 0.012) 1.46 (1
+0.010

−0.014
) 1.40 (1 ± 0.02)

ℎ𝑒𝑝 8.04 (1 ± 0.30) 8.31 (1 ± 0.30) 18 (1
+0.4

−0.5
) 7.8 (1 ± 0.16)

7Be 5.00 (1 ± 0.07) 4.56 (1 ± 0.07) 4.82 (1
+0.05

−0.04
) 4.86 (1 ± 0.12)

8B 5.58 (1 ± 0.13) 4.59 (1 ± 0.13) 5.00 (1 ± 0.03) 5.79 (1 ± 0.23)

13N 2.96 (1 ± 0.15) 2.17 (1 ± 0.13) ≤6.7 5.71 (1 ± 0.36)

15O 2.23 (1 ± 0.16) 1.56 (1 ± 0.15) ≤3.2 5.03 (1 ± 0.41)

17F 5.52 (1 ± 0.18) 3.40 (1 ± 0.16) ≤5.9 5.91 (1 ± 0.44)

𝜒
2
/𝑃

agr 3.5/90% 3.4/90% — —

on the production of solar neutrinos is out of the scope of the
present paper, but can be found elsewhere [43].

SSM calculations of neutrino fluxes have been affected
by developments in the input physics discussed in previous
sections. The two areas that have the strongest impact on the
neutrino fluxes predicted by models are changes in nuclear
cross-sections and the new solar composition. In Table 4, we
list the results for neutrino fluxes for the up-to-date SSMs
SFII-GS98 and SFII-AGSS09. For comparison, we include, in
the last column, results from the BP04 SSM [76].

The most striking difference is the large reduction in the
13N and 15O fluxes between the SFII-GS98 and BP04models,
which use the same solar composition.This reduction comes
as a result of the new determination of S

1,14
, mostly by the

LUNA experiment [77, 78], that has halved its value with
respect to previous results (Table 2). If correct, the new expec-
tation value of the combined 13N + 15O fluxes poses an even
more challenging task for neutrino experiments to detect
CNO fluxes. By comparing fluxes in Table 4 for models com-
puted with the same solar composition (SFII-GS98 and
BP04), it can be seen that in terms of flux values, those asso-
ciated with the pp-chains have not changedmuch since 2004,
despite improvements in the input physics entering solar
model calculations. Few percent changes are present and are
the result of changes in the nuclear cross-sections discussed
before and also of the new OP radiative opacities. This is
an encouraging situation; it implies that neutrino fluxes are
robust predictions of solar models and, as experimental data
on solar neutrinos accumulate, it will be possible to start
fulfilling the initial goal posed by Davis and Bahcall: to use
solar neutrinos to learn about the solar interior.

In Figure 2, we show the distribution of the solar neutrino
fluxes as a function of solar radius. Together with the electron
density profile, provided also by solar models (and neutron
density profiles for sterile neutrino studies), these quantities
are of fundamental importance for neutrino oscillation stud-
ies. It is worth noting that the 13N flux has two components.
The larger one is associatedwith the operation in quasi-steady
state of the CN-cycle in the innermost solar core (𝑅 < 0.1𝑅

⊙
),

and for this reason coincides with the production region of
the 15O flux (Figure 2(b), blue and black curves, resp.). This

component of the 13N flux, as well as the total 15O flux, is
linearly dependent on S

1,14
. The additional component of

the 13N flux comes from the residual burning of 12C by the
reactions 12C(𝑝, 𝛾)13N(𝛽

+
)
13C at temperatures not high

enough to close the CN-cycle with a proton capture on 14N.
This component is completely independent of S

1,14
. The care-

ful reader will notice that the ratio of 13Nand 15Ofluxes is dif-
ferent in the SFII-GS98 and BP04 models, despite having the
same solar composition. Whereas the added 13N +15O neu-
trino flux is linearly proportional to the C + N abundance
in the solar core and also linearly proportional to S

1,14
, this

degeneracy can be broken, at least theoretically, if the two
fluxes can be experimentally isolated from one another.

The impact of the low-Z solar composition on the produc-
tion of solar neutrinos can be grasped by comparing results
of models SFII-GS98 and SFII-AGSS09 shown in Table 4.
As stated before, metals shape the solar structure through
the radiative opacity. The lower abundance of metals in the
AGSS09 composition is responsible for a reduction of the
temperature in the solar core of about 1%. Because of the
extreme temperature sensitivity of some of the neutrino
fluxes this is enough to produce large changes in the total
fluxes. The most extreme case is, of course, 8B, with the SFII-
AGSS09 value being ∼20% smaller. For 7Be the reduction is
of ∼9%.

Given the small uncertainties in the experimental deter-
mination of these fluxes, it would be tempting to think these
neutrino fluxes have the potential to discriminate between the
twoflavors of solar composition and contribute, in thisway, to
the solution of the solar abundance problem. As can be seen
in Table 4, unfortunately, the 7Be and 8B fluxes determined
from experiments lie almost right in between the high-Z and
low-Z models.

In any case, since it is known that low-Z solar models
do not reproduce well the solar structure as discussed in the
previous section, it is dangerous to extract conclusions from
comparing neutrino fluxes of this model to experimental
results. Regardless ofwhat the solution to the solar abundance
problem is, since it will modify the solar interior structure, it
will also change the expected values for the neutrino fluxes. In
this regard, CNOfluxes are particularly interesting. Although
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Figure 2: Normalized production profiles of solar neutrinos as a function of solar radius.

they are of course affected by temperature variations to a
comparable degree as the 8B flux is, they carry an extra linear
dependence on the solar composition that is not related to
temperature variations (The 17F flux is linearly dependent on
O, but unfortunately the flux is too low to be detectable with
current experimental capabilities.). Of particular interest is
the linear dependence of the 13N and 15O fluxes on the com-
bined C + N abundance. It is this dependence that enhances
their capability as a diagnostic tool. In fact, differences
between SFII-GS98 and SFII-AGSS09 models for these two
fluxes are of the order of 30% (taking SFII-GS98 as reference)
and, what ismore important, a large contribution to these dif-
ferences does not have an origin on temperature differences
between the models.

The last row in Table 4 shows the results of an 𝜒
2 test

for the two models against the solar fluxes also shown in the
table. It is clear that both SSMs give a very good agreement
with current data.We emphasize again, however, that the four
fluxes that are currently well determined from data and the
luminosity constraint, depending on the solar composition
only in an indirect manner. Experimental determination of
the combined 13N + 15O flux will therefore provide qualita-
tively new information on the solar structure and composi-
tion. In fact, one can take advantage of the similar response
to temperature variations that CNOfluxes and the 8Bflux has.
This has been exploited [79] to develop a very simple method
to determine the solar core C + N abundance that minimizes
environmental uncertainties in solar models (i.e., sources of
uncertainty that affect the solar core temperature). The idea
is simple: the temperature dependences are cancelled out by
using an appropriate ratio between the 8B and the combined
13N + 15O fluxes where SSM fluxes only act as normalization
values and the overall scale is determined by an actual 8B
flux measurement. The only additional requirement is that
a measurement of the combined 13N + 15O flux becomes

available.The current upper limit on this combined flux from
Borexino [74] places an upper limit on the C +N central mass
fraction of𝑋C+N < 0.072. Results for the SFII-GS98 and SFII-
AGSS09 models are𝑋C+N = 0.048 and 0.039, respectively.

3.3.2. Uncertainties. Uncertainties in the model predictions
of solar neutrino fluxes are given in Table 4. For deriving the
total uncertainty basically two approaches can be used. On
one hand, all contributions of uncertainty can be treated
simultaneously by doing a Monte Carlo simulation [80]. The
advantage is that intrinsic nonlinearities are captured in the
total error. The disadvantage is that individual contributions
to the total uncertainty are hardwired in the final result and
cannot be disentangled. Fortunately, for the current level of
uncertainties entering SSM calculations, nonlinearities seem
to be negligible and the total uncertainty in neutrino fluxes
can be obtained (adding quadratically) from individual con-
tributions. To compute the latter, the expansion of fluxes as a
product of power laws in the input parameters [43] around
central values is a widely used, practical, insightful, and
accurate approach. Uncertainties in the model fluxes listed in
Table 4 have been obtained in this way.

The most important change introduced in the estimation
of uncertainties is related to the treatment of the solar com-
position. Up until the BP04 model [76], the uncertainty in
the solar composition was taken into account by considering
variations of the total solar metallicity (to be more precise,
changes in the (𝑍/𝑋)

⊙
value used to construct SSMs). This

leads to an overestimation of the neutrino uncertainties. The
reason is that metals dominating the error budget in (𝑍/𝑋)

⊙

(C, N, O, and Ne) have, at most, a moderate impact on the
neutrino fluxes because of their small contribution to the
radiative opacity, and therefore a rather small impact on
temperature, in the region where most neutrinos are pro-
duced. On the other hand, elements such as Fe, S, and Si are
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second-order in determining (𝑍/𝑋)
⊙
but play a fundamental

role as sources of opacity in the solar core. It is important,
therefore, to treat metal uncertainties individually [81]. Of
course, in the case of the CNO fluxes the situation is different
because CNO elements catalyze the CNO-bicycle and this
overimposes an almost linear dependence of the 13N and 15O
on the C + N content of the solar and a similar dependence
of 17F on the O abundance. The uncertainties in the neutrino
fluxes given for the SFII-GS98 and SFII-AGSS09 SSMs have
been computed using the uncertainties for each relevant
element given in the original publications [46, 50]. As a result,
for either family of solar models, that is, high-Z or low-Z
models, the solar composition is not the dominant source of
uncertainty for any of the fluxes of the pp-chains. In the case
of the CNO fluxes, the linear dependence mentioned above
is the dominant source of uncertainty: the combined C + N
abundance contributes to a 12% uncertainty for both the 13N
and the 15O fluxes, and the O abundance to 15% in the 17F
flux.

In the case of the noncomposition uncertainties, the
situation has improved in some cases thanks to more precise
measurements of nuclear reaction rates. This is the case, in
particular, for the 3He(4He, 𝛾)7Be reaction, which now con-
tributes only 4.7% and 4.5% of the total uncertainty in the 7Be
and 8B fluxes, respectively. For comparison, the analogous
contributions in the BP04 model were 8.0% and 7.5% [76].
Significant progress has also been achieved regarding
14N(𝑝, 𝛾)

15O, which now introduces uncertainties of only 5%
and 7% in the 13N and 15O fluxes, half the amount it did in
2004. An important contribution to the uncertainty in the 8B
flux now comes from 7Be(𝑝, 𝛾)8B because the uncertainty of
this reaction has been revised upwards [55]. Even if the uncer-
tainty in this rate is now smaller than in SFI (see Table 2),
it is larger than that used for the BP04 model, which was
taken considering only one experimental result for this
reaction.

While progress has been done in some cases, others have
not seen much development, particularly diffusion and the
delicate issue of radiative opacities. In Table 5, we give the
individual contributions to flux uncertainties for the most
relevant sources. The reader can compare directly to the
situation in 2004 [76].

4. Neutrino Flavor Conversion in
Vacuum and Matter

Neutrino flavor conversion has been reviewed byYu. Smirnov
in this volume and we refer the reader for a detailed physics
discussion and references to his article. Here we just sum-
marize the basic features and formulae of flavor conversion
relevant to solar neutrinos.

We consider mixing of the three flavor neutrinos. The
description of flavor conversion of solar neutrinos traveling
through a medium is simplified because (a) the hierarchy
in mass splittings determined by solar and atmospheric data
leads to a reduction of the three neutrino flavor conversion
to an effective two-flavor problem and (b) the neutrino para-
meters, the mixings, and solar mass splitting lead to adiabatic

flavor conversion in solar matter and to cancel the interfer-
ence term by averaging out. Therefore, the physics of the
flavor conversion of solar neutrinos is described by simple
expressions with a very good accuracy. In practice, the sur-
vival probability is computed numerically to correctly include
the number density of scatterers along the trajectory of neu-
trinos from the production to the detection and to average
over the neutrino production region. In solar neutrino flavor
conversion, 𝜈

𝜇
and 𝜈
𝜏
are indistinguishable and therefore the

survival probability of electron neutrinos is the only function
needed to describe the flavor composition of the solar neu-
trino flux.

Solar neutrino survival or appearance probabilities can be
expressed in terms of three oscillation parameters (that can
be called the solar oscillation parameters), namely, themixing
angles between the first neutrino mass eigenstate and the
two other active mass eigenstates (𝜃

12
and 𝜃

13
) and the dif-

ference of the squares of the first and second generation mass
eigenvalues (Δ𝑚2

21
).The survival probability in the absence of

Earth-matter effects, that is, during the day, is well described
by

𝑃
𝐷

𝑒𝑒
= cos4𝜃

13
(
1

2
+
1

2
⋅ cos 2𝜃

𝑆
⋅ cos 2𝜃

12
) + sin4𝜃

13
. (5)

Here, 𝜃
𝑆
is themixing angle at the production point inside the

Sun:

cos 2𝜃
𝑆
≡ cos 2𝜃

𝑚
(𝜌
𝑆
) , (6)

where 𝜃
𝑚
(𝜌) is the mixing angle in matter of density 𝜌

𝑆
,

cos 2𝜃
𝑆
=

cos 2𝜃
12
− 𝜉
𝑆

(1 − 2𝜉
𝑆
cos 2𝜃

12
+ 𝜉2
𝑆
)
1/2

. (7)

In (7), 𝜉
𝑆
is defined as the ratio of the neutrino oscillation

length in vacuum, 𝑙
𝜈
, to the refraction length in matter, 𝑙

0
:

𝜉
𝑆
≡

𝑙
𝜈

𝑙
0

=
2√2𝐺

𝐹
𝜌
𝑆
𝑌
𝑒
cos2𝜃
13

𝑚
𝑁

𝐸

Δ𝑚2

= 0.203 × cos2𝜃
13
(

𝐸

1MeV
)(

𝜌
𝑆
𝑌
𝑒

100 g cm−3
) ,

(8)

where

𝑙
𝜈
≡

4𝜋𝐸

Δ𝑚2
, 𝑙

0
≡

2𝜋𝑚
𝑁

√2𝐺
𝐹
𝜌
𝑆
𝑌
𝑒
cos2𝜃
13

. (9)

In (8) and (9), 𝜌
𝑆
is the solar matter density, 𝑌

𝑒𝑆
is the

number of electrons per nucleon, and𝑚
𝑁
is the nucleonmass.

The electron solar density and neutrino production distribu-
tion of the neutrino fluxes are derived from solar models as
discussed in the previous section. In the last line in (8), we
have used the best fit values of the global analysisΔ𝑚2 = 7.5 ×

10
−5 eV2. The ratio of the parameter 𝜌

𝑆
to cos 2𝜃

12
separates

the region where the flavor conversion corresponds to vac-
uum averaged oscillations from the one of matter dominated
conversion.
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Table 5: Percentage contribution of selected individual sources of uncertainty to the neutrino fluxes.

S
11

S
33

S
34

S
17

S
1,14

Opac Diff
𝑝𝑝 0.1 0.1 0.3 0.0 0.0 0.2 0.2
𝑝𝑒𝑝 0.2 0.2 0.5 0.0 0.0 0.7 0.2
ℎ𝑒𝑝 0.1 2.3 0.4 0.0 0.0 1.0 0.5
7Be 1.1 2.2 4.7 0.0 0.0 3.2 1.9
8B 2.7 2.1 4.5 7.7 0.0 6.9 4.0
13N 2.1 0.1 0.3 0.0 5.1 3.6 4.9
15O 2.9 0.1 0.2 0.0 7.2 5.2 5.7
17F 3.1 0.1 0.2 0.0 0.0 5.8 6.0

The 𝜈
𝑒
survival probability at night during which solar

neutrinos pass through the Earth can be written as

𝑃
𝑁

𝑒𝑒
= 𝑃
𝐷

𝑒𝑒
− cos 2𝜃

𝑆
cos2𝜃
13
⟨𝑓reg⟩zenith

, (10)

where𝑃𝐷
𝑒𝑒
is the one given in (5).𝑓reg denotes the regeneration

effect in the Earth and is given as 𝑓reg = 𝑃
2𝑒
− sin2𝜃

12
cos2𝜃
13
,

where 𝑃
2𝑒

is the transition probability of the second mass
eigenstate to 𝜈

𝑒
. Under the constant density approximation

in the Earth, 𝑓reg is given by

𝑓reg = 𝜉
𝐸
cos2𝜃
13
sin22𝜃

𝐸

× sin2 [𝑎
𝐸
cos2𝜃
13
(1 − 2𝜉

−1

𝐸
cos2𝜃
12
+ 𝜉
−2

𝐸
)
1/2

(
𝐿

2
)] ,

(11)

for passage of distance 𝐿, where we have introduced 𝑎
𝐸

≡

√2𝐺
𝐹
𝑛
Earth
𝑒

= √2𝐺
𝐹
𝜌
𝐸
𝑌
𝑒𝐸
/𝑚
𝑁
.

In (11), 𝜃
𝐸
and 𝜉

𝐸
stand for the mixing angle and the 𝜉

parameter (see (8)) with matter density 𝜌
𝐸
in the Earth.

Within the range of neutrino parameters allowed by the solar
neutrino data, the oscillatory term averages to 1/2 in a good
approximation when integrated over zenith angle. Then, the
equation simplifies to

⟨𝑓reg⟩zenith
=

1

2
cos2𝜃
13
𝜉
𝐸
sin22𝜃

𝐸
. (12)

At𝐸 = 7MeV, which is a typical energy for 8B neutrinos, 𝜉
𝐸
=

3.98 × 10
−2 and sin 2𝜃

𝐸
= 0.940 for the average density 𝜌

𝐸
=

5.6 g/cm3 and the electron fraction 𝑌
𝑒𝐸

= 0.5 in the Earth.
Then, ⟨𝑓reg⟩zenith is given as ⟨𝑓reg⟩zenith = 1.76 × 10

−2 for the
best fit neutrino parameters. This result is in a reasonable
agreement with the computed Earth-matter factor using the
best estimates on the Earth-matter density.

5. Recent Solar Neutrino Measurements

5.1. The SNO and SK Legacy. After the results and analyses
from 2002, it was clear that the LMA oscillation was the right
solution of the long standing solar neutrino puzzle [82–93],
but the activity of the SNO and SK experiments continued
in the following years. The data obtained from these experi-
mentswere very important inmaking the LMAsolutionmore

robust and in improving the accuracy and precision of the
mixing parameters determination.

The so-called SNO II experiment began in June of 2001
with the addition of 2000 kg of NaCl to the 1000 metric tons
of D
2
O and ended in October 2003 when the NaCl was

removed. The addition of salt significantly increased SNO’s
efficiency (by a factor ∼3 with respect to the pure D

2
O phase)

in the detection of neutrons produced in the neutral current
(NC) disintegration of deuterons by solar neutrinos and, by
enhancing the energy of the 𝛾-ray coming from neutron cap-
ture, allowed a more precise measurement of this interaction
channel, well above the low-energy radioactive background.
Moreover, the isotropy of the multiple 𝛾-ray emission by
neutron capture on 35Cl is different from the one of the
Čerenkov light emitted by the single electron of the charged
current interaction; therefore, by studying the event isotropy,
it has been possible to separate the neutral from the charged
current events without any additional assumption on the
neutrino energy spectrum. The salt phase results have been
reported in two main publications. In [30], referring to the
first 254 live days, a global analysis including all the solar and
reactor neutrino results rejected themaximalmixing hypoth-
esis at a 5.4𝜎 level and gave a value of the 8B neutrino flux in
agreement with previous measurements and with SSMs.
These results were essentially confirmed (even if with a small
shift towards larger values of the mixing angle) by the second
publication [94], which included the full data of the salt phase
(391 live days), analyzed in terms of the CC spectra (starting
from 5.5MeV kinetic energy), and NC and ES integrated
fluxes separately for day and night.The day-night asymmetry
in the neutral current rate, which would be an indication
of oscillation to sterile neutrinos or nonstandard interaction
with matter in the earth, came out to be consistent with zero.

This result confirmed also the outcome of the study per-
formed for elastic scattering (ES) interaction above 5MeV by
the Super-Kamiokande collaboration [95]. The full SK-I low
energy data, corresponding to 1496 live days until July 2001,
were investigated analyzing the time variations of the ES rates
and fitting them to the variations expected from active two
neutrino oscillations. In this kind of study, the zenith angle
of the solar neutrinos arriving on the detector is associated to
the time variable and the full data are divided in two different
time samples from which the day and night rates (D) and
(N) are derived. The day-night asymmetry turned out to be
𝐴DN = 2(D −N)/(D +N) = −0.021 ± 0.020(stat.)+0.013

−0.012
(syst.),
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which is consistent with zero within 0.9𝜎. This value was in
a good agreement also with the LMA oscillation solution,
which (for the best fit parameter) predicted [95] 𝐴DN =

−0.018 ± 0.016(stat.)+0.013
−0.012

(syst.). The impact of Earth-matter
effects on solar neutrino oscillations is an important topic,
which has been widely studied in the literature with different
techniques (analytical and semianalytical studies and fully
numerical analyses)[96–109].

The SK analysis [95, 110] also showed that the energy
spectrum of the recoiling electron was consistent with an
undistorted solar 8B neutrino spectrum and did not find any
anomalous periodic time variation of the rates, apart from the
expected seasonal variation due to the Earth’s orbit eccen-
tricity. The SK best fit point was in quite a good agreement
with the SNO results, even if SK would favor slightly larger
values of tan2𝜃. A SNO-only analysis gave the following best
fit parameters [94]: Δ𝑚2

12
= 5.0 × 10

−5 eV2, tan2𝜃
12

= 0.45.
Including all the other solar neutrino and the KamLAND
results, the best fit was obtained forΔ𝑚2

12
= 8.0
+0.6

−0.4
×10
−5 eV2,

tan2𝜃
12

= 0.452
+0.088

−0.070
. The effect of KamLAND data was

mainly to increase the value ofΔ𝑚2 and to restrict the allowed
region in the mixing parameter plane.Themain difference of
the global analysis done with the SNO salt phase data with
respect to previous studies was the possibility to exclude at
95% CL the secondary region at even larger values of the
mass differences (the so-called LMA II solution, withΔ𝑚2

12
>

10
−4 eV2).
In the third SNO phase (November 2004–November

2006), the neutral current signal neutrons were mainly
detected by means of an array of 3He proportional counters
deployed in the D

2
O and looking at the gas ionization

induced by neutron capture on 3He. In this way, the fluxes
correlation was reduced and the accuracy in the mixing
angle determination was improved. The total active 8B neu-
trino flux was found [31] to be 5.54

+0.33

−0.31
(stat.)+0.36

−0.34
(syst.) ×

10
6 cm−2 s−1, in agreement with previous measurements and

SSMs. The ratio of the 8B neutrino flux measured with CC
andNC reaction wasΦSNO

CC /Φ
SNO
NC = 0.301±0.033.The global

solar neutrino experiment analysis included, in this case, also
the first results coming from the Borexino experiment [111],
that we discuss in Section 5.3. The best fit point moved to
Δ𝑚
2

12
= 4.90 × 10

−5 eV2, tan2𝜃
12

= 0.437 and the uncertainty
in the mixing parameter plane was still quite large. Adding
the KamLAND data, the allowed region was significantly
restricted (mainly for Δ𝑚2) and the marginalized 1𝜎 regions
were Δ𝑚2

12
= 7.59

+0.19

−0.21
× 10
−5 eV2, tan2𝜃

12
= 0.469

+0.047

−0.041
.

A subsequent joint reanalysis of SNO I and SNO II data,
known as LETA (low energy threshold analysis) [112], suc-
ceeded, with improved calibration and analysis techniques,
in lowering the energy threshold, with respect to previous
analyses [94, 113], down to an effective electron kinetic energy
of 𝑇eff = 3.5MeV. The main effect was to increase the statis-
tics of CC and ES and, above all, of NC events and to increase
significantly the precision on both the total 8B neutrino
flux and the neutrino mixing parameters. The value for the
total 8B neutrino flux extracted from neutral current was
ΦNC = 5.14

+0.21

−0.20
× 10
6 cm−2 s−1, where the error, obtained by

summing in quadrature the statistic and systematic contribu-
tions,was reduced bymore than a factor of twowith respect to
previous publications. For SNO data alone (LETA plus SNO
III), the best fit point moved to the LOW region of parameter
space, but the significance level was very similar to the one of
the usual LMA solution. A global fit, including all the solar
and the KamLAND data, essentially confirmed, instead, the
previous results [31] for Δ𝑚2

12
and it made possible a further

improvement in the angle determination, giving, in a 2-flavor
analysis, tan2𝜃

12
= 0.457

+0.041

−0.028
.

In the last five years, also the Super-Kamiokande collab-
oration presented new analyses, including the data of the
different working phases of this experiment: Super-Kamio-
kande II [114] (from December 2002 to October 2005) and
Super-Kamiokande III (from July 2006 to August 2008) [115].
Due to the 2001 accident, which damaged some of the pho-
tomultiplier tubes, the detector sensitivity was reduced with
respect to SK-I and therefore it was important to improve the
methods adopted for data collection (particularly for vertex
event reconstruction, angular resolution, and background
reduction) and analysis. In this way, during the 548 days
of SK-III a 2.1% systematic uncertainty on the total flux
(corresponding roughly to two-thirds of the SK-I value) was
reached. The second and third Super-Kamiokande phases
essentially confirmed the SK-I results, for what concerns the
absence of significant spectral distortion, the total 8B mea-
sured flux and the day-night asymmetry.

Since September 2008, Super-Kamiokande is running
with modernized data acquisition system (DAQ) and elec-
tronics, which allow a wider dynamic range in the measured
charge and is read out via Ethernet. This phase of the exper-
iment is denoted as Super-Kamiokande IV [116]. Thanks to
the fast DAQ every hit can be recorded and the resulting data
stream analyzed by an online computer system that finds
timing coincidences which are saved as triggers. As a con-
sequence, Super-Kamiokande’s energy threshold is now only
limited by computing speed and the event reconstruction.
The present event reconstruction is able to reconstruct elec-
trons with a total energy of 3MeV or more. The computing
speed limits the energy threshold to 4.2MeV which is
just below the threshold of Super-Kamiokande I and III
(4.5MeV).The same water flow techniques developed during
Super-Kamiokande III result in an observed solar neutrino
elastic scattering peak between 4 and 4.5MeV total recoil
electron energy. Special techniques are developed to discrim-
inate the signal from the background, taking advantage from
the fact that the background ismainly due to 𝛽 emission from
214Bi and it is characterized by a larger Coulomb multiple
scattering. This makes possible a reduction of about 10–15%
of the statistical uncertainty and this method can also be
applied to previous phases of the experiment. The additional
systematic uncertainty of this method is under investigation.

5.2. The Impact of KamLAND Results on Solar Neutrino
Physics. Even if it is based on the analysis of a reactor
antineutrino beam, the KamLAND experiment played a
fundamental role in the solution of the long standing solar
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neutrino puzzle. In fact, the first KamLAND data [34] were
determinant, in conjunction with the previous solar neutrino
experiments (and mainly with SNO) and assuming CPT
invariance, to prove the validity of the oscillation hypothesis
and to select the LMA solution as the correct one.

Between March 2002 and January 2004, a new set of data
were collected and the KamLAND collaboration performed a
study including also a reanalysis of the previous data. During
the 2002–2004 campaign, important upgrades were done
both on the central detector (increasing the photocatode cov-
erage and improving the energy resolution) and in the analy-
sis techniques (reduction of the background with better tech-
niques in the event selection cuts based on the time, position,
and geometry of the events). The number of antineutrino
events above 2.6MeV expected in absence of antineutrino
disappearance was 365.2 ± 23.7(syst) and the 258 observed
events corresponded to a 𝜈

𝑒
survival probability equal to

0.658 ± 0.044(stat.) ± 0.047(syst.). The energy spectrum
analysis was in disagreement with the no oscillation hypoth-
esis at 99.6% statistical significance. In [39], the Kam-
LAND collaboration, looking at the 𝐿

0
/𝐸 spectrum depen-

dence (where 𝐿
0
is the source-detector distance and 𝐸 the

𝜈
𝑒
energy), performed also an interesting study of other

alternative hypotheses (like decoherence and decay) for neu-
trino disappearance.The oscillation hypothesis offered by far
the best explanation of the spectrum shape, as one can see
from Figure 3.

As shown in Figure 4(a), the best fit obtained from the
data analysis was in the so-called LMAI region (with values of
Δ𝑚
2

12
around 8 ⋅ 10

−5 eV2) and the alternative solution at
higher Δ𝑚2

12
(around 2 ⋅ 10

−4 eV2) was strongly disfavoured,
at 98% CL, mainly due to the spectrum distortions. The
KamLAND data alone were not sufficient to solve completely
the ambiguity on the mixing angle values and to exclude
maximal mixing. However, including in the analysis also
the results coming from solar neutrino experiments, the
allowed values of the angle were significantly restricted (see
Figure 4(b)) and the two-flavor combined analysis gave
Δ𝑚
2

12
= 7.9
+0.6

−0.5
⋅ 10
−5 eV2, tan2𝜃

12
= 0.40

+0.10

−0.07
at a 1𝜎 level.

The next KamLAND analysis [40] included also, in addi-
tion to the one of [34, 39], the new data collected up to May
2007. The increase in data collection was significant (also
thanks to enlarging the radius of the fiducial volume from 5.5
to 6m) and there was a reduction of systematic uncertainties,
in the number of target protons and the background.The total
uncertainty on Δ𝑚

2

21
was around 2%, mainly due to the dis-

tortion of the energy scale in the detector. The total uncer-
tainty, 4.1%, on the expected event rate was due to different
sources (above all the definition of the detector fiducial
volume and energy threshold, the 𝜈

𝑒
spectra, and the reactor

power) and it affected primarily the mixing angle determina-
tion. The different background sources were studied and re-
duced further. The most important one was the 13C(𝛼, 𝑛)16O
reaction made possible by the 𝛼 decay of 210Po (a daughter
of 222Rn) introduced in the liquid scintillator during the con-
struction, which produces neutrons with energies up to
7.3MeV.

The results of the statistical analysis are reported in
Figure 5, taken from [40]. The allowed oscillation parameter
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values were Δ𝑚
2

21
= 7.58

+0.14

−0.13
(stat.)+0.15

−0.15
(syst.) ⋅ 10−5 eV2 for

the mass eigenvalues and tan2𝜃
12

= 0.56
+0.10

−0.07
(stat.)+0.10

−0.06
(syst.),

for tan2𝜃
12

< 1 and the no oscillation hypothesis was exclud-
ed at 5𝜎. The extension to the three-neutrino oscillation
analysis had the main effect to enlarge the uncertainty on 𝜃

12
,

leaving Δ𝑚
2

12
substantially unchanged. Figure 5, taken from

[40], shows that the effect of the inclusion in the analysis
of the data from SNO [94] and previous solar neutrino
experiments was essential to reduce the interval of allowed
𝜃
12
values and also to move the best-fit point towards slightly

lower values of the mixing angle.
Figure 6 (taken from [40]) illustrates, instead, the 𝜈

𝑒
sur-

vival probability, as a function of the ratio 𝐿
0
/𝐸 between

the average baseline and the antineutrino energies. One can
notice that the observed spectrum (after subtraction of back-
ground and geoneutrino signals), reproduces correctly the
general shape of the expected oscillation cycle, with a slight
excess of low energy antineutrinos, that could be interpreted
as geoneutrinos.

5.3. Toward the Sub-MeV Analysis: The Borexino Detector
and Its Measurements. In the last decade, significant steps
forward have been done in the knowledge of solar neutrino
properties, thanks mainly to the results obtained by the kilo-
ton scale Čerenkov detectors (SK and SNO) and by advent of
the reactor neutrino experiment KamLAND. However, these
experiments investigated only the energy part of solar neu-
trino spectrum above 5MeV, which represents a small frac-
tion of the full spectrum. The single components of the
neutrino spectrum cannot be determined by such techniques
at low energies and, therefore, up to the last four years, low
energy neutrinos had been observed only via radiochemical
methods. A significant change took place with the advent of
Borexino, a real-time experiment which opened the way to
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Figure 4: (a) Allowed region of the neutrino oscillation parameter
from KamLAND antineutrino data (colored regions) and solar
neutrino experiments (lines) [30]. (b) the result of a combined two-
neutrino oscillation analysis of KamLAND and the observed solar
neutrino fluxes under the assumption of CPT invariance. Taken
from [39].

the investigation of the sub-MeV region and isolated for the
first time the neutrinos corresponding to themonochromatic
beryllium line.

5.3.1. The Borexino Detector. Borexino is an ultrahigh radio-
pure large volume liquid scintillator detector (using pseudo-
cumene—PC (1,2,4-trimethylbenzene)—as aromatic scintil-
lation solvent, and PPO (2,5-diphenyloxazole) as solute at
a concentration of 1.5 g/L) located underground at the italian
Gran Sasso National Laboratories (LNGS), under about
1400m of rock (3800 mwe) [117].The employment of a liquid
scintillator as target mass assures a light production sufficient
to observe low energy neutrino events via elastic scattering
by electrons. This reaction is sensitive to all neutrino flavors,
through the neutral current interaction, but the cross-section
for 𝜈
𝑒
is larger than 𝜈

𝜇
and 𝜈

𝜏
by a factor of 5-6, due to

the combination of charged and neutral currents. The main
goal of Borexino is the measurement of the monoenergetic
(0.862MeV) 7Be neutrinos, which have the basic signature of
the Compton-like edge of the recoil electrons at 665 keV (see
Figure 7).

The high light yield typical of a liquid scintillator makes
it possible to reach a low energy threshold, a good energy
resolution of about 5% at 1MeV, and a pulse shape discrim-
ination between 𝛼 and 𝛽 decays. On the other hand, no
directionality is possible and it is also not possible to dis-
tinguish neutrino scattered electrons from electrons due to
natural radioactivity. For this reason, an extremely low level
of radioactive contamination is compulsory and this has been
one of the main tasks and technological achievements of the
experiment. The background due to the presence of 𝛽 decay
of 14C (𝛽end-point 156 keV), intrinsic to the scintillator, limits
neutrino observation to energies above 200 keV. Techniques
for the scintillator purification are based mainly on methods
developed and tested in earlier studies with the counting
test facility (CTF), a 4-ton prototype of Borexino which
demonstrated for the first time the feasibility of achieving the
low backgrounds needed to detect solar neutrinos in a large-
scale scintillator [120–122]. For Borexino, a larger purification
plant was developed similar to the CTF system, but with
several improved features including the use of high vacuum
and precision cleaning techniques.

The design of Borexino is based on the principle of graded
shielding (onion-like structure—see Figure 8).

The scintillator (≈300 tons) is contained in a thin nylon
inner vessel (IV), of radius 4.25m, at the center of a set of
concentric shells of increasing radiopurity and it is sur-
rounded by an outer vessel (OV), filled with PC and 5.0 g/L
DMP (dimethyl phthalate), amaterial which is able to quench
the residual scintillation of PC and acts as a passive shield
against radon and other background contaminations origi-
nating from the external parts. A third more external vessel
is composed of a stainless steel sphere (SSS), enclosing the
passive shield (PC-DMP), and the entire detector is contained
in a dome-shape structure 16.9m high with a radius of 9m,
filled with ultrapure water, denominated water tank (WT).
The scintillation light is recorded by 2212 8-inches photomul-
tipliers distributed on the inner part of the SSS [123, 124];
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1828 of them are equippedwith aluminum light concentrators
designed to increase the light collection efficiency [125].
Čerenkov’s light and residual background scintillation in the
buffer are thus reduced. The others 384 photomultipliers
without concentrators are used to study this background and
to identify muons that cross the buffer and not the inner
vessel. The water tank is equipped with 208 8-inches photo-
multipliers and acts as a Čerenkov muon detector. Although
the muon flux is reduced by a six-order of magnitude by the
3800mwe depth of the Gran Sasso Laboratory is still signifi-
cant (1.1𝜇m−2 h−1). An additional reduction, of the order of
about 104, has been necessary; for more details see [126].

In order to remove contaminants from dust (U, Th, K),
air (39Ar, 85Kr), and cosmogenically produced isotopes (7Be),
different purification techniques were applied, such as disti-
llation, water extraction, nitrogen stripping, and ultrafine
filtration.The pseudocumene was distilled in-line during the
detector filling at 80mbar and at a temperature of about 90–
95∘C. Distilled pseudocumene was stripped in an 8m high
(15 cm in diameter) packed column with specially prepared
ultralow Ar/Kr nitrogen (0.005 ppm Ar and 0.06 ppt Kr, see
[127]). Position reconstruction of the events, as obtained
from the photomultipliers timing data via a time-of-flight
algorithm, allowed to define a fiducial spherical volume,
corresponding approximately to 1/3 (i.e., about 100 tons) of

the scintillator volume in order to reject external 𝛾 back-
ground. The others 2/3 of the scintillator act as an active
shield.

5.3.2. The Measurement of the 7Be Line. The Borexino col-
laboration started taking data in May 2007 and after only
3 months (47.4 live days) it was able to extract the 7Be sig-
nal from the background. The best value estimate for the
rate was 47 ± 7(stat.) ± 12(syst.) counts/(day ⋅ 100 ton), where
the systematic error is mainly due to the fiducial mass deter-
mination [119]. An update of the 7Be signal was reported after
9 months from an analysis of 192 live days (from May 16
2007 to April 12 2008), corresponding to 41.3 ton ⋅ yr fiducial
exposure to solar neutrinos.

The severe cuts that had to be passed by the events in
order to be selected and enter the analysis were mainly de-
signed to avoid pile up of multiple events and reject the
events originated by muons and their daughters and the ones
due to radon daughters preceding the 𝛼 − 𝛽 Bi-Po delayed
coincidences. Moreover, severe cuts (radial and based on the
𝑧-coordinates) were finalized to reduce the external 𝛾 back-
ground. The remaining fiducial mass was of about 79 metric
tons. Important background sources were the fast coincid-
ence decays from the 238U chain (contamination level of
(1.6 ± 0.1) 10

−17 g/g) and the 232Th chain (contamination
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level of (6.8 ± 1.5) 10−18 g/g) and the 85Kr contained in
the scintillator that produces the rare decay sequence 85Kr →
85mRb + 𝑒

−
+ 𝜈
𝑒
,
85mRb →

85Rb + 𝛾. The total estimated
systematic error was 8.5% [111], mainly determined by two
sources, introducing an uncertainty of 6% each: the total
uncertainty on the fiducial mass and the one on the response
function. The best value for the interaction rate of the
0.862MeV 7Be solar neutrinos was 49 ± 3(stat.) ± 4(syst.)
counts/(day ⋅ 100 ton). This result excludes at the 4𝜎 CL the
no oscillation hypothesis for 7Be solar neutrinos, which in the
high metallicity SSM [118, 128] would imply 74 ± 4 counts/
(day ⋅ 100 ton). The Borexino result is, instead, in a very
good agreement with the predictions of the LMA oscillation
solution: 48 ± 4 counts/(day⋅ 100 ton).

In order to reduce the systematic uncertainties and to
tune the reconstruction algorithm and Monte Carlo simula-
tions, a calibration campaign was performed in 2009 intro-
ducing inside the Borexino detector several internal radio
sources 𝛼’s, 𝛽’s, 𝛾’s, and neutrons, at different energies and
in hundreds of different positions, which were determined
with a precision better than 2 cm. The previous systematic
error on 7Be solar neutrino flux was estimated to be [111] at
the level of 6% for both the fiducial volume and the energy
scale (when thermal neutrons are captured by protons a 2.2
MeV 𝛾-ray is generated.) In the calibration campaign, the
detector energy responsewas studiedwith eight 𝛾 sources and
Am-Be neutron source and comparing the calibration data
and Monte Carlo simulations at different energies within the
solar neutrinos energy region. The energy scale uncertainty,
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Figure 7: Neutrino spectra expected in Borexino (accounting for
the detector’s energy resolution). The upper line represents the
neutrino signal rate in Borexino according to the most recent
predictions of the standard solar model [118] including neutrino
oscillations with the LMA-MSW parameters. The lower line illus-
trates the contribution due to 7Be neutrinos. The pp neutrinos
contribute to the spectrum below 0.3MeV and the edge at 1.2MeV
is due to pep neutrinos (from [119]).

obtained with these studies, was determined to be less than
1.5%.

The inaccuracy of the position (reduced by means of
studies with 𝛼 and 𝛽 events) was less than 3 cm, equivalent
to a systematic error of 1.3% for the overall fiducial volume
in the 7Be solar neutrino energy region. The analyzed data
set run fromMay 2007 to May 2010, with a fiducial exposure
equivalent to 153.6 ton⋅year. In order to extract the 7Be solar
neutrino signal, the spectral fit was applied assuming all the
intrinsic background components such as 85Kr, 210Bi, 14C,
and 11C. The 7Be solar neutrino rate was evaluated to be
46.0 ± 1.5(stat)+1.5

−1.6
(syst) counts/day ⋅ 100 ton [129]. Thanks

to the calibration campaign, the systematic error was reduced
to 2.7% and the total uncertainty to 4.3%.

5.4. The pep and CNO Neutrinos Measurement in Borexino.
In the SSM, due to the solar luminosity constraint and their
intimate link to the pp neutrinos [43, 56], the monoenergetic
1.44MeV pep neutrinos have one of the smallest uncertainties
(1.2%) [64]. For this reason, after the pp neutrinos, they
constitute the ideal probe to test SSM hypotheses. On the
other hand, the detection of neutrinos within the CNO-
bicycle is central to probe the solar core metallicity and
contribute in this way to the solution of the solar metallicity
problem [64, 130]. Also, they are believed to fuelmassive stars
with mass greater than ∼1.2M

⊙
during the main sequence

evolution and also stars with lower masses in more advanced
stages of evolution. The energy spectrum of neutrinos from
theCNO-bicycle is the result of three continuous spectrawith
end point energies of 1.19MeV (13N), 1.73MeV (15O), and
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Figure 9: Examples of fitted spectra; the fit results in the legends have units [counts/(day ⋅ 100 ton)]. (a): A Monte Carlo based fit over the
energy region 270–1600 keV to a spectrum from which some, but not all, of the 𝛼 events have been removed using a PSA cut, and in which
the event energies were estimated using the number of photons detected by the PMT array. (b): An analytic fit over the 290–1270 keV energy
region to a spectrum obtained with statistical 𝛼 subtraction and in which the event energies were estimated using the total charge collected
by the PMT array. In all cases the fitted event rates refer to the total rate of each species, independently from the fit energy window (from
[129]).

1.74MeV (17F). Despite their relevance, until 2011 no pep and
CNO neutrinos had been detected directly.

The electron recoil energy spectrum from pep neutrino
interactions in Borexino is a Compton-like shoulder with
end point of 1.22MeV, as one can see from Figures 9 and 10,
showing the pep and CNO contribution in Borexino.

As already mentioned, very low background levels [111,
119] are required to detect 7Be neutrinos; the detection of
pep and CNO neutrinos is even more challenging, as their
expected interaction rates are ∼10 times lower. The expected
rate is on the order of a few counts per day in a 100-
ton target. To detect pep and CNO neutrinos, the Borexino
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Figure 10:The neutrino-induced electron recoil spectra expected in
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collaboration adopted a novel analysis procedure to suppress
the dominant background in the 1-2MeV energy range,
due to the cosmogenic 𝛽+-emitter 11C produced within the
scintillator by muon interactions with 12C nuclei. The muon
flux crossing the Borexino detector, ∼4300 𝜇/day, yields a
11C production rate of ∼27 counts/(day ⋅ 100 ton) (In 95%
of the cases at least one free neutron is spalled in the 11C
production process [132], and then captured in the scintillator
with a mean time of 255𝜇s [133].). This background can
be reduced by performing a space and time veto follow-
ing coincidences between signals from the muons and the
cosmogenic neutrons [134, 135], discarding exposure that is
more likely to contain 11C due to the correlation between the
parent muon, the neutron, and the subsequent 11C decay (the
three-fold coincidence, TFC).The TFC technique is based on
the reconstructed track of the muon and the reconstructed
position of the neutron-capture 𝛾-ray [133]. The criteria of
rejectionwere applied to obtain the best compromise between
11C rejection and preservation of fiducial exposure, resulting
in a 11C rate of (2.5 ± 0.3) count per day and (9 ± 1)% of the
original rate, while preserving 48.5% of the initial exposure.

Figure 11 shows the resulting spectrumobtainedwith data
collected between January 2008 andMay 2010, corresponding
to a fiducial exposure of 20409 ton⋅ day [74]. Despite the TFC
veto, the number of 11C surviving events still constituted a
significant background.
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Figure 11: Energy spectra of the events in the FV before and after
the TFC veto is applied. The solid and dashed blue lines show the
data and estimated 11C rate before any veto is applied. The solid
black line shows the data after the procedure, in which the 11C
contribution (dashed) has been greatly suppressed. The next largest
background, 210Bi, and the electron recoil spectra of the best estimate
of the pep neutrino rate and of the upper limit of CNO neutrino
rate are shown for reference. Rate values in the legend are quoted in
counts/(day ⋅ 100 ton) from [74].

To discriminate 11C 𝛽
+ decays from neutrino-induced 𝑒

−

recoils and 𝛽
− decays, the pulse shape differences between 𝑒

−

and 𝑒
+ interactions in organic liquid scintillators [136, 137]

were exploited. In fact a small difference in the time distribu-
tion of the scintillation signal arises from the finite lifetime
of orthopositronium as well as from the presence of anni-
hilation 𝛾-rays, which present a distributed, multisite event
topology and a larger average ionization density than electron
interactions. The Borexino collaboration employed an opti-
mized pulse shape parameter using a boosted-decision-tree
algorithm [138] and trained with a TFC-selected set of 11C
events (𝑒+) and 214Bi events (𝑒−) selected by the fast 214Bi-
214Po 𝛼-𝛽 decay sequence (less than 2.8m from the detector
center and with a vertical position relative to the detector
center between −1.8m and 2.2m.) In a work published in
2012 [74], the Borexino collaboration presented the results of
an analysis based on a binned likelihood multivariate fit per-
formed on the energy, pulse shape, and spatial distributions
of selected scintillation events whose reconstructed position
is within the fiducial volume.

The energy spectra and spatial distribution of the external
𝛾-ray backgrounds have been obtained from a full, Geant4-
based Monte Carlo simulation and validated with calibration
data from a high-activity 228Th source [139] deployed in the
outermost buffer region, outside the active volume. 𝛼 events
were removed from the energy spectrum by the statistical
subtraction method [119]. In the energy region of interest of
the fit procedure all background species whose rates were
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Figure 12: Two-flavor neutrino oscillation analysis contour using
only SNO data (taken from [147]).

estimated to be less than 5% of the predicted rate from pep
neutrinos have been excluded (Electron recoils from 7Be,
pep, and CNO solar neutrinos, internal radioactive back-
grounds 210Bi, 11C, 10C, 6He, 40K, 85Kr, and 234mPa, and
external 𝛾-rays from 208Tl, 214Bi, and 40K.). All rateswere con-
strained to positive values and thirteen species were left free
in the fit.The rate of the radon daughter 214Pb was fixed using
the measured rate of 214Bi-214Po delayed coincidence events.
The contribution from pp solar neutrinos was fixed to
the SSM assuming MSW-LMA [140–145] with tan2𝜃

12
=

0.47
+0.05

−0.04
, Δ𝑚2
12

= (7.6 ± 0.2) ⋅ 10
−5 eV2 [146], and the contri-

bution from 8B neutrinos to the rate from the measured flux
[112, 147].

In Table 6, the results for the pep andCNOneutrino inter-
action rates are shown. The absence of a pep neutrino signal
was rejected at 98% CL. Concerning the CNO neutrinos flux,
its electron-recoil spectrum is similar to the spectral shape
of 210Bi, but the last one is about 10 times greater; therefore,
it has only been possible to provide an upper limit on the
CNO neutrino interaction rate. The 95% CL limit reported
in Table 6 has been obtained from a likelihood ratio test with
the pp neutrino rate fixed to the SSM prediction [64] under
the assumption of MSW-LMA, (2.80 ± 0.04) counts/(day ⋅

100 ton).

6. Phenomenological Analysis

6.1. Status of the Determination of the Mixing Parameters in
a 3-Flavor Analysis. Recently, the SNO collaboration per-
formed a combined analysis of all the three working phases
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Figure 13: Two-flavor neutrino oscillation analysis contour using
both solar neutrino and KamLAND results (taken from [147]).

of the experiment [147] based on a fit to Monte Carlo derived
probability density functions (PDFs) for each of the possible
signals and backgrounds, and also introduced a new way to
parametrize the 8B neutrino signal. Figure 12, reporting the
results of the two-flavour (with the assumption 𝜃

13
= 0) SNO

only analysis, shows the further improvement in the mixing
parameters accuracy, but, at the same time, it confirms that
the SNO results alone would not be sufficient to completely
exclude the LOW solution.

This ambiguity was definitely removed, as shown in
Figure 13, by including in the analysis the results of all
previous solar neutrino experiments [110, 114, 115, 150–153],
the 7Be solar neutrino rate measured by Borexino [129], the
8B neutrino spectra [154], and the KamLAND data [41] (The
KamLAND data were obtained in a completely independent
experiment and, therefore, the corresponding 𝜒

2 values, as
functions of the mixing parameters, were directly summed
to the 𝜒2 values computed by direct solar neutrino analysis.).

The higher values of Δ𝑚
2

12
in the LMA region were

excluded, together with the full LOW solution, thanksmainly
to the large discrimination power of KamLAND.This exper-
iment, however, did not contribute significantly to improve
the mixing angle determination and the accuracy on this
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Figure 15: Projections of the three-flavor neutrino oscillation
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confidence level. Taken from [147].

parameter remained quite high. The results of the two-flavor
analysis are reported in Table 7 (taken from [147]).

The slight tension between the solar neutrino experi-
ments and KamLAND was significantly reduced by extend-
ing the analysis to the 3 flavor oscillation case as shown in
Figure 14, from which it is clear that the best global fit is
obtained for values of 𝜃

13
different from zero.

A detailed analysis of the 𝜒2 behavior proved also that the
combination of solar experiments and KamLAND enables
the significant improve of the discriminating power on the
𝜃
13
mixing parameter (see Figure 15 and Table 8).
The indication in favor of 𝜃

13
being different from zero

was in agreement with the recent results from the long-
baseline experiments T2K [155] and MINOS [156], and with
the combined analysis performed in [157], including also the
atmospheric neutrino and the CHOOZ [158] data. Moreover,
the validity of this hint has been corroborated by the data
obtained this year by the short baseline neutrino reactor
experiments [159–162], which established that 𝜃

13
> 0 at

about 5𝜎 (and even more in the Daya Bay case [163]). These
experiments found values of sin2𝜃

13
centered between 0.020

and 0.030, very promising results for future experiments
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Table 6: Best estimates for the 𝑝𝑒𝑝 and CNO solar neutrino interaction rates. For the results in the last two columns both statistical and
systematic uncertainties are considered. Total fluxes have been obtained assuming MSW-LMA and using the scattering cross-sections from
[146, 148, 149] and a scintillator 𝑒− density of (3.307 ± 0.003) ⋅ 10

29 ton−1 . The last column gives the ratio between our measurement and the
high-Z (GS98) SSM [64]. Table taken from [74].

𝜈
Interaction rate Solar-𝜈 flux Data/SSM

[counts/(day ⋅ 100 ton)] [108 cm−2 s−1] ratio
𝑝𝑒𝑝 3.1 ± 0.6stat ± 0.3syst 1.6 ± 0.3 1.1 ± 0.2

CNO <7.9 (< 7.1stat only) <7.7 <1.5

Table 7: Best-fit neutrino oscillation parameters from a two-flavor neutrino oscillation analysis. Uncertainties listed are 1 𝜎 after the 𝜒2 was
minimized with respect to all other parameters (taken from [147]).

Analysis tan2
𝜃
12

Δ𝑚
2

21
[eV2

] 𝜒
2
/NDF

SNO only (LMA) 0.427
+0.033

−0.029
5.62
+1.92

−1.36
× 10
−5

1.39/3

SNO only (LOW) 0.427
+0.043

−0.035
1.35
+0.35

−0.14
× 10
−7

1.41/3

Solar 0.427
+0.028

−0.028
5.13
+1.29

−0.96
× 10
−5

108.07/129

Solar + KamLAND 0.427
+0.027

−0.024
7.46
+0.20

−0.19
× 10
−5
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Figure 16: Projection over sin2𝜃
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combining the projections
obtained by analyzing data from all neutrino sources. The data
from atmospheric, short-baseline experiments, and long-baseline
experiments (ATM + LBL + CHOOZ) was determined from Figure
2 (left panel) in [157] which already includes the latest T2K [155] and
MINOS [156] results.

looking for leptonic CP violation [164]. The impact and
the possible consequences of these recent results have been
discussed, among the others, in the following papers [164–
167]. The different accuracy that can be reached in the
determination of themixing angle between the first and third
generation, according to the different kind of neutrino exper-
iments included in the analysis, is represented in Figure 16.

The combined analysis of the different SNO phases was
also very useful to obtain a precise determination of the
8B solar neutrino flux, Φ8B = 5.25 ± 0.16(stat)+0.11
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Figure 17: In this picture, taken from [154], the final energy
spectrum derived from Borexino’s analysis (red points) is repre-
sented and compared with the Monte Carlo predictions (blue and
purple bands) obtained using the MSW-LMA neutrino oscillation
model and the standard solar models in the versions corresponding,
respectively, to the high metallicity (BPS09(GS98)) and the low
metallicity (BPS09 (AGS05)) cases.

10
6 cm−2 s−1, with an important reduction of the systematic

uncertainty. This result was consistent with, but more precise
than, both the high-Z BPS09 (GS), Φ = (5.88 ± 0.65) ×

10
6 cm−2 s−1, and low-Z BPS09(AGSS09),Φ = (4.85±0.58)×

10
6 cm−2 s−1, and solar model predictions [72].
The combination of the LETA analysis by the SNO collab-

oration [112] and of the Borexino measurements [154] made
possible a detailed study of the low energy part of the 8B solar
neutrino spectrum. Even if characterized by a larger uncer-
tainty (mainly due to a more limited statistics), Borexino
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Table 8: Best-fit neutrino oscillation parameters from a three-flavor neutrino oscillation analysis. Uncertainties listed are ±1𝜎 after the 𝜒2
was minimized with respect to all other parameters. The global analysis includes Solar + KL + ATM + LBL + CHOOZ.

Analysis tan2𝜃2
12

Δ𝑚
2

12
[eV2

] sin2𝜃
13
× 10
−2

Solar 0.436
+0.048

−0.036
5.13
+1.49

−0.98
× 10
−5

<5.8 (95% C.L.)
Solar + KL 0.446

+0.030

−0.029
7.41
+0.21

−0.19
× 10
−5

2.5
+1.8

−1.5

<5.3 (95% C.L.)
Global 2.02

+0.88

−0.55

data confirm the LETA indication of low energy data points
lower than the theoretical expectations based on matter
enhanced oscillation and solar models as shown in Figure 17
(taken from [154]). These results agreed also with the Super-
Kamiokande observation [110] of flat spectrum, consistent
with the undistorted spectrum hypothesis. The emergence of
this slight tension between theory and experiments seems to
indicate the presence of new subdominant effects and also
suggests the possibility of nonstandard neutrino interactions
(like those studied in [168]) or the mixing with a very light
sterile neutrino [169]. Future solar neutrino experiments, like
SNO+, could shed more light on this subject, by performing
precision measurements of lower energies solar neutrinos
(like the pep neutrinos).

6.2. Free FluxAnalyses. The increasing data of solar neutrinos
allow to independently test the astrophysics of the solar
interior and the physics of neutrino propagation.The analysis
discussed in previous sections can be modified by also
varying the solar neutrino fluxes in order to accommodate
all neutrino data, while all the functional dependences are
maintained as predicted by the standardmodel dependences.
A key step in this kind of analysis is the imposition of the
luminosity constraint [170, 171], which implements in a global
way for the Sun the constraint of conservation of energy for
nuclear fusion among light elements. Each neutrino flux is
associated with a specific amount of energy released to the
star and therefore a particular linear combination of the solar
neutrino fluxes is equal to the solar luminosity (in appropriate
units). One can write the luminosity constraint as

𝐿
⊙

4𝜋(A.U.)
2
= ∑

𝑖

𝛼
𝑖
Φ
𝑖
, (13)

where 𝐿
⊙
is the solar luminosity measured at the Earth’s

surface, 1 AU is the average Earth-Sun distance, and the coef-
ficient 𝛼

𝑖
is the amount of energy provided to the star by

nuclear fusion reactions associated with each of the impor-
tant solar neutrino fluxes, Φ

𝑖
. The coefficients 𝛼

𝑖
are calcu-

lated accurately in [171].
The model independent determination of the solar neu-

trino fluxes [172, 173] shows that present solar neutrino data
leads to accurate results for four fluxes and also the correla-
tions between them. This information allows for a consistent
global comparison of SSM fluxes with the inferred fluxes by
neutrino data. Present data lead to the values for the inferred
solar neutrino fluxes reported in the fourth column (labelled
as “Solar”) of Table 4 in Section 3. The precision of the 7Be
and 8B neutrino fluxes is driven by the Borexino and SNO

(SK) neutrino experiments, while the precision of the 𝑝𝑝

and 𝑝𝑒𝑝 neutrino fluxes mainly comes by the imposition
of the luminosity constraint. The neutrino data directly
demonstrates that the Sun shines by the 𝑝𝑝 chain. The CNO
cycle only contributes to the total luminosity at the percent
level.

The reader may wonder how much these inferences are
affected by the luminosity constraint. The idea that the Sun
shines because of nuclear fusion reactions can be tested
accurately by comparing the observed photon luminosity of
the Sun with the luminosity inferred from measurements of
solar neutrino fluxes. Moreover, this same comparison will
test a basic result of the standard solar model, namely, that
the Sun is in a quasi-steady state in which the current energy
generation in the interior equals the current luminosity at
the solar surface. The free flux analysis, without imposing
luminosity constraint, permits an estimation of the solar
luminosity inferred by neutrino data, which agrees with the
directly measured one within 15% (1𝜎).

7. Future Solar Neutrino Experiments

7.1. The Near Future: Improvement of pep Measurements and
CNO Detection. In the last decades, the intensive study of
8B and, more recently, 7Be solar neutrinos made possible
fundamental steps forward in the solution of the solar neu-
trino puzzle and the determination of the neutrino mixing
parameters. Nevertheless, many key features of the oscillation
models (like the transition between the vacuum dominated
sub-MeV region and the spectral region between 1 and 3MeV,
where matter effects become relevant) still have to be tested
or verified with better accuracy and precision (see Figure 18,
taken from [174]).

The apparent partial deficit of events in the low energy
part of the 8B spectrum suggested the introduction of new
theoretical models (as discussed in Section 6). Also for these
reasons, the experimental efforts in the last years focused
on the detection of neutrinos of ever decreasing energies,
to fully confirm the validity of the MSW-LMA solution and
verify the fluxes predicted by SSMs, discriminating between
different versions of these models. The fluxes of the medium
and high energy neutrinos of the pp chains (7Be, 8B, and
hep) are predicted with quite large uncertainties, mainly
due to the uncertainties in nuclear cross-sections and solar
opacity (Table 5). The pp and pep fluxes, instead, are strongly
correlated between themselves and their values are predicted
with the highest precision because SSMs predict that pp
chain reactions are responsible for more than 99% of the
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Figure 18: The 𝜈
𝑒
survival probability is represented as a function

of neu-trino energy. The gray band represent the MSW-LMA
prediction. The higher survival probability region at low energies
is where vacuum-dominated oscillations occur. As the neutrino
energy increases, matter effects become important and the lower
survival probability at high energies is due to matter-enhanced
oscillations. The reported data correspond to solar neutrino flux
measurements performed by different experiments. Taken from
[174].

energy powering the Sun [80]. Therefore, the measurements
of these components would be the most stringent test of the
SSM. The tight correlation between pep and pp neutrinos is
theoretically well established and, therefore, even in the pes-
simistic hypothesis that pp neutrinos could not be measured
with the desired accuracy, a significant improvement in the
pep neutrinos measurement with respect to data presently
available would make it possible to reduce significantly the
15%indetermination on the solar luminosity (see Section 6.2)
and to test indirectly the SSM’s predictions that almost 100%
of solar energy is produced by nuclear burning.

As already mentioned, water Čerenkov detectors, which
played a fundamental role in the solution of the solar neu-
trino problem, are characterized by a low photon yield [175,
176] and therefore can detect only the higher part of the
spectrum (hep and 8B neutrinos with a threshold around
3.5MeV). The radiochemical experiments [153, 177] are
limited, instead, by their ability tomeasure only the integrated
neutrino rate above the charge-current interaction threshold
(down to 0.23MeV for theGallium experiments), without the
possibility to discriminate between the different spectrum
components. Therefore, an important contribution should
come from the present and future organic liquid scintillator
detectors, planned to perform low energy solar neutrino
spectroscopy. To reach this goal, they will take advantage
from the high values of light yield (about 104 photons per
MeV of deposited energy) and from the possibility to assem-
ble very large masses of high purity materials. The excellent
levels of radiopurity, reached, for instance, at Borexino, and

the typical geometry of these detectors (which are unseg-
mented and can be easily adapted to the definition of a
fiducial volume) are fundamental to reduce the impact of the
background, that is so critical due to the feebleness of the low
energy signal.

In the near future, significant contributions are expected
from Borexino and SNO+ [178] experiments (the main
problem still surviving seems to be the reduction of 210Pb.)
Borexino has already proved its importance in this kind of
analysis performing the first measurements of pep and CNO
neutrinos (even if the level accuracy is not yet the desired one)
and further reducing, with the purification campaign started
since July 2010, the level of contamination from almost all of
the main radioactive background sources. The purification
efforts are still ongoing and should make possible a further
improvement on the accuracy of the signal extraction. Also,
a novel technique [179] would allow to determine the 210Bi
background. Preliminary calculations show that the CNO
signal could be extracted from the 210Bi backgroundwith one
year of data taking. The SNO+ experiment, that should start
taking data soon in the SNOLAB, should take advantage from
the location (about two times deeper underground than the
Gran Sasso laboratory), with the consequent lowermuon flux
and a strongly reduced 11C rate. Moreover, thanks to the
detector mass (about three times larger than in Borexino), it
should be able to reach a higher counting rate. This could
determine a fundamental improvement at least in the case
of the pep neutrino measurement, where a 5% uncertainty is
expected, to a level that shouldmake possible a significant test
of the MSW transition region.

In the more optimistic scenarios, it may be also possible
to attack the main problem of measuring the lowest energy
parts of the solar neutrino spectrum, that is, the pp neutrinos
and the 0.38MeV Berillium line. In any case, the presence in
organic scintillators of an intrinsic 14C background will make
this very low energy measurements an extremely hard task
and theymay require the introduction of new techniques, like
the ones we are going to describe in the next subsections.

7.2. The Far Future: Experimental Challenges. The challenge
for all future experiments aimed at measuring the low energy
part of solar neutrino spectrum is that of assembling experi-
mental devices with low energy thresholds suitable to detect
a low rate signal in a region characterized by different
potential sources of radioactive background. This difficult
experimental task is common also to the experiments looking
for neutrinoless double 𝛽 decay or for dark matter signals
(search for signatures ofWIMPs, a stable or long-livedweakly
interacting elementary particle, produced in the early Uni-
verse, whose existence is predicted in extensions of the
standard model). In fact, some of the solar neutrino exper-
iments planned for the future are multipurpose experiments
designed also for the other above-quoted topics.

They are all characterized by a very large detector target
mass and by the need to reach very high levels of radiopurity.
The common feature is that of using scintillator detectors, but
they differ for the chosen active scintillator material, which
can vary from traditional organic scintillators (developed
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with the use of innovative technological devices) to new
materials, like the noble gases.

7.2.1. Noble Liquid Detectors: CLEAN and XMASS. One of
the possible future frontiers is the idea to use scintillation
detectorswith liquid noble gases, like xenon, argon, andneon.
These materials have the advantage of being relatively inex-
pensive, easy to obtain, and dense and it is not too difficult
to build large homogeneous detectors of this kind; moreover,
they can be quite easily purified, offer very high scintilla-
tion yields (about 30–40 photons/keV), and do not absorb
their own scintillation light.

A first example is offered by the CLEAN/DEAP family,
a series of detectors based entirely on scintillation in liquid
neon (LNe) and liquid argon (LAr). They have been realized
using a scaleable technology in order to reach increasing
sensitivities in the different prototypes realized and installed
in the SNOLAB (Pico-CLEAN, Micro-CLEAN, DEAP-I,
Mini-CLEAN and CLEAN/DEAP) with the aim to search for
dark matter and to perform (through the analysis of elastic
neutrino-electron and neutrino-nucleus scattering) a real-
time measurement of the 𝑝𝑝 solar neutrino flux. The final
detector CLEAN (cryogenic low energy astrophysics with
noble gases) [180] (see Figure 19) will be made by a stainless
steel tank, of about 6meters of diameter, filled with 135metric
tons of cryogenic liquid neon; only the central part of it,
surrounded isotropically by a series of photomultipliers, will
constitute the detector fiducial volume. An external tank of
water, 10 metres wide and 12 metres high, will act as 𝛾-ray
shielding, neutron shielding, and muon veto. According to
Monte Carlo simulations, there should be a production of
15000 photons/MeV and it should be possible to reach a 100%
photon wavelength shifter efficiency and a statistical uncer-
tainty on the 𝑝𝑝measurements of the order of 1%.

A precise measurement of the 𝑝𝑝 component and of the
ratio between 𝑝𝑝 and 7Be fluxes would be essential to test the
predictions of SSMs. A high accuracy on the 𝑝𝑝 neutrino flux
would also make possible a better determination of the 𝜃

12

mixing angle, which, complemented with the results from
previous solar neutrino experiments and from KamLAND
(essential for theΔ𝑚2

12
measurement), would be fundamental

to test the consistency of the LMA solution also in the region
of transition between vacuum dominated and matter en-
hanced oscillations. Finally, CLEAN could in principle try
to measure also the CNO neutrino flux, through the analysis
of neutrino spectrum from 0.7 to 1.0MeV, with an estimated
accuracy between 10% and 15%.

An interesting alternative to the use of neon is offered by
liquid xenon scintillator detectors [181], which take advantage
of the fact that among liquid rare gases xenon has the highest
stopping power for penetrating radiation (thanks to its high
atomic number, 𝐴 ≃ 131, and density, 𝜌 = 3 g/cm3) and also
the highest ionization and scintillation yield. The technolog-
ical improvements of the last twenty to thirty years made
possible significant improvements in the cooling and purifi-
cation techniques of this kind of detectors and in the possi-
bility of assembling large mass detectors, of the order of some

Clean

100 tons of liquid neon

Photomultipliers

Fiducial volume

27 K
Liquid
neon 12 meters

Dewar support

6 meters

10 meters

77 K

H2O shielding

Figure 19: Scheme of the CLEAN detector. Taken from [180].

tons (like in the case of MEG [182] experiment, studying the
𝜇 → 𝑒𝛾 decay).

TheXMASS experiment (see Figure 20) is amultipurpose
low background and low energy threshold experiment that
will use a large massive liquid xenon detector and has been
designed to look forWIMPs (dark matter candidates), search
for neutrinoless double 𝛽 decay, and study the 𝑝𝑝 and the
7Be solar neutrinos. After two preliminary phases, during
which smaller prototypes have been realized and installed in
the Kamioka mine [183], and the first data on double beta
decay and dark matter have been taken, the full XMASS
detector (that will measure also solar neutrinos) will have
a total mass of 20 metric tons,with a fiducial volume of
10 metric tons. Special efforts are required mainly to lower
the background, by reducing the radioactive contamination
in the parts used for detector construction (with special atten-
tion to the photomultipliers and the copper material used for
PMT holder), constructing a larger pure water active shield
(for muons and mainly neutrons and 𝛾 rays), and, above all,
developing a distillation system for xenon in order to reduce
the contamination by 85Kr, the major source of radioactive
background inside the detector.

Another interesting experimental project based on the
noble gases liquid scintillator technique is that of DARWIN
(dark matter wimp search with noble liquids) [185], which
brings together different European and US research groups
working on existing experiments and on the study for a future
multiton scale LAr and LXe dark matter search facility in
Europe. The main goal of the experiment is to look for a
WIMP signal and to demonstrate its dark matter nature,
taking advantage from the fact of performing the measure-
ment with multiple different targets operating under similar
conditions. In this way, it should be possible to estimate the
dependence of the rate with the target material and, there-
fore, to better determine the WIMP candidate mass and to
distinguish between spin independent and spin dependent
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(a)

(b)

Figure 20: Schematic view of the full XMASS facility (a) and details
of the inner detector (b) from which one can see the particular
configuration of the hexagonal photomultiplier tubes. Taken from
[183, 184].

couplings. The energy region of the nuclear recoil spectrum,
below 200 keV, that should be investigated by this future
experiment is of particular interest also for the study of the𝑝𝑝
solar neutrinos and, in fact, the elastic scattering on electrons
by the low energy component of the neutrino spectrum
would be one of the main background sources for WIMP
searches in liquid xenon detectors, as shown in Figure 21.

DARWIN officially started in 2010; a technical design
study should be ready in Spring 2013 and the start of the first
physics run is expected by mid-2017.

7.2.2. Multikiloton Scale Liquid Scintillators: Example LENA.
The Borexino experiment demonstrated the great potential
of the liquid-scintillator technique for the detection of low
energy solar neutrinos. Thanks to this experience, a next-
generation neutrino detector has been proposed: LENA (low
energy neutrino astronomy) [186]. LENA is a multipur-
pose detector aiming to study supernova neutrinos, diffuse
supernova neutrino background, proton decay, atmospheric
neutrinos, long-baseline neutrino beams, geoneutrinos, and,
last but not least, solar neutrinos. The LENA project foresees
a cylindrical detector with a diameter of 30m and a length of
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Figure 21: Expected nuclear recoil spectrum from WIMP scatters
in LXe for a spin-independent WIMP-nucleon cross-section of
10
−47 cm2 (red solid) and 10

−48 cm2 (red dashed) and a WIMP
mass of 100 GeV/c2, along with the differential energy spectrum
for pp (blue) and 7Be (cyan) neutrinos, and the electron recoil
spectrum from the double beta decay of 136Xe (green). Assumptions
are 99.5% discrimination of electronic recoils, 50% acceptance of
nuclear recoils, and 80% flat analysis cuts acceptance. Taken from
[185].

about 100m. Inside the detector is foreseen an internal part
(with a diameter of about 26m) containing about 50 kilotons
of liquid scintillator, separated from a nonscintillating buffer
region by a nylon barrier. Outside, a tank (made in steel or
concrete) separates the inner detector from an outer water
tank; it is used both for shielding and as an active muon veto.
To collect the scintillation light, about 45,000 photomulti-
pliers (with a diameter of 20 cm) are mounted to the internal
walls of the detector. To increase the optically active area,
the photomultipliers tubes are equipped with conic mirrors,
the corresponding surface coverage is about 30%. Figure 22
shows a schematic overview of the current LENA design.

Among the favored solvent for the liquid scintillator
in LENA, the LAB (linear alkylbenzene) is currently the
preferred one. It has a high light yield and large attenuation
length and it has also the advantage of being a nonhazardous
liquid. The attenuation lengths is on the order of 10 to 20m
(at awavelength of 430 nm) and the photoelectron yield could
be greater than 200 photoelectrons per MeV (with a scintil-
lator mixture containing 2 g/L PPO and 20mg/L bisMSB as
wavelength shifters). Studies have been carried out to test the
large-scale light transport and the differences in scintillator
response for 𝛼, 𝛽, and 𝛾 particles. An alternative solvent
option is the well-studied PXE [187] or a mixture of PXE and
dodecane.

As already pointed out, Borexino has splendidly demon-
strated the potential of the detection technique with liquid
scintillator based detectors for the solar neutrino detection.
This technique offers the opportunity for a spectrally resolved
measurement of the solar neutrino spectrum in the all energy
range.
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Cavern
Height: 115 m, diameter: 50 m

Muon veto
Plastic scintillator panels (on top)
water cherenkov detector
3,000 phototubes
100 kt of water
reduction of fast
neutron background

Steel cylinder
Height: 100 m, diameter: 30 m
70 kt of organic liquid
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Thickness: 2 m
non-scintillating organic liquid
shielding from external radioactivity
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Separating buffer liquid
and liquid scintillator

Target volume
Height: 100 m, diameter: 26 m
50 kt of liquid scintillator

30,000–50,000 phototubes

shielding from cosmic rays: ∼ 4,000 m.w.e.

Figure 22: Schematical view of the LENA detector. From [186].

Table 9: Expected solar neutrino rates in LENA (channel 𝜈𝑒 → 𝑒𝜈).The estimates are derived from the existing Borexino analyses [154, 188]
as well as expectation values for the respective energy windows (EW) of observation [189–191]. The quoted fiducial masses,𝑚fid, in LAB are
based on a Monte Carlo simulation of the external 𝛾-ray background in LENA. Table taken and adapted from [186].

Source EW [MeV] 𝑚fid [kt] Rate [cpd]
𝑝𝑝 >0.25 30 40
𝑝𝑒𝑝 0.8−1.4 30 2.8 × 10

2

7î¿ĹBe >0.25 35 1.0 × 10
4

8î¿ĹB >2.8 35 79
CNO 0.8–1.4 30 1.9 × 10

2

Because the smaller ratio of surface to volume compared
to the Borexino detector in LENA it is very likely to reach
the excellent background conditions of Borexino (A smaller
ratio of surface to volume decreases the chance that the scin-
tillator is contaminated with radioimpurities.) Monte Carlo
simulations of the gamma background due to the uranium,
thorium, and potassium from the photomultipliers glass
show that a fiducial volume of the order of 30 ktons is
achievable for solar neutrino studies; LENA will be able to
address topics both in neutrino oscillations and in solar
physics thanks to its unprecedented statistics. A high statistics
can be obtained in short times and in both Pyhsalmi and
Frejus underground laboratories, where the detector could be
hosted and where the cosmogenic background of 11C will be
significantly lower than in Borexino.

Monte Carlo simulations show that for pep, CNO, and
low-energy 8B-𝜈s detection a fiducial mass of ∼30 kton
is necessary, while the fiducial mass for 7Be-𝜈s and

high-energy (𝐸 > 5MeV) 8B-𝜈s could be enlarged to 35 kton
or more.

In Table 9 the expected rates in 30 kton for the neutrinos
emitted in the pp chain and the CNO-bicycle are reported,
using the most recent solar model predictions. This evalua-
tion refers to a detection threshold set at about 250 keV.

7.2.3. New Techniques with Organic Scintillators: LENS. The
main goal of the Low Energy Neutrino Spectroscopy (LENS)
detector is the real-time measurement of solar neutrinos as
a function of their energy, focusing, on particular, in the
analysis of the lowest energy neutrinos coming from the
proton-proton fusion (i.e., the𝑝𝑝neutrinos), which represent
the main contribution and the less known component of the
pp-chain of fusion reactions inside the Sun.

In order to make an energy spectrum measurement on
low energy neutrinos, it is necessary to reach a low threshold
for the charged current (CC) process and to be able to
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discriminate the background from radioactive decays. The
CC process employed in LENS is the neutrino induced
transition of 115In to an excited state of 115Sn:

𝜈
𝑒
+
115 In 󳨀→

115Sn∗ + 𝑒
−

(𝐸 = 𝐸
𝜈
− 114 keV) ,

115Sn∗ (𝜏 = 4.76 𝜇s) 󳨀→ 115Sn + 𝛾 (498 keV) + 𝛾 (116 keV) .
(14)

Thanks to that it is possible to detect low energy neutri-
nos with a threshold of 114 keV and measure their energy,
following an idea that has been investigated since the 1970s
[192].

The primary interaction and the secondary cascade
enable a triple coincidence, correlated in space and time.
LENS employs as detection medium a liquid scintillator
chemically doped with natural indium (115In = 95.7%).
In order to exploit the spatial correlation, the volume of
the detector is segmented into cubic cells (7.5 cm) by clear
foils (Teflon FEP) that have a lower index of refraction than
the liquid scintillator. By internal reflection, the scintillation
light produced in a cell is channeled in the directions of the
6-cell faces. The collected channeled light is read out at the
edge of the detector by photomultiplier tubes.

LENS should be able to determine the low energy solar
neutrino fluxes with an accuracy ≤4%, testing neutrino and
solar physics with a global precision better than the present
one and also looking for any inconsistency in the LMA
conversion mechanism [193].

8. Remarks on the Present Status and
Future Outlooks

In this paperwewent through themain results obtained in the
study of solar neutrinos and we focused our attention mainly
on the last decade advancements. Since the discovery of neu-
trino oscillations and the solution to the long standing solar
neutrino problem at the dawn of the century, solar neutrino
physics has evolved quickly and has become a mature field. It
took advantage from the great amount of data of the different
working phases of experiments like Super-Kamiokande and
SNO, corroborated by the analogous studies of the reactor
experiment KamLAND and recently sustained also by the
first “low energy” real-time measurements performed by
Borexino.

A coherent picture emerges fromall of these experimental
achievements and from the global analyses performed by
the single experimental collaborations and in other parallel
theoretical and phenomenological studies and we can say
that the basic properties and the values of the parameters
driving solar neutrino oscillations, Δ𝑚2

12
, and 𝜃

12
are now

known with quite a satisfactory accuracy (Tables 7 and 8)
and the validity of theMSW-LMA solution is well established
(Figure 18). Nevertheless, there are still important aspects of
the oscillation mechanism on which we would like to shed
more light. In particular the vacuum to matter transition
regime requires further study (see also Section 9).

Important parallel advancements took place in the study
of neutrino oscillations during the very last years; in par-
ticular a series of reactor short baseline experiments have
confidently established that the mixing angle 𝜃

13
is different

from zero, opening interesting opportunities for future exper-
iments looking for leptonic CP violation (the details have
been given in Section 6).

From an astrophysical point of view, current solar neu-
trino data have put us on the verge of fulfilling the original
dream of Davies and Bahcall and use solar neutrinos as a
probe of the nuclear fusion processes that power the Sun and
the vast majority of stars. The four relevant neutrino fluxes
produced in the different pp-chains are, thanks to the latest
efforts fromBorexino, now very well constrained from exper-
imental data (7Be has the largest uncertainty, 4.5%, if the solar
luminosity constraint is used in the analysis of the data).
Standard solar model predictions are in excellent agreement
with solar fluxes, regardless of the solar composition assumed
in the construction of the model. In fact, the agreement is so
good for both high-Z and low-Z solar models (Table 4) that
it is very unlikely that neutrino fluxes from pp-chains will
be able to discriminate between solar compositions. Borexino
has also recently established themost stringent upper limit on
CNO fluxes which is now only a factor of 1.5 larger than solar
model predictions. CNO fluxes carry a wealth of information
about the solar core and are, for solar physics, the most cov-
eted prize. The latest developments, both experimentally and
in background subtraction techniques, place Borexino at the
doors of thismomentousmeasurement. In this regard, poten-
tiality of SNO+ is unmatched, but at present the primary
solar neutrino measurements are planned to take place after
the double beta decay measurements are carried out for at
least 4 years. Some of the possibilities that a measurement
of CNO fluxes would offer are discussed in the next section,
togetherwith some of themain questionswhich are still open.

9. Open Questions in Solar Neutrino Physics

9.1. The Metallicity Problem. The solar abundance or solar
metallicity problem has been around for some time now. In
analogy with the solar neutrino problem, there have been
attempts (although inmost cases, it is fair to say, of somewhat
less radical nature) to solve it by introducingmodifications to
the input physics of SSMs. Tomention a fewof them,we could
remember the following:

(i) large enhancement of Ne abundance [194, 195] is
important because of its contribution uncertainty and
a weak bond in solar abundances because its abun-
dance is determined rather indirectly [44];

(ii) increased element diffusion rates [67, 196];
(iii) accretion of metal-poor materials leading to a “two-

zone” solar model in terms of composition [64, 196,
197].

Also solar models including some sort of prescriptions to
account for rotation and other dynamical effects have been
put forward; however, their performance is quite poor.
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So far, all attempts of finding a solution to all the mani-
festations of the solar abundance problem have failed. In
some cases, 𝑌

𝑆
can be brought into agreement with helio-

seismology, in other cases 𝑅CZ and the sound speed profile,
but a simultaneous solution to all the problems has not yet
been found.

The exceptions are the two obvious ones: (a) the low-
Z solar abundances actually underestimate the true metal
content of the Sun; (b) an increase of radiative opacities by the
right amount (15% to 20% at the base of the convective zone
down to about 3% in the solar core) to compensate for the
decrease induced by the low-Z abundances. The drawback to
this idea is that current state-of-the-art radiative opacity cal-
culations differ by only 2 to 3% at the base of the convective
envelope, much lower from what would be required by low-Z
models.

It has indeed been shown that by increasing the radiative
opacity in low-𝑍 SSMs the agreement with helioseismology
can be restored to match results from high-Z SSMs [198].
Additionally, the 7Be and 8B fluxes of a low-Z SSMs with
increased opacity coincide with those from a high-Z model
[199]. As good as this may seem, it shows the intrinsic de-
generacy between composition and opacities.

Recently, a novel approach, the linear solarmodels (LSM),
that relate changes in solar observables tomodifications in the
input physics by the calculation of kernels based on SSMs
has been developed by [200] (We remark that LSMs offer an
efficient way of studying the response of the solar structure
to changes in any of the physical ingredients entering solar
model calculations that does not require the construction
of solar models with the varied physics.). LSMs have been
applied in particular to the solar abundance problem and
the changes required in the radiative opacity to restore the
agreement between low-Z models and helioseismology [201]
quantitatively, result similar to those quoted above.

By using 8B and now 7Be as thermometers of the solar
core [79], CNO neutrinos represent a unique way to break
this degeneracy and provide an independent determination
of the CNO abundances, particularly the C +N abundance in
the solar core. Keeping inmind the antagonism between solar
interior and solar atmosphere models that the solar abun-
dance problem has established, results from CNO fluxes will
be of the outmost relevance for solar, and by extension stellar,
physics.

9.2. The Vacuum to Matter Transition? Solar neutrino exper-
iments already measured the two-extreme-flavor conversion
regimes, the vacuum term domination and matter term
domination. There is no direct experimental evidence of the
transition fromone to the other. In fact, the lower energetic 8B
neutrinos are sensitive to the rise of the spectrum frommatter
combination towards vacuum, but the data (still very uncer-
tain) seem not to show it. More data coming from Super-
Kamiokande, Borexino, and SNO+ experiments will further
explore the conversion in this regime.

The precise measurement of low energy neutrinos like
pep, exploiting the fact that are more energetic than 7Be neu-
trinos, will also help to see small solar matter effects in the

flavor conversion. This matter effects will be more precisely
determined by the comparison of pep and pp neutrino mea-
surements. In fact, the low energy neutrinos that are better
suited to test matter effects are the CNO neutrinos.While the
CNO neutrinos energy is around the pep neutrinos energy,
the former are produced at higher temperatures and therefore
at higher densities.The larger matter density where neutrinos
are produced leads to larger matter effects for CNOneutrinos
than for pep neutrinos. In fact, matter effects produce a signi-
ficant spectral tilt of CNO neutrinos (∼10%), which might be
a good handle to separate the signal for background.

The determination of the vacuum tomatter transition has
a significant impact on the determination of the solar mass
splitting derived by solar data, which adds to the implications
of Earth-matter effects measured by comparing the neutrino
fluxes during the day and night. The good match of the inde-
pendently determined solar mass splitting by solar neutrino
experiments and by reactor experiments leads to the best test
on nonstandard neutrino physics to solar neutrinos.There are
many possibilities but the two scenarios more studied are the
addition of new neutral current interactions [168, 202] which
modify the amplitude of matter effects and therefore shift the
effective mass splitting and the existence of a sterile neutrino
which adds a new state with the appropriate mass splitting
[169] to produce deviations of the flavor conversion in the 1–
3MeV range.

9.3. What Else Can We Learn from CNO Fluxes? The most
fundamental information the CNO fluxes carry is the most
obvious one: that the CNO-bicycle operates in stars and it is
a viable process for hydrogen fusion. It must not be forgot-
ten that neutrinos are the only direct evidence of nuclear
reactions being the source of energy in solar (stellar) interiors.
For the Sun, models predict a marginal contribution to the
total energy budget from CNO reactions, 0.8% and 0.4% for
high-Z and low-Z solar models. However, CNO becomes the
dominant mode for hydrogen burning in stars with masses
right above the solar value. Detection of CNO neutrinos will
provide direct evidence that CNO reactions actually take
place in nature, as originally envisioned by Bethe [203]; it has
been a long wait.

The second important aspect of CNO neutrinos is the
information they provide about the abundance of metals in
the solar core. Knowing the abundance of CNO elements in
the solar core is important by itself. In particular, a “perfect”
measurement of the combined 13N +

15O flux translates into
a determination of the solar C + N abundance with ∼10% un-
certainty [79], and the dominant sources of uncertainties are
experimental and can be potentially reduced. Assuming we
know the solar surface abundance of the same elements, that
is, let us forget for the time being about the solar abun-
dance problem, we can then put constraints onmixingmech-
anisms that may have created composition gradients during
the evolution of the Sun. SSMs predict that the number
density of C + N is enhanced in the solar core, at present day,
by ∼16% with respect to the surface due to the effects of the
microscopic diffusion. And, although helioseismology shows
that models with diffusion work much better than models
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without, there is no direct evidence of how efficient diffusion
is. In fact, there have been suggestions that the standard pres-
cription [204] may be too efficient in the Sun [205] and
that diffusion rates should be lowered by ∼15%. Solar CNO
neutrinos could provide a test for the efficiency of the dif-
fusion.

There are other possibilities that might create a contrast
between the solar core and surface composition. Recently, it
has been shown that the Sun has a peculiar compositionwhen
compared to “solar twins,” that is, stars almost identical to the
Sun in their surface properties [206, 207]. The authors found
that the Sun is enhanced in volatile elements with respect to
the solar twins that show no sign of harbouring planets by
about 20%. In fact, they have associated this fact to the pres-
ence of rocky planets in the solar system, where refractory
elements are locked, and the occurrence of an accretion
episode of volatile-enriched material [207] after rocky cores
is formed in the protoplanetary disk. If this was true, then the
Sun would have an envelope that is richer in CNO than its
interior. If ameasurement of the 13N+ 15Ofluxwould yield as
a result a core composition where the abundance of C + N
would be comparable or less than the surface value, then we
would have an extremely exciting piece of evidence about the
earlier phases of planet formation in the solar system [79].

Acknowledgments

C. Pena-Garay is supported in part by the Spanish MICINN
Grants FPA-2007-60323 and FPA2011-29678, the Generalitat
Valenciana Grant PROMETEO/2009/116, and the ITN
INVISIBLES (Marie Curie Actions, PITN-GA-2011-289442).
A. Serenelli is supported by the European Union Interna-
tional Reintegration Grant PIRG-GA-2009-247732 and the
MICINN Grant AYA2011-24704. The authors are all grateful
to the editors of this special issue on neutrino physics for
their invitation and support.

References

[1] S. M. Bilenky, C. Giunti, and W. Grimus, “Phenomenology of
neutrino oscillations,” Progress in Particle and Nuclear Physics,
vol. 43, no. 1, pp. 1–86, 1999.

[2] G. Altarelli and F. Feruglio, “Models of neutrino masses and
mixings,” New Journal of Physics, vol. 6, pp. 1–39, 2004.

[3] A. Strumia and F. Vissani, “Implications of neutrino data circa
2005,” Nuclear Physics B, vol. 726, no. 1-2, pp. 294–316, 2005.

[4] A. Strumia andF.Vissani, “Neutrinomasses andmixings and...,”
http://arxiv.org/abs/hep-ph/0606054.

[5] R. N. Mohapatra, S. Antusch, K. S. Babu et al., “Theory of neu-
trinos,” submitted, http://arxiv.org/abs/hep-ph/0412099.

[6] T.Hambye, Y. Lin, A. Notari,M. Papucci, andA. Strumia, “Con-
straints on neutrino masses from leptogenesis models,”Nuclear
Physics B, vol. 695, no. 1-2, pp. 169–191, 2004.

[7] R. N. Mohapatra and A. Y. Smirnov, “Neutrino mass and new
physics,” Annual Review of Nuclear and Particle Science, vol. 56,
pp. 569–628, 2006.

[8] R. Barbieri, P. Creminelli, and A. Strumia, “Neutrino oscilla-
tions and large extra dimensions,” Nuclear Physics B, vol. 585,
no. 1-2, pp. 28–44, 2000.

[9] N. Arkani-Hamed, S. Dimopoulos, G. R. Dvali, and J. March-
Russell, “Neutrino masses from large extra dimensions,” Physi-
cal Review D, vol. 65, no. 2, Article ID 024032, 2002.

[10] G. Altarelli and F. Feruglio, “Tri-bimaximal neutrino mixing
fromdiscrete symmetry in extra dimensions,”Nuclear Physics B,
vol. 720, no. 1-2, pp. 64–88, 2005.
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values of neutrino masses: status and prospects,” Physics Re-
ports, vol. 379, no. 2, pp. 69–148, 2003.

[94] B. Aharmim, S. N. Ahmed, A. E. Anthony et al., “Electron
energy spectra, fluxes, and day-night asymmetries of 8B solar
neutrinos from measurements with NaCl dissolved in the
heavy-water detector at the Sudbury Neutrino Observatory,”
Physical Review C, vol. 72, Article ID 055502, 47 pages, 2005.

[95] M. B. Smy, Y. Ashie, S. Fukuda et al., “Precise measurement of
the solar neutrino day-night and seasonal variation in Super-
Kamiokande-I,” Physical Review D, vol. 69, Article ID 011104, 5
pages, 2004.

[96] P. Langacker, S. T. Petcov, G. Steigman, and S. Toshev, “Implica-
tions of themikheyev-smirnov-wolfenstein (MSW)mechanism
of amplification of neutrino oscillations in matter,” Nuclear
Physics B, vol. 282, pp. 589–609, 1987.

[97] S. T. Petcov, “Exact analytic description of two-neutrino oscil-
lations in matter with exponentially varying density,” Physics
Letters B, vol. 200, pp. 373–379, 1988.

[98] S. T. Petcov, “Describing analytically the matter-enhanced two-
neutrino transitions in a medium,” Physics Letters B, vol. 406,
pp. 355–365, 1997.

[99] P. I. Krastev and S. T. Petcov, “Resonance amplification and
T-violation effects in three-neutrino oscillations in the earth,”
Physics Letters B, vol. 205, pp. 84–92, 1988.

[100] P. I. Krastev and S. T. Petcov, “Testing the vacuum oscillation
and the MSW solutions of the solar neutrino problem,”Nuclear
Physics B, vol. 449, pp. 605–627, 1995.

[101] M. Chizhov, M. Maris, and S. T. Petcov, “On the oscillation
length resonance in the transitions of solar and atmospheric
neutrinos crossing the earth core,” submitted, http://arxiv.org/
abs/hep-ph/9810501.

[102] P. C. deHolanda,W. Liao, andA. Y. Smirnov, “Toward precision
measurements in solar neutrinos,” Nuclear Physics B, vol. 702,
no. 1-2, pp. 307–332, 2004.



32 Advances in High Energy Physics

[103] A. N. Ioannisian, N. A. Kazarian, A. Y. Smirnov, and D. Wyler,
“Precise analytical description of the Earth matter effect on
oscillations of low energy neutrinos,” Physical Review D, vol. 71,
no. 3, Article ID 033006, 8 pages, 2005.

[104] E. K. Akhmedov, M. A. Tortola, and J. W. F. Valle, “A simple
analytic three-flavour description of the day-night effect in the
solar neutrino flux,” Journal of High Energy Physics, vol. 405, p.
57, 2004.

[105] A. Friedland, C. Lunardini, andC. Peña-Garay, “Solar neutrinos
as probes of neutrino–matter interactions,” Physics Letters B,
vol. 594, pp. 347–354, 2004.

[106] W. Liao, “Precise formulation of neutrino oscillation in the
earth,” Physical Review D, vol. 77, Article ID 053002, 11 pages,
2008.

[107] P. Aliani, V. Antonelli, M. Picariello, and E. Torrente-Lujan,
“Global analysis of Solar neutrino oscillation evidence includ-
ing SNO and implications for Borexino,” Nuclear Physics B, vol.
634, no. 1-2, pp. 393–409, 2002.

[108] E. Torrente-Lujan, “Finite dimensional systems with random
external fields and neutrino propagation in fluctuating media,”
Physical Review D, vol. 59, Article ID 073001, 7 pages, 1999.

[109] D. Dooling, C. Giunti, K. Kang, and C. W. Kim, “Matter effects
in four-neutrino mixing,” Physical Review D, vol. 61, Article ID
073011, 18 pages, 2000.

[110] J. Hosaka, K. Ishihara, J. Kameda et al., “Solar neutrino mea-
surements in Super-Kamiokande-I,” Physical Review D, vol. 73,
Article ID 112001, 33 pages, 2006.

[111] C. Arpesella, H. O. Back, M. Balata et al., “Direct measurement
of the 7Be solar neutrino flux with 192 days of Borexino data,”
Physical Review Letters, vol. 101, Article ID 091302, 6 pages,
2008.

[112] B. Aharmim, S. N. Ahmed, A. E. Anthony et al., “Low-energy-
threshold analysis of the Phase I and Phase II data sets of
the Sudbury Neutrino Observatory,” Physical Review C, vol. 81,
Article ID 055504, 49 pages, 2010.

[113] B. Aharmim, Q. R. Ahmad, S. N. Ahmed et al., “Determination
of the 𝜈

𝑒
and total 8B solar neutrino fluxes using the Sudbury

Neutrino Observatory Phase I data set,” Physical Review C, vol.
75, Article ID 045502, 69 pages, 2007.

[114] J. P. Cravens, K.Abe, T. Iida et al., “Solar neutrinomeasurements
in Super-Kamiokande-II,” Physical Review D, vol. 78, Article ID
032002, 11 pages, 2008.

[115] K. Abe, Y. Hayato, T. Iida et al., “Solar neutrino results in Super-
Kamiokande-III,” Physical Review D, vol. 83, Article ID 052010,
19 pages, 2011.

[116] M. Smy, “Low energy neutrino astronomy in super-kamio-
kande,” in Proceedings of the Meeting of the American Physical
Society Division of Particles and Fields at Brown University, 2011,
http://arxiv.org/abs/1110.0012.

[117] G. Alimonti, C. Arpesella, H. Backc et al., “The Borexino detec-
tor at the Laboratori Nazionali del Gran Sasso,” Nuclear Instru-
ments andMethods in Physics Research A, vol. 600, pp. 568–593,
2009.

[118] C. Peña-Garay, “talk at the conference Neutrino Telescopes
2007,” March, Venice, Italy, 2007, http://neutrino.pd.infn.it/
conference2007/.

[119] C. Arpesella, G. Bellinib, J. Benziger et al., “First real time detec-
tion of 7Be solar neutrinos by Borexino,” Physics Letters B, vol.
658, pp. 101–108, 2008.

[120] G. Alimonti, G. Anghloher, C. Arpesella et al., “Ultra-low back-
groundmeasurements in a large volumeundergrounddetector,”
Astroparticle Physics, vol. 8, pp. 141–157, 1998.

[121] G. Alimonti, C. Arpesella, H. Back et al., “Science and technol-
ogy of Borexino: a real-time detector for low energy solar neu-
trinos,” Astroparticle Physics, vol. 16, pp. 205–234, 2002.

[122] C. Arpesella, H. O. Back, M. Balata et al., “Measurements of
extremely low radioactivity levels in BOREXINO,”Astroparticle
Physics, vol. 18, no. 1, pp. 1–25, 2002.

[123] A. Ianni, P. Lombardi, G. Ranucci, and O. Smirnov, “The
measurements of 2200 ETL9351 type photomultipliers for the
Borexino experiment with the photomultiplier testing facility
at LNGS,” Nuclear Instruments and Methods in Physics Research
A, vol. 537, pp. 683–697, 2005.

[124] A. Brigatti, A. Ianni, P. Lombardi, G. Ranucci, andO. J. Smirnov,
“The photomultiplier tube testing facility for the Borexino
experiment at LNGS,” Nuclear Instruments and Methods in
Physics Research A, vol. 537, no. 3, pp. 521–536, 2005.

[125] L. Oberauer, C. Grieb, F. von Feilitzsch, and I. Manno, “Light
concentrators for Borexino and CTF,” Nuclear Instruments and
Methods in Physics ResearchA, vol. 530, no. 3, pp. 453–462, 2004.

[126] Borexino Collaboration, “The Borexino detector at the Labora-
toriNazionali delGran Sasso,”Nuclear Instruments andMethods
in Physics Research A, vol. 600, pp. 568–593, 2009.

[127] H. Simgen and G. Zuzel, “Ultrapure gases—from the produc-
tion plant to the laboratory,” in Proceedings of the Topical
Workshop on Low Radioactivity Techniques (LRT ’06), P. Loaiza,
Ed., vol. 897, pp. 45–50, American Institute of Physics, France,
2006.

[128] J. N. Bahcall, A.M. Serenelli, and S. Basu, “10,000 Standard solar
models: a Monte Carlo simulation,” The Astrophysical Journal
Supplement Series, vol. 165, p. 400, 2006.

[129] G. Bellini, J. Benziger, D. Bick et al., “Precision measurement
of the 7Be solar neutrino interaction rate in Borexino,” Physical
Review Letters, vol. 107, Article ID 141302, 5 pages, 2011.

[130] S. Basu, “Astronomical Society of the Pacific Conference Series,”
vol. 416, pp. 193, 2009.

[131] S. Davini,Measurement of the pep and CNO solar neutrino inter-
action rates in Borexino [Ph.D. thesis], University of Genova,
2012.

[132] C. Galbiati, A. Pocar, D. Franco, A. Ianni, L. Cadonati, and
S. Schönert, “Cosmogenic 11C production and sensitivity of
organic scintillator detectors to pep and CNO neutrinos,”
Physical Review C, vol. 71, Article ID 055805, 11 pages, 2005.

[133] G. Bellini, J. Benziger, D. Bick et al., “Muon and cosmogenic
neutron detection in Borexino,” Journal of Instrumentation, vol.
6, Article ID P05005, 2011.

[134] M. Deutsch, Proposal for a Cosmic Ray Detection System for the
Borexino Solar Neutrino Experiment, Massachusetts Institute of
Technology, Cambridge, Mass, USA, 1996.

[135] H. Back and Borexino Collaboration, “CNO and pep neutrino
spectroscopy in Borexino: measurement of the deep-under-
ground production of cosmogenic 11C in an organic liquid
scintillator,” Physical Review C, vol. 74, Article ID 045805, 6
pages, 2006.

[136] Y. Kino,The Journal of Nuclearand Radiochemical Sciences, vol.
1, pp. 63–68, 2000.

[137] D. Franco, G. Consolati, and D. Trezzi, “Positronium signature
in organic liquid scintillators for neutrino experiments,” Physi-
cal Review C, vol. 83, Article ID 015504, 6 pages, 2011.

[138] TMVA Users Guide, http://tmva.sourceforge.net/docu/
%20TMVAUsersGuide.pdf.

[139] W. Maneschg, L. Baudis, R. Dressler et al., “Production and
characterization of a custom-made 228Th source with reduced



Advances in High Energy Physics 33

neutron source strength for the Borexino experiment,” Nuclear
Instruments andMethods in Physics ResearchA, vol. 680, pp. 161–
167, 2012.

[140] L. Wolfenstein, “Neutrino oscillations in matter,” Physical
Review D, vol. 17, pp. 2369–2374, 1978.

[141] L. Wolfenstein, “Effect of matter on neutrino oscillations,” in
Proceedings of theNeutrino, pp. C3–C6, PurdueUniversity, 1978.

[142] S. P. Mikheev and A. Y. Smirnov, “Resonant amplification
of neutrino oscillations in matter and solar-neutrino spec-
troscopy,” Soviet Journal of Nuclear Physics, vol. 42, pp. 913–917,
1985.

[143] S. P. Mikheev and A. Y. Smirnov, “Resonance enhancement of
oscillations in matter and solar neutrino spectroscopy,” Yader-
naya Fizika, vol. 42, pp. 1441–1448, 1985.

[144] S. P. Mikheev and A. Y. Smirnov, “Resonant amplification of 𝜈
oscillations in matter and solar-neutrino spectroscopy,” Nuovo
Cimento C, vol. 9, no. 1, pp. 17–26, 1986.

[145] V. E. Zakharov and E. A. Kuznetsov, “Quasiclassical theory of
three-dimensional wave collapse,” Soviet Physics, JETP, vol. 64,
no. 4, pp. 773–780, 1986, reprinted in: Solar neutrinos: the first
thirty years, edited by: J. N. Bahcall.

[146] K. Nakamura and Particle Data Group, “Review of particle
physics,” Journal of Physics G, vol. 37, no. 7, Article ID 075021,
2010.

[147] B. Aharmim, S. N. Ahmed, A. E. Anthony et al., “Combined
analysis of all three phases of solar neutrino data from the
sudbury neutrino observatory,” In press, http://arxiv.org/abs/
1109.0763.

[148] J. N. Bahcall, M. Kamionkowski, and A. Sirlin, “Solar neutrinos:
radiative corrections in neutrino-electron scattering experi-
ments,” Physical Review D, vol. 51, no. 11, pp. 6146–6158, 1995.

[149] J. Erler and M. J. Ramsey-Musolf, “The Weak mixing angle at
low energies,” Physical Review D, vol. 72, Article ID 073003,
2005.

[150] J. N. Abdurashitov, V. N. Gavrin, V. V. Gorbachev et al., “Mea-
surement of the solar neutrino capture rate with gallium metal.
III. Results for the 2002—2007 data-taking period,” Physical
Review C, vol. 80, Article ID 015807, 16 pages, 2009.

[151] M. Altmann,M. Balatab, P. Belli et al., “Complete results for five
years of GNO solar neutrino observations,” Physics Letters B,
vol. 616, pp. 174–190, 2005.

[152] F. Kaether,Datenanalyse der Sonnenneutrinoexperiments Gallex
[Ph.D. thesis], Heidelberg, Germany, 2007.

[153] B. T. Cleveland, T. Daily, R. Davis Jr. et al., “Measurement of
the solar electron neutrino flux with the homestake chlorine
detector,”The Astrophysical Journal, vol. 496, no. 1, p. 505, 1998.

[154] G. Bellini, J. Benziger, S. Bonetti et al., “Measurement of the
solar 8B neutrino rate with a liquid scintillator target and 3MeV
energy threshold in the Borexino detector,” Physical Review D,
vol. 82, Article ID 033006, 10 pages, 2010.

[155] K. Abe, N. Abgrall, Y. Ajima et al., “Indication of electron neu-
trino appearance from an accelerator-produced off-axis muon
neutrino beam,” Physical Review Letters, vol. 107, Article ID
041801, 8 pages, 2011.

[156] P. Adamson, D. J. Auty, D. S. Ayres et al., “Improved search for
muon-neutrino to electron-neutrino oscillations in MINOS,”
Physical Review Letters, vol. 107, Article ID 181802, 5 pages, 2011.

[157] G. L. Fogli, E. Lisi, A. Marrone, A. Palazzo, and A. M. Rotunno,
“Evidence of 𝜃

13
> 0 from global neutrino data analysis,”

Physical Review D, vol. 84, Article ID 053007, 7 pages, 2011.

[158] M. Apollonio, A. Baldini, C. Bemporad et al., “Search for
neutrino oscillations on a long base-line at the CHOOZ nuclear
power station,”TheEuropean Physical Journal C, vol. 27, pp. 331–
374, 2003.

[159] Y. Abe, C. Aberle, T. Akiri et al., “Indication for the disappear-
ance of reactor electron antineutrinos in the Double Chooz
experiment,” Physical Review Letters, vol. 108, Article ID 131801,
7 pages, 2012.

[160] C. Giunti and M. Laveder, “Effect of the reactor antineutrino
anomaly on the first Double-Chooz results,” Physical Review D,
vol. 85, Article ID 031301, 4 pages, 2012.

[161] F. P. An, J. Z. Bai, A. B. Balantekin et al., “Observation of
electron-antineutrino disappearance at daya bay,” Physical Re-
view Letters, vol. 108, Article ID 171803, 7 pages, 2012.

[162] J. K. Ahn, S. Chebotaryov, J. H. Choi et al., “Observation of reac-
tor electron antineutrinos disappearance in the RENO experi-
ment,” Physical Review Letters, vol. 108, Article ID 191802, 6
pages, 2012.

[163] D. Dwyer, for the Daya-Bay Collaboration, talk at Neutrino,
2012.

[164] G. L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo, and
A. M. Rotunno, “Global analysis of neutrino masses, mixings,
and phases: entering the era of leptonic CP violation searches,”
Physical Review D, vol. 86, Article ID 013012, 10 pages, 2012.

[165] D. V. Forero, M. Tortola, and J. W. F. Valle, “Global status of
neutrino oscillation parameters after Neutrino-2012,” Physical
Review D, vol. 86, Article ID 073012, 8 pages, 2012.

[166] T. Schwetz, “talk at NuTURN 2012,” Workshop on Neutrino at
the Turning Point, Laboratori Nazionali del Gran Sasso, Italy,
2012, http://agenda.infn.it/conferenceDisplay.py?confId=4722.

[167] “talk at what is NU ?”Workshop at the Galileo Galilei Institute,
Florence, Italy, 2012, http://www.ggi.fi.infn.it/.

[168] A. Friedland, C. Lunardini, andC. Peña-Garay, “Solar neutrinos
as probes of neutrino–matter interactions,” Physics Letters B,
vol. 594, pp. 347–354, 2004.

[169] P. C. de Holanda and A. Y. Smirnov, “Solar neutrino spectrum,
sterile neutrinos, and additional radiation in the Universe,”
Physical Review D, vol. 83, Article ID 113011, 13 pages, 2011.

[170] M. Spiro and D. Vignaud, “Solar model independent neutrino
oscillatiion signals in the forthcoming solar neutrino experi-
ments?” Physics Letters B, vol. 242, pp. 279–284, 1990.

[171] J. N. Bahcall, “The luminosity constraint on solar neutrino
fluxes,” Physical Review C, vol. 65, Article ID 025801, 5 pages,
2002.
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A review of accelerator long-baseline neutrino oscillation experiments is provided, including all experiments performed to date
and the projected sensitivity of those currently in progress. Accelerator experiments have played a crucial role in the confirmation
of the neutrino oscillation phenomenon and in precision measurements of the parameters. With a fixed baseline and detectors
providing good energy resolution, precise measurements of the ratio of distance/energy (L/E) on the scale of individual events have
been made and the expected oscillatory pattern resolved. Evidence for electron neutrino appearance has recently been obtained,
opening a door for determining the CP violating phase as well as resolving the mass hierarchy and the octant of 𝜃

23
; some of the

last unknown parameters of the standard model extended to include neutrino mass.

1. Introduction

Neutrino oscillation experiments are normally categorized
into short-baseline and long-baseline experiments. For
experiments using accelerator neutrinos as the source, the
long-baseline means that 𝐸/𝐿 ≃ Δ𝑚2 ∼ 2.5 × 10−3 eV2,
where 𝐸 and 𝐿 are the neutrino energy and flight distance,
respectively. In this paper, accelerator long-baseline (LBL)
neutrino oscillation experiments are reviewed. The recent
reactor neutrino experiments to look for nonzero 𝜃

13
at

Δ𝑚
2
∼ 2.5×10

−3 eV2 and atmospheric neutrino experiments
are covered elsewhere in this special issue.

Neutrino beams for the LBL experiments are produced in
the “conventional”methodwhere a high-energy proton beam
hits a target and the pions that are produced then decay in
flight to give muon neutrinos. The typical neutrino energy
thus produced is 0.5–10GeV and that sets the necessary
distance to a neutrino detector to be several hundreds of
kilometers such that the neutrino oscillation driven byΔ𝑚2 ∼
2.5×10

−3 eV2 can be investigated.This paper describes KEK
[1], NuMI [2], CNGS [3], and J-PARC [4] neutrino beams and
their associated experiments.

The goals of the first LBL experiments proposed in 1990s,
K2K [5], MINOS [6], and CERN to Gran Sasso (CNGS)

experiments OPERA [7] and ICARUS [8] were to clarify the
origin of the anomaly observed in the atmospheric neutrino
measurements of Kamiokande [9] and IMB [10] and later
to confirm the discovery of neutrino oscillations by Super-
Kamiokande (SK) in 1998 [11]. Kamiokande observed a deficit
of muon neutrinos coming through the earth, which could
have been interpreted as muon to tau neutrino oscillation
and/or to electron neutrino oscillation. Soon afterwards,
the CHOOZ experiment [12] excluded the possibility that
muon to electron neutrino oscillation is the dominant mode.
Therefore, the goal of the first generation LBL experiments
was focused on confirming muon to tau neutrino oscillation.
The K2K and MINOS experiments, which used beams with
neutrino energies of a few-GeV, focused on detecting muon
neutrino disappearance because the energy of the neutrinos
was rarely high enough to make 𝜈

𝜏
charged current inter-

actions (threshold energy is about 3.5 GeV). In contrast, the
CNGS experiments make use of a higher energy (∼20GeV)
neutrino beam and OPERA is optimized for the detection of
tau neutrino appearance.

Soon after the discovery of neutrino oscillation by SK,
the importance of the subleading electron neutrino appear-
ance channel was pointed out. In the three flavor mixing
picture, the probability of electron neutrino appearance
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gives a measure of the mixing angle 𝜃
13
. The existence of

electron neutrino appearance at the atmospheric oscilla-
tion length means nonzero 𝜃

13
. Only an upper bound of

sin2(2𝜃
13
) = 0.14 (90% C.L.) from the CHOOZ experiment

was known until very recently. Because the CP violating
observable, the phase 𝛿, appears always in the product with
sin(2𝜃

12
) sin(2𝜃

23
) sin(2𝜃

13
) and 𝜃

23
and 𝜃

12
are known to

be large, the size of 𝜃
13

is a major factor in the feasibility of
the future CP violation search.

With the goal to discover electron neutrino appearance
and determine 𝜃

13
, the T2K experiment [4] in Japan started

taking data in 2010 and the NO𝜈A experiment [13–15] in the
USA is now under construction and will start measurements
in 2013. The design of these experiments was optimized
for detection of electron neutrino appearance. Both T2K
and NO𝜈A adopted a novel “off-axis” beam technique that
provides a narrow peak in the energy spectrum, tuned to
be at the expected oscillation maximum, while at the same
time reducing the unwanted high energy tail. The 𝜈

𝜇
→

𝜈
𝑒
transition is a subdominant effect and the oscillation

probability to be probed is small. To have enough sensitivity,
beam powers of order 1MW and detector masses of order
10 kilotons are required and as such these experiments are
sometimes called “superbeam” experiments.

With evidence of 𝜈
𝑒
appearance from early T2K results

and the recent measurement of 𝜈
𝑒
disappearance by the

reactor experiments [16–18], the major focus for the future
will be to determine the mass hierarchy and search for
evidence of CP violation.NO𝜈Awill have the longest baseline
of all second-generation experiments at 810 km, which will
give enhanced sensitivity to the neutrino mass hierarchy
due to the neutrino-matter interaction in the Earth as the
neutrinos propagate. Information on the mass hierarchy and
the expected precision measurement of 𝜃

13
from the reactor

experiments will be crucial to resolve degeneracies in the
grand combination of T2K, NO𝜈A, and reactor experiments
to reveal information on what nature has chosen for leptonic
CP violation.

Beyond oscillations, the provision of intense and rela-
tively well-understood neutrino beams along with the large
detectors in these experiments has opened up whole new
avenues to look for new physics. This paper provides a
concise overview of searches for sterile neutrinos, velocity
measurements of neutrinos and searches for violation of
Lorentz symmetry. In the future, the MINOS+ experiment
[19] will focus on searches for new physics through high-
precision, high-statistics measurements with the NuMI beam
operating at a peak on-axis energy of 7GeV.

This paper is structured as follows. Section 2 describes the
beams and Section 3 gives an overview of the detectors. The
results from long-baseline neutrino oscillation experiments
are presented here in three parts. Section 4 describes the
measurementsmade using the dominant𝜈

𝜇
→ 𝜈
𝜏
oscillation

mode. Section 5 details the recent detection of sub-dominant
𝜈
𝜇
→ 𝜈
𝑒
oscillations. Section 6 describes the results from

searches for new physics such as sterile neutrinos. Future
sensitivities are described in Section 7 and a conclusion is
given in Section 8.

2. Neutrino Beams

The accelerator neutrino beams used by the experiments
covered in this paper article are described in this section. As
in other areas of particle physics, the experiments’ detectors
exist in a strongly coupled relationship with the beam and it is
important to consider both beam and detector to understand
the design and performance of the experiments.

An interesting feature of neutrino beams is that multiple
detectors can be simultaneously exposed to the same indi-
vidual beam spills with no noticeable effect on the beam
itself. This is true for Near and Far detectors but also, for
example, where there are multiple experiments in the same
underground laboratory.

An advantage of accelerator beams is the ability to exploit
the pulsed nature of the beams to reject backgrounds from
cosmic rays and atmospheric neutrinos. With beam pulses
lasting tens of microseconds and accelerator cycle times
measured in seconds, a background rejection factor of 105 is
typical.

The beams used in long-baseline experiments are
described here in the following order. Section 2.1 describes
the beam used by K2K. Section 2.2 describes the NuMI
beam used by MINOS and in future NO𝜈A and MINOS+.
Section 2.3 describes the CNGS beam used by OPERA and
ICARUS. Section 2.4 describes the J-PARC beam used by
T2K.

2.1. KEK Beam. In this section, the beam for the first LBL
experiment K2K in Japan which was in operation from 1999
to 2004 is described [5]. A schematic layout of the K2K
beam line is shown in Figure 1. The beam of muon neutrinos
was produced with the KEK 12GeV proton synchrotron (PS)
and was sent towards Super-Kamiokande, which is located
250 km from KEK.The central axis of the neutrino beam was
aligned to aim at the center of Super-Kamiokande giving an
on-axis wideband beam.

The proton beam was extracted from the PS in a single
turn with a 2.2 s cycle time. The spill was 1.1𝜇s long and
consisted of nine bunches.Theproton beam intensity reached
about 6×1012 protons/pulse, corresponding to a beam power
of about 5 kW.

Initially the target was a 66 cm long, 2 cm diameter Al
rod but this was replaced with a wider, 3 cm diameter rod
in November 1999. Secondary positive pions were focused
by two electromagnetic horns [20]. Both horns had a pulsed
current about 1ms long with a 200 kA peak for the June 1999
run, and that was increased to a 250 kA peak for runs after
November 1999. The target was embedded in the first horn
and played a role as an inner conductor as shown in Figure 2.

Measurements of the momenta and angular distribution
of secondary pions, 𝑁(𝑝

𝜋
, 𝜃
𝜋
), were made using the pion

monitor.This detector was a gas C̆erenkov detector occasion-
ally placed just downstream of the second horn in the target
station. The results of the pion monitor measurements were
used in calculations of the ratio of the flux at SK to the flux at
the near detector (ND), 𝑅

Φ
(𝐸
𝜈
) ≡ ΦSK(𝐸𝜈)/ΦND(𝐸𝜈).

The target region was followed by a 200m long decay
pipe where pions decayed in flight to muon neutrinos and
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Figure 2: A schematic showing the layout and operation of the K2K beamline target and horns.

muons. At the downstream end of the decay pipe, there
was a beam dump made of iron 3m thick and followed by
2m thick concrete. Muons above 5GeV could penetrate the
beam dump and be detected by the muon monitors installed
just behind the beam dump. The muon monitors consisted
of 2m × 2m segmented ionization chambers along with
an array of silicon pad detectors and provided spill-by-spill
monitoring of the beam profile and intensity.

Beam line components were aligned with Global Posi-
tioning System (GPS) [21]. The alignment uncertainty from
the GPS survey was ≲ 0.01mrad while that of the civil
construction was ≲ 0.1mrad, both of which were much better
than physics requirement of 1mrad.

The expected neutrino spectra at SK are plotted in
Figure 3. The average neutrino energy was 1.3 GeV and the
purity of 𝜈

𝜇
in the beam was estimated by Monte Carlo (MC)

simulation to be 98.2% and 𝜈
𝑒
contamination to be 1.3%.

The K2K experiment started physics data taking in June
1999 and finished in November 2004. The total number of

protons on target (POT) delivered was 1.049 × 1020, of which
0.922 × 10

20 POT were used in the final physics analysis.

2.2. NuMI Beam. TheNuMI beam [2] is located at the Fermi
National Accelerator Laboratory in Illinois, USA, and it was
initially constructed primarily for the MINOS experiment.
In this section a description of NuMI as it was operated for
the last 7 years is given first, before going on to discuss the
upgrades for the NO𝜈A experiment that are underway at the
time of writing.MINOSmeasured the NuMI flux at distances
of 1 km and 735 km from the target and NO𝜈A will have the
longest baseline of all such experiments at 810 km.

Protons from the Main Injector (MI) accelerator with
a momentum of 120GeV/c are used for the production of
neutrinos and antineutrinos in theNuMI beamline. Typically,
either 9 or 11 slip-stacked batches of protons from the MI
are extracted in a single shot onto the NuMI target giving
neutrino pulses either 8 or 10 𝜇s long. Filling the MI with
8GeV/c protons from the Booster accelerator takes about
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negatively or positively charged hadrons are focused by two magnetic horns. A 675m long decay pipe gives the short-lived hadrons and
muons time to decay. All hadrons remaining at the end of the decay volume are stopped by the absorber leaving just muons and neutrinos.
The remaining muons are stopped by nearly 250m of rock. Figure from [22].

0.7 s and then acceleration to 120GeV/c takes a further
1.5 s, giving a total cycle time of about 2.2 s. A single-shot
extraction from the MI contains around 3× 1013 protons and
the beamoperated at a power of 300–350 kWover the last few
years. By the time of the long-shutdown that started on May
1, 2012, NuMI had received nearly 16×1020 protons on target.

Figure 4 shows a schematic of the NuMI beamline and
the components are described in sequence, starting on the
far left with the protons coming from the MI. A water-
cooled, segmented graphite target 2.0 interaction lengths long
is used to produce the short-lived hadrons that give rise to
the neutrinos. Two magnetic horns focus either positively
or negatively charged particles towards a 675m long decay
volume, previously evacuated but now filled with helium.
At the end of the decay volume a hadron absorber stops
any remaining hadrons leaving just neutrinos and muons.
Beyond that nearly 250m of rock attenuates the muons
leaving just the neutrinos.

The NuMI beamline was designed to be flexible in its
operationwith a number of parameters that could be adjusted

to optimise the sensitivity to the physics topics of interest.
The position of the target with respect to the first horn, the
position of the second horn, the horn current, and polarity
could all be adjusted. The vast majority of data were taken in
a “low energy” configuration that optimized the sensitivity to
the atmospheric mass squared splitting by providing as large
a flux as possible at the oscillation maximum for MINOS
(around 1.4GeV). This was achieved by inserting the target
as far into the first horn as safely possible and having the
second horn close to the first. A horn current of 185 kA was
routinely used. Approximately 80% (20%) of the data were
taken with the horn current polarity set to focus positively
(negatively) charged hadrons enhancing the production of
neutrinos (antineutrinos).The energy spectrummeasured by
MINOS is shown in the results section in Figure 12.

The neutrino flavor composition of the on-axis NuMI
beam is as follows: firstly, with the magnetic horn polarity
set to focus positive hadrons a neutrino-enhanced beam is
produced, giving rise to interactions in the (on-axis) MINOS
near detector that are 91.7% 𝜈

𝜇
, 7.0% 𝜈

𝜇
, and 1.3% 𝜈

𝑒
+ 𝜈
𝑒
;
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secondly, with the opposite polarity an antineutrino-
enhanced beam is produced, giving near detector interactions
that are 40% 𝜈

𝜇
, 58% 𝜈

𝜇
, and 2% 𝜈

𝑒
+ 𝜈
𝑒
[23]. However, it

should be noted that in the antineutrino-enhanced beam
the 𝜈
𝜇
component comprises about 80% of the interactions

below 6GeV in the region where the oscillation effect is
largest.

On a number of occasions and for relatively short
periods the NuMI beamline was operated in nonstandard
configurations. These special runs were used to constrain
uncertainties in analyses and better understand the beam.
Examples include runs with the horn current at 170 kA,
200 kA, and 0 kA; and runs with the target pulled back out
of the first horn by up to 2.5m.

At the time of writing, the long accelerator shutdown
to upgrade the NuMI beam for NO𝜈A is underway. With
the shutdown of the Tevatron, two relatively straightforward
changes will allow the NuMI beam power to be doubled to
700 kW. Previously the Recycler, a fixed field ring in the MI
tunnel was used to store antiprotons but now for NO𝜈A it
will accumulate protons from the Booster while the MI is
ramping. By parallelizing the accumulation and acceleration
of protons for NuMI, and with a small increase in the MI
ramp rate, the cycle time will be reduced from 2.2 s to 1.33 s.
The second change is that the number of batches in the MI
ring will be increased from 11 to 12 and the two that were
previously used to produce antiprotons will now be used for
NuMI.

In addition to the upgrades to the accelerator for NO𝜈A,
modifications will also be made to the NuMI beamline. For
the NO𝜈A detectors the position of the peak in the energy
spectrum will be determined by the off-axis angle and so the
flux will be optimized by focusing the maximum number of
pions into the decay pipewith energies that allow a substantial
fraction of them to decay within the 675m long decay
volume. The optimal configuration of the NuMI beamline
for NO𝜈A will be to operate in a so-called “medium energy”
configuration with the target sitting a meter or so back from
the first horn and with the second horn positioned further
downstream. This medium energy beam will have a peak
energy of around 7GeV for the on-axis experiments (e.g.,
MINOS+) compared to 1.9GeV for NO𝜈A. The simulated
energy spectrum is shown in Figure 5. The NO𝜈A detectors,
sitting 14 mrad off-axis, will see a beam flux with significantly
higher purity than is obtained on-axis, having only about
1% 𝜈
𝜇
contamination of the 𝜈

𝜇
-enhanced beam and about

5% 𝜈
𝜇
contamination of the 𝜈

𝜇
-enhanced beam.

The target for the NO𝜈A era has been redesigned since
there is no longer the constraint that it should be placed inside
the first horn and increased reliability is expected. Beyond
the upgrades underway for NO𝜈A, there is the possibility
of increasing the beam power further; for example, the first
phase of a proton driver could deliver 1.1MW.

2.3. CNGS Beam. TheCNGS beam [3, 24] is located at CERN
on the border of Switzerland and France and the neutrinos
are measured by experiments at the Gran Sasso Laboratory
in Italy, 730 km away. CNGS uses 400GeV/c protons from
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Figure 5: The simulated NuMI energy spectrum as it will be
in the NO𝜈A-era with the beamline in the “medium energy”
configuration. The NO𝜈A detectors will sit 14mrad off-axis and the
energy spectrum at that angle is shown by the red histogram. In
contrast, the MINOS+ experiment will sit on-axis and so collect
thousands of neutrino interactions per year that will be measured
with an 𝐿/𝐸 resolution at the 10% level: the on-axis spectrum is
shown by the black dots. The green and blue histograms further
illustrate how the spectrum changes with the off-axis angle.

CERN’s SPS accelerator that are fast extracted in two 10.5𝜇s
spills 50ms apart every 6 s. Each spill contains typically 2 ×
10
13 protons to give an average power of around 300 kW.

The CNGS beam was commissioned in 2006 and the total
exposure is expected to reach 1.9 × 1020 protons on target by
the end of the 2012 run.

The CNGS target assembly consists of a magazine con-
taining 5 separate targets, of which one is used at a time
and the others are in situ spares. Each target consists of a
series of thirteen graphite rods 10 cm long, the first two are
5 cm in diameter and the remainder are 4 cm. The magnetic
focusing system consists of a horn and a reflector that are
pulsed at 150 kA and 180 kA, respectively. An evacuated decay
volume 1000m long and 2.5m in diameter allows the short-
lived hadrons time to decay. At the end of the decay volume
there is a graphite and iron hadron stop. Beyond that, two
detector stations measure the remaining muons, which are
used to derive the intensity and profile of the neutrino beam.

The CNGS beam is operated in a neutrino-enhanced
mode and provides a high purity 𝜈

𝜇
source with 𝜈

𝜇
-

contamination of 2% and 𝜈
𝑒
+ 𝜈
𝑒
-contamination of less than

1%. The number of prompt 𝜈
𝜏
in the beam is negligible [25].

At the time of writing, no formal proposal for running
the CNGS beam beyond the long LHC-shutdown in 2013 has
been made by OPERA or other Gran Sasso experiments.
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Figure 6: A schematic of the overall T2K beam facility showing the primary and secondary beamlines plus the location of theND280 detector
complex.

2.4. T2K Beam. The neutrino beam for the Tokai-to-
Kamioka (T2K) experiment is produced at the Japan Pro-
ton Accelerator Research Complex (J-PARC) and measured
by both near detectors locally and by Super-Kamiokande,
295 km from J-PARC. The T2K beam is an off-axis narrow
band beam. Details of the experimental apparatus for T2K
including the beamline are described in [4].

J-PARC is a high-intensity proton accelerator complex
located in Tokai village, Japan, whose construction was com-
pleted in 2009. The accelerator chain consists of a 181MeV
LINAC, 3GeV Rapid Cycling Synchrotron, and a 30GeV
Main Ring (MR). The design beam power of the MR is
750 kW.The proton beam used to produce the neutrino beam
is extracted from MR in a single turn (fast extraction) with
repetition cycle of 3.52 s at the beginning of operation in
2010 and 2.56 s now in 2012. The beam pulse of the single
extraction consist of 8 bunches, 580 ns apart, making the
pulse about 5 𝜇s long. The beam power achieved for stable
operation as of summer 2012 was 200 kWwhich corresponds
to 1.1× 1014 protons/pulse (ppp) or 1.3× 1013 protons/bunch
(ppb).

The layout of the neutrino beam facility at J-PARC is
illustrated in Figure 6. The extracted beam from MR is bent
by about 90∘ to point in the Kamioka direction using 28
superconducting combined function magnets [26–28] and
delivered to the production target.

The secondary beamline where the neutrinos are pro-
duced is shown in Figure 7.The production target is a 26mm
diameter and 90 cm long graphite rod, corresponding to 2
interaction lengths, in which about 80% of incoming protons
interact. The secondary positive pions (and kaons) from the

target are focused by three electromagnetic horns operated at
a 250 kA pulsed current.

The target region is followed by a 110m long decay volume
filledwith heliumgas inwhich pions and kaons decay in flight
into neutrinos. The beam dump, which consists of graphite
blocks about 3.15m thick followed by iron plates 2.5m thick
in total, is placed at the downstream end of the decay volume.

Muon monitors (MUMON) are placed just behind the
beam dump tomonitor the intensity and the profile of muons
which pass through the beam dump on a spill-by-spill basis.
High energy muons of >5GeV can penetrate the beam dump
and reach the MUMONs.

The design principle of the J-PARC neutrino facility is
that all parts which can never be replaced later, for example,
the decay volume shielding and cooling pipes, beam dump
cooling capacity, and so forth, are built such that they can
be operated with up to 3MW of beam power from the
beginning. Parts that can be replaced are designed to be
operated with a beam power up to 750 kW and have a safety
factor of 2 to 3.

The neutrino beamline is designed so that the neutrino
energy spectrum at Super-Kamiokande can be tuned by
changing the off-axis angle down to a minimum of 2.0∘ from
the current (maximum) angle of 2.5∘. The unoscillated 𝜈

𝜇

energy spectrum at Super-Kamiokande with a 2.5∘ off-axis
angle is shown in Figure 8.

The construction of the neutrino facility started in 2004
and was completed in 2009. Stable beam production for
physics measurements started in January 2010 after careful
commissioning. The Great East Japan Earthquake on March
11, 2011 damaged J-PARC and stopped the operation of the
accelerators. After recovery work, the accelerator restarted
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operation in December 2011 and stable beam for T2K data
taking was achieved in March 2012.

The J-PARC neutrino facility will provide an integrated
number of protons on target of 7.5 × 1021 (equivalent to
750 kW× 5× 107 s), which is the approved exposure for T2K.
With the present power upgrade scenario, this will take about
10 years.

3. Detectors

In this section the detectors used by the experiments to
achieve their diverse physics goals are described. Design
of these detectors took into account multiple factors such
as target mass, cost-effectiveness, particle flavor identifica-
tion purity and efficiency, the beam energy spectrum, and
required baseline. The subsections below are time ordered
and include K2K Near detectors and Super-Kamiokande

(SK), MINOS, OPERA, ICARUS, the T2K ND280 complex,
and NO𝜈A.

3.1. K2KNear Detectors. TheK2KNear detector complex was
located at the KEK laboratory in Japan. The detectors were
about 300m from the beam-target, about 70m of which was
taken up with earth shielding.The detectors were designed to
measure the flux and energy spectrum of the beam as it leaves
KEK. Their mass composition was chosen to be primarily
water so as to largely cancel common systematic uncertainties
with Super-Kamiokande.These goals were achieved using a 1
kiloton water C̆erenkov detector (the “1 kt”) and fine-grained
detectors (FGD). A scintillating fiber detector (SciFi) [29],
scintillating counters, a lead glass array (LG), and a muon
range detector (MRD) [30] comprised the FGDs. For the
second phase of K2K, the LG was replaced by the fully active
scintillator-bar detector (SciBar) [31].

The 1 kt used the same technology as the Super-
Kamiokande far detector with the same arrangement of
photomultiplier tubes and the same 40% coverage. In total,
680 50 cm photomultiplier tubes were used to line an 8.6m
diameter, 8.6m high cylinder.

The SciFi tracking detector used 20 layers of scintillating
fibers, closely packed together in 2.6m × 2.6m sheets that
were separated by 9 cm. These layers were interleaved with
19 layers of water target contained in extruded aluminum
boxes and read out using image-intensifier tubes and CCD
cameras. The energy and angle of the muons produced in
𝜈
𝜇
CC interactions were measured using the MRD. This

detector was designed to be big enough (7.6m × 7.6m in
the plane transverse to the beam) to measure both the flux
and the profile of the beam. The MRD consisted of 12 layers
of iron absorber with vertical and horizontal drift tubes in
between. The first 4 (upstream) layers were 10 cm thick and
the remaining 8 layers were 20 cm thick. With 2.00m of iron
in total, up to 2.8GeV/c muons could be stopped and their
total energy measured.
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The SciBar detector was an upgrade to the near detectors
designed with the aim of improving the measurement of CC
quasi-elastic interactions and was installed in 2003. It was
designed with the requirement of high purity and efficiency,
with the suppression of inelastic CC interactions involving
pions in the final state one of the main goals. The detector
was “totally active” and could measure 𝑑𝐸/𝑑𝑥 for individual
particles such as protons and pions. The SciBar detector
consisted of 14,848 extruded scintillator strips (of dimension
1.3 × 2.5 × 300 cm3) packed tightly together to make up
the tracker part of the detector. On the downstream side of
the tracker was an electromagnetic calorimeter, 11 radiation
lengths thick and made of scintillating fibres and lead foils,
called the Electron Catcher. This calorimeter was used to aid
the measurement of electron showers and 𝜋0 produced by
neutrino interactions.

3.2. Super-Kamiokande Detector. The Super-Kamiokande
detector [32] is the world’s largest land-based water C̆erenkov
detector with a total mass of 50 kilotonnes. SK is a 39m
diameter and 41m high stainless steel cylindrical tank filled
with ultra-pure water that is located 1 km underneath Mt.
Ikenoyama in Japan.Thewater tank is optically separated into
a 33.8m diameter and 36.2m high cylindrically-shaped inner
detector (ID) and outer detector (OD) by opaque black sheets
andTyvek sheets attached to a supporting structure.There are
11,129 inward-facing 50 cm diameter photomultiplier tubes
(PMTs) lining the ID giving 40% coverage, and 1885 outward
facing 20 cm diameter PMTs on the inner wall of the OD.
The ID and OD are optically separated to allow interactions
produced within the ID to be distinguished from those
entering from outside (e.g., cosmic rays).

A key feature of SK is the ability to separate 𝜈
𝜇
CC events

from 𝜈
𝑒
CC by identifying the electron or muon.The muons,

being heavier, produce sharper C̆erenkov cones whereas elec-
trons scatter more easily and the resulting “fuzzy” C̆erenkov
cone is effectively the sum of multiple overlapping cones all
pointing in slightly different directions. The vertex for each
interaction is reconstructed using the timing from all the
hit PMTs and used to define the fiducial volume of 22.5
kilotonnes.

3.3. MINOS Detectors. The MINOS detectors [33] are mag-
netized tracking calorimeters made of steel and plastic
scintillator optimized for measurements of muon neutrinos
and antineutrinos with energies of a few GeV. The Near
Detector at Fermilab has a mass of 0.98 kilotonnes and
the Far Detector at the Soudan Underground Laboratory in
Minnesota, USA has a mass of 5.4 kilotonnes. The detectors
have a planar geometry with the active medium comprised
of solid plastic scintillator strips with neighboring planes
having their strips orientated in perpendicular directions to
give three-dimensional tracking capability. The planes are
hung vertically so as to be approximately perpendicular to
the path of the beam neutrinos. In the detectors’ fiducial
volumes 80% of the target mass is provided by steel planes
and they are magnetized to provide average fields of 1.28 T
and 1.42 T for the Near and Far detectors, respectively. The

steel planes are 2.54 cm thick (1.45 radiation lengths) and
mounted on each one is, at most, a single 1.0 cm thick
scintillator plane. Each scintillator plane comprises of up to
192 strips that are 4.1 cm wide and up to 8m in length. There
is an air gap between each plane of 2.4 cm in which the
magnetic field is substantially smaller. A schematic of the
Near and Far detectors is shown in Figure 9.The Far Detector
planes are an 8mwide octagonal shape and grouped together
into two separately magnetized supermodules that are about
15m in length. The Near Detector planes have a squashed
octagon shape that is about 3m wide and 2m high. The Near
Detector has twomain parts: a fully instrumented region used
for calorimetry and a muon spectrometer, that is, located
downstream in the neutrino beam.

MINOS scintillator is made of polystyrene, doped with
the fluors PPO (1%) and POPOP (0.03%), which is coex-
truded with a thin 0.25mm TiO

2
layer. A groove runs along

the length of each strip into which a 1.2mm wavelength-
shifting (WLS) fibre optic cable is glued. On exiting the ends
of the strips, the WLS fibers run together in a manifold to
terminate in a connector. Clear fibre optic cables, with a
longer 12m attenuation length, are used to route the light to
multianode photomultiplier tubes.

TheNear and Far detectors were designed to be as similar
as possible, although due to their different environments
it was necessary to use different front-end electronics. On
average, several neutrino interactions occur in the Near
detector in every beam spill, whereas in the Far detector
only a handful of neutrino interactions occur per day. The
Near detector electronics digitizes the signal from each PMT
pixel continuously during each beam spill at the frequency
of the beam RF structure of 53.103MHz. In contrast, the Far
detector electronics has a dead time of at least 5𝜇s after each
PMT dynode trigger. The Far detector self-triggers with high
efficiency onneutrino interactions. In addition, the beam spill
time is sent over the internet and used to record all detector
activity in a 100 𝜇s window around the beam spill. Both Near
and Far detectors also record cosmic ray events, and at the Far
detector atmospheric neutrino events can be selected.

Neutrino energy reconstruction inMINOS involved both
calorimetry of showers (although later analyses also used
topological information to improve shower energy resolu-
tion) and either range or curvature of muon tracks. The
calorimetric energy resolution of the MINOS detectors was
determined to be 21.4%/√𝐸 ⊕ 4%/𝐸 for electromagnetic
showers and 56%/√𝐸 ⊕ 2% for hadronic showers. The
accuracy of the simulation of protons, pions, electrons,
and muons was determined using a specially constructed
calibration detector that was exposed to CERN test-beams
[34]. The test-beam data was also used to demonstrate that
differences in the Near and Far detector readout systems
could be corrected for by the calibration and the detector
simulation [35] down to the 1% level.

In the Far detector the optimal fiducial volume of 4.2
kilotonnes included as many events as possible to reduce
the statistical uncertainty on the oscillation parameters.
Whereas in the Near detector, with millions of events, the
fiducial volume was optimized to make the best possible
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Figure 9: Schematics showing the end views of the MINOS Near (a) and Far (b) detectors. For the Near detector the label “A” identifies the
upstream steel plate, “B” is the magnet coil, and “C” is an electronic rack. For the Far detector, “A” identifies the steel plane at the end of the
second supermodule, the furthest downstream in the beam, “B” is the cosmic ray veto shield, “C” is a magnet coil, and “D” is an electronics
rack. The detectors are shown with different scales: the Near detector is 3m wide compared to 8m for the Far detector. Figure from [33].

measurement of the neutrino energy spectrum and had a
mass of 23.7 tonnes.

3.4. OPERADetector. TheOPERA detector is located 1400m
underground in Hall C at the Gran Sasso Laboratory, Italy
and is optimized to enable a high-purity selection of tau
neutrino interactions on an individual event basis. A key
signature of a 𝜈

𝜏
event is the topology of the tau decay.

Substantial energy is carried away by the 𝜈
𝜏
produced in tau

decay and due to the large tau mass the effect of missing
transverse momentum often gives rise to a substantial change
in direction (or “kink”) at the point along a track where the
tau decays. With a mean lifetime of 0.29 picoseconds, corre-
sponding to 87𝜇m at the speed of light, directly observing
the tau in a necessarily massive detector is an experimental
challenge.

The detector used by theOPERA collaboration is a hybrid
consisting of a target constructed of fine grained emulsion
and electronic detectors. Neutrino events are localized in
the target using the scintillator target tracker (TT) detector
and a spectrometer is used to measure the momentum and
charge ofmuons.The target is divided into two supermodules
with veto planes upstream. Each target region contains
75 000 emulsion cloud chambers (ECC), or “bricks”, which
are constructed from 56 lead plates 1mm thick that are
interleaved with 57 nuclear emulsion films. Each ECCweighs
8.3 kg for a total target mass of around 1.25 kilotonnes. An
automated system is used to extract the bricks identified by
the TT from the detector. Scanning of the emulsion films is
performed by automated microscopes located on the surface
in Europe and Japan.

3.5. ICARUS Detector. The ICARUS T600 detector [36] is
located in Hall B of the Gran Sasso Laboratory, Italy and

consists of 760 tonnes of ultra-pure liquid argon (LAr) held
at 89K.The argon provides the target mass and the ionization
medium for four time projection chambers (TPCs). These
four TPCs come in two pairs, with each pair occupying a
volume of 3.6 × 3.9 × 19.6m3. A shared cathode plane runs
down the centre of each volume separating the two TPCs,
giving a maximum drift path of 1.5m. This detector provides
exquisite electronic imaging of neutrino interactions in three
dimensions with a position resolution of around 1mm3 over
the whole detector active volume of about 170m3.

An electric field of 500V/cm is used to drift ionization
electrons towards three parallel planes of wires arranged at
0
∘, +60∘, and −60∘ to the horizontal.These planes are situated
along one side of each TPC and are separated by 3mm. In
total there are 53248 wires that have a pitch of 3mm and
lengths up to 9m long. The first two planes (Induction-1
and Induction-2) provide signals in a nondestructive way
before the charge is finally integrated on the Collection plane.
Position information along the drift direction is provided by
combining measurement of the absolute time of the ionising
event with knowledge of the drift velocity (about 1.6mm/𝜇s
at the nominal electric field strength). VUV scintillation
light from the liquid argon, measured by PMTs operating
at cryogenic temperatures, provides the absolute timing
information.

Electronegative impurities such as O
2
, CO
2
, and H

2
O

were initially reduced by evacuating the detector for 3months
before filling and are generally maintained at below the
0.1 ppb level by recirculating the LAr through purification
systems. Full volume recirculation can be accomplished in
6 days. A free electron lifetime of 1ms corresponds to a
1.5m drift distance and this has been successfully maintained
for the vast majority of the time since the detector started
operation in mid-2010.
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Figure 10: An exploded view of the ND280 off-axis near detector for the T2K experiment. The ND280 is a magnetized tracking detector
comprising of several subdetectors located inside the UA1 magnet (see the main body of text for detailed descriptions). Figure from [4].

3.6. T2K ND280 Detectors. The ND280 detector complex
is located on the site of the J-PARC accelerator complex
about 280m downstream of the production target. The T2K
experiment is formed of the ND280 detectors, the beamline,
and Super-Kamiokande. The ND280 detectors measure the
neutrino energy spectrum and flavor content of the beam
before it oscillates. Since the far detector is located 2.5∘ off-
axis, the primary near detector is also located off-axis at the
same angle. An on-axis near detector, INGRID, measures the
neutrino beam profile and intensity.

The off-axis near detector is a magnetized tracking
detector comprising of several subdetectors located within
the magnet recycled from the UA1 experiment at CERN.
Figure 10 shows an exploded view of the off-axis ND280
detector displaying the 𝜋0 detector (P0D), the tracker com-
prising of fine-grained detectors (FGDs) and time projection
chambers (TPCs), the electromagnetic calorimeter (ECal),
and side muon range detector (SMRD). The P0D consists
of scintillating bars alternating with either a water target or
brass or lead foil (to limit the range of any 𝜋0s). The FGDs
consist of layers of finely segmented scintillator bars used to
measure charged current interactions. These inner detectors
are all surrounded by the ECal to catch any 𝛾-rays that do not
convert in the inner detectors. Finally, the SMRD sits in the
return yoke of the magnet and measures the range of muons
that exit the sides of the detector.

The on-axis INGRID detector consists of 14 identical
modules arranged in a cross pattern with two groups: extend-
ing 10m along the horizontal and vertical axes. A further
two modules are located at off-axis positions a few meters
above the horizontal and to each side of the vertical part
of the cross. Each module is constructed from 9 steel plates

6.5 cm thick interleaved with 11 tracking scintillator planes.
Theplanes consist of two sets of 24 scintillator barsmeasuring
1.0 × 5.0 × 120.3 cm3, one set arranged to run vertically and
the other horizontally. INGRID measures the center of the
beam to a precision of 10 cm, equivalent to 0.4mrad.

3.7. NO𝜈A Detectors. The NO𝜈A [15] far detector will be
located 14mr off theNuMI beam axis, 810 km from theNuMI
target, off the Ash River Trail in northern Minnesota, USA.
The Ash River Trail is the most northern road in the United
States near theNuMI beam line.TheNO𝜈Anear detector will
be located on the Fermilab site about 1 km from the NuMI
target, also at an angle of 14mr to NuMI beam.

The NO𝜈A detectors can be described as totally active,
tracking, liquid scintillator calorimeters. The basic cell of
the far detector is a column or row of liquid scintillator
with approximate transverse dimensions 4 cm by 15.6m and
longitudinal dimension 6 cm encased in a highly-reflective
polyvinyl chloride (PVC) container. A module of 32 cells is
constructed from two 16-cell PVC extrusions glued together
and fitted with appropriate end pieces. Twelve modules make
up a plane, and the planes alternate in having their long
dimension horizontal and vertical. The far detector will
consist of a minimum of 928 planes, corresponding to a
mass of approximately 14 kt. Additional planes are possible
depending on available funds at the end of the project. Each
plane corresponds to 0.15 radiation lengths.

The NO𝜈A near detector will be identical to the far
detector except that it will be smaller, 3 modules high
by 3 modules wide, with 192 planes. Behind the near
detector proper will be a muon ranger, a sandwich of 10
10-cm iron plates each followed by two planes of liquid
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Figure 11: Drawings of the NO𝜈A Far and Near detectors. The human figure at the base of the Far detector is for scale.

scintillator detectors. NO𝜈A has also constructed a near
detector prototype called the NDOS (Near Detector On the
Surface) which has been running sinceNovember 2010 on the
surface at Fermilab, off axis to both the NuMI and Booster
neutrino beams. Figure 11 contains a drawing of the NO𝜈A
detectors.

Light is extracted from each liquid scintillator cell by
a U-shaped 0.7-mm wavelength-shifting fiber, the ends of
which terminate on a pixel of a 32-pixel avalanche photodiode
(APD), which is mounted on the module. The APD is
custom-made for the NO𝜈A experiment by the Hamamatsu
Corporation to optimize the match to the two fiber ends
per pixel. Light from the far end of the cell is preferentially
attenuated at the lower wavelengths, so that the peak of the
spectrum is at about 540 nm. The use of APDs is crucial
for the experiment since they have a quantum efficiency of
approximately 85% at this wavelength compared to 10% for a
photomultiplier with a bialkali photocathode. The system is
designed to produce a minimum of 20 photoelectrons from
the far end of the cell for the passage of a minimum ionizing
particle at normal incidence. The APD is run at a gain of
100, so low noise is required for efficient operation. The APD
is cooled to −15∘C by a thermoelectric cooler to reduce the
thermal noise of the APD to an acceptable limit.

The NO𝜈A front-end electronics runs in continuous
digitization mode at 2MHz for the far detector and 8MHz
for the near detector. It delivers GPS time-stamped, pedestal
subtracted, and zero-suppressed data to the data acquisition
system (DAQ). At the far detector, the DAQ buffers the
data for up to 20 seconds while awaiting a beam spill time
message from Fermilab via Internet. All data within a 30𝜇s
window around the 10 𝜇s beam spill will be recorded for
offline analysis.

4. Results on 𝜈
𝜇
→ 𝜈
𝜏
: The Dominant

Oscillation Mode

The dominant oscillation mode for all long-baseline accel-
erator experiments performed to date is 𝜈

𝜇
→ 𝜈

𝜏
. This

channel was used by K2K [5, 37] and MINOS [38] to
provide essential confirmation of the neutrino oscillations
observed by Super-Kamiokande in atmospheric neutrinos
[11]. Accelerator experimentswith their fixed baselines,𝐿, and
high-energy resolution detectors allow precise measurement
of 𝐿/𝐸. In turn, this allows resolution of the oscillatory
quantum-mechanical interference pattern and precise mea-
surements of |Δ𝑚2| and sin2(2𝜃); these results are described
here in Section 4.1. The corresponding measurements for
muon antineutrinos are described in Section 4.2.

Direct observation of tau appearance by OPERA will
further confirm 𝜈

𝜇
→ 𝜈

𝜏
as the dominant mode of

oscillation and the results from the first half of their data set
[25, 39] are described in Section 4.3.

4.1. Precision Measurement of |Δ𝑚2| and sin2(2𝜃). In an
accelerator experiment, measurement of |Δ𝑚2| and sin2(2𝜃)
is performed by observing the energy-dependent disap-
pearance of muon neutrinos. The fixed baselines, 𝐿, are
known to high precision and so contribute a negligible
uncertainty to measurement of 𝐿/𝐸, which is dominated
by the energy resolution of the detectors. The energy at
which the maximum disappearance occurs is a measure of
|Δ𝑚
2
| and the disappearance probability at that point is given

by sin2(2𝜃). Figure 12 shows the energy spectrum of muon
neutrino candidate events in the MINOS far detector where
the energy-dependent deficit can be clearly seen, with the
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maximumdisappearance occurring at around 1.4GeV for the
735 km baseline.

A crucial ingredient to enabling precise measurements of
the oscillation parameters is event-by-event identification of
whether the observed interactions are neutral-current (NC)
or charged-current (CC) events. In the absence of sterile neu-
trinos, the spectrum of NC events is unchanged due to oscil-
lations and has to be separated from the muon neutrino CC
sample. For the experiments performed to date, identification
of the flavor of CC events has been of secondary importance
to the separation of NC events since the vast majority of CC
events aremuon flavor. Given the tau production threshold at
a neutrino energy of around 3.5GeV, this appearance mode
is naturally suppressed in K2K, MINOS, T2K, and NO𝜈A
due to their lower beam energies and so relatively few 𝜈

𝜏
CC

interactions occur. The appearance of electron neutrinos is a
subdominant effect (detailed in Section 5) that contributes,
for example, only around 1% of the event rate in MINOS.The
performance of the different experiments in selecting a 𝜈

𝜇
CC

event sample is discussed below.

4.1.1. K2K 𝜈
𝜇
Disappearance Results. K2K was the first accel-

erator long-baseline experiment, taking data from 1999–
2004. The neutrino beam was produced and measured
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Figure 13: The 90% confidence regions for |Δ𝑚2| and sin2(2𝜃).
Results shown are published contours from K2K [5], MINOS [40]
and Super-Kamiokande [41, 42]. For the latest but still preliminary
results see Figure 14.

at KEK in Japan and then observed 250 km away at the
Super-Kamiokande detector. K2K saw 112 beam-originated
events in the fiducial volume of Super-Kamiokande with
an expectation of 158.1+9.2

−8.6
without oscillation [5]. The

water C̆erenkov detector allowed separation of 58 single-
ring muon-like events in which a distortion of the energy
spectrum was seen. At the K2K beam energy these muon-
like events contained a high fraction of quasi-elastic events
and the incoming neutrino energy was reconstructed using
two-body kinematics. Combining information from both the
shape of the energy spectrum and the normalization, K2K
determined that the probability of obtaining their data in the
case of null-oscillations was 0.0015% (4.3𝜎) thus confirming
the Super-Kamiokande atmospheric neutrino results. The
K2K 90%C.L. allowed region in the |Δ𝑚2|-sin2(2𝜃) plane is
shown by the magenta line in Figure 13.

4.1.2. MINOS 𝜈
𝜇
Disappearance Results. MINOS started data

taking in 2005 and ran for 7 years throughApril 2012. Around
80% of the data was taken with the beam optimized to
produce neutrinos and the remaining 20% antineutrinos (see
Section 4.2 for a description of the 𝜈

𝜇
disappearance results).

The first 𝜈
𝜇
disappearance results from MINOS are given in

[38] and detailed in a longer paper [43]. Updated results are
given in [44] and those presented here are taken from [40].
Additionally, the results from the preliminary analysis using
the full MINOS data set [45] are also summarised here.

The geometry of the MINOS detectors allows three
dimensional reconstruction of tracks and showers. Using the
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reconstructed vertex information a fiducial volume cut was
made that separated incomplete and partially reconstructed
events occurring at the edge of the detector from those that
were fully reconstructed. As mentioned above, a crucial step
in this analysis was the separation of 𝜈

𝜇
CC events from NC

events. For the first results a particle identification parameter
was constructed using probability density functions for the
event length, the fraction of the energy contained in the
track, and the average pulse height per plane.The later results
used an improved technique based on a k-nearest-neighbor
algorithm (kNN). This kNN technique used the energy
deposition along a track and its fluctuation to discriminate
muons from spurious tracks reconstructed from hadronic
activity in NC interactions. For the most recent analysis an
overall efficiency for selecting 𝜈

𝜇
CC events of 90% was

achieved. The first results made a selection on the charge-
sign of the muon but later analyses have included the 7%
antineutrino component of the neutrino-enhanced beam,
which had a significantly higher average energy [46].

Near detector data was used to substantially reduce
systematic effects on this measurement that would otherwise
arise from limited knowledge of the neutrino flux and cross-
sections. Both the Near and Far Detectors measured a
product of flux times cross-section and by doing a relative
measurement, the uncertainties on that product canceled to
first order. However, the flux i was not the same at the Near
and Far detectors: one saw a line-source of neutrinos and
the other saw what was effectively a point source. The Far
Detector flux was populated by neutrinos frommore forward
decaying pions and so the spectrum was somewhat harder
than at the Near detector. The beamline simulation incor-
porated and was used to estimate these largely geometrical
effects.

Due primarily to the flux and cross-section uncertainties,
the Near detector data differed from the simulation by up to
20% as a function of energy. An extrapolation procedure used
the Near Detector measurements to predict the Far Detector
energy spectrum via a number of steps as follows: subtracting
the estimated background from the Near Detector energy
spectrum; deconvolving the effects of Near detector energy
resolution; using a transfer matrix to account for the dif-
ferent flux at the Far Detector; weighting each energy bin
according to the oscillation probability; reintroducing the
effect of energy resolution at the Far Detector; adding in
the estimated Far Detector background. With all these steps
complete an oscillated Far Detector prediction was obtained
for comparison with the data.

Several sources of systematic uncertainty were accounted
for in this measurement. The three largest uncertainties on
the measurement of |Δ𝑚2| were on the absolute energy
scale of hadronic showers, the absolute energy scale of
muons, and the relative normalization of event rates between
Near and Far Detectors. Other uncertainties included NC
contamination, the relative hadronic energy scale, cross-
sections, and beam flux. Overall, the statistical error on the
MINOSmeasurement of |Δ𝑚2|was still more significant than
the systematic uncertainty.

The largest three systematic uncertainties on the mea-
surement of sin2(2𝜃) were on the NC contamination, cross-
sections, and the relative hadronic energy scale. However,
the MINOS measurement of sin2(2𝜃) was dominated by the
statistical uncertainty, with the systematic uncertainty being
smaller by more than a factor of four.

Every NuMI beam event with a reconstructed muon
was included in the likelihood fit to extract the oscillation
parameters. These events were split into 7 event categories
to extract the maximum information. Partially reconstructed
events, where the neutrino interacted in the rock outside the
detector or in the outer edges of the detector, were a separate
category and only their reconstructedmuon information was
used (any shower energy was ignored due to its limited use
for this sample). Fully reconstructed 𝜈

𝜇
CC candidate events

were separated by the charge-sign of the muon. Positively
charged events formed their own single sample but the
negatively charged events were divided into 5 categories
using their estimated energy resolution (e.g., a highly-elastic
CC event where most of the neutrino energy was carried
away by the muon was measured more precisely than an
inelastic event where shower energy fluctuations smeared the
measurement). The four dominant systematic uncertainties
were included as nuisance parameters and the mixing angle
was constrained by the physical boundary at sin2(2𝜃) = 1.

Thousands of beam neutrino interactions have been
recorded at the MINOS Far detector and used, as described
above, to make the world’s most precise measurement of
|Δ𝑚
2
| = (2.32

+0.12

−0.08
) × 10

−3 eV2 while constraining sin2(2𝜃) <
0.90 at 90% C.L. [40]. Figure 12 shows the fully reconstructed
events recorded byMINOSwhere the distortion of the energy
spectrum expected by oscillations can be seen and contrasts
with that expected from alternative models of neutrino
disappearance such as neutrino decay or decoherence (they
are excluded at 7 and 9𝜎, resp.). The MINOS contours
associated with this published result are shown in Figure 13
(updated but preliminary results from MINOS are shown in
Figure 14).

Recently, preliminary MINOS results using the complete
data set have been released [45].The total neutrino-enhanced
beam exposure is 10.7 × 1020 POT, 50% more than the
previous result given above. Furthermore, two additional data
sets are included: firstly, the antineutrino-enhanced beam
data (3.36 × 1020 POT) and secondly, atmospheric neutrinos
and antineutrinos (37.9 kiloton-years). While still well within
the previous 1𝜎 contours, the best fit point for this new
analysis has moved slightly away from maximal mixing to
|Δ𝑚
2
| = (2.39

+0.09

−0.10
) × 10

−3 eV2 and sin2(2𝜃) = 0.96+0.04
−0.04

(the shift in upwards in |Δ𝑚2| being correlated with the
shift downward in sin2(2𝜃), due to the required overall
normalization being similar to the previous result).

The MINOS preliminary 90% C.L. allowed region in
the |Δ𝑚2|-sin2(2𝜃) plane is shown in Figure 14 by the solid
black contour. The latest results from Super-Kamiokande
[47] (preliminary) and T2K [48] are shown alongside for
comparison. All the results presented here use the 2-flavor
approximation.
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Figure 15: Reconstructed neutrino energy spectra of T2K 𝜈
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disappearance analysis.

4.1.3. T2K 𝜈
𝜇
Disappearance Results. T2K started taking data

in 2010 and was the first experiment to use an off-axis beam
to observe muon neutrino disappearance [48]. The exposure
for the first result was 1.43 × 1020 POT and is expected to
increase substantially over the next few years. In the Super-
Kamiokande far detector, 31 fully contained muon-like ring
events were observed against an expectation of 104±14(syst)
without neutrino oscillations. The observed neutrino energy
spectrum alongside the predicted spectra with and without
oscillation are shown in Figure 15.

The values of the oscillation parameters obtained are
consistent with both MINOS results and Super-Kamiokande
atmospheric neutrinos. Interestingly, the T2K constraints on
sin2(2𝜃) already approach the limit set by MINOS. This
demonstrates the sensitivity of T2K where the energy peak
of the narrow band, off-axis, beam is positioned close to the
oscillationmaximum and consequently a large fraction of the
𝜈
𝜇
flux disappears. The T2K contours are shown in Figure 14

alongside the latest MINOS results.

4.2. Measurements of |Δ𝑚2
𝑎𝑡𝑚
| and sin2(2𝜃). MINOS accu-

mulated 20% of its total exposure with the NuMI beam
configured to enhance production of antineutrinos andmade
the first directmeasurement ofmuon antineutrino disappear-
ance [49]. The CPT theorem, that provides the foundation of
the standard model, predicts identical disappearance of neu-
trinos and antineutrinos in vacuum and the measurements
described here allow precision tests of that hypothesis as well
as other models of new physics. The first antineutrino result
from MINOS reported tension with the neutrino results but
with further data the results are now consistent [45, 50]. In
addition to these results, the 7% antineutrino component of
the neutrino-enhanced beam has also been analyzed [46];
these data provided a higher statistics sample of 𝜈

𝜇
events in

the 5–15GeV range, allowing the oscillation probability to be
measured with greater precision in that region. The MINOS
magnetized detectors were essential to obtaining a high
purity sample of 𝜈

𝜇
CC events andmaking themeasurements

reviewed here.
The antineutrino-enhanced beam flavor composition,

described in Section 2, was 40% 𝜈
𝜇
, 58% 𝜈

𝜇
, and 2% 𝜈

𝑒
+

𝜈
𝑒
[23]. The reason for the large number of neutrinos was

two fold; firstly, the antineutrino cross-section is about 2-3
times lower than for neutrinos; secondly, the yield of negative
pions from the beam target was lower than for positive pions.
However, the ratio of antineutrinos to neutrinos in the NuMI
beam varied strongly as a function of energy and below
6GeV about 80% of the interactions were antineutrinos (and
that is where the oscillation effect was largest for MINOS).
Discrimination of muon neutrinos from antineutrinos was
performed on an event-by-event basis by analyzing the track
curvature in the detector’s magnetic field. Efficiency and
purity wass estimated from the MC simulation at 91.6% and
99.0%, respectively, for the Far Detector.

With the magnetized detectors able to cleanly separate
positive and negative muons, the rejection of NC events was
an important requirement for this analysis. The 𝑘-nearest-
neighbor multivariate technique used for the neutrino anal-
ysis (see Section 4.1) was used to separate 𝜈

𝜇
CC events

from NC. The procedure for extrapolating Near Detector
antineutrino data to make a Far Detector prediction was
essentially the same as for the neutrino analysis. The detector
and beamline simulations were reperformed for antineutri-
nos to calculate, for example, the required detector resolution
deconvolutionmatrix and flux transfer matrix for 𝜈

𝜇
. A slight

modification to the oscillation step of the extrapolation was
required to allow neutrinos and antineutrinos to oscillate
differently in the simulation.
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Systematic uncertainties on the measurement of the
antineutrino oscillation parameters were similar to those
described for neutrinos in Section 4.1.2 above. An additional
uncertainty was included on the level of neutrino contami-
nation and the knowledge of the neutrino oscillation param-
eters. The MINOS measurement of neutrino parameters is
not yet systematically limited and given both the factor of 3
lower exposure recorded for antineutrinos (3.36 × 1020 POT)
and the reduced number of 𝜈

𝜇
per POT, the antineutrino

measurement is dominated by statistical uncertainties.
Recently, a preliminary version of the MINOS measure-

ments of antineutrino oscillation parameters using the full
data set have been released [45]. This analysis incorporates
three distinct data sets: the antineutrino-enhanced NuMI
beam data (3.36 × 1020 POT); the antineutrinos in the
neutrino-enhanced beam (10.7 × 1020 POT); atmospheric
antineutrino data (37.9 kiloton-years).The antineutrinomass
splitting was measured to be |Δ𝑚2atm| = (2.48

+0.22

−0.27
) ×

10
−3 eV2 and the mixing angle sin2(2𝜃) = 0.97+0.03

−0.08
with

sin2(2𝜃) > 0.83 at 90% C.L. The antineutrino contour
from MINOS is shown in Figure 16 by the solid black line.
Also shown for comparison is the result from the Super-
Kamiokande measurement (dashed black) of the combined
flux of atmospheric muon neutrinos and antineutrinos [51].
The red contour shows the result from just the NuMI beam
data and the blue contour from just the MINOS atmospheric
antineutrino data. The MINOS measurements provide the
highest precision on the antineutrino mass-squared splitting
while Super-Kamiokande measures the antineutrino mixing
angle most precisely.

The uncertainty on the difference in the atmospheric
mass-squared splittings of neutrinos and antineutrinos is
currently dominated by the statistical precision on the
antineutrino measurements, by about a factor of 2-3. In the
future, NO𝜈A will improve measurement of all the disap-
pearance related parameters for neutrinos and antineutrinos.
Importantly for future precision tests of CPT symmetry,
several systematic errors on the difference between |Δ𝑚2|
and |Δ𝑚2atm| will be significantly smaller than the systematic
uncertainty on the two absolute measurements taken sepa-
rately.

4.3. Searches for 𝜈
𝜏

Appearance. The observation of 𝜈
𝜏

appearance with a 𝜈
𝜇
source would directly confirm the

hypothesis of 𝜈
𝜇
→ 𝜈
𝜏
oscillations as the cause of the dis-

appearance effect observed by atmospheric and accelerator
experiments. This is the goal of the OPERA experiment [7].
Furthermore, there is currently no observation at the 5-sigma
level of the appearance of neutrino flavors due to oscillations,
only disappearance. The next few years should see the
conclusive observation of both 𝜈

𝜏
appearance with OPERA

and 𝜈
𝑒
appearance with T2K and NO𝜈A, demonstrating key

aspects of the 3-flavour neutrino oscillation model.
Thekinematic threshold for 𝜏production from𝜈

𝜏
interac-

tions is around 3.5GeV and at that energy the first maximum
of the oscillation probability occurs at a baseline of approx-
imately 2500 km. For a fixed baseline, matching the energy
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Figure 16:The 90% confidence regions for antineutrino parameters
|Δ𝑚
2

atm| and sin2(2𝜃). Antineutrino results are shown from Super-
Kamiokande [51] (dashed black) alongside the latest preliminary
results from MINOS [45] (solid black). The MINOS results used
three data sets: (1) atmospheric antineutrinos; (2) antineutrinos
from theNuMI beamoperating in antineutrino-enhancedmode; (3)
antineutrinos from the neutrino-enhanced beam. The red contour
shows the result from just the NuMI beam data and the blue contour
from just the atmospheric antineutrino data.

of the beam with the peak of the product of 𝜈
𝜏
cross-section

times oscillation probability maximizes the number of 𝜈
𝜏

interactions in the detector for a given integrated flux: this is
largely what theOPERA experiment has donewith the CNGS
beam. As described in Section 2, the experiments using the
CNGS and NuMI beams have very similar baselines, 730 km
versus 735 km, respectively, but differ substantially in their
average neutrino energies of 17GeV and 3GeV, respectively,
due to the different physics goals of the experiments.

The OPERA experiment at LNGS started taking data in
2008 with the CNGS beam [3, 24] and in 2010 they published
the observation of their first 𝜈

𝜏
candidate event [25]. As

described in Section 3, the OPERA detector consists of lead-
emulsion bricks with electronic detectors to pinpoint the
bricks in which neutrino interactions occurred.

The first candidate 𝜈
𝜏
event observed byOPERA is shown

in Figure 17. A detailed description of the likely candidates
for each of the numbered tracks is given in [25]. This event
is compatible with the decay 𝜏− → 𝜌

−
𝜈
𝜏
with the 𝜌(770)

decaying to a 𝜋0 and 𝜋−.
A preliminary analysis of further data has recently been

released and a second 𝜈
𝜏
candidate has been observed [52].

This event was seen in the 2010-11 data set and it satisfies the
selection criteria for𝜈

𝜏
→ 3hadrons. In the data set analyzed

to date, the preliminary background estimate was 0.2 events
and 2.1 signal events were expected. The Poisson probability
of observing 2 ormore events given a background expectation
of 0.2 is 1.75%.
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Figure 17: The first candidate 𝜈
𝜏
event observed by the OPERA experiment. (a) and (b) show the transverse view with the right plot being

a zoom of the left. (c) shows the longitudinal view. The short red track (labeled as “4 parent”) is identified as being due to the 𝜏 lepton and
the track of what is thought to be the tau-daughter is shown in turquoise (labeled as “8 daughter”). A kink is clearly seen, particularly in the
zoomed transverse view (b), and demarked by the change in color from red to turquoise along the track. A detailed description of the likely
candidates for each of the numbered tracks is given in the OPERA paper [25].

Atmospheric neutrino experiments have a relatively large
number of 𝜈

𝜏
events in their data samples, given the

broad range of available energies and the Earth’s 13,000 km
diameter. Super-Kamiokande has published 2.4𝜎 evidence
for 𝜈
𝜏
appearance [53] using candidate events selected for

the expected shape of 𝜈
𝜏
interactions and characteristics

of 𝜏 leptons. This statistical separation is a complementary
approach to OPERA’s goal of directly observing individual 𝜈

𝜏

events. At the time of writing a new SK result was published
on the arXiv that provides evidence for 𝜈

𝜏
appearance at the

3.8𝜎 confidence level [54]. In the future, MINOS+ will also
have a relatively large number of 𝜈

𝜏
events (around 90/year

with the 𝜈
𝜇
-enhanced beam) and with sufficient rejection of

backgrounds will have sensitivity to this oscillation channel
[19].

5. Results on 𝜈
𝜇
→ 𝜈
𝑒
: The Subdominant

Oscillation Mode

With the baselines and neutrino energies (the 𝐿/𝐸) used
by the experiments described in this paper, 𝜈

𝜇
→ 𝜈
𝑒
is a

subdominant oscillation mode (although at an 𝐿/𝐸 25 times

larger, the solar mass splitting would have a significant effect
and 𝜈
𝑒
’s would then make up the majority of the flux).

Measurements of the subdominant 𝜈
𝜇
→ 𝜈
𝑒
oscillation

mode are of great importance for a number of reasons:
firstly, its discoverywill demonstrate the full 3-flavor neutrino
oscillationmodel; secondly, with a nonzero value of 𝜃

13
a door

is opened to discovering CP violation in the lepton sector;
thirdly, by exploiting the neutrino-matter interaction that the
neutrinos and antineutrinos experience as they propagate
through the Earth, the neutrino mass hierarchy (the sign of
Δ𝑚
2

32
) can also be determined.

Measurements of the subdominant mode made using
accelerator neutrino beams are highly complementary to
those made using nuclear reactors. The reactor neutrino
experiments Double Chooz [16], Daya Bay [18], and RENO
[18] have recently observed subdominant neutrino oscilla-
tions via the disappearance of 𝜈

𝑒
over a distance of around

1.5 km. This channel is only sensitive to 𝜃
13

and so a direct
measurement can bemade. In contrast, the accelerator exper-
iments are sensitive to 𝜃

13
, the CP phase, the mass hierarchy,

and the octant of 𝜃
23
, enabling a rich set of measurements

to be made using a combination of different baselines and
energies with neutrinos and/or antineutrinos.
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In this section the electron neutrino appearance results
from K2K, MINOS, and T2K are presented. A key feature
of these experiments is their ability to distinguish the rare
occurrence of electron flavor neutrino interactions from
among the many more 𝜈

𝜇
CC events and NC events from

all neutrino flavors. For example, electron neutrino events
in MINOS contribute only around 1% of the event rate. The
significant majority of 𝜈

𝜇
CC events are relatively easy to

reject due to the presence of the muon. However, in highly
inelastic 𝜈

𝜇
CC events the muon can escape detection and

should the hadronic shower have a significant electromag-
netic component (from, for example, 𝜋0 → 𝛾𝛾) then it can
be misidentified as an electron neutrino event.

5.1. K2K 𝜈
𝑒
Appearance Results. The first long-baseline accel-

erator neutrino experiment to search for electron neutrino
appearance was K2K [55, 56]. This measurement exploited
the ability of the Super-Kamiokande detector to distinguish
muons and electrons, which had been well established for
the earlier atmospheric neutrino results. As such, the primary
background for K2K was events containing a 𝜋0 from a NC
interaction. This background occurs when one of the two
gammas from the𝜋0 decay is not reconstructed, due to highly
asymmetric energies or a small opening angle between the
two gammas. Beam 𝜈

𝑒
events are around 1% at the KEK site

and the background from such electron neutrinos intrinsic
to the beam was estimated to be only 13% of the total
background.

At the limit set by the CHOOZ experiment [12] and with
an exposure of 9.2 × 1019 protons on target, K2K expected to
see only a few events and so it was critical that the background
was reduced to a very low level.The basic selection of electron
neutrino events is as follows: the first step is to require
electron C̆erenkov-ring candidates; secondly, any events with
electron-equivalent energy below 100MeV are removed to
reject charged pions and electrons frommuon decay; thirdly,
no candidate may have a muon decay within a 30 𝜇s time
window. To improve the rejection of the 𝜋0 background a
dedicated algorithm to calculate the invariant mass under
the assumption that there were two rings was also used. The
total background expectation with the above cuts was 1.7+0.6

−0.4

events (in the case of no oscillation).The overall efficiency for
selection of 𝜈

𝑒
signal events in the simulation is around 50%.

The fraction of the background coming fromNC interac-
tions that produce a single𝜋0 (NC 1𝜋0) was 70% so constrain-
ing the associated systematic uncertainty was crucial. To do
this a 1 kiloton water C̆erenkov Near detector was used to
measure theNC 1𝜋0/CC interaction ratio and the uncertainty
was constrained to the 12% level. Many other sources of
systematic uncertainty were considered and the largest indi-
vidual one concerned the 𝜋0 mass cut and that uncertainty
was constrained using atmospheric neutrino data. The other
systematics also included the detector efficiency, water prop-
erties, neutrino flux at SK, and several neutrino interaction
model uncertainties. In total the background uncertainty was
between 24 and 39% depending on the run period.

K2K observed 1 event that passed their selection criteria,
consistent with the background expectation. These data
allowed a 90% C.L. limit to be set on the maximum electron
neutrino appearance probability of 0.13, at the oscillation
parameters measured by K2K via 𝜈

𝜇
disappearance (see

Section 4.1). Such an appearance probability corresponds to
an approximate limit of sin2(2𝜃

13
) < 0.26.

5.2. MINOS 𝜈
𝑒
Appearance Results. The first MINOS 𝜈

𝑒

appearance result was released in 2009 [57] and two further
results with more data and analysis improvements have since
been published [58, 59]. The MINOS detectors were opti-
mized for measuring muon neutrino interactions at the few-
GeV scale.The steel planes are 1.4 radiation lengths thick and
the strip width is 4.1 cm (compared to the Molière radius of
3.7 cm) giving a relatively coarse view of an electron shower.
Absolutely crucial for controlling the systematic uncertainties
on these measurements is the functionally identical design
of the Near and Far detectors. As with K2K, the dominant
background is fromNC interactions. Although, 𝜈

𝜇
CC events

also contribute significantly to the background along with
intrinsic 𝜈

𝑒
events in the beam and 𝜈

𝜏
events that have

oscillated from 𝜈
𝜇
.

Determining the composition of the background is
important for this analysis since at the Far detector a fraction
of the 𝜈

𝜇
events have oscillated away and therefore the

background from 𝜈
𝜇
CC events is reduced. The other effect

of oscillations is to introduce a background from 𝜈
𝜏
in the

Far detector that does not exist in the Near detector. In
contrast, the NC events do not oscillate away and to first
order that background component is the same in the Near
and Far detectors. MINOS took a data-driven approach to
determining the background composition by comparing the
data with the simulation for a number of data sets taken
with the NuMI beam in special configurations. For example,
with the magnetic horns turned off the peak in the energy
spectrum disappears, which drastically changes the CC/NC
ratio as a function of energy. Similarly, data taken with the
beam configured to produce higher energy neutrinos has an
enhanced NC fraction at low energies. A fit to the ND data
andMC across all these special data sets was used to estimate
the background composition and determine the uncertainties
on each component.

The selection of electron neutrino candidate events starts
outwith fiducial volume cuts and ensuring the event is in time
with the low-duty-cycle NuMI beam. Electron showers pen-
etrate only a few (typically 6–12) planes and are transversely
compact so any events with tracks longer than 24 planes or
with a track extending more than 15 planes beyond the end
of a reconstructed shower are rejected. A requirement is also
made that events contain at least 5 contiguous planes with an
energy deposition at least half that of a minimum ionizing
particle. Any events with an energy less than 1GeV or greater
than 8GeV are also removed. After these preselection cuts
77%of the signal, 39% ofNC events, and 8.5% of 𝜈

𝜇
CC events

remain.
Further reduction of backgrounds is achieved by a more

sophisticated analysis of the energy deposition patterns in
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preselected events. The first two MINOS results used an
artificial neural network with 11 variables characterizing the
transverse and longitudinal profile of events. For the most
recent MINOS analyses, a nearest-neighbor “library event
matching” (LEM) technique is used. Each data event is
compared, one-by-one, to a large library of tens of millions
of simulated events. Since the detector is homogeneous,
events occurring throughout the volume are translated to a
fixed reference location and then compared at the level of
individual strips. This approach is computationally intensive
and is made more manageable in two notable ways: firstly,
fluctuations in the energy deposition of individual strips are
allowed for; secondly, library events are shifted by ±1 plane
in search of a better match. The final LEM discriminant is
formed using a neural network that takes as its inputs the
event energy along with three variables derived from the 50
best-matched events. A cut of LEM > 0.7 selects (40.4± 2.8)%
of signal events.

The predictions for the Far detector signal and back-
grounds as a function of energy and LEM uses the Near
detector data as the starting point.The simulated ratio ofNear
and Far detector rates for each background type is used as the
conversion factor to translate theNear detector data into a Far
detector prediction.

Two data samples provide sidebands that allow many of
the procedures developed for this analysis to be tested and the
accuracy of the simulation to be probed. Firstly, 𝜈

𝜇
CC events

with cleanly identified muons provide a sample of known
hadronic showers once the muon hits are removed. These
muon-removed events are a lot like NC interactions and the
predicted and observed events at the Far detector agree well.
The second sideband is the LEM < 0.5 region that contains
almost no 𝜈

𝑒
appearance events. The Far detector prediction

for this LEM < 0.5 region is obtained in the same way as for
the signal region and so all stages of the analysis up to the final
signal extraction are exercised, for example, determining the
background composition and extrapolating theNear detector
data is done in the same way.

A fit to the data, binned as a function of the LEMdiscrim-
inant and reconstructed energy, was performed using the full
3-flavor oscillation framework including matter effects. The
influence of the already measured oscillation parameters was
included when constructing the contours.

Updated MINOS results were released this summer
for neutrinos, along with the first appearance results for
antineutrinos [45]. With an exposure of 10.6 × 1020 POT in
the neutrino-enhanced beam and assuming sin22𝜃

13
= 0

(sin22𝜃
13
= 0.1, 𝛿 = 0, normal mass hierarchy) MINOS

expected to see 128.6 (161.1) events in the Far detector; 152
events were observed.

With an exposure of 3.3 × 1020 POT in the antineutrino-
enhanced beam and assuming sin22𝜃

13
= 0 (sin22𝜃

13
= 0.1,

𝛿 = 0, normal mass hierarchy) MINOS expected to see 17.5
(21.2) events in the Far detector; 20 events were observed.

The allowed regions as a function of the CP violating
phase, 𝛿, and 2sin2(2𝜃

13
)sin2𝜃

23
are shown in Figure 18. For

𝛿 = 0 and the normal (inverted) mass hierarchy a best fit
of 2sin2(2𝜃

13
)sin2𝜃

23
= 0.053 (0.094) is obtained; the 90%
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Figure 18: MINOS allowed regions for the CP violating phase and
2sin2(2𝜃

13
)sin2𝜃

23
, obtained using the full data set of both neutrinos

and antineutrinos. The top (bottom) plot assumes the normal
(inverted) mass hierarchy. All values of the CP violating phase are
consistent with the data and so the best fit parameters are shown by
the black line.The blue (red) band shows the regions allowed at 68%
(90%) confidence level. The 𝜃

13
= 0 hypothesis is disfavored at the

96% confidence level. These results were preliminary at the time of
writing [45].

C.L. allowed range is 0.01 < 2sin2(2𝜃
13
)sin2𝜃

23
< 0.12

(0.03 < 2sin2(2𝜃
13
)sin2𝜃

23
< 0.19) and the 𝜃

13
= 0 hypothesis

is disfavored at the 96% confidence level. These results are
consistent with both the T2K result described below in
Section 5.3 and with the reactor neutrino experiments.

Figure 19 shows the results from the first measurement
of electron antineutrino appearance. The data set used
for this measurement was obtained with the NuMI beam
set to enhance production of antineutrinos. The limits on
2sin2(2𝜃

13
)sin2𝜃

23
are consistent with those from neutrinos.

Although, the smaller exposure and lower antineutrino cross-
section means that the limits are not as strong as for neu-
trinos. Significant improvement in measurement of electron
antineutrino appearance is not expected until NO𝜈A takes
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. See Figure 18 for

the full description. These results were preliminary at the time of
writing [45].

data using the NuMI beam configured for enhanced 𝜈
𝜇

production (see Section 7).

5.3. T2K 𝜈
𝑒
Appearance Results. The primary goal of the T2K

experiment is to discover electron neutrino appearance and
precisely measure the oscillation probability if it exists. The
experimental setup is optimized for this purpose.

T2K reported the first evidence of electron neutrino
appearance (2.5𝜎 significance, P-value = 0.7%) in June 2011
based on 1.43 × 1020 POT data taken before the Great East
Japan Earthquake on 11th March 2011 [60].

The goal of the analysis is to select 𝜈
𝑒
CC interactions

at high efficiency and with the background contamination
as low as possible. At the peak of the T2K neutrino energy
spectrum, around 600MeV, the interaction of neutrinos is
dominated by CC quasi-elastic interaction (CCQE), 𝜈

𝑒
+𝑛 →

𝑒
−
+𝑝, and thatwas chosen as the target signal interaction.The

benefit of CCQE interaction is that with just a measurement

of the momentum of the final lepton, the parent neutrino
energy can be reconstructed with a good energy resolution
of around 80MeV.

The signature for signal events in the Super-Kamiokande
detector is a single showering (electron-like) ring in the
expected energy region. The two major sources of back-
ground events are the intrinsic electron neutrino contamina-
tion in the beammainly produced bymuondecay in the decay
volume and inelastic NC interaction of all flavors that contain
a𝜋0 in the final state.The 𝛾s from𝜋0s are detected in SKby the
C̆erenkov light from their electromagnetic showers, which
can be indistinguishable from the C̆erenkov light distribution
produced by an electron. For example, if one of the two
𝛾s from the 𝜋0 decay is missed, the event topology in SK
becomes very similar to that of the signal, that is, a single
electron-like ring.

Selection criteria for the signal event are as follows.
The “fully contained in fiducial volume” (FCFV) events are
selected by requiring: no event activity in either the outer
detector or in the 100𝜇s before the event trigger time; at least
30MeV electron-equivalent energy deposited in the inner
detector (defined as visible energy𝐸vis) and the reconstructed
vertex to be in the fiducial volume of 22.5 kilotonnes. The
event timing is required to be within the range from −2𝜇s
to 10 𝜇s around the beam trigger time.

Further selection cuts require events with the number of
rings equal to 1 and a PID consistent with being electron-like.
The visible energy is required to be 𝐸vis > 100MeV to reduce
NC elastic-interactions and decay electron backgrounds. It is
also required to have no associated delayed electron signal
to reduce the background from invisible 𝜋 → 𝜇 decay.
To suppress misidentified 𝜋0, a second electron-like ring is
forced to be reconstructed and a cut on the two-ring invariant
mass 𝑀inv < 105MeV/c2 is imposed. Finally, the neutrino
energy 𝐸rec

𝜈
, computed using the reconstructed momentum

and direction of the ring assuming CCQE kinematics and
neglecting Fermi motion, is required to be 𝐸rec

𝜈
< 1250MeV.

The 𝜈
𝑒
appearance signal efficiency is estimated with MC

to be 66% while rejection for 𝜈
𝜇
+ 𝜈
𝜇
CC, beam 𝜈

𝑒
CC, and

NC are > 99%, 77%, and 99%, respectively.
The selection is applied to the data and 6 events in

SK are selected as signal candidates from all data before
the earthquake, corresponding to 1.43 × 1020 POT. The 𝐸rec

𝜈

distribution of the observed events together with the signal
and background expectations are shown in Figure 20.

The expected signal and background events are estimated
using the far detectorMC simulationwith the constraints and
inputs frommeasurements of near detector 𝜈

𝜇
CC events and

external data.These external data include hadron production
measurements made by the NA61 experiment [61, 62] using
30GeV protons impinging on the neutrino production target
and also neutrino interaction cross-sections measured by
previous experiments such as MiniBooNE.

The off-axis near detector measures the number of inclu-
sive 𝜈

𝜇
CC events by selecting events with a single negative

muon. The ratio of the observed number of events to that
from theMC simulation is 1.036±0.028(stat)+0.044

−0.037
(det.syst) ±

0.038(phys.syst). This near detector ratio is multiplied by the
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Figure 20: Reconstructed neutrino energy 𝐸rec
𝜈

spectra for T2K 𝜈
𝑒

appearance search. The black points show the 6 candidate events
observed in SK using 1.43 × 1020 POT data. Using sin2(2𝜃

13
) = 0.1

the red histogram is the predicted appearance signal, the expected
background shown in yellow is for muon neutrinos, green is for
the electron neutrinos intrinsic to the beam, and blue is for the NC
events.

number of events from the far detector simulation to give
the predicted number of events in the far detector data. This
method provides partial cancellation of uncertainties in the
absolute flux and cross-sections at the far detector.

The number of background events thus obtained when
sin2(2𝜃

13
) = 0 is estimated to be 1.5 ± 0.3(syst). The major

contributions to the background systematic error come from
the beam flux (8.5%), cross-section (14%), and far detector
systematic error (15%). The probability that the observed
number of events becomes 6 or larger if sin2(2𝜃

13
) = 0 is

calculated to be 0.7%, which corresponds to a 2.5𝜎 excess.
The constraints on the oscillation parameters are evalu-

ated also by using only the number of events. The confidence
intervals are 0.03(0.04) < sin22𝜃

13
< 0.28(0.34) at 90% C.L.

and the best fit parameters are sin2(2𝜃
13
) = 0.11(0.14) for

the normal (inverted) hierarchy assuming sin2(2𝜃
23
) = 1,

Δ𝑚
2

32
= 2.4 × 10

−3 eV2, and 𝛿 = 0. Figure 21 shows the T2K
allowed regions of parameters in the sin22𝜃

13
-𝛿 plane.

To summarize the T2K 𝜈
𝑒
appearance search, 6 signal

candidate events are detected while the expected number
of background events at sin2(2𝜃

13
) = 0 is 1.5 ± 0.3. The

probability to observe 6 ormore eventswithout𝜈
𝑒
appearance

is 0.7%, which corresponds to 2.5 𝜎 significance (In Summer
2012, T2K updated the results with 3.01 × 1020 POT of
data [63]. The observed number of events is 11 while the
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Figure 21: Allowed regions in the sin22𝜃
13
-𝛿 plane from the T2K 𝜈

𝑒

appearance measurement. Light (dark) red areas are 68% C.L. and
90% C.L. regions. Solid black curves are best fit relations.

expected background is 3.22 ± 0.43 at sin2(2𝜃
13
) = 0, which

corresponds to 3.2𝜎 significance and provides further firm
evidence of 𝜈

𝑒
appearance.). Constraints on the sin22𝜃

13
-𝛿

space are given for both the normal and inverted mass
hierarchy.

6. Results on New Physics Searches

The provision of intense and relatively well-understood
neutrino beams along with large detectors has opened up
whole new avenues to look for new physics. Here we focus on
three main areas: Section 6.1 describes the searches for sterile
neutrinos; Section 6.2 briefly summarizes neutrino velocity
measurements; Section 6.3 describes searches for Lorentz
symmetry violation.

6.1. Searches for Sterile Neutrinos. While the conventional
picture of oscillations between three active neutrino flavors is
well established, the possibility of mixing with one or more
unseen sterile neutrinos is not excluded. Neutral-current
(NC) interaction cross-sections are identical for the three
active flavors and so no change in the NC event rate would be



Advances in High Energy Physics 21

observed as a function of𝐿/𝐸 in the standard neutrinomodel.
MINOS provided the first limits on the fraction of mixing to
sterile neutrinos allowed at the atmospheric mass splitting in
[64], with details given in a longer paper [65]. Earlier, in 2000,
Super-Kamiokande had excluded the possibility of maximal
𝜈
𝜇
→ 𝜈
𝑠
oscillations at 99% C.L. [66] by exploiting the effect

such oscillations would have on both the NC event rate and
the number of 𝜈

𝜇
and 𝜈

𝜏
candidate events (the difference in

the neutrino-matter interaction of 𝜈
𝜇
and 𝜈
𝜏
compared to 𝜈

𝑠
is

significant for atmospheric neutrinos of the energymeasured
by SK). More recent observations of 𝜈

𝜏
appearance [53, 54]

also constrain oscillations to sterile neutrinos, although limits
are not directly given in those papers. The current best limits
on the fraction ofmixing to sterile neutrinos are fromMINOS
and given in [67].

Selection of NC events in the MINOS detectors requires
careful study since the visible energy is relatively low and
there is no distinct feature to the events (e.g., missing
transverse momentum is not easily observed in the MINOS
detectors). NC candidate events can have signal in as few as
4 scintillator strips. The high rate environment of the ND,
where there are around 16 events per 10 𝜇s beam spill, requires
additional selections on timing and topology: events must be
separated by at least 40 ns and events that occur within 120 ns
of each other must be separated in the beam direction by at
least 1m. To select an NC-candidate event sample the length
of the event has to be less than 60 planes and any track in the
event must not extend beyond the end of a shower by more
than 5 consecutive planes.

An extrapolation procedure similar to that used in the 𝜈
𝑒

appearance analysis (see Section 5.2) is used to form the Far
detector prediction for theNC spectrum. Figure 22 shows the
visible energy spectrum of Far detector candidate NC events.
The data can be seen to be consistent with no oscillation to
sterile neutrinos.

Many sources of systematic uncertainty on the MINOS
NC results are similar to the 𝜈

𝜇
disappearance and 𝜈

𝑒

appearance measurements (see Sections 4.1.2 and 5.2, resp.),
for example the absolute and relative energy scale of hadronic
showers, and the relative event rate normalization. Uncer-
tainties specific to the NC measurement are in the Near and
Far detector selection, and in the CC background. The latest
results, given below, are approaching the systematic limit for
how much further these measurements can be improved by
MINOS.

A straightforward phenomenological approach to pre-
senting the limits on the allowed level of sterile neutrino
mixing is to consider the fraction, 𝑓

𝑠
, of the disappearing 𝜈

𝜇

flux that could oscillate to 𝜈
𝑠
.MINOSfinds𝑓

𝑠
< 0.22 (0.40) at

90%C.L., where the number in brackets is the limit assuming
maximal 𝜈

𝑒
appearance at the CHOOZ limit. The alternative

approach to presenting the limits is in the context of a specific
model. MINOS has considered twomodels: firstly, one where
the fourthmass eigenstate𝑚

4
= 𝑚
1
; twowhere𝑚

4
≫ 𝑚
3
.The

90% C.L. limits obtained from MINOS data are 𝜃
24
< 7
∘
(8
∘
)

and 𝜃
34
< 26
∘
(37
∘
) in the𝑚

4
≫ 𝑚
3
model, and 𝜃

34
< 26
∘
(37
∘
)

in the𝑚
4
= 𝑚
1
model. In the future, theMINOS+ experiment

will extend the sensitivity to sterile neutrinos, in particular
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through also constraining the disappearance of 𝜈
𝜇
and 𝜈
𝜇
(see

Section 7.2).

6.2. Neutrino Velocity. In 2007 MINOS made the first mea-
surement of neutrino velocity in a long-baseline experiment
[68]. The time of flight between the Near and Far detectors
separated by 734 298.6 ± 0.7m was measured to be −126 ±
32(stat) ± 64(syst) ns w.r.t. the calculated time for light to
travel the same distance, which corresponds to (𝑣 − 𝑐)/𝑐 =
(5.1 ± 2.9) × 10

−5. This result was systematically limited by
uncertainties in the timing system and its overall sensitivity
comparable with previous neutrino velocity measurements
from short-baseline experiments [69].

Dedicated upgrades to the OPERA experiment’s timing
system along with high statistics neutrino event samples gave
substantially improved sensitivity to the neutrino velocity.
In September 2011 they released their result (𝑣 − 𝑐)/𝑐 =
[2.37±0.32(stat)+0.34

−0.24
(syst)]×10−5 [70], which generated huge

worldwide media interest. However, in February 2012 the
OPERA collaboration released a statement, available on their
website, saying that two errors in the timing system had been
found that could potentially bring the neutrino velocity back
into line with expectations from special relativity. This was
followed by a measurement from the ICARUS experiment
[71], also located in the LNGS laboratory, that was of sim-
ilar sensitivity to OPERA but consistent with expectations.
Around the time of writing OPERA released an updated
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result (𝑣 − 𝑐)/𝑐 = [0.27 ± 0.31(stat)+0.34
−0.33
(syst)] × 10−5 [70],

confirming that they had understood the anomaly in their
first result. Results from Borexino [72] and LVD [73] are
also consistent with OPERA and ICARUS.These results from
four of the experiments located at Gran Sasso are the world’s
most precise measurements of the neutrino velocity and
they are approaching their ultimate systematic limit. Future
measurements that use different beamlines and hence have
a lower number of correlated systematic uncertainties will
be important. MINOS, and in future MINOS+, will exploit
recent investments in their timing systems with the aim of
reducing the systematic uncertainties further [74].

6.3. Searches for Lorentz Symmetry Violation. MINOS has
investigated whether neutrinos have a preferred direction in
space and hence violate Lorentz symmetry and consequently
also CPT symmetry. This search was performed in the
context of the Standard Model Extension theory [75–77] that
provides a model-independent framework with coefficients
to quantify the various ways Lorentz symmetry could be
violated. The experimental observable for these searches is a
sidereal variation in the rate of neutrino interactions.MINOS
has results for 𝜈

𝜇
and 𝜈

𝜇
in the Near detector as well as 𝜈

𝜇
in

the Far detector [78–80].
The rotation of the Earth rotates the neutrino beam in

the sun-centered inertial reference frame with the sidereal
frequency of 2𝜋/23h56m04.090 53s. The offset of the sidereal
frequency from the Earth’s rotational frequency of 2𝜋/24h
is experimentally advantageous since diurnal effects can
potentially average out over the course of a year. TheMINOS
analysis was performed by examining the data as a function of
local sidereal phase (LSP), which is simply the local sidereal
time divided by the length of a sidereal day. Each neutrino
event was placed in an LSP histogram and the protons on
target for each beam spill used in the analysis were placed
in a second LSP histogram. The ratio of the two histograms
gave the normalized number of neutrino events observed as
a function of LSP. Fast Fourier transforms to determine the
power associated with sinusoidal functions at the sidereal
frequency and its second harmonic were performed. To date,
no sidereal variation of the neutrino event rate has been
detected.

In addition to long-baseline accelerator experiments,
searches for Lorentz symmetry violation have been per-
formed by several other neutrino experiments. This has
allowedmany of the coefficients in the SME to be constrained
over a wide range of directions, baselines, and neutrino
energies. A comprehensive summary of experimental limits
is given in [81].

7. Future Sensitivities

The expected future physics sensitivities of experiments
currently running, or about to start taking data, are outlined
here. Section 7.1 describes the prospects for measurements
of the standard 3-flavor neutrino oscillation parameters and
Section 7.2 focuses on models of new physics.

7.1. Oscillation Physics. As of 2012, all three mixing angles are
known to be nonzero and have been measured to reasonably
good accuracy. However, there is no significant information
on the mass ordering, the 𝜃

23
octant or CP violation yet. The

main goals of long-baseline experiments in the next decade
will be to determine or obtain indications of the present
unknowns by improving the precision of the measurements
as much as possible. Since the CP violation term in the
𝜈
𝑒
appearance probability depends on all the mixing angles

in some way, it is important to improve the precision of
𝜃
23

through 𝜈
𝜇
disappearance measurements as well as 𝜈

𝑒

appearance. Further, if sin2(2𝜃
23
) is not unity, then the

determination of the 𝜃
23
octant will tell us whether 𝜈

3
couples

more strongly to 𝜈
𝜇
or 𝜈
𝜏
.

T2K plans to accumulate up to 750 kW × 5 × 107 seconds
equivalent POT, which is about 8 × 1021 POT and 26 times
the exposure so far. The NO𝜈A sensitivities discussed below
all assume that NO𝜈A will run for three years in neutrino
mode and three years in antineutrino mode, for a total
of 36 × 1020 POT. These predicted sensitivities are largely
based on analysis techniques that were used by the MINOS
experiment. NO𝜈A expects to be able to achieve somewhat
better sensitivities as it incorporates additional techniques
allowed by NO𝜈A’s finer segmentation and greater active
fraction.

7.1.1. 𝜈
𝜇
Disappearance. The disappearance of 𝜈

𝜇
charged

current events measures sin2(2𝜃
23
) and |Δ𝑚2

32
|. The expected

statistical precision of the T2K 𝜈
𝜇
disappearance measure-

ments at 750 k𝑊 × 5 × 107 seconds are plotted in Figure 23
[82]. The statistical precision reaches 𝛿(sin22𝜃

23
) ∼ 1% and

𝛿(|Δ𝑚
2

32
|) ∼ 0.05 × 10

−3 eV2. The goal for the systematic
uncertainties is to reach the same level as for the statistical
errors for both of the parameters.

The latestMINOSmeasurement of sin2(2𝜃
23
) is 0.96±0.04

[45]. For the reasons cited above, NO𝜈A should be able to
make a measurement that is about a factor of two to three
more sensitive. Figure 24 shows the NO𝜈A sensitivity for
three possible values of sin2(2𝜃

23
). NO𝜈A will gain further

information about 𝜃
23

from 𝜈
𝜇
→ 𝜈

𝑒
oscillations, as

discussed below.

7.1.2. 𝜈
𝜇
→ 𝜈

𝑒
Oscillations. The parameters for 𝜈

𝜇
→

𝜈
𝑒
oscillations are considerably more complex than for 𝜈

𝜇

disappearance. This process is largely proportional to both
sin2(2𝜃

13
) and sin2(𝜃

23
), with large perturbations caused

by the mass ordering (through the matter effect) and by
CP violation. A convenient way to see the dependences is
through biprobability plots. These plots show the loci of
possible NO𝜈A measurements of 𝜈

𝜇
→ 𝜈

𝑒
and 𝜈

𝜇
→

𝜈
𝑒
oscillation probabilities, given a set of parameters. These

parameters include sin2(2𝜃
13
), which is fixed at 0.095, a value

consistent with the recent reactor measurements [18, 83, 84],
and sin2(2𝜃

23
). Figures 25 and 26 show biprobability plots

for sin2(2𝜃
23
) = 1.00 and 0.97, respectively. The CP-violating

phase 𝛿 traces out the ovals and the multiplicity of ovals
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Figure 23: T2K expected statistical precision on the oscillation parameters sin2(2𝜃
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| assuming an exposure of 750 kW × 5 × 107

seconds as a function of true |Δ𝑚2
32
| [82]. The 1𝜎 confidence intervals for |Δ𝑚2

32
| from MINOS are indicated by red hatches.
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Figure 24: One and two standard deviation NO𝜈A sensitivity
contours for a joint measurement of |Δ𝑚2

32
| and sin2(2𝜃

23
) for three

possible values of these parameters indicated by the plus signs. The
single parameter measurement of sin2(2𝜃

23
)will be somewhat more

sensitive than the extreme limits of the displayed contours.

represents the two possiblemass orderings and, for Figure 26,
the ambiguity of whether 𝜃

23
is larger or smaller than 𝜋/4.

A useful way to visualize what NO𝜈A will be able to do
is to superimpose one and two standard deviation contours
on the biprobability plots. For example, Figures 27 and 28
show these contours for a favorable set of parameters, normal
mass ordering, and 𝛿 = 3𝜋/2. The mass ordering is resolved
to more than two standard deviations, the 𝜃

23
ambiguity

is resolved to two standard deviations, and CP violation is
established to almost two standard deviations. This occurred
because the matter effect and the CP-violating effect went in
the same direction, so there was no ambiguity.

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0
0 0.02 0.04 0.06 0.08

sin2(2𝜃

𝜃

13) = 0.095

sin2(2𝜃23) = 1.00

for sin2(2 23) = 1versus ( 𝑒)

NO A

𝛿 = 0
𝛿 = 𝜋/2

𝛿 = 𝜋

𝛿 = 3𝜋/2

𝑃(𝜈𝑒)

( 𝑒)
𝑃

𝑃 𝑃
(𝜈

𝜈

𝜈 𝜈
𝑒
)

Δ𝑚2 < 0

Δ𝑚2 > 0

∣Δ𝑚2
32∣= 2.32 10−3 eV2

Figure 25: Biprobability plot for sin2(2𝜃
23
) = 1.00. See text for

explanation.

An unfavorable set of parameters would be one in which
the matter effect and the CP-violating effect go in opposite
directions so that there is an ambiguity as to which direction
each one went. An example of that is shown in Figure 29.The
𝜃
23

ambiguity is resolved, but the mass ordering is not, and
therefore there is little information on theCP-violating phase.
If nature gives us this situation, then the only way to resolve
the mass ordering in the short term is to compare NO𝜈A
measurements of 𝜈

𝜇
→ 𝜈
𝑒
oscillations with those from an

experiment with a different baseline. The only experiment
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Figure 28: Biprobability plot for sin2(2𝜃
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expected 1 and 2 standard deviation contours superimposed on the
starred point.
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Figure 30: Biprobability plot for sin2(2𝜃
23
) = 0.97 with NO𝜈A

extrapolated to the average oscillation phase of T2K.

that meets that requirement is T2K, which has a 295 km
baseline.

The algorithm for resolving the mass ordering is quite
simple. If NO𝜈A measures a higher probability of 𝜈

𝜇
→ 𝜈
𝑒

oscillations than T2K, then the mass ordering is normal; if
it is the opposite, it is inverted. That is, because NO𝜈A and
T2K will see the identical CP-violation, but T2K will see a
much smaller matter effect due to its shorter baseline. The
only catch in this algorithm is that the comparison must
be done at the same point in the oscillation phase, and the
two experiments run at different average oscillation phases.
Figures 30 and 31 show the biprobability plots in which the
NO𝜈A measurements have been extrapolated to the same
oscillation phase as the T2Kmeasurements. A comparison of
the two plots shows that the algorithm works for all values of
𝛿.

Unfortunately, the combined statistical power of NO𝜈A
and T2K at the end of the nominal six-year NO𝜈A runwill be
insufficient to resolve the mass ordering at the two standard
deviation level using this strategy. However, it is unlikely that
either the American or the Japanese neutrino program will
end at that time. With anticipated improvements in both
programs, in the worst case, the mass ordering should be
resolved in the next decade. Figures 32 and 34 summarize
the NO𝜈A sensitivities for resolving the mass ordering and
determining that there is CP violation in the leptonic sector,
respectively. These figures are for NO𝜈A alone and use only
the total measured oscillation rate. There will be some gain
in sensitivity in using the measured energy dependence
and, as mentioned previously, improvements in the analysis.
Figures 33 and 35 show the same information, but include the
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information from T2K that is expected to be available at the
end of the nominal six-year NO𝜈A run.

7.2. Searches for New Physics. Future data to be accumulated
by long-baseline experiments offer novel avenues to search
for new physics in several ways. MINOS+ [19] will run with
the NuMI beam providing a flux that is least a factor of
two higher in energy and power than for MINOS. This wide
band beam will yield thousands of interactions a year in
the Far detector with well-measured 𝐿/𝐸. In combination
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Figure 34: Significance of the determination that CP violation
occurs in neutrino oscillations as a function of 𝛿 in standard
deviations. These sensitivities are for NO𝜈A alone for the two
possible orderings and sin2(2𝜃

23
) = 1.0. The significance goes to

zero at 𝛿 = 0 and 𝛿 = 𝜋 since there is no CP violation at those
points. The dips in the peaks occur because the mass ordering has
not been resolved for the ordering containing the dips.

with a precise prediction for the spectrum of interactions
from the Near detector, precision probes of new physics
will be performed. NO𝜈A and T2K experiments will exploit
their narrow band beams that have well-defined energies.
The NO𝜈A detectors with their fine granular sampling of
events (1 plane is 0.15 radiation lengths, see Section 3.7) will
provide enhanced ability to distinguish the different neutrino
interaction types.

Sterile neutrinos are one of the major areas of interest
that will be probed by upcoming experiments. NO𝜈A will
improve on the MINOS searches for a deficit in the rate
of NC interactions in the Far detector (see Section 6), with
significantly better rejection of the dominant background
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Figure 35: Same as Figure 34 except that information from the T2K
experiment has been included.

coming from 𝜈
𝜇
CC events. In addition to studies of NC

events, MINOS+ will use the complementary approach to
looking for sterile neutrinos that involves constraining the
disappearance of 𝜈

𝜇
and hence, via unitarity, will constrain

the appearance of 𝜈
𝑒
(that short-baseline experiments are

directly sensitive to). Figure 36 shows what MINOS+ expects
to add to the world’s constraints on muon-electron mixing
at mass squared splittings between 10−2 eV2 and 10 eV2 (i.e.,
larger than the atmospheric and solar mass splittings). The
red curve in Figure 36 is the expected combined sensitivity
of MINOS+ and the Bugey reactor experiment [85]: Bugey
constrains the 𝜃

14
mixing angle with its 𝜈

𝑒
disappearance

measurements while MINOS+ aims to constrain 𝜃
24

via
the 𝜈
𝜇
disappearance mode. Predicted 90% C.L. sensitivities

for MINOS+ combined with Bugey data are shown for
exposures of 1.2 × 1021 POT in both neutrino-enhanced (a)
and antineutrino-enhanced (b) NuMI beam configurations:
these contours show that MINOS+ has the sensitivity to
exclude substantial regions of parameter space allowed by
MiniBooNE [86] and LSND [87] results.

In addition to searching for sterile neutrinos, MINOS+
will have a rich physics program that includes more pre-
cise measurements of |Δ𝑚2atm| and |Δ𝑚

2

atm|, a search for
tau neutrinos, nonstandard interactions, extra-dimensions,
measurements of neutrino time-of-flight, and atmospheric
neutrinos.

8. Conclusion

Accelerator long-baseline experiments havemademanymea-
surements of neutrino oscillations, extracting fundamental
neutrino mixing parameters and mass-squared differences.
The quantummechanical interference pattern expected from
neutrino oscillations has been observed with high statistics.

The most precise measurements to-date of |Δ𝑚2atm| for
both neutrinos and antineutrinos were made by a long-
baseline neutrino oscillation experiment. Measurement of
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Figure 36: Expected sensitivities for MINOS+ combined with Bugey data to sin2(2𝜃
𝜇𝑒
) as relevant for sterile neutrino searches. 90% C.L.

contours are shown for exposures of 1.2× 1021 POT in both neutrino-enhanced (a) and antineutrino-enhanced (b) NuMI beam configurations
[45].The regions of parameter space allowed byMiniBooNE and LSNDexperiments alongwith the limits fromKARMEN [88] are also shown.

the largest neutrinomixing angle, 𝜃
23
, has reached the level of

precision obtained using atmospheric neutrinos and second
generation long-baseline experiments will soon improve the
precision considerably further. Evidence for electron neu-
trino appearance in a beam of muon neutrinos has recently
been obtained and is consistent with new results that demon-
strate the disappearance of reactor electron antineutrinos due
to 𝜃
13
.

Using a dedicated accelerator long-baseline experiment,
candidate tau neutrino events have been directly observed in
a beam of muon neutrinos and analysis of the complete data
set is expected to reveal several more 𝜈

𝜏
candidates. Searches

for oscillations into sterile neutrinos have set stringent limits
on various models and these will improve further in the
future. Long-baseline experiments have also been exploited
in searches for Lorentz violation and to make world-leading
measurements of the neutrino velocity.

The second generation long-baseline experiments cur-
rently taking data, or soon to start, will exploit the relatively
large value of 𝜃

13
with the aim of measuring the mass

hierarchy, determining the octant of 𝜃
23
, searching for CP

violation and exploringmodels of new physics. Over the next
decade, these experiments promise a rich programof research
with the sensitivity to make fundamental discoveries.
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This paper reviews short-baseline oscillation experiments as interpreted within the context of one, two, and three sterile neutrino
models associated with additional neutrino mass states in the ∼1 eV range. Appearance and disappearance signals and limits are
considered. We show that fitting short-baseline datasets to a 3 + 3 (3 + 2) model, defined by three active and three (two) sterile neu-
trinos, results in an overall goodness of fit of 67% (69%) and good compatibility between data sets—to be compared to a 3 + 1model
with a 55% goodness of fit. While the (3 + 3) fit yields the highest quality overall, it still finds inconsistencies with the MiniBooNE
appearance datasets; in particular, the global fit fails to account for the observed MiniBooNE low-energy excess. Given the overall
improvement, we recommend using the results of (3 + 2) and (3 + 3) fits, rather than (3 + 1) fits, for future neutrino oscillation
phenomenology. These results motivate the pursuit of further short-baseline experiments, such as those reviewed in this paper.

1. Introduction

Over the past 15 years, neutrino oscillations associated
with small splittings between the neutrino mass states have
become well established [1–16]. Based on this, a phenomeno-
logical extension of the Standard Model (SM) has been
constructed involving three neutrino mass states, over which
the three known flavors of neutrinos (𝜈

𝑒
, 𝜈
𝜇
, and 𝜈

𝜏
) are

distributed. This is a minimal extension of the SM requiring
a lepton mixing matrix, analogous to the quark sector and
introducing neutrino mass.

Despite its success, the model does not address funda-
mental questions such as how neutrino masses should be
incorporated into an SM Lagrangian or why the neutrino
sector has small masses and large mixing angles compared
to the quark sector. As a result, while this structure makes
successful predictions, one would like to gain a deeper
understanding of neutrino phenomenology. This has led
to searches for other unexpected properties of neutrinos
that might lead to clues towards a more complete theory
governing their behavior.

Recalling that themass splitting is related to the frequency
of oscillation, short-baseline (SBL) experiments search for
evidence of “rapid” oscillations above the established solar
(∼10−5 eV2) and atmospheric (∼10−3 eV2) mass splittings that
are incorporated into today’s framework. A key motivation
is the search for light sterile neutrinos-fermions that do
not participate in SM interactions but do participate in
mixing with the established SM neutrinos. Indications of
oscillations between active and sterile neutrinos have been
observed in the LSND [17], MiniBooNE [18], and reactor
[19] experiments, though many others have contributed
additional probes of the effect, which are of comparable
sensitivity and/or complementary to those above.

This paper examines these results within the context
of models describing oscillations with sterile neutrinos. An
oscillation formalism that introduces multiple sterile neutri-
nos is described in the next section. Following this, we review
the SBL datasets used in the fits presented in this paper, which
include both positive signals and stringent limits. We then
detail the analysis approach, which we have developed in a
series of past papers [20–22]. The global fits are presented
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with one, two, and three light sterile neutrinos. While groups
[20, 23, 24] have explored fits with two sterile neutrinos in
the past, the fits presented here represent an important step
forward. In particular, we show that, for the first time, the (3 +
3) model resolves some disagreements between the datasets.
Lastly, the future of SBL searches for sterile neutrinos is
reviewed.

2. Oscillations Involving Sterile Neutrinos

2.1. Light Sterile States. Sterile neutrinos are additional states
beyond the standard electron, muon, and tau flavors, which
do not interact via the exchange of 𝑊 or 𝑍 bosons [25]
and are thus “sterile” with respect to the weak interaction.
These states are motivated by many Beyond Standard Model
theories, where they are often introduced as gauge singlets.
Traditionally, sterile neutrinos were introduced at very high
mass scales within the context of grand unification and
leptogenesis. For many years, sterile neutrinos with light
masses were regarded as less natural. However, as recent
data [17, 19, 26, 27] has indicated the potential existence of
light sterile neutrinos, the theoretical view has evolved to
accommodate these light mass gauge singlets [28, 29]. At this
point, it is generally accepted that the mass scale for sterile
neutrinos is not well predicted, and the existence of one or
more sterile neutrinos accommodated by introducing extra
neutrino mass states at the eV scale is possible. An excellent
review of the phenomenology of sterile neutrinos, as well
as the data motivating light sterile models, is provided in
[23].

Within the expanded oscillation phenomenology, sterile
neutrinos are handled as additional noninteracting flavors,
which are connected to additionalmass states via an extended
mixing matrix with extra mixing angles and CP violating
phases. These additional mass states must be mostly sterile,
with only a small admixture of the active flavors, in order to
accommodate the limits on oscillations to sterile neutrinos
from the atmospheric and solar neutrino data. Experimental
evidence for these additional mass states would come from
the disappearance of an active flavor to a sterile neutrino state
or additional transitions from one active flavor to another
through the sterile neutrino state.

The number of light sterile neutrinos is not predicted by
theory. However, a natural tendency is to introduce three
sterile states. Depending on how the states are distributed in
mass scale, one, two, or all three statesmay be involved in SBL
oscillations.These are referred to as (3+𝑁) models where the
“3” refers to the three active flavors and the “𝑁” refers to the
number of sterile neutrinos.

Introducing sterile neutrinos can have implications
incosmological observations, especially measurements of the
radiation density in the early universe. These are com-
pounded if the extra neutrinos have significant mass (>1 eV)
and do not decay. Currently, cosmological data allow addi-
tional states and in many cases favor light sterile neutrinos
[30–36]. Upcoming Planck data [37] is expected to precisely
measure 𝑁eff. This parameter, however, can be considered
a model-dependent one. As an example, there are a variety

of classes of theories where the neutrinos do not thermalize
in the early universe [23]. In these cases, the cosmological
neutrino abundance would substantially decrease, rendering
cosmological measurements of𝑁eff invalid. Therefore, while
the community certainly looks forward to cosmological
measurements of 𝑁eff, we think that SBL experiments are a
largely better approach for probing light sterile neutrinos and
constraining their mixing properties. We therefore proceed
with a study of the SBL data, without further reference to the
cosmological results.

2.2. The Basic Oscillation Formalism. Before considering the
phenomenology of light sterile neutrinos, it is useful to
introduce the idea of oscillations within a simpler model. In
this section, we first consider the two-neutrino formalism.
We then extend these ideas to form thewell-established three-
active-flavor neutrino model. Based on these concepts, we
expand the discussion to include more states in the following
section.

Neutrino oscillations require that (1) neutrinos havemass;
(2) the difference between the masses is small; (3) the mass
eigenstates are rotations of the weak interaction eigenstates.
These rotations are given in a simple two-neutrino model as
follows:

𝜈
𝑒
= cos 𝜃𝜈

1
+ sin 𝜃𝜈

2
,

𝜈
𝜇
= − sin 𝜃𝜈

1
+ cos 𝜃𝜈

2
,

(1)

where 𝜈
𝑖
(𝑖 = 1, 2) is the “mass eigenstate,” 𝜈

𝛼
(𝛼 = 𝑒, 𝜇) is the

“flavor eigenstate,” and 𝜃 is the “mixing angle.” Under these
conditions, a neutrino born in a pure flavor state through
a weak decay can oscillate into another flavor as the state
propagates in space, due to the fact that the different mass
eigenstate components propagate with different frequencies.
The mass splitting between the two states is Δ𝑚2 = |𝑚

2

2
−

𝑚
2

1
| > 0. The oscillation probability for 𝜈

𝜇
→ 𝜈
𝑒
oscillations

is then given by the following:

𝑃 (𝜈
𝜇
󳨀→ 𝜈
𝑒
) = sin22𝜃 sin2(

1.27Δ𝑚
2
(eV2) 𝐿 (km)

𝐸 (GeV)
) ,

(2)

where 𝐿 is the distance from the source, and 𝐸 is the neutrino
energy.

From (2), one can see that the probability for observing
oscillations is large when Δ𝑚

2
∼ 𝐸/𝐿. In the discussions

below,wewill focus on experiments with signals in theΔ𝑚2 ∼
1 eV2 range. These experiments are therefore designed with
𝐸/𝐿 ∼ 1 GeV/km (or, alternatively, 1MeV/m). Typically,
neutrino source energies range from a few MeV to a few
GeV. Thus, most of the experiments considered are located
between a few meters and a few kilometers from the source.
This is not absolutely necessary, a very high-energy experi-
ment with a very long baseline is sensitive to oscillations in
the Δ𝑚2 ∼ 1 eV2 range, as long as the ratio 𝐸/𝐿 ∼ 1GeV/km
ismaintained. In otherwords, “short-baseline experiments” is
something of a misnomer—what is meant is the experiments
with sensitivity to Δ𝑚2 ∼ 1 eV2 oscillations.
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In the case where 𝐸/𝐿 ≪ 1GeV/km, such as in
accelerator-based experiments with long baselines (hundreds
of kilometers), one can see from (2) that the oscillations will
be rapid. In the case of Δ𝑚2 ∼ 1 eV2, sensitivity to the mass
splitting is lost because the sin2(1.27Δ𝑚2(𝐿/𝐸)) term will
average to 1/2 due to the finite energy and position resolution
of the experiment. The oscillation probability becomes 𝑃 =

(sin22𝜃)/2 in this case. Thus, the information from “long-
baseline experiments” can be used to constrain the mixing
angle, but not the Δ𝑚2.

The exercise of generalizing to a three-neutrino model is
useful, since the inclusion of more states follows from this
procedure.Within a three-neutrinomodel, themixingmatrix
is written as follows:

(

𝜈
𝑒

𝜈
𝜇

𝜈
𝜏

) = (

𝑈
𝑒1

𝑈
𝑒2

𝑈
𝑒3

𝑈
𝜇1

𝑈
𝜇2

𝑈
𝜇3

𝑈
𝜏1

𝑈
𝜏2

𝑈
𝜏3

)(

𝜈
1

𝜈
2

𝜈
3

). (3)

Thematrix elements are parametrized by threemixing angles,
analogous to the Euler angles. As in the quark sector,
the three-neutrino model can be extended to include an
imaginary term that introduces a CP-violating phase. This
formalism is analogous to the quark sector, where strong
and weak eigenstates are rotated and the resultant mixing is
described conventionally by a unitary mixing matrix.

The oscillation probability for three-neutrino oscillations
is typically written as the following:

𝑃 (𝜈
𝛼
󳨀→ 𝜈
𝛽
)

= 𝛿
𝛼𝛽

− 4∑

𝑗 > 𝑖

𝑈
𝛼𝑖
𝑈
∗

𝛽𝑖
𝑈
∗

𝛼𝑗
𝑈
𝛽𝑗
sin2(

1.27Δ𝑚
2

𝑖𝑗
𝐿

𝐸
) ,

(4)

where Δ𝑚
2

𝑖𝑗
= 𝑚
2

𝑗
− 𝑚
2

𝑖
, 𝛼 and 𝛽 are flavor-state indices

(𝑒, 𝜇, 𝜏), and 𝑖 and 𝑗 aremass-state indices (1, 2, 3 in the three-
neutrino case, though (4) holds for 𝑛-neutrino oscillations).
Although in general there will be mixing among all three
flavors of neutrinos, if the mass scales are quite different
(𝑚
3
≫ 𝑚
2
≫ 𝑚
1
), then the oscillation phenomena tend

to decouple and the two-neutrino mixing model is a good
approximation in limited regions.

Three different Δ𝑚2 parameters appear in (4); however,
only two are independent since the two smallΔ𝑚2 parameters
must sum to the largest. If we consider the oscillation data
measured at >5𝜎 [1–16], then two Δ𝑚

2 ranges, 7 × 10
−5 eV2

(solar) and 3 × 10
−3 eV2 (atmospheric), are already defined.

These constrain the third Δ𝑚
2, so that oscillation results

at ∼1 eV2, such as those discussed in this paper, cannot be
accommodated within a three-neutrino model.

2.3. (3 + 𝑁) Oscillation Formalism. The sterile neutrino
oscillation formalism followed in this paper assumes up
to three additional neutrino mass eigenstates, beyond the
established three SM neutrino species. We know, from solar
and atmospheric oscillation observations, that three of the
mass states must be mostly active. Experimental hints point

toward the existence of additional mass states that are mostly
sterile, in the range of Δ𝑚2 = 0.01–100 eV2.

Introducing extra mass states results in a large number of
extra parameters in the model. Approximation is required to
allow for efficient exploration of the available parameters. To
this end, in our model we assume that the three lowest states,
𝜈
1
, 𝜈
2
, and 𝜈

3
, that are the mostly active states accounting

for the solar and atmospheric observations, have masses so
small as to be effectively degenerate with equal masses. This
is commonly called the “short-baseline approximation” and it
reduces the picture to two-, three-, and four-neutrino-mass
oscillation models, corresponding to (3 + 1), (3 + 2), and
(3 + 3), respectively.

The active (𝑒, 𝜇, 𝜏) content of the 𝑁 additional mass
eigenstates is assumed to be small; specifically, the 𝑈

𝛼𝑖

elements of the extended (3 + 𝑁) × (3 + 𝑁) mixing matrix
for 𝑖 = 4–6 and 𝛼 = 𝑒, 𝜇, 𝜏, are restricted to values |𝑈

𝛼𝑖
| ≤

0.5, while the following constraints are applied by way of
unitarity:

∑

𝛼=𝑒,𝜇,𝜏

󵄨󵄨󵄨󵄨𝑈𝛼𝑖
󵄨󵄨󵄨󵄨
2

≤ 0.3, (5)

for each 𝑖 = 4–6, and

∑

𝑖=4−6

󵄨󵄨󵄨󵄨𝑈𝛼𝑖
󵄨󵄨󵄨󵄨
2

≤ 0.3, (6)

for each 𝛼 = 𝑒, 𝜇, 𝜏. In our fits, since the SBL experiments
considered have no 𝜈

𝜏
sensitivity, we explicitly assume that

|𝑈
𝜏𝑖
| = 0. The above restrictions therefore apply only for

𝛼 = 𝑒, 𝜇, and are consistent with solar and atmospheric
neutrino experiments, which indicate that there can only be
a small electron and muon flavor content in the fourth, fifth,
and sixth mass eigenstates [23].

In this formalism, the probabilities for 𝜈
𝛼

→ 𝜈
𝛽

oscillations can be deduced from the following equation:

𝑃 (𝜈
𝛼
󳨀→ 𝜈
𝛽
)

= 𝛿
𝛼𝛽

−∑

𝑗<𝑖

(4Re {𝑈
𝛽𝑖
𝑈
∗

𝛼𝑖
𝑈
∗

𝛽𝑗
𝑈
𝛼𝑗
} sin2(

1.27Δ𝑚
2

𝑖𝑗
𝐿

𝐸
)

−2 Im {𝑈
𝛽𝑖
𝑈
∗

𝛼𝑖
𝑈
∗

𝛽𝑗
𝑈
𝛼𝑗
} sin(

2.53Δ𝑚
2

𝑖𝑗
𝐿

𝐸
)) ,

(7)

whereΔ𝑚2
𝑖𝑗
= 𝑚
2

𝑖
−𝑚
2

𝑗
is in eV2,𝐿 is inm, and𝐸 is inMeV.This

formalism conserves CPT, but does not necessarily conserve
CP.
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To be explicit, for the (3 + 3) scenario, the mixing
formalism is extended in the following way:

(

(

𝜈
𝑒

𝜈
𝜇

𝜈
𝜏

𝜈
𝑠1

𝜈
𝑠2

𝜈
𝑠3

)

)

= (

(

𝑈
𝑒1

𝑈
𝑒2

𝑈
𝑒3

𝑈
𝑒4

𝑈
𝑒5

𝑈
𝑒6

𝑈
𝜇1

𝑈
𝜇2

𝑈
𝜇3

𝑈
𝜇4

𝑈
𝜇5

𝑈
𝜇6

𝑈
𝜏1

𝑈
𝜏2

𝑈
𝜏3

𝑈
𝜏4

𝑈
𝜏5

𝑈
𝜏6

𝑈
𝑠11

𝑈
𝑠12

𝑈
𝑠13

𝑈
𝑠14

𝑈
𝑠15

𝑈
𝑠16

𝑈
𝑠21

𝑈
𝑠22

𝑈
𝑠23

𝑈
𝑠24

𝑈
𝑠25

𝑈
𝑠36

𝑈
𝑠31

𝑈
𝑠32

𝑈
𝑠33

𝑈
𝑠34

𝑈
𝑠35

𝑈
𝑠36

)

)

(

(

𝜈
1

𝜈
2

𝜈
3

𝜈
4

𝜈
5

𝜈
6

)

)

.

(8)

The SBL approximation states that 𝑚
1
≈ 𝑚
2
≈ 𝑚
3
. With

this assumption, and for the case of the (3 + 3) scenario, the
appearance (𝛼 ̸= 𝛽) oscillation probability can be rewritten as
the following:

𝑃 (𝜈
𝛼
󳨀→ 𝜈
𝛽
)

≃ −4
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼4
󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
cos𝜙
54
sin2 (

1.27Δ𝑚
2

54
𝐿

𝐸
)

− 4
󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼4
󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
cos𝜙
64
sin2 (

1.27Δ𝑚
2

64
𝐿

𝐸
)

− 4
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼6
󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨
cos𝜙
65
sin2 (

1.27Δ𝑚
2

65
𝐿

𝐸
)

+ 4 (
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
+
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
cos𝜙
54
+
󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨
cos𝜙
64
)

×
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
sin2 (

1.27Δ𝑚
2

41
𝐿

𝐸
)

+ 4 (
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
cos𝜙
54
+
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
+
󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨
cos𝜙
65
)

×
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
sin2 (

1.27Δ𝑚
2

51
𝐿

𝐸
)

+ 4 (
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
cos𝜙
64
+
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
cos𝜙
65
+
󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨
)

×
󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨
sin2 (

1.27Δ𝑚
2

61
𝐿

𝐸
)

+ 2
󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼5
󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼4
󵄨󵄨󵄨󵄨 sin𝜙54 sin(

2.53Δ𝑚
2

54
𝐿

𝐸
)

+ 2
󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼6
󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼4
󵄨󵄨󵄨󵄨 sin𝜙64 sin(

2.53Δ𝑚
2

64
𝐿

𝐸
)

+ 2
󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼6
󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼5
󵄨󵄨󵄨󵄨 sin𝜙65 sin(

2.53Δ𝑚
2

65
𝐿

𝐸
)

+ 2 (
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
sin𝜙
54
+
󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨
sin𝜙
64
)

×
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
sin(

2.53Δ𝑚
2

41
𝐿

𝐸
)

+ 2 (−
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
sin𝜙
54
+
󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨
sin𝜙
65
)

×
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
sin(

2.53Δ𝑚
2

51
𝐿

𝐸
)

+ 2 (−
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
sin𝜙
64
−
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
sin𝜙
65
)

×
󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽6

󵄨󵄨󵄨󵄨󵄨
sin(

2.53Δ𝑚
2

61
𝐿

𝐸
) .

(9)

CP violation appears in (9) in the form of the three phases
defined by

𝜙
54

= arg (𝑈
𝑒5
𝑈
∗

𝜇5
𝑈
∗

𝑒4
𝑈
𝜇4
) ,

𝜙
64

= arg (𝑈
𝑒6
𝑈
∗

𝜇6
𝑈
∗

𝑒4
𝑈
𝜇4
) ,

𝜙
65

= arg (𝑈
𝑒6
𝑈
∗

𝜇6
𝑈
∗

𝑒5
𝑈
𝜇5
) .

(10)

In each case, 𝜈 → 𝜈 implies 𝜙 → −𝜙. In the case of
disappearance (𝛼 = 𝛽), the survival probability can be
rewritten as the following:

𝑃 (𝜈
𝛼
󳨀→ 𝜈
𝛼
)

≃ 1 − 4
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨
2sin2 (

1.27Δ𝑚
2

54
𝐿

𝐸
)

− 4
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨
2sin2 (

1.27Δ𝑚
2

64
𝐿

𝐸
)

− 4
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨
2󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨
2sin2 (

1.27Δ𝑚
2

65
𝐿

𝐸
)

− 4 (1 −
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2

−
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨
2

−
󵄨󵄨󵄨󵄨𝑈𝛼6

󵄨󵄨󵄨󵄨
2

)

× (
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2sin2 (

1.27Δ𝑚
2

41
𝐿

𝐸
) +

󵄨󵄨󵄨󵄨𝑈𝛼5
󵄨󵄨󵄨󵄨
2sin2

×(
1.27Δ𝑚

2

51
𝐿

𝐸
)+

󵄨󵄨󵄨󵄨𝑈𝛼6
󵄨󵄨󵄨󵄨
2sin2 (

1.27Δ𝑚
2

61
𝐿

𝐸
)) .

(11)

This formula has no 𝜙
𝑖𝑗
dependencies because CP violation

only affects appearance.
We have discussed the formulas for (3 + 1) and (3 + 2)

oscillations that arise from (7) in previous papers [20–22]. To
reduce to a (3 + 2) model, the parameters Δ𝑚2

61
, |𝑈
𝑒6
|, |𝑈
𝜇6
|,

𝜙
64
, and 𝜙

65
are explicitly set to zero; consequently, we have
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the following appearance and disappearance formulas for a
(3 + 2) model:

𝑃 (𝜈
𝛼
󳨀→ 𝜈
𝛽
)

≃ −4
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼4
󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
cos𝜙
54
sin2 (

1.27Δ𝑚
2

54
𝐿

𝐸
)

+ 4 (
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
+
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
cos𝜙
54
)

×
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
sin2 (

1.27Δ𝑚
2

41
𝐿

𝐸
)

+ 4 (
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
cos𝜙
54
+
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
)

×
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
sin2 (

1.27Δ𝑚
2

51
𝐿

𝐸
)

+ 2
󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼5
󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨𝑈𝛼4
󵄨󵄨󵄨󵄨sin𝜙54 sin(

2.53Δ𝑚
2

54
𝐿

𝐸
)

+ 2 (
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
sin𝜙
54
)
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
sin(

2.53Δ𝑚
2

41
𝐿

𝐸
)

+ 2 (−
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨
sin𝜙
54
)
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨

󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽5

󵄨󵄨󵄨󵄨󵄨
sin(

2.53Δ𝑚
2

51
𝐿

𝐸
) ,

𝑃 (𝜈
𝛼
󳨀→ 𝜈
𝛼
)

≃ 1 − 4
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨
2sin2 (

1.27Δ𝑚
2

54
𝐿

𝐸
)

− 4 (1 −
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2

−
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨
2

)

× (
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2sin2 (

1.27Δ𝑚
2

41
𝐿

𝐸
)

+
󵄨󵄨󵄨󵄨𝑈𝛼5

󵄨󵄨󵄨󵄨
2sin2 (

1.27Δ𝑚
2

51
𝐿

𝐸
)) .

(12)

For a (3 + 1) model, Δ𝑚2
61
, Δ𝑚2
51
, |𝑈
𝑒6
|, |𝑈
𝜇6
|, |𝑈
𝑒5
|, |𝑈
𝜇5
|,

𝜙
64
, 𝜙
65
, and 𝜙

54
should be set to zero. This further simplifies

the oscillation probabilities, and one recovers the familiar
two-neutrino appearance and disappearance probabilities.
The appearance and disappearance formulas for a (3 + 1)
model are then given by the following:

𝑃 (𝜈
𝛼
󳨀→ 𝜈
𝛽
)

≃ 4
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2󵄨󵄨󵄨󵄨󵄨
𝑈
𝛽4

󵄨󵄨󵄨󵄨󵄨

2

sin2 (
1.27Δ𝑚

2

41
𝐿

𝐸
) ,

𝑃 (𝜈
𝛼
󳨀→ 𝜈
𝛼
)

≃ 1 − 4 (1 −
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2

)
󵄨󵄨󵄨󵄨𝑈𝛼4

󵄨󵄨󵄨󵄨
2sin2 (

1.27Δ𝑚
2

41
𝐿

𝐸
) .

(13)

In principle, the probability for neutrino oscillation
is modified in the presence of matter. “Matter effects”
arise because the electron neutrino flavor experiences both
Charged-Current (CC) and Neutral-Current (NC) elastic
forward scattering with electrons as it propagates through
matter, while the 𝜈

𝜇
and 𝜈

𝜏
experience only NC forward-

scattering. The sterile component experiences no forward-
scattering. In practice, SM-inspired matter effects are very
small given the short baselines of the experiments, and so we
do not consider them further here. Beyond-SMmatter effects
are beyond the scope of this paper, but are considered in [38].

3. Experimental Datasets

This section provides an overview of the various types of
past and current neutrino sources and detectors used in SBL
experiments. After introducing the experimental concepts,
the specific experimental datasets used in this analysis are
discussed.

The data fall into two overall categories: disappearance,
where the active flavor is assumed to have oscillated into a
sterile neutrino and/or another flavor which is kinematically
not allowed to interact or leaves no detectable signature, and
appearance, where the transition is between active flavors,
but with mass splittings corresponding to the mostly sterile
states. Appearance and disappearance are natural divisions
for testing the compatibility of datasets. If |𝑈

𝛼4
|
2 and |𝑈

𝛽4
|
2

are shown to be small, then the effective mixing angle for
appearance, 4|𝑈

𝛼4
|
2
|𝑈
𝛽4
|
2, cannot be large. This constraint

that the disappearance experiments place on appearance
experiments extends to (3 + 2) and (3 + 3) models also.

CPT conservation, which is assumed in the analysis,
demands that neutrino and antineutrino disappearance prob-
abilities are the same after accounting for cp violating effects.
To test this, we divide the data into antineutrino and neutrino
sets and fit each set separately. If CP violation is already
allowed in the oscillation formalism, then any incompatibility
found between respective neutrino and antineutrino fits
could imply effective CPT violation, as discussed in [22].

Figures 1, 2, and 3 provide summaries of the datasets,
showing the constraints they provide in a simple two-
neutrino oscillation model, which is functionally equivalent
to the (3 + 1) scenario. Figure 1 shows the muon-to-electron
flavor datasets in neutrino and antineutrino mode at 95%
confidence level (CL). Figures 2 and 3 show results for 𝜈

𝜇
and

𝜈
𝜇
, and 𝜈

𝑒
and 𝜈

𝑒
disappearance, respectively.

3.1. Sources and Detectors Used in Short-Baseline Neutrino
Experiments. Before considering the datasets in detail, we
provide an overview of how SBL experiments are typically
designed.

3.1.1. Sources of Neutrinos for Short-Baseline Experiments.
The neutrino sources used in SBL experiments range in
energy from a fewMeV to hundreds of GeV and includeman-
made radioactive sources, reactors, and accelerator-produced
beams. While the higher energy accelerator sources are
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Figure 1: Summary of 𝜈
𝜇
→ 𝜈
𝑒
and 𝜈

𝜇
→ 𝜈
𝑒
results, shown at 95% CL. Top row: LSND, KARMEN, BNB-MB(𝜈app); bottom row: BNB-

MB(𝜈app), NuMI-MB(𝜈app), NOMAD. See Section 3.2 for details and references.

mixtures of different neutrino flavors, the <10MeV sources
rely on beta decay and are thus pure electron neutrino flavor.

At the low-energy end of the spectrum, the rate of
electron neutrino interactions from the beta decay of the
∼1MCi sources 51Cr (half-life: 28 days) and 37Ar (half-life:
35 days) have been studied. These sources were originally
produced for the low-energy (∼1MeV) calibration of solar
neutrino detectors [39, 40] but have proven themselves
interesting as a probe of electron neutrino disappearance.

Moving up in energy by a few MeV, nuclear reactors are
powerful sources of ∼2−8MeV 𝜈

𝑒
through the 𝛽+-decaying

elements produced primarily in the decay chains of 235U,
239Pu, 238U, and 241Pu. While these four isotopes are the
progenitors of most of the reactor flux, modern reactor
simulations include all fission sources [41]. Reactor simula-
tions convolute predictions of fission rates over time with
neutrino production per fission. Recently, a reanalysis of the
production cross-section per fission [23, 42, 43] has led to an
increase in the predicted reactor flux. As their energy is too
low for an appearance search (the neutrino energy is below
the muon production kinematic threshold), reactor source
antineutrinos can only be used for 𝜈

𝑒
disappearance searches,

where the antineutrinos are detected using CC interactions
with an outgoing 𝑒+.

The lowest neutrino energy (up to 53MeV) accelerator
sources used in existing SBL experiments are based on pion-
and muon-decay-at-rest (DAR). The neutrino flux comes

from the stopped pion decay chain: 𝜋+ → 𝜇
+
𝜈
𝜇
and 𝜇

+
→

𝑒
+
𝜈
𝜇
𝜈
𝑒
. Pions are produced in interactions of accelerator

protons with, typically, a graphite or water target. The
contribution from the decay chain 𝜋− → 𝜇

−
𝜈
𝜇
is suppressed

by designing the target such that the 𝜋− mesons are captured
with high probability. The result is a source which has a well-
understood neutrino flavor content and energy distribution,
with a minimal (<10−3) 𝜈

𝑒
content [44, 45]. This last point

is important as 𝜈
𝜇

→ 𝜈
𝑒
is the dominant channel used for

oscillation searches by DAR sources.
In a conventional high-energy (from ∼100MeV to hun-

dreds of GeV) accelerator-based neutrino beam, protons
impinge on a target (beryllium and carbon are typical) to
produce secondary mesons. The boosted mesons enter and
subsequently decay inside a long, often evacuated, pipe. Neu-
trinos are primarily produced by 𝜋

+ and 𝜋
− decay in flight

(DIF). Pion sign selection, via a large magnet placed directly
in the beamlines before the decay pipe, allows for nearly pure
neutrino or antineutrino running, with only a few percent
“wrong sign” neutrino flux content in the case of neutrino
running, and ∼15% [46] in the case of antineutrino running.
These beams are generally produced by protons at 8GeV
and above. At these energies, in addition to pion production,
kaon production contributes to the flux of both muon and
electron neutrino flavors. There is often a substantial muon
DIF content as well, contributing both 𝜈

𝑒
/𝜈
𝑒
and 𝜈

𝜇
/𝜈
𝜇

to the beam. The result of the kaon and muon secondary
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results, shown at 95%CL. Top row: BNB-MB(𝜈dis), CCFR84, CDHS; bottom row:MINOS-CC,

ATM. See Section 3.2 for details and references.
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Figure 3: Summary of 𝜈
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→ 𝜈
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and 𝜈
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𝑒
results, shown at 95% CL. From left: KARMEN/LSND(xsec), Bugey, and Gallium. See

Section 3.2 for details and references.

content is that, while the neutrinos are predominantly muon
flavored, the beam will always have some intrinsic electron
flavor neutrino content, usually at the several percent level.
Accelerator-based beams are predominantly used for 𝜈

𝜇
→

𝜈
𝑒
and 𝜈

𝜇
→ 𝜈
𝑒
appearance searches, as well as 𝜈

𝜇
and 𝜈

𝜇

disappearance searches. An excellent review of methods in
producing accelerator-based neutrino beams can be found in
[47].

In contrast to lower-energy neutrino sources (DAR,
reactor, and isotope sources), high-energy accelerator-based

neutrino sources are subject to significant energy-dependent
neutrino flux uncertainties, often at the level of 10–15%, due
to in-target meson production uncertainties. These uncer-
tainties can affect the energy distribution, flavor content, and
absolute normalization of a neutrino beam. Typically, meson
production systematics are constrained with dedicated mea-
surements by experiments such asHARP [48] andMIPP [49],
which use replicated targets (geometry and material) and a
wide range of proton beam energies to study meson pro-
duction cross-sections and kinematics directly. Alternatively,
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experiments can employ a two-detector design for comparing
near-to-far event rate in energy to effectively reduce these
systematics. However, due to the short baselines employed for
studying sterile neutrino oscillations, a two-detector search
is often impractical. In situ measurements in single-detector
experiments can exploit flux (multiplied by cross-section)
correlations among different beam components and energies
to reduce flux uncertainties, as has been done in the case
of the MiniBooNE 𝜈

𝑒
and 𝜈

𝑒
appearance searches described

below.

3.1.2. Short-Baseline Neutrino Detectors. Because low-energy
neutrino interaction cross-sections are very small, the
options for SBL detectors are typically limited to designs
which can be constructed on a massive scale. There are
several generic neutrino detection methods in use today:
unsegmented scintillator detectors, unsegmented Cerenkov
detectors, segmented scintillator-and-iron calorimeters, and
segmented trackers.

Neutrino oscillation experiments usually require sensitiv-
ity to CC neutrino interactions, whereby one can definitively
identify the flavor of the interacting neutrino by the presence
of a charged lepton in the final state. However, in the case
of sterile neutrino oscillation searches, NC interactions can
also provide useful information, as they are directly sensitive
to the sterile flavor content of the neutrino mass eigenstate,
|𝑈
𝑠𝑖
|
2
= 1 − |𝑈

𝑒𝑖
|
2
− |𝑈
𝜇𝑖
|
2
− |𝑈
𝜏𝑖
|
2.

Unsegmented scintillator detectors are typically used
for few-MeV-scale SBL experiments, which require efficient
electron neutrino identification and reconstruction. These
detectors consist of large tanks of oil-based (C

𝑛
H
2𝑛
) liquid

scintillator surrounded by phototubes. The free protons in
the oil provide a target for the inverse beta decay interaction,
𝜈
𝑒
𝑝 → 𝑒

+
𝑛. The reaction threshold for this interaction is

1.8MeV due to the mass difference between the proton and
neutron and the mass of the positron. The scintillation light
from the 𝑒

+, as well as light from the Compton scattering
of the 0.511MeV annihilation photons provides an initial
(“prompt”) signal. This is followed by 𝑛 capture on hydrogen
and a 2.2MeV flash of light, as the resulting 𝛾 Compton-
scatters in the scintillator. This coincidence sequence in time
(positron followed by neutron capture) provides a clean,
mostly background-free interaction signature. Experiments
often dope the liquid scintillator using an element with
a high neutron capture cross-section for improved event
identification efficiency.

The CC interaction with the carbon in the oil (which
produces either nitrogen or boron depending on whether
the scatterer is a neutrino or antineutrino) has a significantly
higher energy threshold than the free proton target-scattering
process. The CC quasielastic interaction 𝜈

𝑒
+ 𝐶 → 𝑒

−
+ 𝑁

has an energy threshold of 17.3MeV, which arises from the
carbon-nitrogenmass difference and themass of the electron.
In the case of both reactor and radioactive decay sources, the
flux cuts off below this energy threshold. However, neutrinos
from DAR sources are at sufficiently high energy to produce
these carbon scatters.

Unsegmented Cerenkov detectors make use of a target
which is a large volume of clear medium (undoped oil or

water is typical) surrounded by, or interspersed with, photo-
tubes. Undoped oil has a larger refractive index, leading to a
larger Cerenkov opening angle. Water is the only affordable
medium once the detector size surpasses a few kilotons. In
this paper, the only unsegmented Cerenkov detector that is
considered is the 450-ton oil-based MiniBooNE detector. In
such a detector, a track will project a ring with a sharp inner
and outer edge onto the phototubes. Consider an electron
produced in a 𝜈

𝑒
CC quasielastic interaction. As the electron

is lowmass, it willmultiple-scatter and easily bremsstrahlung,
smearing the light projected on the tubes and producing
a “fuzzy” ring. A muon produced by a CC quasielastic 𝜈

𝜇

interaction (𝜈
𝜇
𝑛 → 𝜇

−
𝑝) is heavier and will thus produce

a sharper outer edge to the ring. For the same visible energy,
the trackwill also extend farther, filling the interior of the ring
and, perhaps, exiting the tank. If the muon stops within the
tank and subsequently decays, the resulting electron provides
an added tag for particle identification. In the case of the 𝜇−,
18% will capture in water and, thus, have no electron tag,
while only 8% will capture in the oil.

Scintillator and iron calorimeters provide an affordable
detection technique for ∼1 GeV and higher 𝜈

𝜇
interactions.

At these energies, multiple hadrons may be produced at
the interaction vertex and will be observed as hadronic
showers. In these devices, the iron provides the target, while
the scintillator provides information on energy deposition
per unit length. This information allows separation between
the hadronic shower, which occurs in both NC and CC
events, and the minimum-ionizing track of an outgoing
muon, which occurs in CC events. Transverse information
can be obtained if segmented scintillator strips are used, or
if drift chambers are interspersed. The light from scintillator
strips is transported to tubes by wavelength-shifting fibers.
Information in the transverse plane improves separation
of electromagnetic and hadronic showers. The iron can be
magnetized to allow separation of neutrino and antineutrino
events based on the charge of the outgoing lepton.

To address the problem of running at ∼1 GeV, where
hadron track reconstruction is desirable, highly segmented
tracking designs have been developed. The best resolution
comes from stacks of wire chambers, where the material
enclosing the gas provides the target. However, a more prac-
tical alternative has been stacks of thin extruded scintillator
bars that are read out using wavelength-shifting fibers.

3.2. Data Used in the Sterile Neutrino Fits. There are many
SBL datasets that can be included in this analysis. In this
work, we have substantially expanded the number of datasets
used beyond those in our past papers [20–22]. In the sections
following, we identify and discuss new and updated datasets,
as well as provide information on those used in past fits. The
fit technique is described in Section 4.2.

3.2.1. Experimental Results fromDecay at Rest Studies. In past
sterile neutrino studies [20–22], we have included the LSND
andKARMEN appearance results described below. Since that
work, a new study that constrains 𝜈

𝑒
disappearance from

the relative LSND-to-KARMEN cross-sectionmeasurements
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was published [50]. This new dataset is included in this
analysis.

LSND Appearance. LSND was a DAR experiment that ran
in the 1990s, searching for 𝜈

𝜇
→ 𝜈

𝑒
. The beam was

produced using 800MeV protons on target from the LAMPF
accelerator at Los Alamos National Laboratory, where a 1mA
beam of protons impinged on a water target. The center of
the 8.75m long, nearly cylindrical detector, was located at
29.8m from the target, at an angle of 12∘ from the proton
beam direction. This was an unsegmented detector with a
fiducial mass of 167 tons of oil (CH

2
), lightly doped with b-

PBD scintillator. The intrinsic 𝜈
𝑒
content of the beam was

8 × 10
−4 of the 𝜈

𝜇
content. The experiment observed a 𝜈

𝑒

excess of 87.9 ± 22.4 ± 6.0 events above background, which
was interpreted as oscillations with a probability of (0.264 ±
0.067 ± 0.045)%. Details are available in [17].

This dataset is referred to as LSND in the analysis below
and indicates a signal at 95% CL, as shown in Figure 1. This
data covers energies between 20 and 53MeV and contributes
five energy bins to the global fit. Statistical errors are taken
into account by using a log-likelihood 𝜒

2 definition in the
fit, while systematic errors on the background prediction are
not included because these are small relative to the statistical
error. Energy and baseline smearing are taken into account
by averaging the oscillation probability over the energy bin
width and over the neutrino flight path uncertainty.

KARMEN Appearance. KARMEN was another DAR exper-
iment searching for 𝜈

𝜇
→ 𝜈
𝑒
. KARMEN ran at the ISIS

facility at Rutherford Laboratory, with 200𝜇A of protons
impinging on a copper, tantalum, or uranium target. The
neutrino detector was located at an angle of 100∘ with respect
to the targeting protons to reduce background from 𝜋

− DIF.
The resulting intrinsic 𝜈

𝑒
content was 6.4 × 10

−4 of the 𝜈
𝜇

content.
The center of the approximately cubic segmented scintil-

lator detector was located at 17.7m. Thus, this detector was
60% of the distance from the source compared to LSND.
The liquid scintillator target volume was 56m3 and consisted
of 512 optically independent modules (17.4 cm × 17.8 cm ×

353 cm) wrapped in gadolinium-doped paper. KARMEN saw
no signal and set a limit on appearance. More details are
available in [51].

This dataset is referred to as KARMEN in the analysis
below and indicates a limit at 95% CL, as shown in Figure 1.
This dataset contributes nine energy bins, in the range 16
to 50MeV. As in the case of LSND, statistical errors are
taken into account by using a log-likelihood 𝜒

2 definition
in the fit, while systematic errors on the background pre-
diction are not included. Energy and baseline smearing are
taken into account by averaging the sin2(1.27Δ𝑚2𝐿/𝐸) and
sin(2.53Δ𝑚2𝐿/𝐸) term contributions in the total signal pre-
diction over energy bin widths.The limit which is shown here
is determined using a Δ𝜒2-based raster scan, as discussed in
Section 4.2.

LSND and KARMEN Cross-Section Measurements. Along
with the oscillation searches, LSND and KARMENmeasured

𝜈
𝑒
+
12C→

12Ngs + 𝑒
− scattering. In this two-body interaction,

with a 𝑄-value of 17.3MeV, the neutrino energy can be
reconstructed bymeasuring the outgoing visible energy of the
electron.The 12N ground state is identified by the subsequent
𝛽decay, 12Ngs →

12C+𝑒++𝜈
𝑒
, which has a𝑄-value of 16.3MeV

and a lifetime of 15.9ms.
The cross-section ismeasured by both experiments under

the assumption that the 𝜈
𝑒
flux has not oscillated, leading

to disappearance. The excellent agreement between the two
results, as a function of energy, allows a limit to be placed on
𝜈
𝑒
oscillations. The energy dependence of the cross-section,

as well as the normalization, are well predicted and both
constraints are used in the analysis [50].

This dataset is referred to as KARMEN/LSND(xsec) in
the analysis below, and indicates a limit at 95% CL, as shown
in Figure 3. A total of six (for KARMEN) plus five (for LSND)
bins are used in the fit, which extend approximately from
28–50MeV in the case of KARMEN and from 38–50MeV in
the case of LSND. In calculating the oscillation probability,
the signal is averaged across the lengths of the detectors. The
experiments have correlated systematics arising from the flux
normalization due to a shared underlying analysis for pion
production in DAR experiments. This is addressed through
application of pull terms as described in [50].

3.2.2. The MiniBooNE Experimental Results. The Mini-
BooNE experiment provides multiple results from a single
detector.This oil-based 450 t fiducial volumeCerenkov detec-
tor was exposed to two conventional beams, the Booster Neu-
trino Beam (BNB) and the off-axis NuMI beam.The primary
goal of MiniBooNE was to search for 𝜈

𝜇
→ 𝜈
𝑒
and 𝜈

𝜇
→

𝜈
𝑒
appearance, using the BNB, which provides sensitivity to

Δ𝑚
2
∼ 0.1–10 eV2 oscillations.TheNuMIbeamalso provides

some sensitivity to 𝜈
𝜇
→ 𝜈
𝑒
appearance at a similar Δ𝑚2. In

addition to the appearance searches, MiniBooNE also looked
for 𝜈
𝜇
and 𝜈

𝜇
disappearance using the BNB.

The MiniBooNE datasets included in our analysis have
increased throughout the period that our group has been
performing fits. Reference [21] used aMonte Carlo prediction
for neutrinos and antineutrinos to estimate MiniBooNE’s
sensitivity to sterile neutrinos.The full BNBneutrino and first
published BNB antineutrino datasets fromMiniBooNE form
the experimental constraints in [22]. Here, we have updated
the analysis to include the full BNB antineutrino datasets. A
further update has been to employ a log-likelihood method
for the BNB neutrino and antineutrino datasets from [18], as
this was recently adopted by the MiniBooNE Collaboration
[52]. We also use the updated constraints on electron neu-
trino flux from kaons [18]. A partial dataset from NuMI data
taking was presented in [22] and has not been updated, as the
result was already systematics limited. In this analysis we also
introduce the MiniBooNE disappearance search [53].

In our fits toMiniBooNE appearance data, when drawing
allowed regions and calculating compatibilities, which make
use of Δ𝜒2’s and not absolute 𝜒2’s, we use MiniBooNE’s log-
likelihood𝜒2 definition, summing over both𝜈

𝑒
and𝜈
𝜇
bins, as

described in [52]. For consistency, the absolute MiniBooNE
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BNB 𝜈
𝑒
and 𝜈
𝑒
appearance 𝜒2 values quoted in our paper also

correspond to the same definition, that is, fitting to both 𝜈
𝑒

and 𝜈
𝜇
spectra; therefore, they differ from the ones published

by MiniBooNE in [18], which are obtained by fitting only
to a priori constrained 𝜈

𝑒
distributions. Note that the two

definitions yield consistent allowed regions and compatibility
results.

The Booster Neutrino Beam Appearance Search in Neutrino
Running Mode. The BNB flux composition in neutrino mode
consists of >90%𝜈

𝜇
, 6% 𝜈

𝜇
, and 0.06%𝜈

𝑒
and 𝜈

𝑒
combined

[46]. In theMiniBooNE BNB search for 𝜈
𝑒
appearance, the 𝜈

𝑒

and 𝜈
𝑒
signal was normalized to the 𝜈

𝜇
and 𝜈
𝜇
CCquasielastic

events observed in the detector, which peaked at 700MeV.
The global fits presented here use the full statistics of

the MiniBooNE 𝜈
𝜇
→ 𝜈
𝑒
dataset, representing 6.46 × 10

20

protons on target. In this dataset, MiniBooNE has observed
an excess of events at 200–1250MeV, corresponding to
162.0 ± 47.8 electron-like events [18]. The dataset is referred
to as BNB-MB(𝜈app) in the analysis below.

We include the BNB-MB(𝜈app) dataset in our fits in the
form of the full 𝜈

𝑒
CC reconstructed energy distribution,

in 11 energy bins from 200 to 3000MeV, fit simultaneously
with the full 𝜈

𝜇
CC energy distribution, in eight energy bins

up to 1900MeV. We account for statistical and systematic
uncertainties in each sample, as well as systematic correla-
tions (from flux and cross-section) among the 𝜈

𝑒
signal and

background and 𝜈
𝜇
background distributions.The systematic

correlations are provided in the form of a full 19-bin× 19-bin
fractional covariance matrix. By fitting the 𝜈

𝑒
and 𝜈
𝜇
spectra

simultaneously, we are able to exploit the high-statistics 𝜈
𝜇

CC sample as a constraint on background and signal event
rates. This assumes no significant 𝜈

𝜇
disappearance; this

simplification could lead to a <20% effect on appearance
probability obtained in MiniBooNE only fits [18].

The dataset results in a signal at 95% CL, as shown in
Figure 1.This has changed slightly from our past analysis [22]
now that we are using updated constraints on intrinsic elec-
tron neutrinos from kaons and the log-likelihood method,
but is in agreement with the equivalent analysis from the
MiniBooNE Collaboration [18].

The Booster Neutrino Beam Appearance Search in Antineu-
trino Running Mode. The BNB flux composition in antineu-
trinomode consists of 83%𝜈

𝜇
, 0.6%𝜈

𝑒
and 𝜈
𝑒
combined, and a

significantly larger wrong-sign composition than in neutrino
mode, of 16% 𝜈

𝜇
. As in the BNB 𝜈

𝑒
appearance search, the

electron flavor signal was normalized to the muon flavor CC
quasielastic events observed in the detector, which peaked at
500MeV.

The global fits presented here use the full statistics of the
MiniBooNE 𝜈

𝜇
dataset, representing 11.27 × 10

20 protons on
target. In this dataset, MiniBooNE has observed an excess
of events at 200–1250MeV, corresponding to 78.4 ± 28.5

electron-like events. The dataset is referred to as BNB-
MB(𝜈app) in the analysis below.

As in neutrinomode, we fit the full 𝜈
𝑒
CCenergy distribu-

tion, in 11 energy bins from 200 to 3000MeV, simultaneously

with the full 𝜈
𝜇
CC energy distribution, in 8 energy bins up

to 1900MeV.Thewrong-sign contamination in the beam (𝜈
𝜇
)

is assumed to not contribute to any oscillations; only 𝜈
𝜇

→

𝜈
𝑒
oscillations are assumed for this dataset. We account for

statistical and systematic uncertainties in each sample as well
as systematic correlations among the 𝜈

𝑒
and 𝜈

𝜇
distributions

in the form of a full 19-bin × 19-bin fractional covariance
matrix in each fit. For further information, see [18].

The dataset results in a signal at 95% CL, as shown in
Figure 1.

The NuMI Beam Appearance Search. The MiniBooNE detec-
tor is also exposed to the NuMI neutrino beam, produced
from a 120GeV proton beam impinging on a carbon target.
This beam is nominally used for the MINOS long-baseline
neutrino oscillation experiment. NuMI events arrive out of
time with the BNB-produced events. This 200MeV to 3GeV
neutrino energy source is dominated by kaon decays near the
NuMI target, which is 110 mrad off-axis and located 745m
upstream of the MiniBooNE detector. The beam consists of
81% 𝜈

𝜇
, 13% 𝜈

𝜇
, 5% 𝜈

𝑒
, and 1% 𝜈

𝑒
. For more information on

this data, see [54].
This dataset is referred to as NuMI-MB(𝜈app) in the

analysis below. As seen in Figure 1, the dataset provides a
limit at 95% CL. In the fits presented here, this data is used to
constrain electron flavor appearance in neutrino mode, with
10 bins used in the fit. Statistical and systematic errors for this
dataset are added in quadrature.

The Booster Neutrino Beam Disappearance Search. The Mini-
BooNE experiment also searched for 𝜈

𝜇
and 𝜈

𝜇
disappear-

ance using the BNB. The neutrino (antineutrino) dataset
corresponded to 5.6 × 10

20 (3.4 × 10
20) protons on target,

which produced a beam covering the neutrino energy range
up to 1.9GeV. The MiniBooNE 𝜈

𝜇
disappearance result

provides restrictions on sterile neutrino oscillations which
are comparable to those provided by the CDHS experiment,
discussed below. Therefore, we include that dataset in these
fits. On the other hand, the 𝜈

𝜇
result was weaker due to the

combination of fewer protons on target and a lower cross-
section. The MINOS 𝜈

𝜇
CC constraint, described below, is

stronger, and so we do not use the MiniBooNE 𝜈
𝜇
dataset.

The fit to the 𝜈
𝜇
dataset uses 16 bins ranging up to

1900MeV in reconstructed neutrino energy. A shape-only fit
is performed, where the predicted spectrum given any set
of oscillation parameters is renormalized so that the total
number of predicted events, after oscillations, is equal to
the total number of observed events. Then the normalized
predicted spectrum is compared to the observed spectrum
in the form of a 𝜒2 which accounts for statistical and shape-
only systematic uncertainties and bin-to-bin correlations in
the form of a covariance matrix.

This dataset is referred to as BNB-MB(𝜈dis) in the analysis
below. Figure 2 shows that this data sets a limit at 95% CL.
It should be noted that the published MiniBooNE analysis
used a Pearson 𝜒

2 method [53], and we are able to reproduce
those results. However, to fold these results into our analysis,
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we reverted to the Δ𝜒2 definition used consistently among all
datasets included in the fits (see Section 4.2).

3.2.3. Results from Multi-GeV Conventional Short-Baseline 𝜈
𝜇

Beams. The set of multi-GeV conventional SBL 𝜈
𝜇
experi-

ments is the same as was used in previous fits. Our overview
of these experiments is therefore very brief.

NOMAD Appearance Search. The NOMAD experiment [55],
which ran at CERN using protons from the 450GeV SPS
accelerator, employed a conventional neutrino beamline to
create a wideband 2.5 to 40GeV neutrino energy source.
These neutrinos were created with a carbon-based, low-mass
tracking detector located 600m downstream of the target.
This detector had fine spatial resolution and could search for
muon-to-electron and muon-to-tau oscillations. No signal
was observed in either channel. In this analysis, we use the
𝜈
𝜇
→ 𝜈
𝑒
constraint.

This dataset is referred to as NOMAD in the analysis
below.This dataset contributes 30 energy bins to the global fit.
The statistical and systematic errors are added in quadrature.
This experiment sets a limit at 95% CL, as seen in Figure 1.

CCFR Disappearance Search. The CCFR dataset was taken
at Fermilab in 1984 [56] with a narrowband beamline, with
meson energies set to 100, 140, 165, 200, and 250GeV, yielding
𝜈
𝜇
and 𝜈

𝜇
beams that ranged from 40 to 230GeV in energy.

This was a two-detector disappearance search, with the near
detector at 715m and the far detector at 1116m from the center
of the 352m long decay pipe.The calorimetric detectors were
constructed of segmented iron with scintillator and spark
chambers, and each had a downstream toroid to measure the
muon momentum.

This dataset is referred to as CCFR84 in the analysis
below. The data were published as the double ratios of the
observed-to-expected rates in a near-to-far ratio. For each
secondary mean setting, the data are divided into three
energy bins. The systematic uncertainty is assumed to be
energy independent and fully correlated between the energy
bins. Due to the high beam energies and short baselines,
this experiment sets a limit at high Δ𝑚

2 in the muon flavor
disappearance search at 95% CL, as shown in Figure 2.

CDHS Disappearance Search. The CDHS experiment [57] at
CERN searched for 𝜈

𝜇
disappearance with a two-detector

design of segmented calorimeters with iron and scintillator.
The experiment used 19.2GeV protons on a beryllium target
to produce mesons that were subsequently focused into a
52m decay channel. The detectors were located 130m and
885m downstream of the target.

This dataset is referred to as CDHS in the analysis below.
CDHS provides data and errors in 15 bins of muon energy,
as seen in in Table 1 of [57]. We relate these bins to the
neutrino energy distributions using the method described
in [20]: the neutrino energy distribution for a given muon
energy or range is determined via theNUANCE [58] neutrino
event generator. The experiment has a limit at 95% CL and
sets constraints that are comparable to the MiniBooNE 𝜈

𝜇

disappearance limit described above, but which extend to
slightly lower Δ𝑚2. See Figure 2 for comparison.

3.2.4. Reactor and Source Experiments. The reactor experi-
ment dataset has been updated to reflect recent changes in
the predicted neutrino fluxes, as discussed below.The source-
based experimental datasets are both new to this paper, and
have been published since our last set of fits [22].

Bugey Dataset. This analysis uses energy-dependent data
from the Bugey 3 reactor experiment [59]. The detector
consisted of 6Li-doped liquid scintillator, with data taken
at 15, 45, and 90m from the 2.8GW reactor source. The
detectors are taken to be pointlike in the analysis.

Recently, a reanalysis of reactor 𝜈
𝑒
flux predictions [23,

42, 43] has led to a reinterpretation of the Bugey data.
The data has transitioned from being simply a limit on
neutrino disappearance to an allowed region at 95% CL.
In this analysis, we adjust the predicted Bugey flux spectra
normalization according to the calculations from [23].

There are many other SBL reactor datasets in existence.
However, we have chosen to use only Bugey in these fits as
the measurement has the lowest combined errors. Also, any
global fit to multiple reactor datasets must correctly account
for the correlated systematics between them, which is beyond
the scope of our fits at present.

This dataset is referred to as Bugey in the analysis below.
As shown in Figure 3, this dataset presents a signal at 95%CL.
There are 60 bins in this analysis in total, each extending from
1 to 6MeV in positron energy: the 15m and 45m baselines
contributing 25 bins each and the 90m baseline contributing
10 bins. The fit follows the “normalized energy spectra” fit
method and 𝜒

2 definition detailed in [59]. The 𝜒2 definition
depends not only on the mass and mixing parameters we fit
for, but also on five large-scale deformations of the positron
spectrum due to systematic effects. Energy resolution and
baseline smearing due to the finite reactor core are taken
into account. To fold in the flux normalization correction
mentioned above, we update the theoretical prediction for the
expected ratio by an overall normalization factor of 1.06237,
1.06197, and 1.0627 for the 15m, 45m, and 90m baselines,
respectively [23].

Gallium Calibration Dataset. Indications of 𝜈
𝑒
disappearance

have recently been published from calibration data taken by
the SAGE [39] and GALLEX [40] experiments. These were
solar neutrino experiments that used Mega-curie sources of
51Cr and 37Ar, which produce 𝜈

𝑒
, to calibrate the detectors.

Each of the two experiments had two calibration periods.The
overall rates from these fourmeasurements are consistent and
show an overall deficit that has been reported to be consistent
with electron flavor disappearance [27, 60]. We use the four
ratios of calibration data to expectation, as reported in [27],
Table 2: 1.00 ± 0.10, 0.81 ± 0.10, 0.95 ± 0.12, and 0.79 ± 0.10.
These correspond to the two periods from GALLEX and the
two periods from SAGE, respectively. Our analysis of this
dataset, referred to as Gallium below, follows that of [27];
a 4-bin fit to the above measured calibration period rates
is used. The predicted rates after oscillations are obtained
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by averaging the oscillation probabilities taking into account
the detector geometry, the location of the source within the
detector, and the neutrino energy distribution for each source
(energy line and branching fraction). The neutrino energies
are approximately 430 and 750 keV for 51Cr and 812 keV for
37Ar.Thedata result in a limit at 95%CL, as shown in Figure 3.

3.2.5. Long-Baseline Experimental Results Contributing to the
Fits. While this study concentrates mainly on results from
SBL experiments, the data from experiments with baselines
of hundreds of kilometers can be valuable. At such long
baselines, the ability to identify the Δ𝑚

2 associated with
any observed oscillation has disappeared due to the rapid
oscillations. However, these experiments can place strong
constraints on themixing parameters.New to this paper is the
inclusion of the MINOS 𝜈

𝜇
CC constraint. We have included

the atmospheric dataset in our previous fits [20–22].
We note two long-baseline results not included in this

analysis. First, we have dropped the Chooz dataset that was
included in previous fits [20–22] due to the discovery that
sin22𝜃

13
is large [12–16], which significantly complicates the

use of this data for SBL oscillation searches. Second, the
recent muon flavor disappearance results from IceCube [61]
were published too late to be included in this iteration of
fits. However, the MiniBooNE and MINOS muon flavor
disappearance results are more stringent than the IceCube
limits, and so we do not expect this to significantly affect the
results.

MINOS 𝜈
𝜇
CC Disappearance Search. MINOS is a muon

flavor disappearance experiment featuring two (near and far)
iron-scintillator segmented calorimeter-style detectors in the
NuMI beamline (described above) at Fermilab. The near
detector is located 1 km from the target while the far detector
is located 730 km away. The wideband beam peaks at about
4GeV.

MINOS ran in both neutrino and antineutrinomode.We
employ the antineutrino data in our fits as it constrains the
allowed region for muon antineutrino disappearance when
we divide the datasets into neutrino versus antineutrino
fits. The MINOS neutrino mode disappearance limit is not
as restrictive as the atmospheric result, and so only the
antineutrino dataset is utilized.

This result is referred to as MINOS-CC in the analysis
below. The data present a limit at 95% CL as discussed above
and shown in Figure 2. In our analysis of MINOS-CC, we fit
both the antineutrino (right sign) data published by MINOS
in antineutrino mode running [62] and the antineutrino
(wrong sign) data published by MINOS in neutrino mode
running [63]. The right sign data are considered in 12 bins
from 0 to 20GeV, and the wrong sign in 13 bins from 0
to 50GeV. We account for possible oscillations in the near
detector due to high Δ𝑚

2 values by using the ratio of the
oscillation probabilities at the far and near detectors for each
mass andmixing model. As MINOS is sensitive to Δ𝑚2atm, we
add an extra mass state to the oscillation probability using
the best-fit atmospheric mass and mixing parameters from

the MINOS experiment [10]. The data points and systematic
errors are taken from [62, 63].

Atmospheric Constraints on 𝜈
𝜇
Disappearance Used in Fits.

Atmospheric neutrinos are produced when cosmic rays
interact with nuclei in the atmosphere to produce showers
of mesons. The neutrino path length varies from a few to
12,800 km, while neutrino energies range from sub- to few-
GeV. Thus, this is a long-baseline source with sensitivity
to primarily 𝜈

𝜇
disappearance and effectively no sensitivity

to Δ𝑚
2

𝑖𝑗
. The former is a consequence of the atmospheric

neutrino flux composition and the detector technology used
in atmospheric experiments. Thus, atmospheric neutrino
measurements and long-baseline accelerator-based 𝜈

𝜇
disap-

pearance experiments constrain the same parameters and are
treated in our fits in a similar way.

As with our past fits, we include atmospheric constraints
following the prescription of [64]. We refer to this dataset as
ATM.Thismakes use of two datasets: (1) 1489 days of Super-K
muon-like and electron-like events with energies in the sub-
to multi-GeV range, taking into account atmospheric flux
predictions from [65] and treating systematic uncertainties
according to [66]; (2) 𝜈

𝜇
disappearance data from the long-

baseline accelerator-based experiment K2K [6, 67, 68]. The
atmospheric constraint is implemented in the form of a 𝜒

2

available as a function of the parameter 𝑑
𝜇
, which depends on

the muon flavor composition of𝑚
4
,𝑚
5
, and𝑚

6
as follows:

𝑑
𝜇
=
1 − √1 − 4𝐴

2
, (14)

where

𝐴 = (1 −
󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇4

󵄨󵄨󵄨󵄨󵄨

2

−
󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇5

󵄨󵄨󵄨󵄨󵄨

2

−
󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇6

󵄨󵄨󵄨󵄨󵄨

2

)

× (
󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇4

󵄨󵄨󵄨󵄨󵄨

2

+
󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇5

󵄨󵄨󵄨󵄨󵄨

2

+
󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇6

󵄨󵄨󵄨󵄨󵄨

2

)

+
󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇4

󵄨󵄨󵄨󵄨󵄨

2󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇5

󵄨󵄨󵄨󵄨󵄨

2

+
󵄨󵄨󵄨󵄨󵄨
𝑈
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󵄨󵄨󵄨󵄨󵄨

2󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇6

󵄨󵄨󵄨󵄨󵄨
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+
󵄨󵄨󵄨󵄨󵄨
𝑈
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𝑈
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2
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(15)

The atmospheric constraints set a limit at 95% CL as shown
in Figure 2.

4. Analysis Description

The analysis method follows the formalism described in
Section 2.3, and fits are performed to each of the (3+1), (3+2),
and (3 + 3) hypotheses separately.

4.1. Fit Parameters. The independent parameters considered
in the (3 + 1) fit are Δ𝑚2

41
, representing the splitting between

the (degenerate) first three mass eigenstates and the fourth
mass eigenstate, and |𝑈

𝑒4
| and |𝑈

𝜇4
|, representing the electron

andmuon flavor content in the fourth mass eigenstate, which
are assumed to be small. The (3 + 2) model introduces a
fifth mass eigenstate (where Δ𝑚2

51
≥ Δ𝑚

2

41
) two additional

mixing parameters” |𝑈
𝑒5
| and |𝑈

𝜇5
|, and the CP-violating

phase 𝜙
54
, defined by (10). The (3 + 3) model includes all the

previous parameters and a sixthmass eigenstate, described by
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Δ𝑚
2

61
, where Δ𝑚2

61
≥ Δ𝑚

2

51
≥ Δ𝑚

2

41
, two additional mixing

parameters, |𝑈
𝑒6
| and |𝑈

𝜇6
|, and two more CP-violating

phases, 𝜙
46
and 𝜙

56
. The above model parameters are allowed

to vary freely within the following ranges: Δ𝑚2
41
, Δ𝑚2
51
, and

Δ𝑚
2

61
within 0.01–100 eV2; |𝑈

𝛼𝑖
|within 0.01–0.5; 𝜙

𝑖𝑗
within 0–

2𝜋, with the exception that for the |𝑈
𝛼𝑖
| there are additional

constraints imposed on the mixing parameters in order to
conserve unitarity of the full (3 +𝑁)× (3 +𝑁) mixing matrix
in each scenario, as described in Section 2.3.

4.2. Fitting Method. The fitting method closely follows what
has been done in [21]. Given an oscillation model, (3 + 1),
(3 + 2), or (3 + 3), the corresponding independent oscillation
parameters are randomly generated within their allowed
range, and then varied via a Markov Chain 𝜒

2 minimization
procedure [69]. Each independent parameter 𝑥 is generated
and varied according to

𝑥 = 𝑥old + 𝑠 (𝑅 − 0.5) (𝑥min − 𝑥max) , (16)

where 𝑥old is the value of parameter 𝑥 previously tested
in the 𝜒

2 minimization chain; 𝑥min and 𝑥max represent the
boundaries on the parameter 𝑥 as described in Section 4.1;
𝑅 is a random number between 0 and 1, which is varied as
one steps from 𝑥old to 𝑥 and 𝑠 is the stepsize, a parameter of
the Markov Chain. By definition, within the Markov Chain
minimizationmethod the point is accepted based only on the
point directly preceding it. The acceptance of any new point
𝑥 in the chain, where 𝑥 is the new point in the oscillation
parameter space, is determined by the following:

𝑃 = min (1, 𝑒−(𝜒
2
−𝜒
2

old)/𝑇) , (17)

where 𝑇 is the Markov Chain parameter “temperature.” The
stepsize and temperature control how quickly the Markov
Chain diffuses toward the minimum 𝜒

2 value. At every step
in the chain, each of which corresponds to a point in the
oscillation parameter space, a 𝜒

2 is calculated by summing
together the individual 𝜒2

𝑑
contributed from each dataset, 𝑑,

included in the fit, where 𝑑 denotes a dataset as described in
Section 3.2.

In any given fit, we define possible signal indications at
90% and 99% CL by marginalizing over the full parameter
space, and looking for closed contours formed about a global
minimum, 𝜒2min, when projected onto any two-dimensional
parameter space, assuming only two degrees of freedom. We
use the standard two degrees of freedom Δ𝜒

2 cuts of 4.61 for
exploring allowed 90%CL regions, 5.99 for exploring allowed
95%CL regions (used only for Figures 1, 2, and 3), and 9.21 for
99% CL regions. If the null point (𝑈

𝛼𝑖
, 𝑈
𝛽𝑖

= 0) is allowed at
>95% CL, we instead proceed with drawing one-dimensional
raster scan limits, obtainedwith the standardΔ𝜒2 cuts of 2.70,
3.84, and 6.63 for 90%, 95% (used only for Figures 1, 2, and
3), and 99% CL, respectively.

4.3. Parameter Goodness-of-Fit Test. In any given fit, in
addition to a standard 𝜒

2-probability, which is quoted for
the global 𝜒2min and number of degrees of freedom in the

fit, we also report statistical compatibility comparisons using
the parameter goodness-of-fit test (PG test) from [70]. This
test reduces the bias imposed toward datasets with a large
number of bins in the standard 𝜒

2-probability in order to
calculate the compatibility between datasets simply on the
basis of preferred parameters. The PG (%) can be calculated
to quantify compatibility between any two or more datasets,
or between combinations of datasets, according to

𝜒
2

PG = 𝜒
2

min, combined −∑

𝑖

𝜒
2

min, 𝑑, (18)

where 𝜒2min, combined is the 𝜒
2-minimum of the combined fit of

the datasets in consideration, and 𝜒
2

min, 𝑑 is the 𝜒
2-minimum

of each dataset fit individually. When comparing groups of
datasets (i.e., appearance experiments versus disappearance
experiments), each group is treated as an individual dataset.
The number of degrees of freedom (ndfPG) for the PG test is
given by

ndfPG = ∑

𝑑

𝑁
𝑝𝑑

− 𝑁
𝑝combined

. (19)

Here,𝑁
𝑝𝑑

represents the number of independent parameters
involved in the fit of a particular dataset and 𝑁

𝑝combined
represents the number of independent parameters involved
in the global fit.

5. Results

This section presents the results of the analysis for the
(3 + 1), (3 + 2), and (3 + 3) sterile neutrino model fits.
For reference, information about the datasets used in the
analyses is provided in Table 1. Tables 2 and 3 summarize
the results of the fits, which will be described in more detail
below. Table 2 gives the fit results for the overall global fits
and for various combinations of datasets. When interpreting
compatibilities, one should keep in mind that, along with a
high compatibility among the individual datasets in a global
fit, high compatibility values among groups of datasets is also
important. Finally, Table 3 provides the parameters for the
best-fit points for each of the models.

5.1. (3 + 1) Fit Results. For a (3 + 1) model, three parameters
are determined: Δ𝑚2

41
, |𝑈
𝑒4
|, and |𝑈

𝜇4
|. A global (3 + 1) fit

of all of the experiments (Figure 4) a yields 𝜒2-probability of
55% but a very low compatibility of 0.043%, indicating a low
compatibility among all individual datasets. Contrasting the
result from the 𝜒

2 test to the poor compatibility illustrates
how the 𝜒2 test can be misleading. As discussed above, this is
due to some datasets dominating others due to the number of
bins in the fit, many of which may not have strong oscillation
sensitivity. It is for this reason that most groups fitting for
sterile neutrinos now use the PG test as the figure of merit.

In order to understand the source of the poor compati-
bility, the datasets are subdivided, as shown in Table 2, into
separate neutrino and antineutrino results. Within each of
these categories, the PG compatibility values are 2.2% and
11% for neutrinos and antineutrinos, respectively. However,
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Table 1: Datasets used in the fits and their corresponding use in the analysis. Column 1 provides the tag for the data. Column 2 references the
description in Section 3.2. Column 3 lists the relevant oscillation process. Column 4 lists which datasets are included in the neutrino versus
antineutrino analyses and column 5 lists which datasets are included in the appearance versus disappearance study.

Tag Section Process 𝜈 versus 𝜈 App versus Dis
LSND 3.2.1 𝜈

𝜇
→ 𝜈
𝑒

𝜈 App
KARMEN 3.2.1 𝜈

𝜇
→ 𝜈
𝑒

𝜈 App
KARMEN/LSND(xsec) 3.2.1 𝜈

𝑒
→ 𝜈
𝑒

𝜈 Dis
BNB-MB(𝜈app) 3.2.2 𝜈

𝜇
→ 𝜈
𝑒

𝜈 App
BNB-MB(𝜈app) 3.2.2 𝜈

𝜇
→ 𝜈
𝑒

𝜈 App
NuMI-MB(𝜈app) 3.2.2 𝜈

𝜇
→ 𝜈
𝑒

𝜈 App
BNB-MB(𝜈dis) 3.2.2 𝜈

𝜇
→ 𝜈
𝜇

𝜈 Dis
NOMAD 3.2.3 𝜈

𝜇
→ 𝜈
𝑒

𝜈 App
CCFR84 3.2.3 𝜈

𝜇
→ 𝜈
𝜇

𝜈 Dis
CDHS 3.2.3 𝜈

𝜇
→ 𝜈
𝜇

𝜈 Dis
Bugey 3.2.4 𝜈

𝑒
→ 𝜈
𝑒

𝜈 Dis
Gallium 3.2.4 𝜈

𝑒
→ 𝜈
𝑒

𝜈 Dis
MINOS-CC 3.2.5 𝜈

𝜇
→ 𝜈
𝜇

𝜈 Dis
ATM 3.2.5 𝜈

𝜇
→ 𝜈
𝜇

𝜈 Dis

Table 2: The 𝜒2 values, degrees of freedom (dof), and probabilities associated with the best-fit and null hypothesis in each scenario. Also
shown are the results from the parameter goodness-of-fit tests. 𝑃best refers to the 𝜒2-probability at the best-fit point and 𝑃null refers to the
𝜒
2-probability at null.

𝜒
2

min (dof) 𝜒
2

null (dof) 𝑃best 𝑃null 𝜒
2

PG (dof) PG (%)

3 + 1

All 233.9 (237) 286.5 (240) 55% 2.1% 54.0 (24) 0.043%
App 87.8 (87) 147.3 (90) 46% 0.013% 14.1 (9) 12%
Dis 128.2 (147) 139.3 (150) 87% 72% 22.1 (19) 28%
𝜈 123.5 (120) 133.4 (123) 39% 25% 26.6 (14) 2.2%
𝜈 94.8 (114) 153.1 (117) 90% 1.4% 11.8 (7) 11%
App versus Dis — — — — 17.8 (2) 0.013%
𝜈 versus 𝜈 — — — — 15.6 (3) 0.14%
3 + 2

All 221.5 (233) 286.5 (240) 69% 2.1% 63.8 (52) 13%
App 75.0 (85) 147.3 (90) 77% 0.013% 16.3 (25) 90%
Dis 122.6 (144) 139.3 (150) 90% 72% 23.6 (23) 43%
𝜈 116.8 (116) 133.4 (123) 77% 25% 35.0 (29) 21%
𝜈 90.8 (110) 153.1 (117) 90% 1.4% 15.0 (16) 53%
App versus Dis — — — — 23.9 (4) 0.0082%
𝜈 versus 𝜈 — — — — 13.9 (7) 5.3%
3 + 3

All 218.2 (228) 286.5 (240) 67% 2.1% 68.9 (85) 90%
App 70.8 (81) 147.3 (90) 78% 0.013% 17.6 (45) 100%
Dis 120.3 (141) 139.3 (150) 90% 72% 24.1 (34) 90%
𝜈 116.7 (111) 133.4 (123) 34% 25% 39.5 (46) 74%
𝜈 90.6 (105) 153 (117) 84% 1.4% 18.5 (27) 89%
App versus Dis — — — — 27.1 (6) 0.014%
𝜈 versus 𝜈 — — — — 10.9 (12) 53%
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Table 3: The oscillation parameter best-fit points in each scenario considered. The values of Δ𝑚2 shown are in units of eV2.

(a)

3 + 1 Δ𝑚
2

41
|𝑈
𝜇4
| |𝑈

𝑒4
|

All 0.92 0.17 0.15
App 0.15 0.39 0.39
Dis 18 0.18 0.18
𝜈 7.8 0.059 0.26
𝜈 0.92 0.23 0.13

(b)

3 + 2 Δ𝑚
2

41
Δ𝑚
2

51
|𝑈
𝜇4
| |𝑈

𝑒4
| |𝑈

𝜇5
| |𝑈

𝑒5
| 𝜙

54

All 0.92 17 0.13 0.15 0.16 0.069 1.8𝜋
App 0.31 1.0 0.31 0.31 0.17 0.17 1.1𝜋
Dis 0.92 18 0.015 0.12 0.17 0.12 N/A
𝜈 7.6 17.6 0.05 0.27 0.18 0.052 1.8𝜋
𝜈 0.92 3.8 0.25 0.13 0.12 0.079 0.35𝜋

(c)

3 + 3 Δ𝑚
2

41
Δ𝑚
2

51
Δ𝑚
2

61
|𝑈
𝜇4
| |𝑈

𝑒4
| |𝑈

𝜇5
| |𝑈

𝑒5
| |𝑈

𝜇6
| |𝑈

𝑒6
| 𝜙

54
𝜙
64

𝜙
65

All 0.90 17 22 0.12 0.11 0.17 0.11 0.14 0.11 1.6𝜋 0.28𝜋 1.4𝜋
App 0.15 1.8 2.7 0.37 0.37 0.12 0.12 0.12 0.12 1.4𝜋 0.32𝜋 0.94𝜋
Dis 0.92 7.2 18 0.013 0.12 0.019 0.16 0.15 0.069 N/A N/A N/A
𝜈 13 17 26 0.076 0.24 0.16 0.067 0.10 0.017 1.1𝜋 1.8𝜋 0.037𝜋
𝜈 7.5 9.1 18 0.024 0.28 0.098 0.11 0.18 0.029 1.8𝜋 2.0𝜋 0.61𝜋

the two datasets favor very different oscillation parameters,
as seen in Table 3 and Figure 5. This leads to a very low
PG of 0.14% when the neutrino and antineutrino data are
compared.The separation of the datasets into appearance and
also shows a strong incompatibility, as illustrated in Figure 6,
leading to an even lower PG value of 0.013%. These results
imply that the (3 + 1) model is not sufficient to describe all
datasets simultaneously.

As can be seen in Table 3, two different Δ𝑚2
41

values are
preferred for neutrino versus antineutrino and for appear-
ance versus disappearance. This leads one to suspect that
the data would prefer at least two mass splittings between
the mostly active and the mostly sterile states and, thus,
encourages the consideration of a (3 + 2) interpretation [20].
Moreover, a (3 + 2) model allows the introduction of a CP-
violating phase, which can address the differences between
neutrino and antineutrino datasets [21]. Therefore, these
results lead us to abandon (3 + 1) and move on to testing the
(3 + 2) hypothesis. It should be noted that the shortcomings
of the (3 + 1) model have now been established by a number
of independent analyses [20, 22, 23, 71–73].

5.2. (3 + 2) Fit Results. In a (3 + 2) model, there are seven
parameters to determine: Δ𝑚2

41
, Δ𝑚2
51
, |𝑈
𝑒4
|, |𝑈
𝜇4
|, |𝑈
𝑒5
|,

|𝑈
𝜇5
|, and 𝜙

54
. The best-fit values for these parameters from

a global fit to all datasets are given in Table 3. The 90% and
99% CL contours in marginalized (Δ𝑚2

41
, Δ𝑚
2

51
) space can be

seen in Figure 7.
Adding a secondmass eigenstate reduces the tension seen

in the (3 + 1) fits, bringing the overall compatibility to 13%
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Figure 4: The Δ𝑚2
41

versus sin22𝜃
𝜇𝑒

allowed space from fits to all
data—neutrino and antineutrino—in a (3 + 1) model.

(see Table 2) and reducing the 𝜒
2 of the global fit by 12.4

units with four extra parameters introduced in the fit. For this
compatibility test, the BNB-MB(𝜈app) dataset has the worst
𝜒
2-probability.When considered by itself, the BNB-MB(𝜈app)

dataset gives a constrained (see Section 3.2.2) 𝜒2 (dof) of 19.2
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Figure 5: The Δ𝑚2
41
versus sin22𝜃

𝜇𝑒
allowed space from fits to neutrino (a) and antineutrino (b) data in a (3 + 1) model.
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Figure 6: The Δ𝑚2
41
versus sin22𝜃

𝜇𝑒
allowed space from fits to appearance (a) and disappearance (b) data in a (3 + 1) model.

(4) for the global best-fit parameters, which corresponds to
a 𝜒2-probability of 0.07%. This is one of the first indications
that theMiniBooNE neutrino data has some tension with the
other datasets.

The need to introduce a CP-violating phase was estab-
lished in previous studies of global fits [22]. This term
affects only fits involving appearance datasets and results in
a difference in the oscillation probabilities for 𝜈

𝜇
→ 𝜈

𝑒

versus 𝜈
𝜇

→ 𝜈
𝑒
. In particular, previous studies considered

CP-violating fits in an attempt to reconcile the MiniBooNE
neutrino appearance results with the MiniBooNE and LSND
antineutrino appearance results.

Table 2 gives the fit results in dataset combinations
for cross-comparison. We find that the separate neutrino
and antineutrino dataset fits remain in good agreement
and that the compatibility between them has risen to



Advances in High Energy Physics 17

102

102

10

10

1

1

10−1

10−1
10−2

10−2

All 99% CL
All 99% CL

All best fit

Δ
𝑚

2 51
(e

V
2
)

Δ𝑚2
41 (eV2)

Figure 7: The Δ𝑚2
51
versus Δ𝑚2

41
allowed space from fits to all data

in a (3 + 2) model.

5.3%—a significant improvement over the (3 + 1) result. The
best-fit values and allowed regions are shown in Table 3 and
in Figure 8, respectively.

While the neutrino versus antineutrino discrepancy has
been somewhat reduced, Table 2 points out a second impor-
tant problem. The appearance and disappearance datasets
still have very poor compatibility (0.0082%), even in a (3 +

2) model. The poor compatibility can be partially traced
to a discrepancy in the preferred mass splittings for these
two datasets. As reported in Table 3, the appearance datasets
prefer a low (0.31 eV2) and a medium (1.0 eV2) mass splitting
while the disappearance datasets prefer a medium (0.92 eV2)
and a high (18 eV2) splitting. This is also illustrated in
Figure 9. This suggests that three mass splittings may be
required to reconcile appearance and disappearance results
and motivates the consideration of a (3 + 3) model.

5.3. (3 + 3) Fit Results. For a (3 + 3) model, there are 12
model parameters to be determined:Δ𝑚2

41
,Δ𝑚2
51
,Δ𝑚2
61
, |𝑈
𝑒4
|,

|𝑈
𝜇4
|, |𝑈
𝑒5
|, |𝑈
𝜇5
|, |𝑈
𝑒6
|, |𝑈
𝜇6
|, 𝜙
54
, 𝜙
64
, and 𝜙

65
. Adding a

third mass eigenstate does not significantly change the global
fit 𝜒2min; however, the tension between the individual dataset
fits is further reduced, raising the compatibility from 13%, in
(3 + 2), to 90%.The neutrino and antineutrino compatibility
rises by an order of magnitude from the (3 + 2) value to 53%,
indicating that the (3 + 3)model can better accommodate the
differences in these datasets.

It is interesting to note that the (3 + 3) fit prefers an
“inverted hierarchy” among the three mostly sterile states,
with Δ𝑚

2

54
= 𝑚
2

5
− 𝑚
2

4
= 16 eV2 and Δ𝑚

2

65
= 𝑚
2

6
− 𝑚
2

5
=

5.0 eV2.The overall splitting relative to the threemostly active
states is Δ𝑚2

41
= 𝑚
2

4
− 𝑚
2

1
= 0.90 eV2.

The one puzzling discrepancy for the (3 + 3) fits is
the tension still exhibited by the appearance versus disap-
pearance datasets, shown in Figures 10, 11, and 12, where
the compatibility remains low, at less than 0.01%. We find

that important sources of this incompatibility are the BNB-
MB(𝜈app) and BNB-MB(𝜈app) datasets. The BNB-MB(𝜈app)
dataset has fairly small statistical and systematic uncertainties
and therefore has a large impact on the fits and compat-
ibility calculations. This is shown in Figure 13 where the
MiniBooNE data agrees well with the appearance-only fit but
disagrees with the overall global fit. Removing both the BNB-
MB(𝜈app) and BNB-MB(𝜈app) sets raises the compatibility to
3.5%, corresponding to an improvement of over two orders
of magnitude. It has been known since the first MiniBooNE
publication [18] that the BNB-MB(𝜈app) data was fairly
consistent with no oscillations above 475MeV; however, a
significant low-energy excess was present below this energy.
The energy dependence of the BNB-MB(𝜈app) excess does
not fit very well with oscillation models extracted from fits
to global datasets, unless very low Δ𝑚

2

𝑖𝑗
with large mixing

elements |𝑈
𝑒𝑖
| and |𝑈

𝜇𝑖
| are involved in the fit. This may lead

to the poor compatibility when included in appearance versus
disappearance comparisons. Other possible explanations for
this incompatibility include downward fluctuations of the
BNB-MB(𝜈app) data in the higher-energy region or some
other process contributing to the low-energy excess such as
those suggested in [28, 74].

Statistical issues could be addressed with more Mini-
BooNE neutrino data that may become available over the
next few years. In addition, the MicroBooNE experiment,
which is expected to start running in 2014, will provide more
information on the low-energy excess events and will answer
the question of whether the excess is associatedwith outgoing
electrons or photons [75].

5.4. Summary of Results. The sterile neutrino fits to global
datasets show that a (3 + 1) model is inadequate; multiple
Δ𝑚
2

𝑖𝑗
values are needed along with CP-violating effects to

explain the neutrino versus antineutrino differences. A (3 +

2) model improves significantly on the (3 + 1) results but
still shows some tension in the neutrino versus antineutrino
compatibility and cannot explain the appearance versus
disappearance differences. The (3 + 3) model does not seem
to further improve the fit and still has poor appearance versus
disappearance compatibility. The BNB-MB(𝜈app) (and BNB-
MB(𝜈app)) dataset is a prime contributor to this incompati-
bility and additional experimental information in this region
should be available soon. Figure 13 gives a comparison of
the BNB-MB(𝜈app) and BNB-MB(𝜈app) data with the global
best-fit predictions and with the appearance-only best-fit
predictions for each of the three models, (3 + 1), (3 + 2),
and (3+3).The global fit prediction is significantly below the
data at low energy, which contributes to the poor appearance
versus disappearance compatibility.

In summary, out of the three sterile neutrino oscillation
hypotheses considered in the analysis, we find that the (3+2)
and (3 + 3) models provide a better description than the
(3 + 1) model, although the MiniBooNE appearance data
continue to raise issues within the fits. As has been shown
before, (3 + 1) scenarios provide a poor fit to the data,
and should not be emphasized. We therefore recommend
continued investigations of (3 + 2) and (3 + 3) scenarios.
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Figure 9: The Δ𝑚2
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41
allowed space from fits to appearance (a) and disappearance (b) data in a (3 + 2) model.

6. The Future

Establishing the existence of sterile neutrinos would have a
major impact on particle physics. Motivated by this, there
are a number of existing and planned experiments set
to probe the parameter space indicative of one or more
sterile neutrinos. Such experiments are necessary in order
to confirm or refute the observed anomalies in the Δ𝑚2 ∼

1 eV2 region.Thenew experiments are being designed to have
improved sensitivity, with the goal of 5𝜎 sensitivity and the
ability to observe oscillatory behavior in 𝐿 and/or 𝐸 within
single or between multiple detectors. In these experiments,
the oscillation signal needs to be clearly separated from any
backgrounds.

Sterile neutrino oscillation models are based on oscilla-
tions associated with mixing between active and sterile states
and demand the presence of both appearance and disap-
pearance. It is therefore imperative that the future program
explore both of these oscillation types. Establishing sterile
neutrinos will require that both types of measurements are
compatible with sterile neutrino oscillation models. Future
experiments will search for evidence of sterile neutrino(s)
using a variety of neutrino creation sources: (1) pion/muon
DIF (e.g., [75–80]), (2) pion or kaon DAR (e.g., [81–86]),
(3) unstable isotopes (e.g., [15, 87–90]), and (4) atmospheric
(see [23]) and (5) nuclear reactors (e.g., [91, 92]). All of these
experiments are under development and the sensitivities are
likely to change. Therefore, rather than displaying sensitivity
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correlations from fits to appearance data in a (3 + 3) model.

curves for each future program, we instead focus on the
conceptual ideas behind the experiments. Unless otherwise
mentioned, the experiments below will provide “significant”
sensitivity to a large portion of the favored sterile neutrino
parameter space through searches for neutrino disappearance
and/or appearance.

6.1. The Importance of the 𝐿/𝐸 Signature from Multiple
Experiments. Ultimately, in order to determine if there
are zero, one, two, or three sterile states contributing to
oscillations in SBL experiments, it will be necessary to
observe the expected 𝐿/𝐸-dependent oscillation probabilities
discussed in Section 2.3. Assuming that the SBL anomalies
are confirmed, a consistent 𝐿/𝐸 dependence is the only
signature which is distinct for oscillations and excludes other

exotic explanations such as CPT violation [22], decays [93],
and Lorentz violation [94]. The ideal experiment would
reconstruct the oscillationwave as a function of 𝐿/𝐸 [95].The
combined information from many experiments, however,
is more suitable for covering the widest possible range in
𝐿/𝐸 as well as providing valuable flavor and neutrino versus
antineutrino information.

The three models, (3+1), (3+2), and (3+3), have distinct
signatures as a function of 𝐿/𝐸. To illustrate this, we consider
the case of a hypothetical experiment with 10% resolution
in 𝐿/𝐸, assuming the best-fit values presented in Table 3. In
the case of (3 + 1), as shown in Figure 14, the disappearance
(appearance) probabilities shown on the left (right), have
maxima and minima that evolve monotonically to 𝑃 =

1/2sin2(2𝜃), the long-baseline limit discussed in Section 2.2.
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Table 4: A summary of current and future sterile neutrino oscillation experiments.

Source App/Dis Channel Experiment

Reactor Dis 𝜈
𝑒
→ 𝜈
𝑒

Nucifer, Stereo, SCRAMM, NIST,
Neutrino4, DANSS

Radioactive Dis 𝜈
𝑒
→ 𝜈
𝑒
, 𝜈
𝑒
→ 𝜈
𝑒

Baksan, LENS, Borexino, SNO+,
Ricochet, CeLAND, Daya Bay

Accelerator-based isotope Dis 𝜈
𝑒
→ 𝜈
𝑒

IsoDAR

Pion/Kaon DAR App and Dis 𝜈
𝜇
→ 𝜈
𝑒
, 𝜈
𝑒
→ 𝜈
𝑒 OscSNS, DAE𝛿ALUS, KDAR

𝜈
𝜇
→ 𝜈
𝑒

Accelerator (Pion DIF) App and Dis 𝜈
𝜇
→ 𝜈
𝑒
, 𝜈
𝜇
→ 𝜈
𝑒

MINOS+, MicroBooNE,
LAr1kton + MicroBooNE, CERN
SPS𝜈

𝜇
→ 𝜈
𝜇
,

𝜈
𝜇
→ 𝜈
𝜇

Low-energy 𝜈-Factory App and Dis 𝜈
𝑒
→ 𝜈
𝜇
, 𝜈
𝑒
→ 𝜈
𝜇 𝜈STORM

𝜈
𝜇
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𝜇
,

𝜈
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𝜇
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correlations from fits to disappearance data in a (3 + 3) model.

This can be contrasted with Figures 15 and 16, where the
structure of the oscillation wave, in the approach to the
long-baseline limit, is more “chaotic” due to the interference
between the various mass splitting terms.

In Figures 14, 15, and 16, the two curves on the dis-
appearance plots on the left refer to muon and electron
flavor, respectively. As the theory is CPT-conserving, these
disappearance curves should be identical for neutrinos and
antineutrinos. The appearance curves on the right also show
the importance of neutrino and antineutrino running, which
can lead to very different 𝐿/𝐸 dependencies for the three
models, and constrain CP-violating parameters.

In summary, it seems very unlikely that any single future
experiment will be able to differentiate between the sterile
neutrino models. Multiple experiments looking at different

oscillation channels and covering a wide range of 𝐿/𝐸 regions
are required. Thus, the consideration of many independent
experiments of relatively modest size, such as those listed in
Table 4, is essential.

6.2. Future Experiments. A summary of future sterile neu-
trino experiments is provided in Table 4.

6.2.1. Pion Decay in Flight. Muon neutrinos (antineutrinos)
from positive (negative) pion DIF can be used to search
for (anti)neutrino disappearance and electron (anti)neutrino
appearance in the sterile neutrino region of interest. Given
the usual neutrino energies for these experiments (O(1 GeV)),
the baseline for such an experiment can be considered “short”
(O(100–1000m)).
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Figure 13: A comparison of the BNB-MB(𝜈app) and BNB-MB(𝜈app) excess data with the global best-fit oscillation signal predictions (solid
colored lines) and with the appearance only best-fit predictions (dashed colored lines) for each of the models, (3 + 1), (3 + 2), and (3 + 3). The
error bars on the excess correspond to statistical and unconstrained background systematic errors, added in quadrature.

TheBNBat Fermilabwill provide pion-inducedneutrinos
to the MicroBooNE LArTPC-based detector starting in
2014 [75]. MicroBooNE will probe the MiniBooNE low-
energy anomaly [96] with a ∼90 ton active volume about 100
meters closer to the neutrino source than MiniBooNE. Some
coverage of the LSND allowed region in neutrino mode is
also expected, along with LArTPC development and needed
precision neutrino-argon cross-section measurements [97].
A design involving two LArTPC-based detectors in a near/far
configuration, with MicroBooNE as the near detector, is also
being considered for deployment in the BNB at Fermilab [78].
A similar two-detector configuration in the CERN-SPS neu-
trino beam has recently been proposed [79]. Two identical
LArTPCs, in combination with magnetized spectrometers,
would measure the mostly pion DIF-induced muon neutrino
composition of the beam as a function of distance (300m,

1600m) to probe electron neutrino appearance in the sterile
neutrino parameter space.

Another BNB-based idea calls for a significant upgrade
to the MiniBooNE experiment in which the current Mini-
BooNE detector becomes the 540m baseline far detector in a
two detector configuration and a MiniBooNE-like oil-based
near detector is installed at a baseline of 200m [77]. Such
a configuration could significantly reduce the now largely
irreducible systematics associated withMiniBooNE-far-only,
which mainly come from neutral pion background events
and flux uncertainty. In conjunction with MicroBooNE,
“BooNE” could provide sensitivity to LSND-like electron
(anti)neutrino appearance, muon (anti)neutrino disappear-
ance, and the MiniBooNE low-energy anomaly.

A low-energy 3-4GeV/c muon storage ring could deliver
a precisely known flux of electron neutrinos for a muon
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Figure 14: The (3 + 1) oscillation probabilities for the global best-fit (“all” datasets) values in Table 3 with 10% resolution in 𝐿/𝐸.
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Figure 15: The (3 + 2) oscillation probabilities for the global best-fit (“all” datasets) values in Table 3 with 10% resolution in 𝐿/𝐸.

neutrino appearance search in the parameter space of interest
for sterile neutrinos [80]. The MINOS-like detectors, envi-
sioned at 20–50m (near) and ∼2000m (far), would need
to be magnetized in order to differentiate muon neutrino
appearance from intrinsic muon antineutrinos created from
the positive muon decay. Similar to most pion DIF beams,
the muon storage ring could run in both neutrino mode and
antineutrino mode. Such an experiment would also provide
a technological demonstration of a muon storage ring with a
“simple” neutrino factory [98].

6.2.2. Pion or Kaon Decay at Rest. As discussed above,
neutrinos from pion DAR and subsequent daughter muon
DAR, with their well-known spectrum, provide a source
for an oscillation search. Notably, LSND employed muon
antineutrinos from the pion daughter’s muon DAR in estab-
lishing their 3.8𝜎 excess consistent with electron antineutrino
appearance.

The 1MW Spallation Neutron Source at Oak Ridge
National Laboratory, a pion andmuon DAR neutrino source,
in combination with an LSND-style detector could directly

probe the LSND excess with a factor of 100 lower steady
state background and higher beam power [83, 84]. A 1MW
source at a large liquid scintillator detector is also under
consideration [95]. Such an experiment could reconstruct
appearance and disappearance oscillation waves across a ∼

50m length of detector.
If higher energy proton beams are used, then positive

kaon DAR and the resulting monoenergetic (235.5MeV)
muon neutrino can also be used to search for sterile neu-
trinos through an electron neutrino appearance search with
a LArTPC-based device [86]. An intense >3GeV kinetic
energy proton beam is required for such an experiment so as
to produce an ample number of kaons per incoming proton.

6.2.3. Unstable Isotopes. The disappearance of electron anti-
neutrinos from radioactive isotopes is a direct probe of the
reactor/gallium anomaly and an indirect probe of the LSND
anomaly. As such neutrinos are in the ones-of-MeV range, the
baseline for these experiments is generally on the order of tens
of meters or so. Oscillation waves within a single detector can
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Figure 16: The (3 + 3) oscillation probabilities for the global best-fit (“all” datasets) values in Table 3 with 10% resolution in 𝐿/𝐸.

be observed if the neutrinos originate from a localized source,
if the oscillation length is short enough, and if the detector has
precise enough vertex resolution.

The IsoDAR concept [90] calls for an intense 60MeV
proton source in combination with a kiloton-scale scintil-
lation-based detector for sensitivity to the sterile neutrino.
Such a source is being developed concurrently with the
DAE𝛿ALUS experiment, nominally a search for nonzero
𝛿CP [99]. Cyclotron-produced 60MeV protons impinge on
a beryllium-based target, which mainly acts as a copious
source of neutrons and is surrounded by an isotopically
pure shell of 7Li. 8Li, created via neutron capture on 7Li
inside the shell, decays to a 6.4MeV mean energy electron
antineutrino. Placing such an antineutrino source next to
an existing detector such as KamLAND [3] could quickly
provide discovery-level sensitivity in the reactor anomaly
allowed region. Furthermore, IsoDAR has the ability to
distinguish between one and multiple sterile neutrinos.

Another unstable-isotope-based idea involves the deploy-
ment of a radioactive source inside an existing kiloton-
scale detector [89] such as Borexino [100], KamLAND [3],
or SNO+ [101]. Electron antineutrinos from a small-extent
∼2 PBq 144Ce or 106Ru beta source can be used to probe
the sterile neutrino parameter space. For currently favored
parameters associated with sterile neutrino(s), such antineu-
trinos are expected to disappear and reappear as a function
of distance and energy inside the detector, much like the
IsoDAR concept described above.

6.2.4. Nuclear Reactor. A nuclear reactor can be used as
a source for an electron antineutrino disappearance exper-
iment with sensitivity to sterile neutrino(s). The Nucifer
detector will likely be the first reactor-based detector to test
the sterile neutrino hypothesis using antineutrino energy
shape rather than just rate [91]. The experiment will take
data in 2012/2013. The idea is to place a 1m3 scale Gd-
doped liquid scintillator device within a few tens of meters
of a small-extent 70MW research reactor in an attempt to
observe antineutrino disappearance as a function of energy.

The observation of an oscillation wave consistent with high
Δ𝑚
2 would be unambiguous evidence for the existence of at

least one sterile neutrino. Cosmic ray interactions and their
products represent the largest source of background for this
class of experiment.

One of the challenges of a reactor-based search is the need
for a relatively small reactor size given the baseline required
for maximal sensitivity to Δ𝑚

2

𝑖𝑗
∼ 1 eV2; a large neutrino

source size relative to the neutrino baseline smears 𝐿 and
reducesΔ𝑚2

𝑖𝑗
resolution. A sterile search at a GW-scale power

reactor is possible, however. The SCRAAM experiment (see
[23]) calls for a Gd-doped liquid scintillator detector at the
San Onofre Nuclear Generating Station.

6.2.5. Neutral Current Based Experiments. All of the future
experiments discussed previously involve either disappear-
ance or appearance of neutrinos and antineutrinos detected
via the charged current. However, a NC-based disappearance
experiment provides unique sensitivity to the sterile neutrino.
If neutrino disappearance was observed in a NC experiment,
one would know that the active flavor neutrino(s) in question
had oscillated into the noninteracting sterile flavor. Particu-
larly, such an experiment would provide a measure of |𝑈

𝑠4
|,

the sterile flavor composition of the fourth neutrino mass
eigenstate, and definitively prove the existence of a sterile
flavor neutrino, especially when considered in combination
with CC-based experiments. A full understanding of the
mixing angles associated with sterile neutrino(s) will require
a NC-based experiment. The Ricochet concept [88] calls
for oscillometry measurements using NC coherent neutrino-
nucleus scattering detected via low temperature bolometers
[81, 82, 88]. Both reactor and isotope decay sources are
being considered for these measurements, utilizing the as-
yet-undetected coherent neutrino-nucleus scattering process.
The OscSNS experiment [83, 84] will also have the capa-
bility of looking for muon neutrino disappearance via the
neutral current channel. Such a measurement would directly
probe the sterile neutrino content of possible extra mass
eigenstates.
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7. Conclusions

This paper has presented results of SBL experiments dis-
cussed within the context of oscillations involving sterile
neutrinos. Fits to (3 + 1), (3 + 2), and (3 + 3) models have
been presented.We have examined whether the (3+3) model
addresses tensions observed with (3 + 1) and (3 + 2) fits.

Several issues arisewhen comparing datasets in (3+1) and
(3 + 2) models. In a (3 + 1) model, the compatibility of the
neutrino versus antineutrino datasets is poor (0.14%), and the
compatibility among all datasets is only 0.043%. In a (3 + 2)
model, there is a striking disagreement between appearance
and disappearance datasets, with a compatibility of 0.0082%.

A 3 + 3 (3 + 2) model fit has a 𝜒
2-probability for the

best-fit of 67% (69%), compared to 2.1% for the no oscillation
scenario. Though these values are on the order of the 𝜒

2-
probabilities found for the 3 + 1 model, the 3 + 3 (3 + 2) fits
resolve the incompatibility issues seen in the 3 + 1 model,
with the exception of the MiniBooNE appearance datasets.
Therefore, we argue that the 3 + 2 and 3 + 3 fits should be the
main focus of sterile neutrino phenomenological studies in
the future.

While the indications of sterile neutrino oscillations have
historically been associated with only appearance-based SBL
experiments, the recently realized suppression in observed
𝜈
𝑒
in disappearance reactor experiments provides further

motivation for these models. As we have shown, one can
consistently fit most results under the (3 + 3) hypothesis with
improved compatibility. However, the need for additional
information from both appearance and disappearance exper-
iments provides strong motivation for pursuing the future
experiments discussed in this paper.
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Recently the last unknown lepton mixing angle 𝜃
13
has been determined to be relatively large, not too far from its previous upper

bound.This opens exciting possibilities for upcoming neutrino oscillation experiments towards addressing fundamental questions,
among them the type of the neutrino mass hierarchy and the search for CP violation in the lepton sector. In this paper we review
the phenomenology of neutrino oscillations, focusing on subleading effects, which will be the key towards these goals. Starting
from a discussion of the present determination of three-flavour oscillation parameters, we give an outlook on the potential of near-
term oscillation physics as well as on the long-term program towards possible future precision oscillation facilities. We discuss
accelerator-driven long-baseline experiments as well as nonaccelerator possibilities from atmospheric and reactor neutrinos.

1. Introduction

Over the last 15 years so huge progress has been made in the
study of neutrino oscillations [1–4], andwith the recent deter-
mination of the last unknown mixing angle 𝜃

13
[5–9] a clear

first-order picture of the three-flavour lepton mixing matrix
has emerged. The results of a global fit [10] to world neutrino
oscillation data including data presented at the Neutrino2012
conference are summarized in Figure 1 and Table 1 (for alter-
native global fits see [11, 12], and combinations of the recent
data relevant to the 𝜃

13
determination have been presented in

[13, 14]). Global data as of June 2012 disfavours 𝜃
13
= 0 with

a Δ𝜒2 ≈ 100 and its value are determined as 𝜃
13
= (8.6

+0.44

−0.46
)
∘.

(An uncertainty about this number at the level of 1𝜎 remains
due to a tension between predicted reactor neutrino fluxes
and data from reactor experiments with baselines less than
100m, the so-called reactor anomaly [15].) Establishing such a
relatively large value of 𝜃

13
, comparable to the previous bound

[16], opens exciting possibilities for neutrino oscillations.
There are fundamental open questions in neutrino physics
which can be addressed with neutrino oscillations.

(i) Is there CP violation in the leptonic sector, as in the
quark sector? The behaviour under the CP trans-
formation is one of the fundamental properties of

particles and a violation of the CP symmetry might
be linked to the baryon asymmetry of the universe.

(ii) What is the hierarchy of the neutrino mass spectrum,
normal or inverted? This information is important
phenomenologically for the interpretation of other
neutrino experiments, for instance, neutrinoless dou-
ble beta decay. Moreover, together with the absolute
mass scale, it is one of the key pieces of information
on neutrino masses.

(iii) What are the precise values of the neutrino-mixing
angles? Do they show an underlying pattern? The
answers to these questions are a necessary input in
order to solve the flavour problem.

With our current knowledge of 𝜃
13
answering those questions

becomes a realistic possibility.
The outline of this work is as follows. In Section 2

we review the current status of neutrino oscillations and
discuss the phenomenology of long-baseline (LBL), reactor,
and atmospheric neutrino experiments. In Section 3 we
discuss the potential of currently operating LBL and reactor
facilities in the time frame of about 10 years. In Section 4
some nonaccelerator-based methods to determine the neu-
trino mass hierarchy are discussed. In Section 5 we give
an overview on possible long-term experimental strategies

http://dx.doi.org/10.1155/2013/503401
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Table 1: Three-flavour oscillation parameters from a fit to global data after the Neutrino2012 conference [10]. The normalization of reactor
neutrino fluxes is determined by short-baseline reactor data, which are included in the fit.

bfp ± 1𝜎 3𝜎 range
sin2𝜃
12

0.30 ± 0.013 0.27 → 0.34

𝜃
12
/
∘

33.3 ± 0.8 31 → 36

sin2𝜃
23

0.41
+0.037

−0.025
⊕ 0.59

+0.021

−0.022
0.34 → 0.67

𝜃
23
/
∘

40.0
+2.1

−1.5
⊕ 50.4

+1.2

−1.3
36 → 55

sin2𝜃
13

0.023 ± 0.0023 0.016 → 0.030

𝜃
13
/
∘

8.6
+0.44

−0.46
7.2 → 9.5

𝛿/
∘

300
+66

−138
0 → 360

Δ𝑚
2

21
/10
−5 eV2 7.50 ± 0.185 7.00 → 8.09

Δ𝑚
2

31
/10
−3 eV2 (NH) 2.47

+0.069

−0.067
2.27 → 2.69

Δ𝑚
2

32
/10
−3 eV2 (IH) −2.43

+0.042

−0.065
−2.65 → −2.24

towards high-precision oscillation facilities. We do not
discuss solar, supernova, or other astrophysical neutrinos
which are covered in detail in other chapters of this volume.

We will remain within the three-neutrino mixing frame-
work and will not discuss deviations from it such as sterile
neutrinos or nonstandard interactions. We use the stan-
dard convention for parametrizing the three-flavour lepton-
mixing matrix in terms of the three angles, 𝜃

12
, 𝜃
23
, 𝜃
13
, and

one Dirac-type CP phase 𝛿 [17]:
𝑈 =

(

𝑐
12
𝑐
13

𝑠
12
𝑐
13

𝑠
13
𝑒
−𝑖𝛿

−𝑠
12
𝑐
23
− 𝑐
12
𝑠
13
𝑠
23
𝑒
𝑖𝛿

+𝑐
12
𝑐
23
− 𝑠
12
𝑠
13
𝑠
23
𝑒
𝑖𝛿

𝑐
13
𝑠
23

+𝑠
12
𝑠
23
− 𝑐
12
𝑠
13
𝑐
23
𝑒
𝑖𝛿

−𝑐
12
𝑠
23
− 𝑠
12
𝑠
13
𝑐
23
𝑒
𝑖𝛿

𝑐
13
𝑐
23

),

(1)
where 𝑐

𝑖𝑗
≡ cos 𝜃

𝑖𝑗
and 𝑠
𝑖𝑗
≡ sin 𝜃

𝑖𝑗
. Squared differences of

the neutrino masses 𝑚
𝑖
are defined as Δ𝑚2

𝑖𝑗
≡ 𝑚
2

𝑖
− 𝑚
2

𝑗
. The

neutrino mass hierarchy is determined by the sign of Δ𝑚2
31
,

withΔ𝑚2
31
> 0 corresponding to normal hierarchy (NH), and

Δ𝑚
2

31
< 0 to inverted hierarchy (IH).

2. Present Status as Case Study for
Oscillation Phenomenology

In this section we introduce the oscillation probabilities
relevant to long-baseline accelerator experiments, reactor
experiments, as well as atmospheric neutrinos. We use the
present data to illustrate the interplay and complementarity
of different types of oscillation experiments.

2.1. The Beam-Reactor Interplay. Since the advent of data on
𝜈
𝜇
→ 𝜈
𝑒
searches from T2K [5] and MINOS [6] on the one

side, and 𝜃
13

reactor experiments Double Chooz [7], Daya
Bay [8], and RENO [9] on the other side, the long anticipated
complementarity of beam and reactor experiments [18, 19] is
now a reality. In this section we discuss some aspects of that
related to deviations of 𝜃

23
from maximal mixing, as well as

the dependence of the global fit on the CP phase 𝛿.
Recent data seem to indicate a deviation of 𝜃

23
from

the maximal mixing value of 45∘, roughly at the level of

1.7𝜎 − 2𝜎, compare Figure 1 (in [12] a somewhat higher sig-
nificance is obtained). If confirmed, such a deviation would
have profound implications for neutrino mass models based
on flavour symmetries. An important contribution to this
effect comes from recent MINOS data on 𝜈

𝜇
disappearance.

Neglecting effects of Δ𝑚2
21
and the matter effect, the relevant

survival probability is given by

𝑃
𝜈𝜇→𝜈𝜇

= 1 − 4
󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇3

󵄨󵄨󵄨󵄨󵄨

2

(1 −
󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇3

󵄨󵄨󵄨󵄨󵄨

2

) sin2
Δ𝑚
2

31
𝐿

4𝐸
,

󵄨󵄨󵄨󵄨󵄨
𝑈
𝜇3

󵄨󵄨󵄨󵄨󵄨

2

= sin2𝜃
23
cos2𝜃
13
,

(2)

where 𝐿 is the baseline and 𝐸 is the neutrino energy. Hence,
the probability is symmetric under |𝑈

𝜇3
|
2
→ (1 − |𝑈

𝜇3
|
2
).

In the two-flavour limit of 𝜃
13
= 0 this implies that the data

is sensitive only to sin22𝜃
23
, which for 𝜃

23
̸= 45
∘ leads to a

degeneracy between the first and second octants of 𝜃
23
[20].

Indeed, recent data from MINOS [21] have given a best fit
point of sin22𝜃 ≈ 0.94 if analysed in a two-flavour framework.

Since 𝜃
13
is large, one can try to explore a synergy between

long-baseline appearance experiments and an independent
determination of 𝜃

13
at reactor experiments in order to

resolve the degeneracy [18, 20, 22]. Let us look at the appear-
ance probability relevant to the 𝜈

𝜇
→ 𝜈
𝑒
searches at T2K

[5] and MINOS [6]. Expanding to second order in the small
parameters sin 𝜃

13
and 𝛼 ≡ Δ𝑚

2

21
/Δ𝑚
2

31
and assuming a

constant matter density that one finds [23–25]:

𝑃
𝜈𝜇→𝜈𝑒

≈ 4 sin2𝜃
13

sin2𝜃
23

sin2Δ (1 − 𝐴)
(1 − 𝐴)

2

+ 𝛼
2sin22𝜃

12
cos2𝜃
23

sin2𝐴Δ
𝐴2

+ 2𝛼 sin 𝜃
13
sin 2𝜃

12
sin 2𝜃

23

× cos (Δ ± 𝛿CP)
sinΔ𝐴
𝐴

sinΔ (1 − 𝐴)
1 − 𝐴

,

(3)

with the definitions

Δ ≡
Δ𝑚
2

31
𝐿

4𝐸
, 𝐴 ≡

2𝐸𝑉

Δ𝑚2
31

, (4)
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Figure 1: Determination of three-flavour oscillation parameters [10].The red (blue) curves are for NH (IH). Results for different assumptions
concerning the analysis of data from reactor experiments are shown: for solid curves the normalization of reactor fluxes is left free, and data
from short-baseline (less than 100m) reactor experiments are included. For dashed curves short-baseline data are not included but reactor
fluxes as predicted in [152] are assumed.
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where 𝐿 is the baseline, 𝐸 is the neutrino energy, and 𝑉 is
the effective matter potential [26]. Note that 𝛼, Δ, and 𝐴 are
sensitive to the sign of Δ𝑚2

31
(i.e., the type of the neutrino

mass ordering). The plus (minus) sign in (3) applies for
neutrinos (antineutrinos), and for antineutrinos 𝑉 → −𝑉,
which implies that 𝐴 → −𝐴. It is clear from (3) that in the
case of large matter effect, 𝐴 ≳ 1, the terms (1 − 𝐴) depend
strongly on the type of the mass hierarchy, and for 𝐴 = 1

(possible for neutrinos and NH, or antineutrinos and IH) a
resonance is encountered [27]. Numerically one finds for a
typical matter density of 3 g/cm3

|𝐴| ≃ 0.09 (
𝐸

GeV
)(

󵄨󵄨󵄨󵄨󵄨
Δ𝑚
2

31

󵄨󵄨󵄨󵄨󵄨

2.5 × 10−3 eV2
)

−1

. (5)

Since, for T2K 𝐸 ∼ 0.7GeV, matter effects are of order few
percent, whereas in experiments like NOvA [28] with 𝐸 ∼

2GeV we can have |𝐴| ∼ 0.2. Note that 𝛼2 ≈ 10
−3, which

implies that the second term in the first line of (3) gives a
very small contribution compared to the other terms.

An important observation is that the first term in (3)
(which dominates for large 𝜃

13
) depends on sin2𝜃

23
and there-

fore is sensitive to the octant. Reactor experiments with 𝐿 ∼

1 km, on the other hand, provide a measurement of 𝜃
13
inde-

pendent of 𝜃
23
. The relevant survival probability is given by

𝑃
𝜈𝑒→𝜈𝑒

= 1 − sin22𝜃
13
sin2Δ + O (𝛼

2
) . (6)

Hence, by combining the data from reactor experiments such
as Double Chooz [7], Daya Bay [8], and RENO [9] with
the appearance data from T2K and MINOS one should be
sensitive in principle to the octant of 𝜃

23
. The situation from

present data is illustrated in Figure 2, where we show the
determination of 𝜃

13
from the beam experiments T2K and

MINOS as a function of the CP phase 𝛿 and the octant of
𝜃
23
, where we have chosen values motivated by the MINOS

disappearance result. The resulting regions in sin22𝜃
13

are
compared to the reactor measurments from DoubleChooz,
DayaBay, and RENO. It is clear from that figure that for
present data from beams and reactors it is not possible
to distinguish between 1st and 2nd 𝜃

23
octants. For both

possibilities overlap regions between beams and reactors can
be found although they are at different values of 𝛿. Therefore,
current data from reactor and long-baseline beam experi-
ments are not able to resolve the 𝜃

23
octant degeneracy. The

lifting of the degeneracy (at lowCL) visible in Figure 1 appears
due to atmospheric neutrino data, to be discussed below.

In principle the reactor-beam combination should also
offer some sensitivity to the CP phase 𝛿. This is shown in the
right panels of Figure 2. We see that if the octant of 𝜃

23
and

the neutrino mass hierarchy were known, already present
data from the beam and reactor experiments used in that
figure would show quite sizeable dependence on the CP
phase, depending on which of the 4 degenerate solutions is
considered. However, it is also clear from the figure that we
marginalize over those four solutions, 𝜒2(𝛿) becomes very
flat, and essentially all values of 𝛿 would be consistent within
Δ𝜒
2
≲ 1. This is a real-life example of how degeneracies can

seriously spoil the sensitivity of long-baseline data [29]. The
somewhat larger 𝛿 dependence visible in Figure 1 follows
again from the global fit including atmospheric neutrinos, as
discussed below.

2.2. Subleading Effects in Atmospheric Neutrino Oscillations.
Atmospheric neutrinos provide a powerful tool to study neu-
trino oscillations, which is manifest also by the first evidence
for oscillations from Super-Kamiokande in 1998 [1]. In this
section we briefly discuss subleading oscillation modes, trig-
gered by Δ𝑚2

21
and/or 𝜃

13
, and comment on using them for

addressing some of the open questions in oscillation physics.
An important property of atmospheric neutrinos is the

fact that the neutrino source contains 𝜈
𝑒
and 𝜈
𝜇
as well as neu-

trinos and antineutrinos. Therefore, the contributions to 𝑒-
like and 𝜇-like event samples can be written schematically as

𝑁
𝑒
∝ (Φ

𝑒
𝑃
𝜈𝑒→𝜈𝑒

+ Φ
𝜇
𝑃
𝜈𝜇→𝜈𝑒

) 𝜎
𝑒

= Φ
𝑒
(𝑃
𝜈𝑒→𝜈𝑒

+ 𝑟𝑃
𝜈𝜇→𝜈𝑒

) 𝜎
𝑒

𝑁
𝜇
∝ (Φ

𝑒
𝑃
𝜈𝑒→𝜈𝜇

+ Φ
𝜇
𝑃
𝜈𝜇→𝜈𝜇

) 𝜎
𝜇

= Φ
𝜇
(
1

𝑟
𝑃
𝜈𝑒→𝜈𝜇

+ 𝑃
𝜈𝜇→𝜈𝜇

)𝜎
𝜇
,

(7)

where Φ
𝛼
and 𝜎

𝛼
are initial flux and detection cross section

for neutrino of flavour 𝛼, and we have defined the flux ratio

𝑟 ≡
Φ
𝜇

Φ
𝑒

, (8)

with 𝑟 ≈ 2 in the sub-GeV range and 𝑟 ≈ 2.6–4.5 in the
multi-GeV range. In (7) we have suppressed energy and
zenith angle dependence, as well as detector resolutions and
efficiencies. If the detector cannot identify the charge of the
lepton, a sum over neutrino and antineutrinos is implicitly
assumed; otherwise, analogous relations hold for neutrinos
and antineutrinos separately. Hence, the observation of
𝑒-like and 𝜇-like events contains convoluted information on
different oscillation channels.

An interesting observable is the excess of 𝑒-like events
(relative to the no-oscillation prediction 𝑁

0

𝑒
), since in the

two-flavour limit one expects 𝑁
𝑒
= 𝑁
0

𝑒
, and therefore any

deviation of the observed number of events from𝑁
0

𝑒
should

be due to subleading effects. The excess can be written in the
following way; see, for example, [30]:

𝑁
𝑒

𝑁0
𝑒

− 1 ≈ (𝑟 sin2𝜃
23
− 1) 𝑃

2𝜈
(Δ𝑚
2

31
, 𝜃
13
)

+ (𝑟 cos2𝜃
23
− 1) 𝑃

2𝜈
(Δ𝑚
2

21
, 𝜃
12
)

− sin 𝜃
13
sin 2𝜃

23
𝑟 Re (𝐴∗

𝑒𝑒
𝐴
𝜇𝑒
) .

(9)

Here 𝑃
2𝜈
(Δ𝑚
2
, 𝜃) is an effective two-flavour oscillation prob-

ability governed by a mass-squared difference Δ𝑚2 and a
mixing angle 𝜃, and 𝐴

𝑒𝑒
and 𝐴

𝜇𝑒
are elements of a transition

amplitude matrix. The three terms appearing in (9) have a
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Figure 2: (a) Preferred regions in the sin22𝜃
13
− 𝛿 plane. The contour curves correspond to beams T2K + MINOS, where sin2𝜃

23
is fixed to

the two degenerate solutions in the 1st (red) and 2nd (blue) octant. The gray region corresponds to the 𝜃
13
determination from the reactors

Double Chooz, Daya Bay, and RENO. (b) Δ𝜒2(𝛿) for beams (dashed) and beams+reactors (solid) with the same color coding as in the left
panels. Upper (lower) panels are for NH (IH).

well-defined physical interpretation. The first term is impor-
tant in the multi-GeV range and is controlled by the mixing
angle 𝜃

13
in 𝑃
2𝜈
(Δ𝑚
2

31
, 𝜃
13
). This probability can be strongly

affected by resonant matter effects [31–36]. Depending on the
mass hierarchy the resonance will occur either for neutrinos
or antineutrinos. The second term is important for sub-
GeV events, and it takes into account the effect of “solar

oscillations” due to Δ𝑚2
21

and 𝜃
12

[37–40]. Via the prefactor
containing the flux ratio 𝑟, both the first and second terms in
(9) depend on the octant of 𝜃

23
though, in oposite directions,

themulti-GeV (sub-GeV) excess is suppressed (enhanced) for
𝜃
23
< 45
∘. Finally, the last term in (9) is an interference term

between 𝜃
13
and Δ𝑚2

21
amplitudes, and this term shows also

dependence on the CP phase 𝛿 [30, 40].
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Three neutrino effects may also show up in 𝜇-like events.
This is especially interesting for experiments which can only
observe muons, such as: for example, the INO or IceCube
experiments. For these types of experiments the multi-GeV
region is most interesting, where effects Δ𝑚2

21
are very small.

Hence, we can approximate Δ𝑚2
21
≈ 0, and following [41, 42]

one can write the excess in 𝜇-like events as
𝑁
𝜇

𝑁0
𝜇

− 1 ≈ sin2𝜃
23
(
1

𝑟
− sin2𝜃

23
)𝑃
2𝜈
(Δ𝑚
2

31
, 𝜃
13
)

−
1

2
sin22𝜃

23
[1 − Re (𝐴

33
)] .

(10)

The first term is controlled by 𝜃
13

and is subject to reso-
nant matter effects, similar to the first term in (9), though
with a different dependence on 𝜃

23
and the flux ratio. In

the second term, 𝐴
33

is a probability amplitude satisfying
𝑃
2𝜈
(Δ𝑚
2

31
, 𝜃
13
) = 1 − |𝐴

33
|
2. In the limit 𝜃

13
= 0 we have

Re(𝐴
33
) = cos(Δ𝑚2

31
𝐿/2𝐸), such that the second term in (10)

just describes two-flavour 𝜈
𝜇
→ 𝜈
𝜇
vacuum oscillations.

2.3. Interplay of Complementary Data Sets in the Present
Global Fit. As mentioned above, while MINOS 𝜈

𝜇
disap-

pearance data prefers a nonmaximal value of 𝜃
23
, we do

not observe any sensitivity to the octant of 𝜃
23

from global
data without atmospheric neutrinos. In the global analysis
of [10] including atmospheric data a weak preference for
the 1st octant is obtained in the case of NH; see Figure 1.
Similar results are obtained also in [12] with even somewhat
higher significance. This can be attributed to a zenith-
angle-independent event excess in the sub-GeV 𝑒-like data
in SuperKamiokande. Such an excess can be explained by
oscillations due to Δ𝑚

2

21
[37–39]. For sub-GeV events the

second term in (9) is relevant. In that energy regime 𝑟 ≈ 2 and
for sin2𝜃

23
≈ 0.5 the prefactor (𝑟 cos2𝜃

23
− 1) is suppressed,

whereas in the 1st octant with sin2𝜃
23

< 0.5 an excess is
induced. Let us mention that in an official SuperKamiokande
analysis [43] this effect is not clearly observed although
one should take into account that there is no combined
analysis with MINOS data performed. It can be seen from
(9) and (10) that there can be some features in 𝑒-like or 𝜇-
like data samples which exhibit a different dependence on
𝜃
23
, and which of those subtle effects dominates depends on

details of the detector simulation, binning, and treatment
of systematic uncertainties. Apparently competing effects
become somewhat more important for IH, as in that case the
preference for the 1st octant disappears; see Figure 1.

We emphasize the importance of resolving the 𝜃
23
octant

degeneracy in order to obtain sensitivity to the CP phase
𝛿. This can be seen from Figure 2. By favouring one of the
two solution for sin2𝜃

23
the beam-reactor combination pro-

vides a better sensitivity to 𝛿, visible in the right panels. With
current data this effect is still small, given the final sensitivity
to 𝛿 shown in Figure 1, which is at level of Δ𝜒2 ≈ 3. We
emphasize again the crucial interplay of different data sets
necessary for this sensitivity to emerge:MINOS 𝜈

𝜇
disappear-

ance prefers sin22𝜃
23

< 1, atmospheric data slightly disfav-
ours sin2𝜃

23
> 0.5, and the 𝜈

𝜇
→ 𝜈

𝑒
data from beams

combined with the 𝜃
13

determination from reactors provide
sensitivity to 𝛿.

3. The Current Generation of Long-Baseline
Beam and Reactor Experiments

The reactor experiments, Double Chooz [7], DayaBay [8],
and RENO [9], have obtained spectacular results already
after few weeks of data taking. All of them are still statistics
dominated, and the precision of the determination of 𝜃

13
will

improve considerably for higher exposures. According to the
results of [44] (based on assumptions on systematics from
the proposals of the three experiments) the ultimate precision
will be dominated by DayaBay. Also T2K [5] is essentially
only in the “startup phase” (which unfortunately has been
interrupted by the 2011 earthquake in Japan). In addition
the NOvA experiment [28] will come online soon and will
provide additional data on 𝜈

𝜇
→ 𝜈
𝑒
appearance. In [45] the

expected combined potential of those experiments with their
final exposures has been investigated in respect to address
the mass hierarchy or a determination of the CP phase 𝛿.
Here we review the results obtained there in the light of the
by now known value of 𝜃

13
. The “nominal” exposures are

summarized in Table 2. The experimental configurations are
based on official documents as of 2009. As a rough rule of
thumb those data might be available around 2020.

Let us first discuss the prospects for the 𝜃
23
measurment,

including the determination of the octant in case of a non-
maximal value. Figure 3 shows the ability of T2K + NOvA +
DayaBay to reconstruct sin2𝜃

23
as a function of its true value.

Data on 𝜈
𝜇
disappearance from T2K and NOvA are mainly

sensitive to sin22𝜃
23

(see discussion related to (2)), whereas
the combination of the 𝜈

𝜇
→ 𝜈
𝑒
appearance data with the 𝜃

13

reactor measurment provides sensitivity to the octant [18, 20,
22], as discussed above see also Figure 2. While this mecha-
nism does not work for current data, it can be used to identify
the right octant at 3𝜎 with projected exposures if |sin2𝜃

23
−

0.5| > 0.1. Note the slight asymmetry of the regions, which is
a consequence of the relatively large value of 𝜃

13
and can be

understood from (2).We also observe that for large deviations
from maximality the accuracy on sin2𝜃

23
will be quite

good, around ±0.02 at 3𝜎, whereas close to maximality the
determination will be much worse, with a 3𝜎 range of about
0.45 < sin2𝜃

23
< 0.58, due to the flatness of sin22𝜃 at 𝜃 = 45∘.

As we have seen above, already with present data a
global fit of all experiments shows a slight dependence on
the CP phase 𝛿. On the other hand the mass hierarchy is
undistinguishable with a Δ𝜒2 ≲ 1 between NH and IH, see
Figure 1. Now we address the question whether with near-
term data from the experiments listed in Table 2 we may
be able to say something on the type of the neutrino mass
hierarchy or the CP phase 𝛿.

Possible outcome of a global fit to data from the final
exposure of T2K, NOvA, and DayaBay is shown in Figure 4.
Left (right) panel correspond to NH (IH), and we adopt the
two exemplary values of 𝛿 = 𝜋/2 (upper panels) and 3𝜋/2
(lower panels) corresponding to maximal CP violation. The
colored regions would be obtained under the assumption of
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respectively. Figure is based on the results of [45].

known mass hierarchy. In this case some regions of 𝛿 can
be excluded at 3𝜎 although CP-conserving values 0 or 𝜋 are
always contained in the allowed region, indicating that CP
violation cannot be established, even under the assumption of
known hierarchy.The detailed study performed in [45] shows
that only for less than 30% of all possible values of the phase
𝛿 a hint for CP violation at 90%CLmay be obtained. Even for
upgraded versions of the beams, with increased beam power,
extended running time (up to around 2025), and including
antineutrino data from T2K CP violation can be “discovered”
at 3𝜎 for about 25% of all possible values of 𝛿 (see also [46]
for related results).

The mass hierarchy determination relies on the matter
effect in the 𝜈

𝜇
→ 𝜈

𝑒
transitions. From the experiments

considered here only for the NOvA experiment a notable
matter effect is present due to the baseline of 812 km. In
Figure 4 we illustrate the combined potential to identify the
neutrino mass hierarchy. The black contour curves corre-
spond to the allowed regions obtained by fitting the simulated
data with the wrong hierarchy. The local 𝜒2 minimum is
marked with a black box and the 𝜒

2 value of the local
minimum is given in the figure. It turns out that the four
examples shown in the figure correspond approximately to
the most optimistic and pessimistic cases for the hierarchy
determination. The best possible configuration is obtained
for a true NH and 𝛿 = 3𝜋/2 (left-lower pannel) and a
true IH and 𝛿 = 𝜋/2 (right-upper pannel), where the hier-
archy can be identified at about 3𝜎. For the opposite com-
binations (true NH, 𝛿 = 𝜋/2 and true IH, 𝛿 = 3𝜋/2) very
poor sensitivity is obtained with 𝜒

2
≈ 2. This behaviour

can be understood from (3) by considering the sign of the
interference term in the second line. Good sensitivity is
obtained when, for the channel which is enhanced by the
matter resonance (neutrinos for NH or antineutrinos for IH),
the CP phase has such a value that the sign of the interference
term is positive (constructive interference), which leads to a
maximumenhancement of the event numbers in the resonant
channel, see also [47].

Unfortunately a significant determination of the mass
hierarchy is only possible for very special points in the
parameter space, close to the ones shown in Figure 4, lower-
left or upper-right panels. Even for a 90% CL hint for the true
hierarchy can be obtained only for about 50% of all possible
values of 𝛿. With the abovementioned upgrades in beam
power and extended running times up to 2025 a 3𝜎mass hier-
archy determination can be reached for about 30–40% of all
possible values of 𝛿 [45] (see also [48] for a recent analysis).

We conclude that with the upcoming experiments as
summarized in Table 2 it will be very hard to address CP
violation and themass hierarchywith reasonable significance,
and it seems necessary to consider projects beyond those.
Before considering high precision long-baseline facilities
designed to address those questions in Section 5 we discuss
in the next section alternative ways to determine the neutrino
mass hierarchy.

4. Alternative Mass Hierarchy Determinations

The fact that 𝜃
13

has been found to be relatively large
opens interesting possibilities to identify the mass hierarchy,
beyond accelerator-driven long-baseline experiments. In this
section we mention some of those possibilities, based on 𝜃

13
-

induced matter effects in atmospheric neutrinos as discussed
in Section 2.2 by considering different kinds of atmospheric
neutrino detectors: magnetized detectors (Section 4.1), huge
nonmagnetized detectors using water or liquid argon (Sec-
tion 4.2), or the IceCube detector (Section 4.3). In Section 4.4
we briefly mention an interesting method based on vacuum
oscillations of reactor neutrinos. We do not discuss the pos-
sibility to use supernova neutrinos [49–52] or neutrinoless
double beta decay [53, 54] to identify the mass hierarchy.

4.1. Atmospheric Neutrinos—Magnetized. The determination
of the mass hierarchy based on the matter effect relies on the
ability to find out whether the resonant enhancement occurs
for neutrinos (which would signal NH) or for antineutrinos
(IH). Since atmospheric neutrinos contain both neutrinos
and antineutrinos, the sensitivity to the hierarchy (for a
given total number of events) is much better if neutrino-
and antineutrino-induced events can be distinguished, which
can be done if the charge of the charged lepton can be
identified. In this respect, magnetized iron calorimeters are
a promising technology since they offer excellent charge dis-
crimination for muons with few GeV energies. In particular
the ICal experiment at the India-basedNeutrinoObservatory
(INO) [55, 56] aims at the measurment of charge-separated
atmospheric neutrino-induced muons. (Sensitivities of a
hypothetical magnetized liquid argon detector have been
estimated in [57, 58].) In such detectors the identification of
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Figure 4: Fits in the 𝜃
13
− 𝛿 plane for sin22𝜃

13
= 0.1, 𝜃

23
= 𝜋/4, and 𝛿 = 𝜋/2 (upper row) and 𝛿 = 3𝜋/2 (lower row) and a true NH (left

panels) and IH (right panels), assuming the final exposure from T2K, NOvA, and DayaBay according to Table 2.The contours refer to 1𝜎, 2𝜎,
and 3𝜎 (2 dof). The fit contours for the right fit hierarchy are shaded (colored), and the ones for the wrong hierarchy fit are shown as curves.
The best-fit values are marked by diamonds and boxes for the right and wrong hierarchy, respectively, where the minimum 𝜒

2 for the wrong
hierarchy is explicitly shown. Figures are based on the results of [45].

electrons is difficult and therefore one relies on signals in 𝜇-
like events, described by the expression in (10).

Early studies along these lines have been performed in
[41, 59]. In Figure 5 we reproduce results obtained recently
in [60, 61], where the combined sensitivity of the INO
detector with data from T2K, NOvA, and DayaBay has been
considered. For other recent studies see, for example, [62, 63].

It has been stressed in [42, 64] that the sensitivity to the
mass hierarchy strongly depends on the ability to reconstruct
the neutrino energy and direction. The second term in (10)
induces characteristic features in the energy and zenith angle
distribution of 𝜇-like events. If those features can be resolved
by the detector, they provide robust sensitivity to the mass
hierarchy.The “low” and “high” resolution scenarios referred
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Figure 5:The time evolution of the fraction of values of the CP phase 𝛿 for which the combination of INO, NOvA, T2K, and DayaBay would
be sensitive to the mass ordering at 2𝜎 (a) and 3𝜎 (b). Black (red) curves correspond to INO detector mass of 50 kt (100 kt) and dashed (solid)
curves correspond to the low (high) resolution scenario; see text. The shaded area is the corresponding result without atmospheric data from
INO.The true value of sin22𝜃

13
has been assumed to be 0.09. Figures are based on the results of [60, 61].

to in Figure 5 assume resolutions of 𝜎
𝐸
/𝐸
𝜈
= 0.15, 𝜎

𝜃
= 15
∘

(low) and 𝜎
𝐸
/𝐸
𝜈
= 0.10, 𝜎

𝜃
= 10
∘ (high). Furthermore the

sensitivity for a 50 kt or 100 kt detector is shown, which is
supposed to start data taking in 2011 [55]. We observe that
the sensitivity to the mass hierarchy is significantly increased
compared to NOvA + T2K + DayaBay only. For all but the
low resolution 50 kt detector the hierarchy can be identified
for all values of 𝛿 at 2𝜎. However, for a 3𝜎 determination with
100% coverage in 𝛿 the high resolution 100 kt detector seems
necessary.

4.2. Atmospheric Neutrinos—Water/Argon. If charge identi-
fication is not possible (as, for instance, in water Cerenkov
detectors) the effect of changing the mass hierarchy is
strongly diluted by summing neutrino and antineutrino
events. However, the total sample is dominated by neutrinos
due to higher fluxes and detection cross-sections. Therefore
the cancellation is not complete and a net effect remains
between having the resonance in neutrinos or antineutri-
nos. Furthermore, also a statistical separation of neutrino
and antineutrino events may be possible. For example, in
SuperKamiokande the fraction of single andmultiring events
is different for neutrinos and antineutrinos, or the probability
to observe a decay electron either from a muon or a pion is
different [43]. On the other hand, water Cerenkov detectors
can be made very big, possibly at the mega ton scale [65, 66]
which may allow to explore those subtle signatures. Since for
those detectors electron detection is possible, the impact of
the matter effect on multi-GeV 𝑒-like events (see (9)) can be
explored.

The left panel of Figure 6 shows the sensitivity to the
mass hierarchy of atmospheric neutrino data in a 560 kt water
Cerenkov detector, the so-called HyperKamiokande project
[66]. Depending on the parameter values, a more than 3𝜎

determination of the mass hierarchy seems possible after a
few years of exposure. The figure shows that the sensitivity
strongly depends on the value of 𝜃

23
. In general the mass

hierarchy sensitivity of atmospheric neutrinos is better for
larger values of sin2𝜃

23
. The same behaviour is also observed

formagnetizedmuon detectors such as INO, see, for example,
[42]. This follows from the relations given in Section 2.2,
where it can be seen that effects of the oscillation probability
𝑃
2𝜈
(Δ𝑚
2

31
, 𝜃
13
)—which encodes the resonant matter effects

due to 𝜃
13

carrying the information on the hierarchy—are
larger for large sin2𝜃

23
.

Many future projects for long-baseline accelerator exper-
iments use large volume detectors which are also able to
observe atmospheric neutrinos. Therefore, it is an obvious
idea to explore synergies between the data from the beam and
atmospheric neutrinos [67]. Figure 6 (right pannel) shows
some examples, where information from beam experiments
with relatively short baselines is combined with data from
atmospheric neutrinos in a 440 kt water Cerenkov detector
in order to resolve the mass hierarchy [68]. The beams con-
sidered there have baselineswhich are too short to address the
mass hierarchy, and only the combination with atmospheric
neutrinos allows to address this question. (Note that the
combined data from the beta beam and SPL superbeam
provides also some sensitivity to the hierarchy even without
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Figure 6: (a) Sensitivity to the neutrino mass hierarchy from Hyper Kamiokande atmospheric neutrino data. 𝜃
23
and 𝜃

13
are assumed to be

known as indicated in the figure. Plot from [66]. (b) Sensitivity to the mass hierarchy at 2𝜎 from a combination of beams at relatively short
baseline with 4.4Mt yr atmospheric neutrino data from a water Cerenkov detector. 𝛽B and SPL refer to a beta-beam and a 4MW superbeam
from CERN to Frejus (130 km), respectively, whereas T2HK corresponds to a 4MW beam from JPARC to the HyperKamiokande detector
(295 km). Dashed curves are data from beams only, and solid curves are for beams + atmospheric neutrinos. Figure is based on the results of
[68].

atmospheric data (dashed magenta curve). This is based on
the combination of data from 𝜈

𝑒
→ 𝜈
𝜇
(beta beam) and

𝜈
𝜇

→ 𝜈
𝑒
(superbeam) oscillations, which allows to break

the mass hierarchy degeneracy already at first order in the
parameter 𝐴 (see (5)), which works already at the distance
of 130 km [69]; see also [70].) Both panels in Figure 6 are
based on a water Cerenkov detector, but similar results can be
achieved in large (100 kt scale) liquid argon detectors [57].We
mention also that atmospheric data from such big detectors
(including also the sub-GeV samples) provide excellent sen-
sitivity to the octant of 𝜃

23
(see e.g., [67]) through the effects

discussed already in the context of present data in Section 2.3.

4.3. Atmospheric Neutrinos—Ice. The IceCube neutrino tele-
scope in Antarctica is able to collect a huge amount of atmo-
spheric neutrino events. Due to the high energy threshold
those data are not very sensitive to oscillations although
they provide interesting constraints on nonstandard neutrino
properties; see for example, [71]. With the so-called Deep-
Core extension [72] a threshold of around 10GeV has been
achieved, and the first results on oscillations of atmospheric

neutrinos have been presented [73]; see [74] for a study on the
neutrino mass hierarchy. With a further proposed extension
of the IceCube detector called PINGU [75] the threshold
could be even lowered to few GeV, opening the exciting
possibility of a multimega ton scale detector exploring the
matter resonance region. The most straight forward type of
events will be muons without charge identification, and one
has to rely on the huge statistic in order to identify the effect
of themass hierarchy. Belowwe discuss some results obtained
recently in [76] focusing on themuon signal. Signatures from
𝜈
𝑒
- and 𝜈

𝜏
-induced events have also been studied in [76].

In order to identify the difference between normal and
inverted mass hierarchy again a crucial issue will be the
ability to reconstruct the neutrino energy and direction. In
Figure 7 the difference between event numbers for NH and
IH (weighted by the statistical error), binned in neutrino
energy 𝐸

𝜈
and zenith angle 𝜃

𝑧
, is shown for two assumptions

on the reconstruction abilities. In the left pannel, with better
resolutions, we can observe clearly the effects of the matter
resonance. We note also that in different regions in the 𝐸

𝜈
−

cos 𝜃
𝑧
plane the difference between NH and IH changes
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Figure 7: Statistical significance per bin of the difference between NH and IH for one year of PINGU data from 𝜈
𝜇
-induced events, binned in

neutrino energy (bin width Δ𝐸
𝜈
= 1GeV) and cosine of the zenith angle (bin width Δ cos 𝜃

𝑧
= 0.05). In the left (right) panel neutrino energy

and angular reconstruction resolutions of 2 (4) GeV and 11.25∘ (22.5∘) have been assumed. Figures from [76].
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sign. This means that a worse resolution can easily wash out
the effect. This is evident also from the right pannel, where
a worse resolution has been assumed, leading to reduced
significance per bin. Therefore, aiming for good energy and
angular reconstructionwill be an important goal in the design
of the PINGU project.

Figure 7 shows the quantity 𝑆
𝑖
≡ (𝑁

IH
𝑖

− 𝑁
NH
𝑖

)/√𝑁NH
𝑖

,
where 𝑁NH

𝑖
(𝑁IH
𝑖
) is the number of 𝜇-like events in the case

of NH (IH) in a given bin 𝑖. Hence, 𝑆
𝑖
corresponds to the

statistical significance (in number of standard deviations) per
bin. In the absence of systematical errors the total significance
is given by √∑

𝑖
𝑆2
𝑖
, and the configurations considered in

Figure 7 would lead to sensitivities at the level of 16𝜎 (left
pannel) or 7𝜎 (right pannel) [76]. Hence, considering only
statistical errors, excellent sensitivity to the mass hierarchy is
obtained already after one year of PINGU data. Those very



12 Advances in High Energy Physics

(a) (b)

Figure 9: LBNE sensitivity to CPV at 3𝜎 (red curves) and 5𝜎 (blue curves) for 5 years of running in the neutrino channel plus 5 in the
antineutrino one. A 200 kton WC (a) or a 34 kton LAr (b) are used in a 700 kW beam. Figure is taken from [103].

promising results are yet to be supported by detailed studies
on the achievable energy and angular reconstruction as well
as realistic investigations of systematical uncertainties.

4.4. Mass Hierarchy from Reactors. All the possibilities to
identify the neutrino mass hierarchy discussed above are
based on the matter effect in oscillations due to 𝜃

13
. In [77]

an alternative has been pointed out, based on oscillations of
reactor neutrinos, where matter effects are negligible. The
three-flavour survival probability of 𝜈

𝑒
in vacuum is easily

obtained as

𝑃
𝜈𝑒→𝜈𝑒

= 1 − cos4𝜃
13
sin22𝜃

12
sin2 (

Δ𝑚
2

21
𝐿

4𝐸
)

− sin22𝜃
13

× [cos2𝜃
12
sin2 (

Δ𝑚
2

31
𝐿

4𝐸
) + sin2𝜃

12
sin2 (

Δ𝑚
2

32
𝐿

4𝐸
)] .

(11)

The spectrum of reactor experiments ranges from neu-
trino energies of about 1.3MeV to 12MeV with a peak

around 4MeV. Consider now a baseline 𝐿 ≃ 60 km. Then we
obtain for the arguments of the oscillating terms:

Δ𝑚
2

21
𝐿

4𝐸
≈
𝜋

2
(

𝐸

4MeV
)

−1

,

󵄨󵄨󵄨󵄨󵄨
Δ𝑚
2

31

󵄨󵄨󵄨󵄨󵄨
𝐿

4𝐸
≈

󵄨󵄨󵄨󵄨󵄨
Δ𝑚
2

32

󵄨󵄨󵄨󵄨󵄨
𝐿

4𝐸
≈ 50(

𝐸

4MeV
)

−1

.

(12)

Hence, considering the spectrum obtained in a reactor
experiment at about 60 km, the first term in (11) gives a “slow”
oscillation in 1/𝐸, with a large amplitude of cos4𝜃

13
sin22𝜃

12
≈

0.8. These are the oscillations due to the “solar” frequency as
observed by the KamLAND experiment. For an experiment
at 60 km the first minimum of the survival probability occurs
close to 𝐸 ∼ 4MeV, at the peak of the expected number of
events.

The terms in the second line of (11) lead to fast oscillations
in 1/𝐸 (see (12)) on top of the slow “solar” oscillation, with a
small amplitude proportional to sin22𝜃

13
≈ 0.1. As evident

from (11) there are actually two fast frequencies, one due to
Δ𝑚
2

31
and one due to Δ𝑚

2

32
, which differ by Δ𝑚

2

21
(about

3%). The sensitivity to the mass hierarchy appears as follows.
First, note that depending on the hierarchy we have |Δ𝑚2

31
| >

|Δ𝑚
2

32
| for NH or |Δ𝑚2

31
| < |Δ𝑚

2

32
| for IH. Second, the

amplitudes of the two fast frequencies are different because
of the nonmaximal value of 𝜃

12
: the amplitude of the Δ𝑚2

31

frequency is sin22𝜃
13
cos2𝜃
12
≈ 0.07while the one of theΔ𝑚2

32

frequency is sin22𝜃
13
sin2𝜃
12
≈ 0.03. Hence, if an experiment

can measure the fast frequencies and find out which one of
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Figure 10: LBNE sensitivity to the mass hierarchy (upper plots) and CPV (lower plots) at 3𝜎 as a function of 𝛿 for the three reconfiguration
options, as described in the text. The sensitivities are reported for the experiment alone (left) and when combined with NOvA for 3𝜈 + 3𝜈
years and T2K. The Ash River and Soudan options use the NuMI beam line, and therefore additional 5𝜈 + 5𝜈 years for NOvA are included,
assuming that this detector will be kept in operation in parallel to the LAr detector. Figure taken from [104].
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Figure 11: LAGUNAhierarchy discovery at 3𝜎 as a function of sin22𝜃
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detector. The shaded region reports the 3𝜎 allowed values from Daya Bay. Figure is taken from [107].

the two fast frequencies has the larger amplitude (the larger or
the smaller frequency), themass hierarchy is determined.The
effect can be illustrated by performing a Fourier transform of
the event spectrum, where the two frequencies appear as a
high and low peaks in the transformed spectrum [78].

The experimental requirements are obvious from the
above discussion: (i) a good energy resolution is required in
order not to wash out the fast oscillations and (ii) because of
the small amplitude of the fast oscillations one needs enough
statistics to be able to establish their presence. Numerical
studies have been performed in [78–80]. The results of [80]
indicate that exposures of order few 100 ktGWyr and energy
resolutions of order 3% are required, which makes this
measurement challenging. (We recall that the KamLAND
experiment has about 1 kt, the LENAproposal [65] is for 50 kt,
and typical modern reactor neutrino experiments have an
energy resolution of 5-6%.) The DayaBay collaboration has
identified a suitable detector location at a distance of 60 km
to several reactor cores with a total of 17.4GW power (and
another 17.4GW in the planning stage) and is pursuing the
possibility of a mass hierarchy measurment as the DayaBay-
II project [81]. Let us also mention that such a big reactor

experiment at 60 kmwould provide ultimate precision on the
determination of 𝜃

12
and Δ𝑚2

21
; see, for example, [82].

5. High-Precision Long-Baseline Facilities

As discussed above, the next generation of neutrino exper-
iments will have some sensitivity to matter effects, and it
may be possible to have the mass hierarchy determined by
2025. The search for CP violation is more challenging, and
it is unlikely that its discovery can be achieved in the same
time frame. Upgraded long baseline experiments with larger
statistics and better control of systematics will be needed.

In order to understand how these experiments will be
sensitive to CP violation and will achieve precise measure-
ments of the oscillation parameters, let us consider the
approximate formula for the oscillation probability 𝑃

𝜈𝜇→𝜈𝑒

given in (3). The first term in the probability is the “atmo-
spheric term” which is dominant as 𝜃

13
is large, sin22𝜃

13
≈

0.09. This is the term which is most sensitive to matter
effects and drives the ability of coming and next-generation
experiments to establish the mass hierarchy. The second line
is the “CP term” which contains the dependence on the
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Figure 12: CP fraction for which a mass hierarchy (upper plots) and CP violation (lower plots) discovery at 3𝜎 (left) and 5𝜎 (right) is possible
as a function of exposure for a staged LAGUNA setup. The different lines correspond to true normal (inverted) hierarchy for solid (dashed)
lines and for a baseline of 2290 km (1540 km) for red (blue) lines. Figure is taken from [112] where more details about the simulations can be
found.

CP violating phase 𝛿. As we see, this term becomes more
important at lower energies, and for this reason access to the
low energy part of the spectrum is critical to achieve good
sensitivity to CP violation. It should also be noted that for
large 𝜃

13
the “CP term” is a small correction with respect

to the dominant “atmospheric term,” and in fact the CP
asymmetry, defined as (𝑃

𝜈𝜇→𝜈𝑒
−𝑃
𝜈𝜇→𝜈𝑒

)/(𝑃
𝜈𝜇→𝜈𝑒

+𝑃
𝜈𝜇→𝜈𝑒

),
scales as sin−1𝜃

13
and is suppressed for large 𝜃

13
. Therefore,

despite the fact that large 𝜃
13
implies large number of events

at future LBL facilities, the discovery of CP violation remains

very challenging and requires precise measurements of the
probabilities, with small statistical and systematic errors, (It
has been shown that CP violation can also be searched
for in short baseline experiments, such as (a Decay-At-rest
Experiment for CP studies At the Laboratory for Under-
ground Science) [83] DAE𝛿ALUS. This uses high-power
proton accelerators to produce a 𝜈

𝜇
beamwith energies in the

few tens of MeVs. The appearance oscillation 𝑃
𝜈𝜇→𝜈𝑒

will be
detected via inverse beta decay by a largeWC detector doped
with gadolinium, to reduce the backgrounds, or scintillator
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Figure is taken from [66].

detectors. Further details are provided elsewhere in this
volume).

Moreover, as it can be seen from the probability equation,
CP-violating andmatter effects are entangled, and the extrac-
tion of the parameters of interest, namely, the sgn(Δ𝑚2

31
), the

phase 𝛿, and 𝜃
23
, is affected by the widely studied problem

of degeneracies: different sets of parameters give the same
probabilities in the neutrino and in the antineutrino channels
at fixed 𝐿/𝐸 [20, 29, 47, 84, 85]. Therefore, even a very
precise reconstruction of the probabilities does not allow
to determine the true parameters, and the physics reach
is severely affected. In vacuum three degeneracies can be
identified. (i) The intrinsic degeneracy: 𝜃

13
, 𝛿 have fake

solutions which strongly depend on energy. For large 𝜃
13
and

in vacuum, the ”fake” solutions are given by [84]

𝜃
󸀠

13
≃ 𝜃
13
+ cos 𝛿 sin 2𝜃

12

Δ𝑚
2

21
𝐿

4𝐸
cot𝜃
23
cot(

Δ𝑚
2

21
𝐿

4𝐸
) . (13)

(ii) The sign degeneracy: in absence of matter effects,
it is possible to change the sign of Δ𝑚2

31
and 𝛿 to 𝜋 − 𝛿

without affecting the probabilities. In matter this degeneracy
is broken. (iii) The octant of 𝜃

23
: if the angle is not maximal

as currently suggested by the data, see Section 1.
Theproblemof degeneracies has significant impact on the

precision of the oscillation parameter measurements, and in
particular on the ability to establish CP violation. A lot of
effort has gone into devising strategies to weaken the impact
of the degeneracies; see, for example, [47, 70, 86–102]. Long
enough baselines (>800–1000 km) have strong matter effects
and can be used to solve the sign degeneracy; information
at several energies, for example, by using wideband beams,
is important, with the one coming from the low-energy part
of spectrum being critical for CP violation and the octant
degeneracy. Other techniques have also been explored, for
example, combining different channels which have different
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decays per year of 6He (18Ne). Details of the simulations can be
found in [68]. The width of the bands reflects the change of the
systematic errors from 2% to 5%. The dashed curves are obtained
for a betabeam flux reduced by a factor of two.

dependence on the parameters, or different baselines and/or
typical energies. Several of these studies have been performed
focusing on small values of 𝜃

13
. Thanks to the large value of

𝜃
13
, some of the degeneracies become less important or more

easily solved. For instance, determining the mass hierarchy
will be easier than previously expected, and it is even possible
that it will be achieved prior to the start of the next generation
of long baseline experiments, as discussed in Section 4.

In this section we briefly review future LBL experiments
which will provide improved sensitivity to themass hierarchy
and CP violation and the possibility to measure with various
degree of precision the oscillation parameters. Several type
of setup are under consideration, some of them being at the
design study or proposal level and others more advanced:
superbeams (LBNE, T2HK, LAGUNA-LBNO), betabeams,
and neutrino factory (NF). In the following, we briefly review
these three different types of facilities. We focus on their
physics reach andwe defer the readers to the relevant chapters
in this volume for a detailed description of the experimental
facilities.

5.1. Future Superbeams. Superbeams are based on currently
used technology and require an upgrade in neutrino flux
and detector size. The beam is constituted mainly by muon
neutrinos which are produced by pion and kaon decays. The
experiments search for the 𝜈

𝜇
→ 𝜈
𝜇
probability, sensitive

to Δ𝑚
2

31
and 𝜃

23
, and, importantly, for the subdominant

oscillation 𝜈
𝜇

→ 𝜈
𝑒
. Detectors with excellent 𝜈

𝑒
recon-

struction are needed, the technologies of choice beingWater-
Cherenkov, Liquid Argon (LAr), or scintillator (LSc) ones.
A wide range of energies is currently under consideration,
going from 200MeV of SPL to several GeVs for CN2PY
(CERN to Pyhäsalmi), with corresponding distances from
100 km to 2300 km. The detector can be located on-axis or
off-axis: in the first case it sees a wide spectrum, while in
the latter the beam is peaked at low energies and its high
energy tail is suppressed. They typically have an excellent
reach for the mass hierarchy, if 𝐿 > 1000 km or so, and very
good sensitivity to CP violation. The main limiting factor
is the intrinsic 𝜈

𝑒
contamination of the beam, at a level of

0.5%–1%. Another very important experimental issue is the
background due to the misidentified 𝜋0 produced in neutral
current (NC) interactions, as one of the 𝛾s from the pion
decay 𝜋0 → 𝛾𝛾 is missed. This background is particularly
important at low energies for CP violation searches and
impacts differently beams at different energies and with
different detectors; for instance, LAr ones have an excellent
NC rejection. For the antineutrino channel, a significant
contribution to the signal and background can also come
from the 𝜈

𝜇
and 𝜈

𝑒
components of the beam, in absence of

detector magnetisation. Systematic errors are an important
factor: for large 𝜃

13
, as the “atmospheric term” dominates

the appearance oscillation probability, those on the signal are
more relevant than those on the backgrounds and need to be
controlled at the few % level. Various superbeam options are
under study or being proposed for the future.

LBNE [103]: in the US the Long-Baseline Neutrino
Experiment (LBNE) is the most advanced proposal for a
next generation long baseline option. According to the 2010
LBNE Interim Report [103], the beam is sourced at the Main
Injector at Fermilab using a new neutrino beamline with
700 kW of power. Its main requirements include a broad
beam which covers both first and second oscillation maxima
located at 2.4 and 0.8GeV, respectively, an increased flux at
low energy in order to compensate for the lower detection
cross the sections, a suppression at energies above 5GeV in
order to reduce the NC backgrounds which pile up at low
energy, and the lowest level of 𝜈

𝑒
contamination possible.

The detector is located at the DUSEL site, at a distance of
1300 km from Fermilab. Various options were contemplated
in the 2010 LBNE Interim Report: two or three 100-kton
fiducial mass Water Cherenkov detectors with 15% or 30%
PMT coverage and with or without gadolinium loading, or
multiple 17-kton fiducialmass LAr detectors or a combination
of them.The location could be at 4850, 800, or 300 feet depth,
depending on the emphasis put on nonaccelerator physics,
such as proton decay, supernova, and other astrophysical
neutrinos. The experiment was assumed to run for 5 years
in neutrinos and 5 in antineutrinos. In this configuration,
it could achieve the determination of the mass hierarchy in
less then a year at 3𝜎 as shown in Figure 8. LBNE could
also have very good sensitivity to CP violation with a 60%
coverage at 3𝜎 in the allowed range of values of sin22𝜃

13
, for

a 200 kton Water Cherenkov or 34 kton LAr detectors, see
Figure 9.
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Figure 16: (a) 3𝜎 sensitivity to the mass hierarchy, in terms of the fraction of 𝛿 values for which 𝛿 = 0, 𝜋 can be excluded, as a function of
sin22𝜃

13
with a LENF with 20 kton TASD, LENF with 100 kton LAr detector (the band corresponds to the varying detector performance),

high energy neutrino factory, a wide band beam, 3 betabeam configurations and for T2HK. Figure is taken from [144] where further details
of the simulations are reported. (b) Same as the left but for CP violation.

In 2011, the technology choice was made, favouring a
LAr detector thanks to its excellent performance in energy
resolution, efficiency, and background reduction for the range
of energies of interest. In 2012, due to funding restrictions, the
LBNE configurationwas reconsidered, and a severe reduction
of the detector size was necessary at a first stage, keeping open
the possibility of an upgrade to a large/multiple detector at
a later time. Three options were considered for the first step:
(i) a beam from the the existing NuMI beamline in the low-
energy configuration with a 30-kton LAr detector located
at the surface 14 mrad off-axis at Ash River in Minnesota,
𝐿 = 810 km, (ii) using the beam above but with a 15-kton
detector at the Soudan mine in Minnesota, 𝐿 = 735 km as
MINOS, (iii) a new low-energy LBNEbeamline aimed at a 10-
kton LAr detector at Homestake (on-axis) in South Dakota,
𝐿 = 1300 km. A report by the Steering Committee [104] was
prepared and the reach of each option is analysed in detail, see
Figure 10.The report favoured option (iii).This configuration
offers the best opportunities for a long-term programme
with a 20–25 kton underground detector at Homestake and a
Project X sourced beam. The recommendation was very well
received and on 29 June 2012 DOE confirmed that CD1 will
be reviewed towards the end of October 2012.

LAGUNA-LBNO (CN2PY) [105–107]: in Europe a
next-generation superbeam experiment with a beam
sourced at CERN is being considered in the LAGUNA
and LAGUNA-LBNO FP7 Design Studies, funded by the

European Commission. The LAGUNA project, which is
finished in 2011, considered seven possible locations for a
European large underground laboratory which could host a
megaton-scale detector for neutrino, astroparticle physics,
and proton decay searches. The Design Study focussed on
site investigations and on the development of the design of
a facility for the neutrino underground observatory. Three
detector technologies were considered: 100 kton liquid argon
[108], 50 kton liquid scintillator [109, 110], and 440 kton
Water Čerenkov [111] detectors. The study concluded that
all locations would in principle allow to host the facility.
Importantly, the chosen detector could also be the target
for a superbeam from CERN. Depending on the site, the
available distances, see Table 3, range from 130 km for Fréjus
to 2300 km for Pyhäsalmi, the longest baseline considered at
present for superbeams.The Design Study LAGUNA-LBNO,
which started in October 2011, is further developing the
study of the beam and the physics reach of the long baseline
setup, with focus on the CERN to Pyhäsalmi option for the
first phase and various options for a second stage.

A detailed study of the sensitivity to the mass hierarchy
and CP violation has been performed in [107]. In the lowest
energy configuration of the beam (the 𝐿 = 130 km baseline),
the simulation assumed 5.6 × 10

22 protons on target (PoT)
per year, with an energy of 4.5 GeV, for 2 (8) years of running
for neutrino (antineutrinos). In the multi-GeV regime, used
for baselines with 𝐿 > 130 km, the CERN high-power PS2
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Table 2: Summary of the “nominal” luminosities for the current generation of reactor and beam experiments. See [45] for details.

Setup 𝑡
𝜈
[yr] 𝑡

𝜈
[yr] 𝑃Th or 𝑃Target 𝐿 [km] Detector technology 𝑚Det

Double Chooz — 3 8.6GW 1.05 Liquid scintillator 8.3 t
Daya Bay — 3 17.4GW 1.7 Liquid scintillator 80 t
RENO — 3 16.4GW 1.4 Liquid scintillator 15.4 t
T2K 5 — 0.75MW 295 Water Cerenkov 22.5 kt
NOvA 3 3 0.7MW 810 TASD 15 kt

configuration was considered with 3×1021 PoT per year with
50GeV, corresponding to 2.4MW with 10

7 useful second
per year (or 1.6MW assuming 1.5 × 10

7 seconds per year).
Given the large value of 𝜃

13
, most of the configurations can

determine the ordering of neutrinomasses at high confidence
level, as shown in Figure 11, with increased sensitivity for
longer baselines. In view of this, the possibility of staging the
detector, starting from a “pilot” detector of 10 to 20 ktonmass,
to be later upgraded to reach the baseline configuration of
100 kton, has been considered [112]. The study shows that the
mass hierarchy can be reached in few years of data taking; see
Figure 12.

These setups can also provide excellent sensitivity to CP
violation both for the short baselines with aWater Cherenkov
detector and the longer ones with a LAr detector. The
LSc option could provide similar reach but only if the NC
background could be controlled at a similar level. Current
studies seem to indicate thatNC could not be rejected atmore
than the 10%–20% level, severely affecting the sensitivity
to CP violation for this type of detector. Typically, for the
relevant range of values of 𝜃

13
, CP violation can be established

at 3𝜎 for ∼70% of the values of 𝛿 phase and good reach is
obtained even at the 5𝜎 level; see Figures 12 and 13. It should
be noted that sufficiently long baselines, such as the 2300 km
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Figure 18: CP violation discovery at 3𝜎 fraction as a function of baseline, 𝐿, and stored-muon energy using the TASD detector (a) and LAr
one with optimistic performance (b). The lines indicate the fraction of values of 𝛿 for which sensitivity can be achieved. Further details can
be found in [148] from which the figures have been taken.

Table 3: The seven potential locations for an underground neutrino observatory under consideration in the LAGUNA Design Study: the
distance from CERN and the energy of the first oscillation maximum, in the absence of matter effects, are given. From [106].

Location Distance from CERN [km] 1st osc max [GeV]
Fréjus (France) 130 0.26
Canfranc (Spain) 630 1.27
Umbria (Italy) 665 1.34
Sierozsowice (Poland) 950 1.92
Boulby (UK) 1050 2.12
Slanic (Romania) 1570 3.18
Pyhäsalmi (Finland) 2300 4.65

one, and a broad spectrumwith good energy resolution allow
to have an excellent separation of the asymmetry due to
matter effects (i.e., the mass hierarchy measurement) and the
CP asymmetry and thus to break the parameter degeneracies
discussed above. Therefore, the existence of matter and CP
violation-induced effects will be tested explicitly, without
overrelying on theoretical modelling and assumptions.

J-PARC to Hyper-Kamiokande long baseline experiment
(T2HK) [66]: recently a letter of intent (LoI) has been
published for a long baseline experiment which uses a
1.66MW beam from the J-PARC accelerator to a 1Mton
Water Cherenkov detector located 2.5

∘ off-axis at 295 km
distance in theKamiokande site. Itsmain goal is the discovery
and/or measurement of CP violation in the leptonic sector.
One of the advantages of this configuration is the excellent
energy resolution provided by the WC detector at these
energies, the large number of events, and, thanks to the off-
axis location and the beam configuration, the low level of
intrinsic background, <1%. A running of 1.5 (3.5) years for
neutrinos (antineutrinos) is assumed, with one year given
by 10

7 seconds. Systematic errors play an important role

and, based on foreseen improvements with respect to T2K,
a level of 5% is assumed for the neutrino flux uncertainty,
the neutrino interaction cross-section, the near detector
efficiency, and the far detector systematics.The baseline is too
short to provide a good reach for the mass hierarchy, with
some sensitivity only for favourable values of 𝛿. Additional
information can be obtained from atmospheric neutrino
events [67], as discussed in Section 4. The knowledge of
the mass hierarchy plays an important role as it cannot
be determined by the experiment itself but can induce
significant degeneracies for large 𝜃

13
. If the mass hierarchy

is known, CP violation can be established at 3𝜎 for ∼70% of
the values of 𝛿 for sin22𝜃

13
> 0.03. In the opposite case, there

is a loss of ∼20% of the coverage in 𝛿 for sin22𝜃
13

= 0.1. A
summary of the reach is reported in Figure 14.

SPL [68, 113]: another superbeam configuration is under
consideration in Europe within the EUROnu Design study.
This setup exploits a 4MW beam to produce a very low
energy superbeam aimed at a 440 kton MEMPHYS Water
Cherenkov detector located 130 km away at Fréjus. The very
high intensity of the beamand very large detector compensate



Advances in High Energy Physics 21

1

0.8

0.6

0.4

0.2

0
0.06 0.08 0.1 0.12 0.14

GLoBES 2012

NF10
NF5
BB350

WBB
T2HK

2020

sin22𝜃13

CPV at 3𝜎

Fr
ac

tio
n 

of
𝛿

BB + SPL
NOvA+

Figure 19: 𝛿-fraction for 3𝜎 CP violation sensitivity for an upgrade
of NOvA with a 30 kton LAr detector (NOvA+), T2HK, a WBB
with a baseline of 2300 km and a 100 kton LAr detector (WBB), a
low energy betabeam combined with the SPL superbeam and aimed
at WC detector at 130 km, a higher energy betabeam (BB350), a
neutrino factory with 10GeV (NF10) and 5GeV (NF5) muons and
a 100 kton MIND detector, as well as the expected reach by 2020 by
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for the low detection cross-section and excellent sensitivity to
CP violation can be reached; see Figure 15. CP violation can
be found at 3𝜎 for ∼67% of the values of 𝛿 for sin2𝜃

13
= 0.1

[68] (see also [113]). Due to the short distance, no matter
effects arise and no sensitivity to the mass hierarchy can be
achieved from long baseline neutrino oscillations. However,
given the recently discovered large value of 𝜃

13
, taking into

account atmospheric neutrino events will allow to find the
hierarchy for sufficient exposure; see Figure 6 [68].

5.2. Betabeams. Betabeams [114–116] have been proposed
as an alternative type of setup which uses a very pure beam
of electron neutrinos produced by beta-decays of highly
accelerated ions. In this case, the main oscillation channel is
the 𝜈
𝑒
→ 𝜈
𝜇
, one which provides sensitivity to themass hier-

archy and CP violation. The neutrino spectrum is very well
known and depends on the 𝑄 value of the beta-decay and on
the 𝛾 factor of the ions. In a given accelerator, for example, the
Main Injector at Fermilab or the SPS at CERN, fully stripped
ions can be accelerated to a maximum 𝑍/𝐴 times the proton
energy, with𝑍 and𝐴 the number of protons and of nucleons,
respectively. After the initial idea, subsequent studies were
performed in the context of EURISOL and EUROnu Design
Studies. The ions, which have suitable lifetimes and can be

copiously produced, are the combinations: 6He, 18Ne, and
8Li, 8B, for 𝜈

𝑒
and 𝜈

𝑒
beams. The former has 𝑄 values of

3.5MeV and 3.3MeV, respectively, while 8Li, 8B of 13.0MeV
and 13.9MeV, respectively. The latter ions will yield higher
neutrino energies for a given 𝛾, but the flux will be lower
for the same energy as it scales as 𝛾−2. All of these isotopes
need to be produced artificially, and the production rate
turns out to be a limiting factor for the physics reach of the
facilities. 6He, 18Ne pose less-significant challenges from the
production point of view but do not allow to reach very high
energies, while the other ions could provide higher energies
without the need for high 𝛾-factors, but, due to the challenges
of production, it is still not clear what fluxes could be achiev-
able.

The 𝛾 = 100 option for a betabeam which uses 6He, 18Ne
has been studied in detail within the EURISOLDesign Study.
Given the very low energies, the most suitable baseline is the
CERN to Fréjus one of 130 km. In principle, higher 𝛾 factors
could be achieved if a significant upgrade of the present
accelerators is envisaged [117]; see also [70, 118–125]. In this
case, higher energies and consequently longer distances could
be used which provide sensitivity not only to CP violation
but also to matter effects. The ideal detector, given the low
energies of the beam, is MEMPHYS, a one megaton Water-
Cerenkov detector, which has excellent energy resolution
and efficiency. Compared to superbeams, betabeams have
an extremely pure beam, with no contamination from other
flavours at the source. On the other hand, the absence of
a 𝜈
𝜇
component implies that a betabeam cannot provide a

precision measurement of 𝜃
23
. Due to the short distance, no

sensitivity to the mass hierarchy is achievable, as in the case
of the SPL, unless atmospheric neutrinos are included [68].
Excellent reach for CP violation could be obtained, especially
if the betabeam is combined with a superbeam from CERN
to Fréjus. The two setups are sensitive to the T-conjugated
channels, providing a clean measurement of the CP-violating
phase 𝛿; see Figure 15. Moreover the betabeam-superbeam
combination offers also improved sensitivity to themass hier-
archy, even in the case of short baselines [69]; see Figure 6.

5.3. Neutrino Factory. In a Neutrino Factory [126–128] neu-
trinos are produced by highly acceleratedmuonswhich decay
producing a highly collimated beam of muon and electron
neutrinos.The spectrum is verywell known andhigh energies
can be achieved: the wide beam and high energies allow
to reconstruct with precision the oscillatory pattern and
typically achieve a superior performance with respect to the
other options. Let us consider the decay of 𝜇− (𝜇+): it will
generate an initial beam with two neutrino components, 𝜈

𝜇

and 𝜈
𝑒
(𝜈
𝜇
and 𝜈

𝑒
). These will oscillate inducing also 𝜈

𝑒
and

𝜈
𝜇
(𝜈
𝑒
and 𝜈

𝜇
). At the detector, for muon-like events, two

different signals will be present: the right-sign muon events
which derive from the observation of 𝜈

𝜇
coming from the

disappearance channel, 𝜈
𝜇
→ 𝜈
𝜇
, and the wrong-sign muon

events which are due to 𝜈
𝑒

→ 𝜈
𝜇
oscillations. As the

appearance oscillation is sensitive to matter effects and CPV,
it is necessary to distinguish the two signals. This is achieved
by means of magnetized detectors which can distinguish 𝜇+
from 𝜇

− events. The mis-Id rate is typically very low at a
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Figure 20: (a) LBNE sensitivity to resolve the 𝜃
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octant degeneracy. The standard configuration in 2010 has been used. The blue (green)
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above the bands, the 𝜃
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octant can be determined at 90% CL (lower bands) and 3𝜎 (upper bands). Taken from [103]. (b) Nonmaximal 𝜃
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discovery potential, with 𝛿𝜃
23
≡ 𝜃
23
− 45
∘, as a function of sin22𝜃

13
, for the LBNO superbeam with 100 kton LAr, 440 kton WC and 50 kton

LSc detectors. In the region enclosed by each couple of lines, 𝛿𝜃
23
= 0 cannot be ruled out at a statistical significance of 3𝜎. Results are shown

for the detector placed at Pyhäsalmi and for a true normal hierarchy. Figure taken from [107].

level of 10−4–10−3, depending on the detector technology.
The detector of choice [129] is an iron-magnetized detector
(MIND) which provides excellent background rejection and
very good energy resolution but low detection efficiency for
neutrinos with energies in the few GeV range. This detector
performs very well for high energies and is the default choice
for muon energies above 8GeV. For lower energies, detectors
with lower-𝑍 would be preferred, such as a magnetized
Totally-Active Scintillator Detector (TASD) or LAr.The latter
detectors provide excellent efficiency for neutrinos with low
energies, excellent energy resolution, and low backgrounds,
but their magnetization is extremely challenging and not
proven yet for the mass scales of interest. (In [130] the
possibility to use nonmagnetized detectors for a neutrino
factory has been put forward, which may become an option
for large 𝜃

13
and offers an interesting synergy with large-

scale detectors for nonaccelerator physics. More detailed
studies along these lines would be required, and this option
is currently not considered within the context of neutrino
factory study groups.)

The initial baseline configuration of the NF [129] used
muons with an energy of 25GeV and two different base-
lines, at approximately 4000 and 7500 km, with two MIND
detectors, a 100 kton one at the shorter baseline and a 50 kton

one at the “magic” baseline [131]. This second baseline was
designed to provide a very powerful determination of the
mass hierarchy and a clean determination of 𝜃

13
, thanks to

the strong suppression of the “CP term” due to sinΔ𝐴 ∼

0, and to complement the shorter baseline in the search of
CP violation, helping to resolve the degeneracies. Additional
studies can be found, for example, in [84, 132–141]. This
setup was optimised assuming small values of 𝜃

13
, and several

studies showed that it would outperform all other options
for small 𝜃

13
, thanks to its high number events, very low

backgrounds, and small systematic errors [129, 140].
In the case of large 𝜃

13
, a more conservative setup, named

the Low-EnergyNeutrino Factory (LENF), was proposed as a
less-challenging option [142, 143] which used a single baseline
of 1300 km, corresponding to the Fermilab to DUSEL dis-
tance, and, consequently, a lower muon energy, at ∼4.5GeV
[144]; see also [145, 146]. Given the low energy, a detector
with good-energy resolution and low-energy threshold was
needed in order to exploit the rich oscillatory pattern. The
detector of choice was a Totally-Active Scintillator Detector
(TASD) magnetized by means of a large magnetic cavern or a
magnetized LAr TPC, which would be ideal due to the large
size and the excellent detector performance, especially at low
energy.This initial study showed that excellent reach could be
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on 𝛿 and vice versa. For further details,

see [46] from which the figure is reproduced.

achieved for the mass hierarchy and CP violation; see Figure
16. A subsequent study of the LENF using a Magnetized Iron
Neutrino Detector has also shown a promising performance
[147], and its reach is reported in Figure 17. A similar study
using a TASD and LAr detector [148] found a rather flat
performance as a function of𝐿 andmuon energy, for large 𝜃

13
,

as seen in Figure 18. Based on these analyses and in view of
the discovery of large 𝜃

13
, the International Design Study on

a Neutrino Factory (IDS-NF) reviewed the baseline configu-
ration in April 2012 and chose a LENF with MIND detector
with muon energy of 10GeV and baseline of 2000 km.

A summary of the results for the LENF and a comparison
with other facilities are given in Figure 19 [149]. A table
which summarises the setups described and their reach
for CP violation is given in Table 4. A word of caution is
necessary as the precise reach of each setup is affected by
the assumption made on the beam, detector, and systematic
errors. Nevertheless, thanks to the intense flux, pure beam,
excellent background rejection, and long baselines, anNF has
been shown to achieve the best physics reach in search for CP
violation and the mass hierarchy.

Once CP violation is discovered, it will be important
to measure the values of the phase and of 𝜃

13
with high

precision. In fact, in many models of leptonic flavour, these
values are correlated with the deviations from maximality of

𝜃
23
and/or with parameters in the quark sector. Examples of

the precision achievable have been typically included in the
analysis of the setups, but a comprehensive and detailed study
is still at its beginnings. A first comparison between different
experiments has been performed in [46]. The main results
are reported in Figure 21 and indicate that for 𝜃

13
reactor

experiments, and in particular Daya Bay, will achieve the
best precision, marginally improved by a LENF. The precise
measurement of the 𝛿 phase depends significantly on the true
value itself, with a significant loss of precision around 𝜋/2 for
experiments such as T2HK and beta beams. If instead matter
effects are relevant, as it is the case for CN2PY and LENF, the
error on 𝛿 tends to become more uniform in 𝛿, and the best
performance is given by the LENFwhich can typically achieve
an error of around 5∘.

5.4. Precision Measurements. With the discovery of large 𝜃
13
,

the focus of future long baseline experiments has shifted not
only to the discovery of the mass hierarchy and CP violation
as discussed above but also to the precise measurements
of the oscillation parameters. Among these, determining if
𝜃
23

is maximal or not is of great theoretical importance
together with establishing its octant, if nonmaximal. The
experiments discussed in the previous subsections, except
beta beams, will have sensitivity to these parameters mainly
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Table 4: Summary of the setups described in the text. From left to right, the columns list the names of the setups, the beam power for
superbeams or 𝛾 factor for beta beams or muon energy for neutrino factories, the baseline, the detector choice, the running time in years
for each polarity (the neutrino and antineutrinos runs are simultaneous for the neutrino factory), the systematic error on the signal and
background, the fraction of the values of 𝛿 for which CP-violation could be determined at 3𝜎 at sin2 2𝜃

13
= 0.1, and the reference fromwhich

the information has been collected. For LBNO with 10 kton and 30 kton LAr detectors, the values of the fraction of 𝛿 are given separately
for a true normal (NH) or inverted (IH) hierarchy. The number of seconds per year is 1.7 × 107 for LBNO and 1 × 107 for T2HK. BB + SPL
considers the combination of the betabeam with 1.1 × 1018 (2.8 × 1018) 18Ne (6He) useful decays per year together with the SPL described
above (with a 500 ktonWC detector instead of a 440 kton one).The LENF uses 1.4× 1021 useful muon decays per year per polarity, and NF10
7 × 10

20. The results quoted depend significantly on the assumptions made in the analysis and should be treated carefully.

Setup MW 𝐿 Detector Years
𝜈 + 𝜈

Syst. errors
(signal, backg.) 3𝜎 CPV reach References

LBNE 0.7 1290 km 200 kton WC
or 34 kton LAr 5 + 5 (1%, 5%) ∼60% [103]

LBNE12 0.7 1290 km 10 kton LAr 5 + 5 (1%, 5%) 27% [104]

LBNO

4
1.6
1.6
1.6

130 km
2290 km
2290 km
2290 km

440 kton WC
10 kton LAr
30 kton LAr
100 kton LAr

2 + 8

5 + 5

5 + 5

5 + 5

(5%, 5%)
(5%, 5%)
(5%, 5%)
(5%, 5%)

∼60%
25% (NH)–38% (IH)
58% (NH)–62% (IH)

71%

[107]
[112]
[112]
[112]

T2HK 1.66
1.66

295
295

560 kton WC
560 kton WC

1.5 + 3.5
1.5 + 3.5

∼(5%, 5%)
∼(5%, 5%)

75%
55% no mass hier.

[66]
[66]

SPL 4
4

130 km
130 km

440 kton WC
440 kton WC

2 + 8

2 + 8

(2%, 2%)
(5%, 5%)

73%
53%

[68]
[68]

𝛾

BB + SPL
BB350

100
350

130
650

500 kton WC
500 kton WC

5 + 5
5 + 5

See [149]
See [149]

80%
∼70%

[149]
[149]

𝐸
𝜇

LENF 4.5GeV 1300 km 20 kton TASD
100 kton LAr 10 (2%, 2%) 85%

81%–90% [144]

NF10 10GeV 2000 km 100 kton MIND 10 (2%, 2%) 86% [149]

via the disappearance channels 𝜈
𝜇

→ 𝜈
𝜇
and 𝜈

𝜇
→ 𝜈
𝜇
.

Typically superbeams have a very good reach and a LENF
can perform better especially if the low energy part of the
spectrum can be reconstructed. It has been shown that the
contamination from 𝜈

𝜏
events, coming from 𝜈

𝜇
→ 𝜈

𝜏

oscillations, can have a significant impact on the high energy
neutrino factory [150, 151]. It is expected that a lower muon
energy will reduce the number of 𝜏 events but their impact
in the 10GeV LENF needs to be fully explored. In Figure 20
we report two examples of the capability of LBNE in the 2010
configuration and of the 4.5 GeV LENF for studying 𝜃

23
.

6. Conclusions

Since the discovery of neutrino oscillations huge progress
has been made and this phenomenon is now well estab-
lished. Yet new important questions are open for the future,
including what is the ordering of neutrino masses? Is there
CP violation in the leptonic sector? What are the precise
values of the neutrino mixing parameters? Are there new
phenomena beyond the three-neutrino framework? With
the recently discovered relatively large value of the mixing
angle 𝜃

13
, addressing those questions by upcoming oscillation

experiments becomes a realistic possibility. In this paper, we
have reviewed the phenomenology of oscillation experiments

by discussing some aspects of the determination of neutrino
oscillation parameters by present global data, and we have
tried to give an outlook for possible future developments.
In the near term (the next 10 to 15 years), the interplay of
complementary data sets will be important, such as long-
baseline accelerator experiments, reactor experiments, and
atmospheric neutrino experiments. We have discussed the
potential to address questions like the nonmaximality and
the octant of 𝜃

23
and the determination of the neutrino

mass hierarchy. In order to address CP violation, it seems
from the current perspective that a more long-term pro-
gram will be necessary. Future high-precision long-baseline
neutrino experiments can provide crucial answers to the
above questions by studying the subdominant 𝜈

𝜇
→ 𝜈

𝑒

transitions. A wide experimental program for the future is
underway or at the discussion stage and includes superbeams,
betabeams and neutrino factory. A table which summarises
various setups and their reach for CP violation is given in
Table 4.
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We review the ongoing effort in the US, Japan, and Europe of the scientific community to study the location and the detector
performance of the next-generation long-baseline neutrino facility. For many decades, research on the properties of neutrinos and
the use of neutrinos to study the fundamental building blocks of matter has unveiled new, unexpected laws of nature. Results of
neutrino experiments have triggered a tremendous amount of development in theory: theories beyond the standard model or at
least extensions of it and development of the standard solarmodel andmodeling of supernova explosions as well as the development
of theories to explain the matter-antimatter asymmetry in the universe. Neutrino physics is one of the most dynamic and exciting
fields of research in fundamental particle physics and astrophysics.The next-generation neutrino detector will address two aspects:
fundamental properties of the neutrino like mass hierarchy, mixing angles, and the CP phase, and low-energy neutrino astronomy
with solar, atmospheric, and supernova neutrinos. Such a new detector naturally allows for major improvements in the search for
nucleon decay. A next-generation neutrino observatory needs a huge, megaton scale detector which in turn has to be installed in a
new, international underground laboratory, capable of hosting such a huge detector.

1. International Context and Motivation

For many decades, research on the properties of neutrinos
and the use of neutrinos to study the fundamental building
blocks ofmatter has unveiled new, unexpected laws of nature.
In the basic version of the standard model of particle physics,
neutrinos enter as massless, neutral, spin one-half particles.
Left-handed neutrinos form an electroweak isospin doublet
with their charged, massive partners, electrons, muons, and
taus.The right-handedneutrinos forman electroweak isospin
singlet. Today, we have strong experimental evidence that
neutrinos have a nonvanishing mass and that they change
flavor while propagating in space.This phenomenon is called
neutrino oscillations.These experimental observations imply
an extension of the standard model and point to a more

general formalism. Up to now, no other experimentally
proven indication for physics beyond the standard model has
been found with accelerator-based experiments at LEP, the
Tevatron, and LHC. The search for neutrino oscillations has
been triggered by astrophysics experiments with neutrinos,
namely, the observation of neutrinos from the Sun and,
later on, neutrinos generated in the interaction of cosmic
rays with the Earth’s atmosphere: atmospheric neutrinos. At
the same time solar neutrino spectroscopy allows a much
better understanding and theoretical description of our star.
The detection of a handful of neutrinos from a supernova
in 1987 by the Kamiokande and IMB experiments gave a
fundamental input and verification of supernova models.
Over the last few decades, the results of neutrino experiments
have triggered a tremendous amount of development in
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theory: theories beyond the standard model or at least
extensions of it, development of the standard solarmodel and
modeling of supernova explosions as well as the development
of theories to explain thematter-antimatter asymmetry in the
universe.

Today, the common way of describing neutrino oscilla-
tions is the following.

The neutrinos 𝜈
𝑒
, 𝜈
𝜇
, and 𝜈

𝜏
are weak eigenstates while

the mass eigenstates 𝜈
𝑖
are related to the weak eigenstates 𝜈

𝑙

via a neutrino mixing matrix:
󵄨󵄨󵄨󵄨 𝜈𝑙⟩ = ∑

𝑖

𝑈
⋆

𝑙𝑖

󵄨󵄨󵄨󵄨 𝜈𝑖⟩ . (1)

The coefficients 𝑈
𝑖𝑙
form a matrix, called MNSP (Maki,

Nakagawa, Sakata, Pontecorvo):

(
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) = (
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𝜈
3

) . (2)

The MNSP matrix can be parametrized in three mixing
angles, 𝜃

12
, 𝜃
23
, 𝜃
13
, and a complex phase 𝛿, called the CP

phase:

(
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0 𝑐
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) , (3)

where 𝑠
𝑖𝑗
and 𝑐
𝑖𝑗
are, respectively, sin 𝜃

𝑖𝑗
and cos 𝜃

𝑖𝑗
, with 𝑖, 𝑗 =

(1, 2, 3). Using this parameterization, we can calculate the
probability for a neutrino with fixed flavor 𝜈

𝛼
to oscillate to a

different weak eigenstate, 𝜈
𝛽
after a time 𝑡. This probability

that a neutrino 𝜈
𝛼
after a time 𝑡 changes flavor to 𝛽 is

expressed as

𝑃
𝜈𝛼→𝜈𝛽

(𝑡) =
󵄨󵄨󵄨󵄨󵄨
⟨𝜈
𝛽
| 𝜈
𝛼
(𝑡)⟩

󵄨󵄨󵄨󵄨󵄨

2

, (4)

where
󵄨󵄨󵄨󵄨𝜈𝑙 (𝑡)⟩ = ∑
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𝑈
⋆

𝛼𝑖
𝑒
−𝑖(𝐸𝑖𝑡/ℎ) 󵄨󵄨󵄨󵄨 𝜈𝑖⟩ , (5)

and the𝑈⋆
𝛼𝑖
are the coefficient of the MNSP matrix. It follows

𝑃
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(𝑡) =
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Developing the above equation leads to the probability
expressed as

𝑃
𝜈𝛼→𝜈𝛽

(𝑡) = 𝛿
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− 4∑
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(7)

We can write 𝑡 as 𝐿/𝑐 and rewrite the energy differences
as
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Using the notation Δ𝑚2
𝑘𝑖
= (𝑚
2

𝑘
− 𝑚
2

𝑖
)𝑐
4 and the approxima-

tion of relativistic neutrinos (𝐸 ≫ 𝑚𝑐
2), the previous equa-

tion becomes
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This expression of the probability is exact for neutrino
oscillations in vacuum.

It is important to remark that neutrino oscillation exper-
iments have no access to the absolute neutrino mass. On
the other hand, they are a powerful instrument to have
information on the mass square differences:

Δ𝑚
2

𝑖𝑗
= 𝑚
2

𝑗
− 𝑚
2

𝑖
. (10)

It is evident that only two mass square differences are
independent from each other:

(𝑚
2

2
− 𝑚
2

1
) + (𝑚

2

3
− 𝑚
2

2
) + (𝑚

2

1
− 𝑚
2

3
) = 0, (11)

so, the measure of the Δ𝑚
2

12
and the Δ𝑚

2

23
is enough to

constrain the system.
According to the sign ofΔ𝑚2

32
, there are two possiblemass

hierarchies:

(i) Δ𝑚2
23
> 0: normal hierarchy (NH). In this situation,

we have 𝑚
3
> 𝑚
2
> 𝑚
1
. This case seems to be the

more natural, as the lightest neutrinos would turn to
be the 𝜈

𝑒
, as the electron is lighter than the 𝜇 and 𝜏;

(ii) Δ𝑚2
23
< 0: inverted hierarchy (IH). In this situation,

𝑚
3
would be the lightest neutrino.

In this paper, we will use the definition of the observables
from above to describe the physics case of the proposed new
long-baseline experiments.

The above-mentioned examples make neutrinos physics
one of the most dynamic and exciting fields of research
in fundamental particle physics and astrophysics. The next-
generation neutrino detector will address two aspects: funda-
mental properties of the neutrino like mass hierarchy, mixing
angles and the CP phase, and low-energy neutrino astronomy
with solar, atmospheric, and supernova neutrinos. Such a
new detector naturally allows for major improvements in
the search for nucleon decay. A next-generation neutrino
observatory needs a huge, megaton scale detector which in
turn has to be installed in a new, international underground
laboratory, capable of hosting such a huge detector.

In the US, the strategy for a future long-baseline experi-
ment has been under development over the last decade. The
scientific goals of a future US-based long-baseline neutrino
project have been discussed and reviewed extensively by
the US National Research Council and the Particle Physics
Advisory Panels. The National Research Council reports in
2003 and 2011 have endorsed a project with a large capability
underground detector located at a distance of >1000 km from
Fermilab.

In Europe, a roadmap has been established in 2008
and updated in 2011 by ASPERA (AStroParticle ERAnet).
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In the 2011 update one can read “The goals of a megaton
scale detector as addressed by the design studies LAGUNA
range from low energy neutrino astrophysics (e.g., supernova,
solar, geo and atmospheric neutrinos) to fundamental searches
without accelerators (e.g., search for proton decay) and accel-
erator driven physics (e.g., observation of CP violation). Due
to its high cost, the program can be developed only in a
global context.” The recent confirmation of a nonzero mixing
angle 𝜃

13
permits a series of very exciting measurements

for neutrino mass hierarchy and CP violation using CERN
beams. In Europe, there are three ongoing FP7 design studies:
LAGUNA, Large Apparatus studying Grand Unification and
Neutrino Astrophysics (Grant Agreement no. 212343, FP7-
INFRA-2007-1), EUROnu (GrantAgreement no. 212372), and
LAGUNA-LBNO, Large Apparatus studying Grand Unifica-
tion and Neutrino Astrophysics and Long Baseline Neutrino
Oscillations (Grant Agreement no. 284518, FP7-INFRA-2011-
2.1.1.).

In Japan, projects exploring the lepton sector CP sym-
metry both with a 100 kt detector based on a liquid Argon
time projection chamber and a 560 kt water Cherenkov
detector (Hyper-Kamiokande) are being planned [1, 2]. In
both scenarios, a high-intensity neutrino beam would be
provided by J-PARC.

As shown above, there is a worldwide consensus among
physicists on the scientific priorities and the next-generation
neutrino detector and infrastructure. One can also see the
very strong competition between different countries to host
such observatory for the next 30 to 50 years.

2. The US Long-Baseline Neutrino Program

The US accelerator neutrino program at Fermilab consists
of a diverse set of experiments with intense neutrinos
beams. The Fermilab Main Injector with the NuMI neu-
trino beamline operates at 350 kW with a tunable neutrino
beam covering from 0.5GeV to 10GeV, and the neutrino
beamline from the 8GeV Booster accelerator (BNB) operates
with a low-energy neutrino beam covering from 0.2GeV
to 1GeV. The current and near future program is listed
as follows: the MINOS experiment is a 5 kt magnetized
steel/scintillator detector operating in the NuMI beamline
at a baseline of 735 km. The main goals of MINOS consist
in the measurement of muon neutrino disappearance and
the parameters that govern atmospheric neutrino oscillations
[3]. The NOvA experiment is a totally active segmented
liquid scintillation detector located off-axis (14mrad) at a
distance of 810 km from the NuMI target. The physics goal
of NOvA is the measurement of muon to electron neutrino
conversion [4] and the parameters that govern the electron
appearance mode. The MINERVA experiment which will
perform precision measurements of neutrino cross-sections
is also located in the NuMI beamline on-site at Fermilab
in an underground cavern [5]. The MiniBooNe experiment
(Mineral Oil Cherenkov detector) [6] is in the low-energy
neutrino beamline that uses protons from the Fermilab
8GeV booster. The MicroBooNe experiment (liquid argon
TPC) [7] will also be located in the booster neutrino
beamline.TheMiniBooNe andMicroBooNe experiments are

exploring the short baseline neutrino oscillation anomalies
[8].

The strategy for a future long-baseline experiment in the
US has been under development over the last decade [9–
12]. The scientific goals of a future US-based long-baseline
neutrino project have been discussed and reviewed exten-
sively by the US National Research Council and the Particle
Physics Advisory Panels. The National Research Council
reports in 2003 and 2011 [13, 14] have endorsed a projectwith a
large capability underground detector located at a distance of
>1000 km from Fermilab. Furthermore, the NUSAG report
in 2007 [15] and the P5 report in 2008 [16] considered
the scientific benefits of a long-baseline experiment with a
baseline of ∼1300 km with a capable detector, either a water
Cherenkov or a liquid argon TPC located deep in the former
Homestake mine in Lead, SD, USA. As a consequence of
these reports which constitute a consensus in the US particle
physics community, the US Department of Energy funded
the development of the long-baseline neutrino experiment
(LBNE)with a goal of having a next-generation large detector
located at a distance of 1300–1500 km in an intense broadband
accelerator neutrino beam. With the recent discovery of the
value of 𝜃

13
[17], the LBNE program is scientifically highly

motivated.
The long-baseline neutrino experiment (LBNE) is the

next major planned neutrino program in the US. The
experiment as currently envisioned comprises a new 700 kW
beamline at Fermilab, whose spectrum is optimized for this
physics and which is upgradable to handle more than 2 MW
of beam power from the future high-intensity proton accel-
erator (named the Project-X upgrade [18]); a near detector
complex to fully characterize the unoscillated beam and a
large far detector at the Homestake mine in South Dakota,
at a baseline of 1,300 km, to make precision measurements of
neutrino oscillation phenomena and enable a broad program
of nonaccelerator-based physics. The detector envisioned at
the Homestake site is either aWater Cherenkov detector with
a total fiducialmass of 200 kt or a liquid argon time projection
chamber with a fiducial mass of 34 kt.The beam designedwill
be a horn-focused broadband beamwith an energy spectrum
from 0.5GeV to 5GeV and a mean energy near 2.5 GeV. The
technical design for LBNE has been extensively documented
in a draft Conceptual Design Report [19]. In the following
sections, we will briefly review some of the technical details
of the LBNE design.

2.1. Technical Design for LBNE
2.1.1. Beam Design for LBNE. The LBNE beam design is a
conventional, horn-focused neutrino beamline. The compo-
nents of the beamline will be designed to extract a proton
beam from the Fermilab Main Injector (MI) and transport
it to a target area where the collisions generate a beam of
charged particles that decay in a decay pipe. The facility
is designed for initial operation at proton-beam power of
700 kW, with the capability to support an upgrade to 2.3MW.
In the reference design, extraction of the proton beam occurs
at MI-10, a new installation on the Main Injector accelerator.
After extraction, this primary beam establishes a horizontally
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Figure 1: Schematic view of the LBNE beam design located at Fermilab.

straight heading west-northwest toward the far detector, but
will be bent upward to an apex before being bent downward
at the appropriate angle, 101 milliradians (5.79∘) as shown
in Figure 1. The primary beam will be above grade for
about ∼210 meters; this design minimizes expensive under-
ground construction and significantly enhances capability
for groundwater radiological protection.The design requires,
however, construction of an earthen embankment, or hill,
whose dimensions are commensurate with the bending
strength of the dipolemagnets required for the beamline.The
embankment will need to be approximately 335m long and
20m high above grade at its peak.

The targetmarks the transition from the intense, narrowly
directed proton beam to the more diffuse, secondary beam
of particles that in turn decay to produce the neutrino
beam. After collection and focusing, the pions and kaons
need a long, unobstructed volume in which to decay. This
decay volume in the LBNE reference design is a pipe of
circular cross-section with its diameter (4 meters) and length
(200 meters) optimized such that decays of the pions and
kaons result in neutrinos in the energy range useful for the
experiment.The decay volume is followed immediately by the
absorber, which removes the remaining beam hadrons.

The experience gained from the various neutrino projects
at FNAL has been employed extensively in the LBNE beam-
line conceptual design. In particular, the NuMI beamline
serves as the prototype design. Nevertheless, the LBNE
beamline contains considerable innovation with regards to
simplicity of construction and radiological protection.

The reference design for the primary beam and the neu-
trino beam is suitable for the initial beam power of ∼700 kW
in all respects. Some aspects of the reference design are also
appropriate for a beam power of ≥2.3MW. These include
the radiological shielding and the size of the underground
enclosures as well as systems such as the beam absorber and
the remote handling, which cannot be upgraded after expo-
sure to a high-intensity beam. Some aspects of the reference
design are planned for a beam power upgrade to 2.3MW.The
underground enclosures will have the appropriate steel and
concrete shielding required for future beam upgrades.

2.1.2. Event Rate. The LBNE beamline is expected to initially
use ∼700 kW of proton power from the Main injector
at an energy of 120GeV (4.9 × 10

13 protons per spill

every 1.33 sec). The spill length is approximately 10 𝜇sec. The
beamline is designed to be able to run at a lower-energy
proton beam of 60GeV. Such flexibility can be used to reduce
backgrounds from beam tails and change the beam spectrum
for systematic studies in the future. A complete GEANT-
based simulation of the beamline is used to evaluate the beam
spectrum and expected numbers of events at a far detector at
1300 km.The expected muon neutrino charged current event
rate superimposed on the 𝜈

𝜇
→ 𝜈
𝑒
oscillation probability is

shown in Figure 2. The beam is designed to give maximum
event rate across the 0.5 to 5GeV energy region with the
constraint that the maximum beam power from the FNAL
injector is available at 120GeV. It should be noted that for
the appearance mode the maximum of the probability shifts
from below 2GeV (normal hierarchy for neutrinos) to above
3GeV (normal hierarchy for antineutrinos); furthermore,
the broadband beam allows separation of the degeneracies
evident in the Figure, for example, 𝛿CP = 𝜋/2, 0 at ∼1.8 GeV
and 𝛿CP = −𝜋/2, 0 at ∼4GeV. With this beam design, the
total charged current muon neutrino event rate per year
in a 34 kt liquid argon (200 kt water Cherenkov) detector
will be 6000 events (35000 events) without oscillations with
approximately 0.7% contamination of electron neutrinos and
4% contamination of muon antineutrinos. The total charged
current muon antineutrino event rate per year in a 34 kt
liquid argon (200 kt water Cherenkov) detector will be 2200
events (13000 events) without oscillationswith approximately
1% contamination of electron neutrinos and antineutrinos
and 30% contamination of muon neutrinos. For the above
calculation, the Fermilab Main Injector is assumed to run
2 × 10

7 sec per year.

2.1.3. Water Cherenkov Detector Design for LBNE. The LBNE
water Cherenkov detector design consists of a very large
excavated cavity in a very strong and stable rock formation
at the 4850 ft level in the Homestake facility. The cylindrical
cavity will be lined with a smooth liner and filled with
extremely pure water. The reference design calls for a total
water mass of 266 kt and a fiducial mass of 200 kt. PMTs will
surround the fiducial volume on the top, bottom, and around
the perimeter. The wall PMTs will be suspended by cables
about half a meter from the inner surface of the liner.The top
and floor PMTs will be mounted to the structural framework.
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Figure 2:Themuon charged current event rate in a 100 kt detector at
1300 km for neutrino (a) and antineutrino (b) running for the LBNE
beam design with beam power of 700 kW and 2 × 10

7 sec (1 year
of running) of running time. The event rate as a function of energy
is superimposed on the expected 𝜈

𝜇
→ 𝜈
𝑒
oscillation probability

for 𝜃
13
= 9
∘. The various curves correspond to blue (𝛿CP = 0), blue-

dashed (𝛿CP = 0 and inverted hierarchy), red (𝛿CP = 𝜋/2), and green
(𝛿CP = −𝜋/2).

Each PMT will be connected via cable to readout electronics
on the balcony above the water detector. The baseline design
includes a top veto region, which will consist of an array of
horizontally oriented PMTs optically separated from the rest
of the detector.The veto will be used to tag cosmic ray muons
that enter the detector from above that form a background for
astrophysical neutrino measurements.

Provisions will be made to fill the detector with purified
water and to recycle this water through the purification
system and cool it. There will be provision to periodically
calibrate the detector andmonitor its status and performance.
Finally, there will be provisions to prevent radon contamina-
tion of the detector water.

The optimum shape of the detector from excavation con-
siderations at the Homestake site in the Yates rock formation
(an amphibolite formation with some rhyolite intrusions) is
a vertical circular cylinder. There are two limitations on the
maximum diameter: the light attenuation length in water
(∼90 meters) and the maximum rock excavation diameter
that does not require extraordinary rock support.The studies

of both the Large Cavity Advisory Board (composed of
world experts in underground construction) and Golder
Associates concluded that an excavated cylindrical cavity
with a diameter of 65 meters was completely feasible and cost
efficient.

The major detector components are (1) the water con-
tainment system, (2) the photomultiplier mounting, housing
and cable system, (3) the electronics readout and trigger
system, (4) calibration procedures, (5) the water purifica-
tion and cooling system, and (6) event reconstruction and
data analysis. Table 1 summarizes the important detector
parameters. Figure 3 shows a schematic 3-dimensional view
of the detector design as located at the 4850 ft level of the
Homestake facility.

2.1.4. Liquid Argon Detector Design for LBNE. The LBNE
LArTPC consists of two massive cryostats in a single cavern,
oriented end-to-end along the beam direction (roughly east
to west), and located at the 4850 level (4850 L) of the
Homestake underground facility.The fiducialmass of each, as
defined for neutrino oscillation studies, is 17 kt and the active
(instrumented) mass is 20 kt, resulting in a total active mass
of 40 kt. Figure 4 shows the proposed layout of the far site,
and Figure 5 shows the detector configuration.

In an LArTPC, a uniform electric field is created within
the TPC volume between cathode planes and anode wire
planes. Charged particles passing through the TPC release
ionization electrons that drift to the anode wire planes. The
bias voltage is set on the anode plane wires so that ionization
electrons drift between the first several (induction) planes
and are collected on the last (collection) plane. Readout
electronics amplify and continuously digitize the induced
waveforms on the sensing wires at several MHz and transmit
these data to the data acquisition (DAQ) system for process-
ing. The wire planes are oriented at different angles allowing
a 3D reconstruction of the particle trajectories. In addition to
these basic components, a photon-detection system provides
a trigger for proton decay and galactic supernova neutrino
interactions.

The principal parameters of the LBNE liquid argon far
detector are given in Table 2.

The LBNE liquid argon detector design is an exten-
sion of the successful ICARUS design; nevertheless, it has
several innovative elements: the cryostat construction uses
commercial stainless steel membrane technology engineered
and produced by industry. These vessels are widely deployed
in liquefied natural gas (LNG) tanker ships and tanks and
are typically manufactured in sizes much larger than that
of the LAr-FD. This is an inherently clean technology with
passive insulation.The time projection chamber (TPC) is the
active detection element of the LAr-FD. The TPC is located
inside the cryostat vessel and is completely submerged in
LAr at 89K. Its active volume is 14m high, 22.4m wide,
and 45.6m long in the beam direction. It has four rows
of cathode plane assemblies (CPAs) planes interleaved with
three rows of anode plane assemblies (APAs) planes that are
oriented vertically, parallel to the beamline, with the electric
field applied perpendicular to the planes. The maximum
electron-drift distance between a cathode and an adjacent
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Table 1: A summary of the important water Cherenkov detector design parameters.

Detector design parameter Value
Fiducial volume 200 kt (200,000m3)
Location Homestake 4850 ft level
Shape Right circular cylinder
Cylinder excavation dimensions 65.6m diameter × 81.3m height
Dome height 16m
Vessel liner dimensions 65m diameter × 80.3m height
Water volume dimensions 65m diameter × 79.5m height
Total water volume 263,800m3

Distance from Neat line to PMT equator 0.85m
Dimensions of instrumented volume 63.3m diameter × 76.6m height
Instrumented volume 241,000m3

Fiducial volume cut 2m
Fiducial volume dimensions 59.3m diameter × 72.6m height
Number of PMTs 29,000
PMT diameter 12 in (304mm)
Peak QE of PMTs (at 420 nm) 30%
PMT spectral response 300–650 nm
PMT transit time spread 2.7 ns
Light gain from light collectors 41%
Max water pressure on PMTs 7.9 bar
Number/type veto PMTs 200 × 12 in
Water fill rate 250 gal/min (0.95m3/min)
Detector fill time 195 days
Water circulation rate 1200 gal/min (4.5m3/min)
Water volume exchange time ∼40 days
Water temperature 13∘C
Electronics burst capability >1M events in 10 s
Electronics time resolution <1 ns
Electronics dynamic range 1–1000 PE
Timing calibration <1 ns
PMT pulse height calibration <10%
Radon content <1mBq/m3

anode is 3.7m. Both the cathode and anode plane assemblies
are 2.5m wide and 7m high. Two 7m modules (either APA
or CPA) stack vertically to instrument the 14m active depth.
In each row, 18 such stacks are placed edge-to-edge along
the beam direction, forming the 45.6m active length of
the detector. Each cryostat houses a total of 108APAs and
144CPAs. A “field cage” surrounds the top and ends of the
detector to ensure uniformity of the electric field. The field
cage is assembled from panels of FR-4 sheets with parallel
copper strips connected to resistive divider networks.

Each APA has three wire planes that are connected to
readout electronics: two induction planes and one collection
plane (X). A fourth wire plane, grid plane (G), is held at a
bias voltage but is not instrumented with readout electronics.
The gird plane improves the signal-to-noise ratio on the U
plane and provides electrostatic discharge protection for the
readout electronics. A key innovative feature of the LBNE
LAR detector is the use of cold electronics. Requirements for
low noise and for extreme purity of the LArmotivate locating

the front-end electronics in the LAr (hence “cold electronics”)
close to the anodewires, which reduces the signal capacitance
(thereby minimizing noise). The use of CMOS electronics
in this application is particularly attractive since the series
noise of this process has a noise minimum at 89K. The large
number of readout channels required to instrument the LAr-
FD TPCs motivates the use of CMOS ASICs. Signal zero-
suppression and multiplexing will be implemented in the
ASIC, minimizing the number of cables and feedthroughs in
the ullage gas, and therefore reducing contamination from
cable outgassing.

Both detector designs for LBNE, thewaterCherenkov and
liquid argon, were reviewed extensively for cost, schedule,
and scientific performance. The fiducial masses of both
detectors were chosen to achieve similar performance for
neutrino oscillation physics, in particular the sensitivity to
CP violation. The reviews concluded that both detectors
could achieve the performance goals for neutrino physics;
nevertheless, there were some advantages to the liquid argon
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Figure 3: Schematic design of a 200 kt water Cherenkov detector in the Homestake underground facility.

Oro Hondo exhaust shaft 3950 L
ventilation drift

To Fermilab

Ross shaft

Davis
campus

Exhaust 
ventilation
 borehole

Yates shaft

Yates
 AoR

Amphibolite/Poorman
 contact line

LAr laboratory
 module

Ross main AoR

Figure 4: Location of LAr-FD at the 4850 L. Primary access to the upper level of the LAr-FD cavern is through a horizontal tunnel that
connects to the Ross shaft. A second horizontal tunnel near the midpoint of the cavern provides secondary egress to the existing 4850 L
tunnels. A decline tunnel to the lower level is used to remove waste rock during construction and serves as a secondary egress from the
cryostat septum area during operations. Cavern supply air enters the cavern from the Ross shaft and exits through a new ventilation shaft
that connects to the Oro Hondo.

detector due to its fine granularity. Liquid argon is also a
complementary technology in terms of searching for proton
decay and its sensitivity to low-energy electron neutrinos
(instead of electron antineutrinos) from supernova. Further-
more, it was clearly cost-prohibitive to design and build both
types of detectors; therefore, through an extensive process of

selection, the liquid argon optionwas selected as the reference
design for LBNE.

In addition to the far detector, the LBNE design also
includes near detectors to monitor the neutrino beam
before it leaves the Fermilab site. The set of detector sys-
tems for the near detectors reference design consists of a
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Table 2: LAr-FD principal parameters.

Parameter Value
Active (fiducial) mass 40 (33) kt
Location Homestake 4850 ft level
Number of detector modules (cryostats) 2
Shape Rectangular
Drift cell configuration within module 3 wide × 2 high × 18 long drift cells
Drift cell dimensions 2 × 3.7m wide (drift) × 7m high × 2.5m long
Detector module dimensions 22.4m wide × 14m high × 45.6m long
Anode wire spacing ∼5mm

Wire planes (orientation from vertical) Grid (0∘), Induction 1 (45∘), Induction 2 (−45∘), and
Collection (0∘)

Scintillation light detection Yes
Photon yield >1 pe /10MeV
Drift electric field 500V/cm
Maximum drift time 2.3ms
Signal/noise for 1MIP ∼9

beamline-measurements system (BLM) and a neutrino-
detection system (ND for “neutrino detectors”). The near
detectors will be located at the near site (Fermilab), down-
stream of the beamline. The BLM will be located in the
region of theAbsorberComplex at the downstream end of the
decay region to measure the muon fluxes from hadron decay.
The neutrino detector will be placed in the near detector
hall, 450m downstream of the target, and underground. The
reference-design neutrino measurements system technology
is a liquid-argon-filled time projection chamber tracker
(LArTPCT), matching the interaction material in the LAr-
FD (described in Volume 4 of this CDR). The LArTPCT
will consist of a 1.8m × 6m × 1.8m × 4m TPC and a
2.7m diameter × 5m long LAr cryostat inside of a large
dipolemagnet.This system is intended tomeasure the various
neutrino fluxes and spectra and to measure the neutrino
interaction channels important for predicting the signals and
backgrounds at the far site.

2.2. Scientific Sensitivity. TheLBNE project has a broad range
of scientific objectives, listed below.

(1) Measurements of the parameters that govern 𝜈
𝜇
→

𝜈
𝑒
oscillations as discussed above. These include

measurement of the CP violating phase 𝛿CP and
determination of the mass ordering (the sign of
Δ𝑚
2

32
).

(2) Precision measurements of 𝜃
23

and —Δ𝑚
2

32
— in the

𝜈
𝜇
-disappearance channel.

(3) Search for proton decay, yielding measurement of the
partial lifetime of the proton (𝜏/BR) in one or more
important candidate decay modes, for example, 𝑝 →

𝑒
+
𝜋
0 or 𝑝 → 𝐾

+
𝜈, or significant improvement in

limits on it.

(4) Detection andmeasurement of the neutrino flux from
a core-collapse supernova within our galaxy or a
nearby galaxy, should one occur during the lifetime
of the detector.

(5) Other accelerator-based neutrino oscillation mea-
surements.

(6) Measurements of neutrino oscillation phenomena
using atmospheric neutrinos.

(7) Measurement of other astrophysical phenomena
using medium-energy neutrinos.

The detector design was driven largely by objectives
(1)–(4).

Observation of 𝜈
𝜇

→ 𝜈
𝑒
oscillations will allow us to

determine the neutrino mass hierarchy andmeasure leptonic
CP violation through themeasurement of 𝛿CP. In five years of
neutrino (antineutrino) running, assuming sin2(2𝜃

13
) ∼ 0.1,

𝛿CP = 0, and normal mass hierarchy, we expect 1160 (330)
selected 𝜈

𝑒
or 𝜈
𝑒
signal events with 300 (180) background

events in a 34 kt liquid argon TPC detector with a 700 kW
beam.

Figure 6 shows the fraction of possible 𝛿CP values covered
at the 3𝜎 level for determining sin2(2𝜃

13
) ̸= 0, the mass

hierarchy, and CP violation as a function of sin2(2𝜃
13
) for a

34 kt detector in a 700 kW beam running for five years in
neutrino mode and five years in antineutrino mode. At a
value of sin2(2𝜃

13
) = 0.1 (themeasured value fromDayaBay),

the mass hierarchy can be resolved at >3𝜎 for 100% of 𝛿CP.
For CP violation, a 3𝜎 determination can be made for ∼65%
of 𝛿CP values.

In addition, a liquid argon detector of this size can achieve
<1% precision on measurements of Δ𝑚2

32
and sin2(2𝜃

23
)

through muon neutrino and antineutrino disappearance.
There is also the potential to resolve the 𝜃

23
octant degeneracy

and improve model-independent bounds on nonstandard
interactions.
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Figure 5: Detector configuration within the cavern. The TPC is
located within a membrane cryostat, shown in orange. The interior
dimensions of each cryostat are 24m wide × 18m high × 51m long.
Thehighbay is 150m long andhas a 32m span. Cryogenic equipment
is located in the septum area between the two cryostats. The right-
hand side shows a cut view of the cryostat. The anode and cathode
wire planes are hung from the ceiling of the cryostat. Each anode
plane consists of 𝑢/𝑣 readout wires wrapped around a stainless steel
frame and readout by electronics mounted on the planes.

The scientific capability for detection of nucleon decay
and supernova using a large liquid argon TPC has been
discussed elsewhere in this paper.Wewill not cover it in detail
here. The 34 kt liquid argon TPC can achieve sensitivity to
proton lifetimes of ∼5 × 10

34 years after 10 yrs of running
at 90%CL. If the detector energy threshold of ∼10MeV can
be achieved, then a galactic supernova burst at 10 kpc will
produce over 3000 events. The threshold of the LArTPC
depends on the data rate due to either the electronic noise
or the background due to radioactivity in the detector either
because of activity from thematerials or because of spallation
products due to cosmic ray muons. In case of a burst of
supernova neutrino events, the photon system can be used
to identify the burst rapidly, but each individual event is
measured by the TPC. The LBNE cold electronics design
keeps the electronic noise level at a low level so that a 10MeV
threshold can be easily achieved; however, the minimum
depth requirement for spallation backgrounds is still under
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Figure 6: 3𝜎 discovery potential for determining sin2(2𝜃
13
) ̸= 0

(red), the mass hierarchy (blue), and CP violation (green) as
a function of sin2(2𝜃

13
) and the fraction of 𝛿CP coverage. The

sensitivities are shown for both normal (solid) and inverted (dashed)
mass hierarchies for a 34 kt LAr detector given five years running in
𝜈mode + five years in 𝜈mode in a 700 kW beam.

investigation.The liquid argon detector will also have unique
and high-precision capability with respect to atmospheric
neutrinos. The key detector requirement for nonaccelerator
physics is the depth of the detector. The design depth of
4850 ft for the LBNE far detector has been evaluated to be
sufficient for nonaccelerator physics [20].

2.3. Phases or Alternatives for LBNE. The cost of the LBNE
project includes the design and constructions of the beam-
line, the far and near detectors, and the surface and under-
ground civil constructions needed for the beamline and to
house the detectors and shield them from cosmic rays. A
preliminary cost and schedule estimate for the entire project
was assembled and reviewed inMarch 2012.The costs include
the engineering and scientific manpower that is needed
for the design and construction activities. It also includes
appropriate contingencies and overheads. The total cost for
the project as described above is approximately US $1.5 B in
FY2010 currency.The schedule for the project partly depends
on the availability of funds; however a preliminary technical
evaluation of the schedule suggests an experiment start in
year ∼2022.

The cost of the complete LBNE project is considered too
high for the current budgetary climate in the US, and,
therefore, the US, Department of Energy has asked for an
approach to reach the scientific goals of LBNE in a phased
manner. Furthermore, strategies and consultation are sought
to enhance international participation in the project. In
response to this request, various phasing strategies as well
as alternatives have been examined. To address all of the
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fundamental science goals listed above, a reconfigured LBNE
would need a very long baseline (>1,000 km from accelerator
to detector) and a large detector deep underground.However,
it is not possible to meet all of these requirements in a first
phase of the experiment within the budget guideline of about
half of the projected cost of the full project.

Therefore, options are being assessed that meet some
of the requirements, and three viable options have been
identified for a Phase 1 long-baseline experiment that have the
potential to accomplish important science at realizable cost.
There are listed below.

(i) Using the existing NuMI beamline in the low-energy
configuration with a 30 kt liquid argon time projec-
tion chamber (LAr-TPC) surface detector 14mrad
off-axis at Ash River in Minnesota, 810 km from
Fermilab.

(ii) Using the existing NuMI beamline in the low-energy
configuration with a 15 kt LAr-TPC underground (at
the 2340 ft level) detector on-axis at the Soudan mine
in Minnesota near the MINOS detector, 735 km from
Fermilab.

(iii) Constructing a new low-energy LBNE beamline with
a 10 kt LAr-TPC surface detector on-axis at Homes-
take in South Dakota, 1,300 km from Fermilab.

The scientific capabilities of the above options have been
discussed in [21]. While each of these first-phase options
is stronger than the others in some particular domain, the
option to build a new beamline to Homestake with an initial
10 kt LAr-TPC detector on or near the surface is strongly
favored. The neutrino beam physics reach of this first phase
is comprehensive with good sensitivity to all important
parameters.

This option is seen as a start of a long-term program
that would achieve the full goals of LBNE in time and
allow probing the standard model most incisively beyond
its current state. Ultimately this option would exploit the
full power provided by Project-X. At the present level of
cost estimation, it appears that this preferred option may
be 10% more expensive than the other two options, but
cost evaluations are continuing. The major limitation of the
preferred option is that the underground physics program
including proton decay and supernova collapse cannot start
until later phases of the project. Placing a 10 kt detector
underground instead of the surface in the first phase would
allow such a start and increase the cost by about $135M.
Negotiations to obtain such funding from US domestic
funding sources or international participants are in progress.

2.4. High-Intensity Accelerator Upgrades in the US. Project-
X is a multimegawatt proton facility being developed to
support intensity frontier research in elementary particle
physics, with possible applications to nuclear physics and
nuclear energy research, at Fermilab. The centerpiece of this
program is a superconducting H− linac that will support
programs in long-baseline neutrino experiments and the
study of rare kaon and muon processes. Based on technology

shared with the International Linear Collider (ILC), Project-
X will provide multi-MW beams at 60–120GeV from the
Main Injector, simultaneous with very-high-intensity beams
at lower energies. Details of Project-X design can be obtained
from [18].

In Table 3, we have made a list of beam conditions
that could be possible from Project-X and further Project-X
upgrade at 8GeV. Figure 7 shows the beam power available
from theMain Injector as a function of energy. With Project-
X the beam power from the Main Injector can be maintained
at or above 2MW over the range 60–120GeV.This is because
the decrease in energy can be (mostly) compensated by
increasing the repetition rate. This trend continues as the
energy decreases, but at some point it is limited by the num-
ber of protons coming from the linac. The power achievable
at 30GeV would be ∼1.3MW for the Project-X reference
design.TheMain Injector requires 270 kW of incident 8GeV
beam power at 8GeV to produce ∼2MW at 60GeV. With
additional upgrades to the 8GeV pulsed linac, the 8GeV
power level could be increased to ∼4MW. In such a scenario,
the Fermilab accelerator complex could produce multi-MW
power at both 60GeV and 8GeV simultaneously. The duty
factor for any Main Injector operation would continue to
remain small in the single turn extractionmode; however, the
duty factor at 8 GeV will be ∼5–10% unless a ring is deployed
to compress the beam further. The large-intensity increase
from these accelerator upgrades at FNAL would greatly
improve the precision of long-baseline neutrino science. The
event spectra and experimental approaches using possible
beams from high-intensity protons are in [22]. The precision
on the parameters sin22𝜃

13
and 𝛿CP is shown in Figure 8

using the full simulation of the LBNE beam and the expected
performance of a 34 kt liquid argon TPC detector [23].
The calculation of the sensitivity was performed using the
GLOBeS software tool which allows careful consideration of
all parameter correlations and ambiguities. The long baseline
and broadband beam for LBNE allows for determination of
the parameters with no remaining ambiguities.

3. The Japanese Approach

Based on the indication of 𝜈
𝜇
→ 𝜈
𝑒
conversion phenomenon

demonstrated by T2K [25] and subsequent confirmation by
reactor experiments [26–28], a next-generation experiment
aimed at the discovery of CP violation in the lepton sector
would be recommended with high priority.

In Japan, two different approaches are considered for the
study of lepton CP symmetry using the neutrino beam at
J-PARC. One configuration is suitable for water Cherenkov
technology, and the other is suitable for liquid argon TPC
technology. Since water Cherenkov technology has an excel-
lent performance for a sub-GeV low multiplicity final state
environment, a relatively short baseline of 295 kmwith a low-
energy narrowband neutrino beam is adopted to compare
the difference between 𝜈

𝑒
and 𝜈

𝑒
charged current events

from appearance results at the first neutrino oscillation
maximum. In the case of a Liquid argon TPC, since this
technology has an excellent energy resolution for neutrino
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Table 3: Beam conditions and power possible during the Project-X phase and further upgrades to the 8GeV performance. An accumulator
ring at 8GeV could be used to improve the duty factor.

Accelerator stage Energy Current Duty factor Power available
Continuous wave linac 3GeV 1mA Continuous wave 3000 kW
Pulsed linac 8GeV 43𝜇A 4.33ms/0.1 sec 350 kW
8GeV upgrade 8GeV 500 𝜇A 6.67ms/0.066 sec 4000 kW
Main injector 60GeV 35 𝜇A 9.5 𝜇S/0.7 sec 2100 kW
Main injector 120GeV 19 𝜇A 9.5 𝜇S/1.3 sec 2300 kW
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Figure 7: Proton beam power as a function of proton energy from
the FermilabMain Injector. Shown are current capabilities labeled as
NuMI.The recently funded upgrades (labeled as ANU) will increase
the power to 550 kW at 60GeV or 700 kW at 120GeV. Project-X as
currently conceived will allow beam power of 2MW at 60GeV and
2.3MW at 120GeV.

energy measurement and an event reconstruction capability
for a wide energy range, a relatively long baseline of 658 km
with a wideband neutrino beam is adopted to precisely
measure the 𝜈

𝑒
and 𝜈

𝑒
appearance energy spectrum shape

(peak position and height for 1st and 2nd neutrino oscillation
maximum and minimum). Given the assumed location of
each detector, namely, a 560 kt water Cherenkov detector
(hyper-Kamiokande) at Kamioka, and a 100 kt liquid Argon
TPC at Okinoshima, the required beam conditions for both
approaches are satisfactorily provided by the single J-PARC
neutrino beam simultaneously.

In this section we describe the Japanese approach,
including the accelerator-based neutrino source in Japan,
the Okinoshima Giant Liquid Argon Observatory, and the
Hyper-Kamiokande project.

3.1. Accelerator-Based Neutrino Source in Japan

3.1.1. J-PARC and the Main Ring Synchrotron. J-PARC (Japan
Proton Accelerator Research Complex) is a KEK-JAEA joint
facility of a MW-class high-intensity proton accelerator
research facility (Figure 9) [29]. It provides an unprecedented
high flux of various secondary particles, such as neutrons,
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Figure 8: Precision on parameters sin22𝜃
13

and 𝛿CP from the
LBNE configuration using high-intensity beam from Project-X.
The precision is shown as for various true parameters across the
𝛿CP and sin22𝜃

13
space. This calculation was performed with the

GLOBeS sensitivity calculation tool [24] which marginalizes over
all oscillation parameters, except for the ones being fit, including
the mass hierarchy using known errors. The long-baseline LBNE
setup allows separation of matter and CP effects with no remaining
ambiguities because of the length of the baseline and the broadband
beam.
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Figure 9: J-PARC accelerator and experimental facility.

muons, pions, kaons, and neutrinos, which are utilized for
elementary particle physics and material and life science.

In the accelerator complex, H− ions are accelerated to
181MeV with a linac, fed into the rapid cycling synchrotron
(RCS) with electrons stripped, and then accelerated to 3GeV.
At the final stage, the proton beam goes into main ring
synchrotron and is accelerated to 30GeV. For the neutrino
experiment, accelerated protons are kicked inward to the
neutrino beam facility in a single turn with fast extraction
devices.

3.1.2. The J-PARC Neutrino Beam Facility. The proton beam
from the main ring synchrotron (MR) travels the J-PARC
neutrino beam facility and produces an intense beam of
muon neutrinos pointing west. The J-PARC neutrino beam
facility is composed of the following components (Figure 10)
[29].

(i) Preparation section: matches the beam optics to the
arc section.

(ii) Arc section: bends the beam ∼90
∘ toward the west

direction with a superconducting combined function
magnet.

(iii) Final focus section: matches the beam optics to the
target both in position and in profile.The level of con-
trol at the mm level is necessary which corresponds
to 1mrad 𝜈 direction difference. It is also important
in order not to destroy the target.

(iv) Graphite target and horn magnet: produce intense
secondary 𝜋’s and focus them toward the west. There
are 3 horns with 250 kA pulse operation.

(v) Muon monitor: monitors the 𝜇 direction (=

𝜈 direction) pulse to pulse by measuring the centre
of the muon profile.

(vi) On-axis neutrino monitor: monitors the 𝜈 direction
and intensity.

This facility is designed to be tolerate around ∼1MW
beam power. This limitation is due to the temperature rise

and thermal shock for the components such as the Al
horn, graphite target, and Ti vacuum window. Since this
region is a high-radiation environment, a careful treatment
of the radioactive water and air is required. Moreover, a
maintenance scenario of radioactive components has to be
carefully planned.

3.1.3. J-PARC Neutrino Beam Intensity Upgrade Plan. Till
June 2012 the J-PARCneutrino beamdelivered up to 0.19MW
to T2K (Tokai-to-Kamioka long-baseline neutrino experi-
ment) [29].With the goal of the improvement of the neutrino
beam intensity, anMRpower improvement scenario has been
analyzed. The proposal by the J-PARC accelerator team is
shown in Table 4.

The items to be modified are listed as follows.

(i) For the linac, a 400MeV operation is required to
avoid severe space charge effects at RCS injection.The
installation of necessary equipment is foreseen from
the summer of 2013.

(ii) The repetition cycle of the MR has to be improved
from 2.56 seconds to 1.28 seconds. For this purpose,
the RF and the magnet power supply improvements
are necessary. The necessary R&D for these compo-
nents has been started as of 2012.

(iii) A system to localize the beam loss at the dedicated
collimator system must be installed.

Assuming a successful R&D program on the higher
repetition cycle and on the increase of the number of particles
per bunch as well as sufficient resources the accelerator power
will be upgraded to 0.75MWwithin a time scale of five years.

3.2. The Okinoshima Giant Liquid Argon Observatory. The
use of a giant liquid argon time projection chamber (TPC)
with 100 kton size is an excellent opportunity to realize a
broad range of scientific topics. It would be ideal for the
next-generation accelerator-based neutrino research inves-
tigating the lepton sector CP symmetry and would extend
the search for the proton decay via modes favored by the
supersymmetric grand unified models (e.g., 𝑝 → 𝜈𝐾

+ )
up to 1035 years. Moreover, it would cover a wide range of
neutrino physics stemming from astrophysical and terrestrial
sources (e.g., solar and atmospheric neutrinos, neutrinos
from stellar collapse and the neutrinos from dark matter
annihilation). Specifications of the assumed detector are
described in Table 5.

3.2.1. Optimal Configuration for the Investigation of Lepton
Sector CP Phase 𝛿

𝐶𝑃
with a Liquid Argon TPC . The effects

of lepton sector CP phase 𝛿CP appear either

(1) in the energy spectrum shape of the appearance
oscillated 𝜈

𝑒
charged current events (sensitive to all

the nonvanishing 𝛿CP values including 180
∘) or

(2) as a difference between 𝜈 and 𝜈 behaviors (this is
sensitive to theCP-odd termwhich vanishes for𝛿CP =
0 or 180∘).
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Table 4: MR power improvement scenario.

Till June 2012 Next step Target
Power (MW) 0.19 0.30 0.75
Energy (GeV) 30 30 30
Rep. cycle (sec.) 2.56 2.40 1.28
No. of bunches 8 8 8
Particles/bunch 1.26 × 1013 1.9 × 1013 2.5 × 1013

Particles/ring 1.0 × 1014 1.5 × 1014 2.0 × 1014

Linac (MeV) 181 400 400
RCSa ℎ = 2 ℎ = 2 h = 2
aHarmonic member of RCS.

Primary proton
          line

Preparation section

(m)

Horn
Target station

Target

On-axis
neutrino monitor

Final focus section

Arc section

Muon monitor

Decay volume

0 50 100

Figure 10: J-PARC neutrino beam facility.

It should be noted that if one precisely measures the
𝜈
𝑒
appearance energy spectrum shape (peak position and

height for 1st and 2nd oscillation maximum and minimum)
with high resolution, the CP effect could be investigated with
neutrino running only. On the other hand, if one tries to
extract CP information by comparing 𝜈 and 𝜈 behaviour, it is
necessary to run in antineutrino mode as well. Antineutrino
beam conditions are known to be more difficult than those
for neutrinos due to the lower beam flux, the leading charge
effect in proton collisions on target, smaller antineutrino
cross-sections at low energy, and so forth. Moreover, the
systematic uncertainties for the neutrino mode experiment
and antineutrino mode experiment are different and not
much cancellation is foreseen.

An optimal experimental setup including parameters
such as the length of the baseline, the angle with respect to the
neutrino beam axis and the detector technology affects the

extraction of the CP phase [30]. Since the liquid argon TPC
has an excellent energy resolution for the neutrino energy
measurement and event reconstruction capability from
sub-GeV to a few GeV and from single prong to high mul-
tiplicity configurations, it is suitable for spectrum measure-
ment with wide energy coverage. To precisely measure the 𝜈

𝑒

and 𝜈
𝑒
appearance energy, spectrum shape an on-axis wide

band beam is necessary. In order to enable the measurement
of the 2nd neutrino oscillation maximum, the energy of the
2nd neutrino oscillation maximum has to be set above about
400MeV. As a consequence, the position of the 1st neutrino
oscillation maximum, which also has to be measured, is
also at a higher energy. As a consequence, events associated
with 𝜋0𝑠 originating from high-energy neutrino interactions
will have to be dealt with as these mimic the signal 𝜈

𝑒
(𝜈
𝑒
)

charged current interaction.Therefore, a good discrimination
between 𝜋0𝑠 and electrons is indispensable for the required
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Table 5: Specification of giant liquid argon time projection chamber.

Diameter for active argon (m) 70
Drift length (m) 20
Active mass (ton) 107753
Signal readout area (m2) 3848
Maximum drift time at 1 kV/cm (ms) 10
Charge readout views 3mm pitch, two perpendicular strips
Scintillation light readout 1000 8󸀠󸀠 PMT

• Cover 1st and 2nd neutrino oscillation maximum
•

• 100 kt liq. Ar TPC
-Good energy resolution/reconstruction ability

-

• Keeping reasonable statistics
J-PARC

Okinoshima Tokai

658 km
0.8 degrees almost on-axis

Giant liquid Ar observatory

Neutrino run only 1.7×1022 p.o.t.

Good 𝑒/𝜋0 discrimination

Figure 11: J-PARC to Okinoshima long-baseline neutrino experiment.

experimental configuration. Since the liquid argon TPC
has an excellent discrimination capability between 𝜋

0
𝑠 and

electrons, a wideband on-axis beam for spectrum measure-
ment is desirable.

In order to realize the project within a reasonable time
scale, it makes sense to utilize the currently available facilities
as much as possible. On the other hand, this may present
boundary conditions for the project. In our case, J-PARC
is a currently available and indispensable facility for our
project. We have to consider the project taking into account
its available intensity (750 kW) and energy (30GeV). To
obtain an experimental result within a reasonable time scale,
it would be preferable if we could extract leptonCP symmetry
information without relying on a time-consuming antineu-
trino beam setting. If the baseline of the experiment becomes
longer, the neutrino energy has to increase in order to fit the
neutrino spectrumwithin the neutrino oscillationmaximum.
Given the proton accelerator energy setting, which creates

a limitation on the available neutrino energy, there is a
limitation on the baseline of the experiment, accordingly.

Thus, the optimal choice for the investigation of lepton
sector CP symmetry using a liquid argon TPC is the mea-
surement of the energy spectrum shape of the appearance
oscillated 𝜈

𝑒
charged current events (with an emphasis on the

1st and 2nd oscillation maximum) using an on-axis neutrino
beam. After this first phase measurement, an antineutrino
beam (opposite horn polarity) experiment might be con-
sidered in a second stage in order to crosscheck the results
obtained with the neutrino run.

The necessary conditions for the measurement are

(1) a long baseline (>600 km) to see the second oscil-
lation maximum in a measurable energy region
(>400MeV),

(2) an on-axis beam for wide energy coverage, and
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Figure 12: Energy spectra at sin22𝜃
13
= 0.03 and normal mass hierarchy case, with 𝛿CP = 0

∘ (a), 90∘ (b), 180∘(c), and 270∘ (d) cases.

(3) a giant detector to overcome the finite beam flux and
long baseline.

3.2.2. The J-PARC to Okinoshima Long-Baseline Neutrino
Experiment with 100 kton Liquid Argon TPC. With the same
configuration as T2K (2.5∘ off-axis angle), the center of the
neutrino beam will traverse the earth and reach Okinoshima
island (658 km baseline) with an off-axis angle 0.76∘ (almost
on-axis). The scenario is depicted in Figure 11 [1].

The analysis presented here is based on the assumption
of a neutrino run only with an exposure of 1.7 × 10

22

protons on a pion production target.The detector is assumed
to be a 100 kton liquid argon TPC. This type of detector
should provide higher precision than other huge detectors to
separate the two peaks in the energy spectrum. In addition,
since the 𝜋0 background is expected to be highly suppressed
due to the fine granularity of the readout, the main irre-
ducible background will be the intrinsic 𝜈

𝑒
component of the

beam.
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Figure 13: Allowed regions in the perfect resolution case. Twelve
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Figure 12 shows the energy spectra of electron neutrinos
for the cases of 𝛿CP equal 0

∘, 90∘, 180∘, and 270∘ with normal
mass hierarchy.The shaded region is common for all plots and
shows the background from intrinsic beam 𝜈

𝑒
. Simulation

includes smearing due to Fermi motion of nucleons in Argon
nuclei. Here, a perfect resolution for the energymeasurement
of neutrinos is assumed. According to the simulation study,
an energy measurement resolution of about 10% R.M.S. is
expected. As shown, the value of 𝛿CP affects the energy
spectrum, especially in the first and the second oscillation
peaks (heights and positions).Therefore, a comparison of the
peaks can determine the value 𝛿CP, while the value of sin

2
2𝜃
13

changes the number of events predominantly.
Allowed regions in the perfect resolution case are shown

in Figure 13. Twelve allowed regions are overlaid for twelve
true values, sin22𝜃

13
= 0.1, 0.05, 0.02, and 𝛿CP = 0

∘, 90∘, 180∘,
270
∘, respectively. The 3𝜎 sensitivity for the 𝛿CP is 20–30∘

depending on the true 𝛿CP value [1].

3.2.3. Okinoshima Site Study. The site study of the Oki-
noshima Giant Liquid Argon Observatory has been initiated
taking into account geological, geographical, and infrastruc-
ture considerations [32].

The main island of Okinoshima, Dogo, is almost circular
with a diameter of about 16 km and the center is a moun-
tainous zone with an altitude of 500m and more than one
candidate location for the giant liquid argon observatory
can be found. The distance from the main island of Japan
(Honshu) is about 80 km. The population is about 16,000
and the economy mainly depends on the fishery and tourist
business.

Though the islands were born of volcanic activity around
5 to 6 million years ago, there is stable bedrock, called Oki-
Gneiss, which is the oldest rock in Japan (more than 3 billion
years old) and which is suitable for the construction of a
big cavern. Typical specific gravity and axial strength of Oki-
Gneiss is 27 kN/m3 and 79MPa, respectively.

The cross-sectional drawing of the potential location of
the cavern is shown in Figure 14. Since a shallow depth
(>600mwater equivalent) is enough to suppress cosmogenic
background for a liquid argon TPC [33], horizontal access
from the outside is assumed. The earth covering between
the top of the cavern and the mountain top is 252m.
Simulation study indicates that there are 1 to 2muons/10msec
in the assumed 100 kt liquid Ar TPC configuration (10msec
corresponds to the signal electron drift time for an assumed
20mdrift distance.).Therefore, it is judged that the number of
muons is small enough to operate the detector. If necessary,
the bottom of the cavern could be lowered, for instance, by
another 100m.

A conceptual design of the cavern has been carried
out and is also shown in Figure 14. In order to contain a
cylindrical 100 kton liquid argon observatory with a base
diameter of 80m and a height of 20m, the inner dimensions
of the cylindrical cavern should provide a base diameter of
91m, a height of 20m, and a spherical cap of 20m in height.

There would not be a difficulty in transportation since
there are regular daily commercial connecting flights and
ferry services between Honshu and the main harbor of Dogo
(Saigou port) which is close to the location of the candidate
site.Moreover, there is a sufficient traffic access route between
Saigou port and the candidate site to carry heavy equipment
needed for the civil engineering work, the large amount of
liquid argon, and the detector components.

The Chugoku Electric Power Company provides elec-
tricity for Okinoshima. The existing total electricity capacity
is 32MW and may be enough for the construction and
operation of the observatory.

The procurement of 100 kton of liquid argon, which
should be done within about 5 years with minimum cost,
is another important issue to be considered. One possible
solution is to

(1) purchase liquid Argon from several large-scale man-
ufacturing plants which have large production capac-
ities. The demand from the Giant Liquid Argon
Observatory is estimated to be roughly 10 to 15% of
their annual production capacity;

(2) hire 4 tanker trucks dedicated for the liquid Argon
ground transportation. The cost of trucks for 5 years
is not the major part of the total cost for the project.

So far there is no show stopper to realize the Okinoshima
Giant Liquid Argon Observatory.

3.3. The Hyper-Kamiokande Project. Hyper-Kamiokande
(Hyper-K), being proposed by the Hyper-Kamiokande
working group [2], is the third-generation underground
water Cherenkov detector at Kamioka that serves as a far
detector of a long-baseline neutrino oscillation experiment
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Figure 14: Potential cavern for Okinoshima Giant Liquid Argon Observatory.

Figure 15: Schematic view of the Hyper-Kamiokande detector. The detector consists of two cylindrical water tanks lying side by side.

for the J-PARC neutrino beam and as a detector capable
of observing proton decays, atmospheric neutrinos, and
neutrinos from other astrophysical origins. The baseline
design of the Hyper-K project is determined based on
the established water Cherenkov detector technology in
the successful Super-Kamiokande (Super-K) experiment.
Its physics potential is estimated based on the detector
performance proven by the Super-K detector.

The schematic view of the Hyper-K is shown in Figure 15.
Table 6 summarizes the baseline design parameters of the
Hyper-K detector. The detector consists of two cylindrical
water tanks lying side by side.The water tank has dimensions
of 54 (H) × 48 (W) × 250 (L)m3, containing 0.5 × 2 ∼ 0.99

million metric tonnes (mton) of ultra pure water in total.
The fiducial volume of the two tanks is 0.56mton and is 25
times larger than the fiducial volume of Super-K.Thedetector

will be optically separated into ten subdetectors by 50m
spacing segmentationwalls and each subdetector is viewed by
photomultiplier tubes (PMTs) to detect Cherenkov photons
emitted by charged particles traversing the tank water. In
the baseline design, 99,000 20 inch HAMAMATSU R3600
PMTs will be implemented on the detector walls to achieve
20% photocoverage, about half that of Super-K.The 2m thick
outer detector layers completely surround the inner detector
volume and are instrumented with 8 inch PMTs.

The Hyper-K detector candidate site, located 8 km south
of the Super-K, is in the Tochibora mine of the Kamioka
Mining and Smelting Company, near Kamioka town in Gifu
prefecture, Japan. The experiment site is accessible via a
drive-in, 2.6 km long, horizontal mine tunnel. The detector
will lie under the peak ofNijuugo-yama, having 648meters of
rock or 1,750 meters-water-equivalent (m.w.e.) overburden.
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Figure 16: Transition probability ofmuonneutrino to electronneutrino at the distance of 295 km for neutrino (left top panel) and antineutrino
(right top). Each color shows the appearance probability for each 𝛿CP values. Solid and dashed lines represent normal and inverted mass
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13
) parameter set by 7.5MW⋅years JPARC-HK long-

baseline neutrino oscillation experiment. Three colors show 1, 2, and 3 𝜎 significance. The pink band corresponds to the 𝜃
13
value measured

by the Daya Bay reactor experiment [31].

The cosmic ray muon rate at the candidate site is reduced
to 1.0 − 2.3 × 10

−6 s−1 cm−2 which enables us to perform
nonaccelerator physics research programs.The off-axis angle
for the J-PARC neutrino beam is 2.5∘ and the baseline is
295 km, both are same as those of the Super-K in the ongoing
T2K experiment.

The expected detector performance of Hyper-K, assum-
ing 20% photocoverage, is summarized in Table 7. The
efficiency of 𝜈

𝑒
appearance signal for the J-PARC neutrino

beam is as high as ∼60% while keeping excellent background
rejection efficiency of 99.9% for 𝜈

𝜇
+ 𝜈
𝜇
CC and 95% for NC

𝜋
0 interactions. We may improve the rejection efficiency in

the future to optimize the leptonic CP violation search.
Hyper-K provides rich neutrino physics programs

as summarized in Table 8. In particular, it will provide
unprecedented discovery potential of leptonic CP violation
by comparing 𝜈

𝜇
→ 𝜈
𝑒
and 𝜈

𝜇
→ 𝜈
𝑒
probabilities in J-PARC

neutrino beam as shown in the left two panels of Figure 16.
The right panel in Figure 16 shows an expected size of
contours for each true (𝛿, sin22𝜃

13
) parameter set. By using

3.75MW⋅years of J-PARC neutrino beam, where 1 year is
equivalent to 107 seconds and the run time ratio of neutrino
mode and antineutrino mode is assumed to be 1.5 : 3.5,
Hyper-K will provide 3𝜎 discovery reaching the leptonic
CP violation for 69% of the 𝛿 parameter space if the mass
hierarchy is known. The accuracy of 𝛿 determination is
better than 20

∘ at 1𝜎 and does not depend much on true
𝜃
13

value. If the beam time is increased to 7.5MW⋅years,

the discovery coverage extends to 74% of the 𝛿 parameter
space. If the mass hierarchy is unknown, the sensitivity to
the CP violation is somewhat reduced due to degeneracy.
However, the mass hierarchy can be determined with more
than 3𝜎 significance for 43% (44%) of the 𝛿 parameter space
for normal (inverted) mass hierarchy if sin22𝜃

13
= 0.1 as

measured by the reactor neutrino oscillation experiments.
Natural, free, and atmospheric neutrinos also provide a

good opportunity to study neutrino properties. In partic-
ular, thanks to the relatively large sin22𝜃

13
value of ∼0.1,

there is a good chance to determine the neutrino mass
hierarchy by testing the 𝜈

𝑒
(or 𝜈
𝑒
) enhancements via MSW

resonance effect by Earth’s matter. As illustrated in Figure 17,
the 𝜈
𝑒
flux enhancement happens in 5–10GeV upward going

neutrinos in the case that the mass ordering is normal.
In the inverted hierarchy case, however, 𝜈

𝑒
enhancement

is expected to occur. The fundamental difference between
𝜈
𝑒
and 𝜈

𝑒
interactions, for example, CC cross-sections and

𝑑𝜎/𝑑𝑦 distributions where 𝑦 is the Feynman 𝑦, allows
statistical separation of 𝜈

𝑒
and 𝜈

𝑒
interactions to examine the

mass hierarchy. With a full 10-year period of data taking, the
significance for themass hierarchy determination is expected
to reach 3𝜎 or greater if sin22𝜃

13
∼0.1. Moreover, the octant of

sin2𝜃
23
can be determined to more than 90% CL if sin22𝜃

23
<

0.99.
The experimental search for nucleon decays by large

detectors, which has been performed for more than three
decades and gave stringent constraints on the grand



Advances in High Energy Physics 19

0 10

0
0.2
0.4
0.6
0.8

1

Solar term
Interference term Total

−0.4

−0.2

10−1

𝐸𝜈 (GeV)

cos Θ = −0.8NH, sin2 𝜃23 = 0.4, sin2 𝜃13 = 0.025,
𝛿 = 40∘

𝜓
(𝜈

𝑒
)/
𝜓
0
(𝜈

𝑒
)−

1

𝜃13 resonance term

(a)

0 10

0
0.2
0.4
0.6
0.8

1

Solar term
Interference term Total

−0.4

−0.2

10−1

𝐸𝜈 (GeV)

cos Θ = −0.8NH, sin2 𝜃23 = 0.6, sin2 𝜃13 = 0.025,
𝛿 = 40∘

𝜓
(𝜈

𝑒
)/
𝜓
0
(𝜈

𝑒
)−

1

𝜃13 resonance term

(b)

0 10

0
0.2
0.4
0.6
0.8

1

Solar term
Interference term Total

−0.4

−0.2

10−1

𝐸𝜈 (GeV)

cos Θ = −0.8NH, sin2 𝜃23 = 0.6, sin2 𝜃13 = 0.025,
𝛿 = 40∘

𝜓
(𝜈

𝑒
)/
𝜓
0
(𝜈

𝑒
)−

1

𝜃13 resonance term

(c)

0 10

0
0.2
0.4
0.6
0.8

1

Solar term
Interference term Total

−0.4

−0.2

10−1

𝐸𝜈 (GeV)

cos Θ = −0.8NH, sin2 𝜃23 = 0.6, sin2 𝜃13 = 0.025,
𝛿 = 40∘

𝜓
(𝜈

𝑒
)/
𝜓
0
(𝜈

𝑒
)−

1

𝜃13 resonance term

(d)

Figure 17:Oscillated𝜈
𝑒
flux relative to the nonoscillated flux as a function of neutrino energy for the upward-going neutrinoswith zenith angle

cosΘ
𝜈
= −0.8.𝜈

𝑒
is not included in the plots.Thin solid lines, dashed lines, and dotted lines correspond to the solar term, the interference term,

and the 𝜃
13
resonance term, respectively.Thick solid lines are total fluxes. Parameters are set as (sin2𝜃

12
,sin2𝜃

13
,sin2𝜃

23
, 𝛿,Δ𝑚2

21
,Δ𝑚2
32
) = (0.31,

0.025, 0.6, 40∘, 7.6 × 10
−5 eV2, +2.4 × 10

−3 eV2) unless otherwise noted.The mass hierarchy is normal in (a), (b), and (c); so 𝜃
13
resonance

(MSW) effect appears in 5–10 GeV neutrino energy region. For the inverted hierarchy case in (d), the MSW effect should appear in the 𝜈
𝑒

flux, which is not shown in the plot. The 𝜃
23
octant effect can be seen by comparing (a) (sin2𝜃

23
= 0.4) and (b) (sin2𝜃

23
= 0.6). 𝛿 value is

changed to 220∘ in (c) to be compared with 40∘ in (b).

unification picture of elementary particles, is also one of
major goals of the Hyper-K project. Hyper-K extends the
sensitivity to nucleon decays far beyond that of Super-K.
The sensitivity to the partial lifetime of protons for the decay
mode 𝑝 → 𝑒

+
+ 𝜋
0, the mode considered to be most model-

independent, is expected to be 1.3 × 10
35 years at 90% CL

and 5.7 × 10
34 years at 3𝜎CL with 10 years of Hyper-K data.

This is the only realistic detector option known today able
to reach this sensitivity. The 3% resolution of reconstructed
proton mass by the water Cherenkov detector enhances
its discovery potential for this decay mode. The sensitivity
for the decay mode 𝑝 → 𝜈 + 𝐾

+, the mode favored if
some supersymmetric model is correct, is also extended to
2.5 × 10

34 years at 90%CL and 1.0 × 10
34 years at 3𝜎CL.

Hyper-K also serves as an astrophysical neutrino obser-
vatory and explores the inside of stars by using neutrinos

as a probe. Hyper-K will examine the possible flux variation
of neutrinos from the Sun by detecting 200 solar neutrinos
per day above 7MeV total neutrino energy. If a Supernova
explosion happens at the center of our galaxy, Hyper-K will
accumulate 170, 000–260, 000 neutrinos in 10-second burst
period. Even for a far Supernova atM31 (Andromeda galaxy),
Hyper-K expects to collect 30–50 neutrinos. Hyper-K will
provide precious data for Supernova and reveal the core col-
lapse and explosion mechanism of massive stars. Moreover,
neutrino arrival time distributions from Supernova will give
constraints on the absolute neutrino mass with an expected
sensitivity of 0.5–1.3 eV/𝑐2 that does not depend on whether
the neutrino is a Dirac or Majorana particle. For Supernova
relic neutrinos, in which the history of heavy element syn-
thesis in the universe is encoded, Hyper-K expects to observe
300 neutrinos above 20MeV in 10 years of observation. This
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Table 6: Detector parameters of the baseline design.

Detector type Ring-imaging water Cherenkov detector
Address Tochibora mine

Kamioka town, Gifu, Japan
Lat. 36

∘21󸀠08.928󸀠󸀠N
Long. 137

∘18󸀠49.688󸀠󸀠E
Candidate site Alt. 508m

Overburden 648m rock (1,750m water equivalent)
Cosmic ray muon flux 1.0∼2.3 × 10−6 sec−1 cm−2

Off-axis angle for the J-PARC 𝜈 2.5
∘ (same as Super-Kamiokande)

Distance from the J-PARC 295 km (same as Super-Kamiokande)
Total volume 0.99 megaton

Detector geometry Inner volume (fiducial volume) 0.74 (0.56) megaton
Outer volume 0.2 megaton
Inner detector 99,000 20 inch 𝜙 PMTs

Photomultiplier tubes 20% photocoverage
Outer detector 25,000 8 inch 𝜙 PMTs

Water quality Light attenuation length >100m at 400 nm
Rn concentration <1mBq/m3

Table 7: Expected detector performance of Hyper-Kamiokande.

Resolution or efficiency
Vertex resolution

at 500MeV/𝑐 28 cm (electron)/23 cm (muon)
at 5GeV/𝑐 27 cm (electron)/32 cm (muon)

Particle ID
at 500MeV/𝑐 98.5 ± 0.6% (electron)/99.0 ± 0.2% (muon)
at 5GeV/𝑐 99.8 ± 0.2% (electron)/100+0.0

−0.4
% (muon)

Momentum resolution
at 500MeV/𝑐 5.6% (electron)/3.6% (muon)
at 5GeV/𝑐 2.0% (electron)/1.6% (muon)

Electron tagging
from 500MeV/𝑐𝜇+ decays 98%
from 5GeV/𝑐𝜇+ decays 58%

J-PARC 𝜈
𝑒
signal efficiency 64% (nominal)/50% (tight)

J-PARC 𝜈
𝜇
CC background rejection >99.9%

J-PARC 𝜈𝜋
0 background rejection 95% (nominal)/97.6% (tight)

𝑝 → 𝑒
+
+ 𝜋
0 efficiency (𝑤/ 𝜋0 intranuclear scattering) 45%

Atmospheric 𝜈 background 1.6 events/Mton/year
𝑝 → 𝜈 + 𝐾

+ efficiency by prompt 𝛾 tagging method 7.1%
atmospheric 𝜈 background 1.6 events/Mton/year
𝑝 → 𝜈 + 𝐾

+
, 𝐾
+
→ 𝜋
+
+ 𝜋
0 efficiency 6.7%

atmospheric 𝜈 background 6.7 events/Mton/year
Vertex resolution for 10MeV electrons 90 cm
Angular resolution for 10MeV electrons 30∘

Energy resolution for 10MeV electrons 20%
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Table 8: Physics targets and expected sensitivities of the hyper-Kamiokande experiment updated from [2]. 𝜎SD is the WIMP-proton spin-
dependent cross-section.

Physics target Sensitivity Conditions
Neutrino study w/J-PARC 𝜈

(i) CP phase precision <20∘ at 𝑠22𝜃
13
(≡ sin22𝜃

13
) > 0.03 and

mass hierarchy (MH) is known

(ii) CPV 3𝜎 discovery coverage

74% at 𝑠22𝜃
13
= 0.1, 7.5 MW⋅yrs

MH known
54% at 𝑠22𝜃

13
= 0.1, 7.5 MW⋅yrs

MH unknown
69% at 𝑠22𝜃

13
= 0.1, 3.75 MW⋅yrs

MH known
42% at 𝑠22𝜃

13
= 0.1, 3.75 MW⋅yrs

MH unknown
Atmospheric neutrino study 10-year observation

(i) MH determination >3𝜎 CL at 0.4 < 𝑠2𝜃
23
and 0.04 < 𝑠22𝜃

13

(ii) 𝜃
23
octant determination >90% CL at 𝑠22𝜃

23
< 0.99 and 0.04 < 𝑠22𝜃

13

Nucleon decay searches 10 years data

(i) 𝑝 → 𝑒
+
+ 𝜋
0 1.3 × 10

35 yrs (90% CL)
5.7 × 10

34 yrs (3𝜎 CL)

(ii) 𝑝 → 𝜈 + 𝐾
+ 2.5 × 10

34 yrs (90% CL)
1.0 × 10

34 yrs (3𝜎 CL)
Solar neutrinos

(i) 8B 𝜈 from Sun 200 𝜈’s/day 7.0MeV threshold (total energy)
(ii) 8B 𝜈 day/night accuracy <1% 5 years, only stat. error

Astrophysical objects
(i) Supernova burst 𝜈 170,000–260,000 𝜈’s at Galactic center (10 kpc)

30–50 𝜈’s at M31 (Andromeda galaxy)
(ii) Supernova relic 𝜈 300 𝜈’s/10 years >20MeV
(iii) WIMP annihilation at Sun 5-year observation

𝜎SD = 10
−39 cm2 at𝑀WIMP = 10GeV

𝜒𝜒 → 𝑏𝑏 dominant
𝜎SD = 10

−40 cm2 at𝑀WIMP = 100GeV
𝜒𝜒 → 𝑊

+
𝑊
− dominant

large sample will enable us to explore the evolution of the
universe. By doping Gadolinium salt in the detector water,
the delayed gamma signal for the inverse beta decay of relic
neutrinos—𝜈

𝑒
+ 𝑝 → 𝑒

+
+ 𝑛 and the reaction Gd(𝑛, 𝛾𝑠)

Gd—enable us to much reduce the backgrounds and open
up the signal energy window below 20MeV. The expected
signal in the 10–30MeV energy region is 830 neutrinos in 10
years of Hyper-K. Another astrophysical target in Hyper-K
is possible neutrinos emitted by weakly interacting massive
particles (WIMPs) annihilating or decaying in the Sun,
Earth, and galactic halo. Sensitivity to the WIMP-proton
spin-dependent cross-sectionwould reach 1039(1040) cm2 for
a WIMP mass of 10 (100)GeV. Other astronomical neu-
trino searches such as solar flare neutrinos, GRB neutrinos,

and galactic diffuse neutrinos can be also performed in
Hyper-K.

4. The European Approach

4.1. EUROnu. EUROnu is a design study within the Euro-
pean Commission Seventh Framework Program, Research
Infrastructures. It is investigating the three possible options
for a future, high-intensity neutrino oscillation facility in
Europe. The aim is to undertake conceptual designs for the
facilities, determine the performance of the corresponding
baseline detectors, and compare the physics reach and cost of
the facilities. The work is being undertaken by the EUROnu
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consortium, consisting of 15 partners and a further 15 asso-
ciate partners [34].

The three facilities being studied are as follows.

(i) The CERN to Fréjus Super Beam, using the 4MW
version of the Superconducting Proton Linac (SPL)
at CERN [35]. The baseline far detector is a 500 kT
fiducial mass water Cherenkov detector, MEMPHYS
[36].

(ii) The Neutrino Factory, in which the neutrino beams
are produced from the decay of muons in a storage
ring. This work is being done in close collaboration
with the International Design Study for a Neutrino
Factory (IDS-NF) [37].

(iii) The Beta Beam, in which the neutrino beams are
produced from the decay of beta emitting ions, again
stored in a storage ring.

The project started on September 1, 2008 and will finish
on August 30, 2012, and thus, is very advanced at the time
of writing. The work done on the accelerator facilities, the
detectors, and in determining the physics performance will
be described in the following subsections.
4.1.1. The Super Beam. A Super Beam creates neutrinos by
impinging a high-power proton beam onto a target and
focussing the pions produced towards a far detector using
a magnetic horn. The neutrino beam comes from the pion
decay (Figure 18). EUROnu is studying the CERN to Fréjus
Super Beam, using the high-power superconducting proton
Linac (HP-SPL) [35] as the proton driver, producing a 4MW
beam. The baseline is 130 km and the planned far detector
is the 500 kT fiducial mass MEMPHYS water Cherenkov
detector [36] in the Fréjus tunnel. The main activities con-
sisted in designing and testing candidate targets andmagnetic
horns, integrating the targets andhorns together, studying the
required target station, designing the proton beam handling
system beyond the SPL, and determining the characteristics
of the resulting neutrino beam for physics simulations.

Given the difficulty in producing a single target and horn
able to work in a 4MWbeam, the option taken in EUROnu is
to use four of each instead. The beam will then be steered on
to each target in turn, so that they all run at 12.5 rather than
50Hz and receive 1MW. For the targets and the horns, this
results in a smaller extrapolation from technology already
in use. An outline design for the 4 target and horn system
is shown in Figure 18. The baseline design for the target is a
pebble bed, consisting of 3mm diameter spheres of titanium
in a canister. These are cooled by flowing helium gas through
vents in the canister. Modeling suggests that a sufficient
flow rate can be achieved to cool the targets, even with
a higher-power beam. Nevertheless, offline tests of the cool-
ing system, using an inductive heating coil, are planned.A test
target will also be subjected to a beam of the correct energy
density using the HiRadMat [38] facility at CERN. The horn
design is based on that of the MiniBooNE experiment [39]
and will not have a reflector. The design has been modified
to optimize the pion production. The horns will need to
be pulsed at least 300 kA, resulting in significant heating

SPL (4-5 GeV, 4 MW )

Proton driver

Accumulator
 ring

    Magnetic
 horn capture

(collector) Target

Decay tunnel
Hadrons

𝜈, 𝜇

𝜌 (50Hz)

∼ 300MeV 𝜈𝜇 beam to far detector

(a)

(b)

Figure 18: (a) Layout of the CERN to Fréjus Super Beam. (b)
Conceptual engineering design of the 4 target and horn system for
the Super Beam.

from both the current and beam loss, corresponding to a
maximum of 12 kW on the surface closest to the target.
Modeling suggests that this can be removed with sufficient
water cooling. The thermal stresses in the target material are
a maximum of 18MPa and prototype tests will be required to
determine the lifetime due to fatigue and radiation damage.
A support system for the 4 horn system under this load
has, however, been designed. Finally, a prototype pulsing
circuit has been designed and will be built and tested. An
initial design of the target station has also been made, based
on radiation and activation studies. This incorporates the
necessary shielding and remote handling for 4MW and also
has storage for the old targets and horns.

The final area studied is the beam delivery from the
SPL to the target. As shown in Figure 18, this requires an
accumulator ring to reduce the large number of bunches from
the linac to a small number for delivery to the target. An
initial design of this ring has beenmade. In addition, a design
for the system to split the beam on to the 4 targets has been
made and the engineering aspects of this are under study.

4.1.2.TheNeutrino Factory. In aNeutrino Factory, the neutri-
nos are produced from the decay of muons in a storage ring.
The muons are produced by impinging a 4MW proton beam
onto a heavy metal target and focussing the pions produced
into a decay channel using a 20 T superconducting solenoid.
In the original baseline, the muons from the pion decay
are captured, bunched, phase rotated, and finally cooled
in the muon front-end, before being accelerated using a
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linac, two recirculating linear accelerators (RLAs) and a
nonscaling fixed-field alternating gradient accelerator (ns-
FFAG) to 0.9GeV, 3.6GeV, 12.6GeV, and 25GeV, respectively
(see Figure 19). The muons are then injected into two storage
rings, to produce beams of neutrinos and antineutrinos to
two far detectors.

However, following the measurement of 𝜃
13
, the required

muon energy has been reduced to 10GeV and only one decay
ring will be used. The envisaged neutrino baseline is now
around 2000 km.

The work in this project is being done in close collab-
oration with the International Design Study for a Neutrino
Factory (IDS-NF) [37]. However, EUROnu is focussing on
the section from the pion production target to the muon
acceleration system. The baseline target is a liquid mercury
jet. However, modeling done in EUROnu has shown that
the heat load from the secondaries produced in the super-
conducting solenoids used to focus the pions is much too
big, around 50 kW.Themain problem is secondary neutrons.
Although this can be fixed by adding more shielding, this
would double the radius of the super-conducting coils,
making these significantly more difficult. A study of pion
production has shown that similar production rates can be
achieved with lower atomic number elements (see Figure 19),
but these produce significantly fewer neutrons. As a result,
targets with lower atomic number are under study. An
interesting candidate is gallium, which has a low enough
melting point that it could be used as a liquid.

A related issue is the transmission of secondaries into
the muon front-end. As well as the required large flux of
muons, there are also still many protons, pions, and electrons.
If nothing is done about these, they will be lost throughout
the front-end, resulting in levels of activation about 100 times
above the canonical level for hands-on maintenance. The
front-end is being redesigned in EUROnu to include a chi-
cane, to remove the higher momentum unwanted particles,
and an absorber, to remove those at lower momentum. The
efficiency for transmission of useful muons is about 90%,
while the unwanted particles are reduced to a manageable
level. This scheme has recently been incorporated in the
neutrino factory baseline.

For the cooling channel, an engineering demonstration
of the cooling technique, ionization cooling, is being con-
structed at the STFC Rutherford Appleton Laboratory. This
project, calledMICE [40], is due to give a first demonstration
of ionisation cooling during 2013. In addition, the RF cavities
of the baseline cooling cell will be in a large magnetic field,
resulting from the coils used to focus the beam to increase
the cooling efficiency. Measurements done in the MuCool
project [41] suggest this could limit the accelerating gradient
before the cavities breakdown. Alternative cooling lattices
have been studied in EUROnu that reduce the magnetic field
at the cavities, while maintaining the same performance. One
of these is under consideration to become the new baseline
for the cooling channel.

The design of the acceleration system is well advanced,
though full 6D tracking still needs to be done. Following the
reduction to 10GeV, two options now exist for this system.
The first uses a linac and two RLAs, while the second replaces

the higher-energy RLA with a ns-FFAG. Both options are
under study to determine which would be best based on
performance and cost. As ns-FFAGs are an entirely novel type
of accelerator, a proof-of-principle machine called EMMA
[42] has been constructed at the STFCDaresbury Laboratory
(see Figure 20). This has recently demonstrated that many
of the novel features of the muon accelerator, in particular
serpentine acceleration and multiple resonance crossings,
work. The full EMMA experimental program has recently
started and will study the remaining issues.

4.1.3. The Beta Beam. Production of (anti)neutrinos from
beta decay of radioactive isotopes circulating in a race-track-
shaped storage ring was proposed in 2002 [43]. Beta Beams
produce pure 𝜈

𝑒
or 𝜈
𝑒
beams, depending on whether the

accelerated isotope is a 𝛽+ or a 𝛽− emitter. The “Beta Beam
facility” is based on CERN’s infrastructure and the fact that
some existing accelerators can be reused will reduce the cost,
though it will constrain the performance (see Figure 21).

One of the main issues studied by EUROnu is the
production, acceleration, and storage of a sufficient flux of
ions to meet the physics goals. The isotope pair that was first
studied for neutrino production, in the EURISOLFP6Design
Study [44], is 6He and 18Ne, accelerated to 𝛾 = 100 in the SPS
and stored in the decay ring [44]. At the end of EURISOL,
the flux of 18Ne that looked possible was a factor of 20 too
small. This has been addressed in two ways in EUROnu. The
first was to consider a production ring (12m circumference)
with an internal gas jet target [45] to make an alternative
ion pair, 8Li and 8B. In this, a 25MeV beam of 7Li and 6B
is injected over a gas jet target of d and 3He, respectively.
Significant studies of this have been undertaken, including
the measurement of the double differential cross-sections for
the reactions, studies of achievable gas flow rates in the ring
and the construction of a prototype device for collection of
the produced isotopes (see Figure 21). These have shown that
the required target gas flow would be very challenging and
that it would be very difficult to achieve the required rates.

As a result, research on a novel 18Ne-production method,
using amolten salt loop (NaF) by the reaction 19F(p,2n) 18Ne,
is currently being undertaken. Modeling suggests that this
could achieve the required production rate with an upgrade
of Linac 4 [46] at CERN from 4 to 6mA. An experiment to
demonstrate the method will take place at ISOLDE at CERN
in June 2012. As a result of the work done so far, the 6He and
18Ne ion pair are currently the baseline for the Beta Beam.

Research and development of a 60GHz pulsed ECR
source to bunch the ions produced are continuing within
EUROnu. A prototype device has been constructed and
successful magnetic tests have been done. These will be
followed by tests with the gyrotron and with beam. Compat-
ibility and possible integration of Beta Beams in the upgrade
program for the LHC is essential and is being actively studied.
Requirements to have very short and intense bunches in the
decay ring (due to signal/noise in the detector) favors beam
instabilities for which solutions will be found by reoptimizing
the bunch structure over the accelerator cycle.
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Figure 19: (a) Original baseline layout of the neutrino factory. (b) Pion production as a function of atomic number, assuming a cylindrical
target 20 cm long and 2 cm in diameter.

Figure 20: The EMMA proof-of-principle accelerator at the Dares-
bury Laboratory.

The baseline isotopes could use the MEMPHYS detector
[36]. For the 8Li and 8B option, a detector some 700 km away
would be needed.

4.1.4. Detectors. The focus of EUROnu is on the accelera-
tor facilities. Nevertheless, to make a genuine comparison
between physics performance and cost, it is also important to
include the neutrino detectors in the study. Thus, the project
includes the baseline detectors for each facility, with the aim
of determining their performance in detecting neutrinos and
the cost of construction.

The baseline for the Neutrino Factory is a magnetized
iron neutrino detector (MIND). This is an iron-scintillator
calorimeter, with alternating planes of 3 cm thick iron and
2 cm thick solid scintillator. One detector is now planned, of
100 kT mass at around 2000 km.This is based on the MINOS
detector [47] and will have a transverse size of around 15 by
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Figure 21: (a) Layout of the CERN Beta Beam. (b) The prototype
ion collection device constructed for Beta Beam studies.
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Figure 22: Summary of the physics performance of the facilities described in the text. (a) The 1𝜎measurement errors for the CP angle 𝛿 as a
function of 𝛿. (b) The range of 𝛿 for which a 3 and 5𝜎measurements of 𝛿 can be made. (c) The range of 𝛿 for which 3 and 5𝜎measurements
of the neutrino mass hierarchy can be made.
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15m. The baseline for both the Super Beam and Beta Beam
facilities is the MEMPHYS detector [36] in the Fréjus tunnel.
This will be a 500 kT fiducial mass water Cherenkov detector.
Note that using the same detector would make it possible to
run the Super Beam and Beta Beam at the same time. Near
detectors have also been designed for all three facilities.

4.1.5. EUROnu Physics. The physics group in EUROnu is
determining the physics reach of each facility and combi-
nation of facilities using the parameters provided for the
accelerators and detectors. They also assess and include
the corresponding systematic errors in a uniform way and
optimize performance based on information from other
experiments. Following the recent indications of large 𝜃

13
,

they have now started a physics reach comparison between
the EUROnu facilities and a number of others. Preliminary
examples of this work are shown in Figure 22 [48]. The
facilities being considered are the following.

(i) LENF: the low-energy neutrino Factory, with a
10GeVmuon energy, 1.4 × 10

21 decays per year and
a single 100 kt mass MIND detector at a baseline of
2000 km.

(ii) BB100: a 𝛾 = 100 Beta Beam, with 1.3/3.5 × 10
18

decays per year of Ne/He, a 10−2 atmospheric back-
ground suppression, and a 500 kt water Cherenkov
detector at Fréjus.

(iii) SPL-1st: a 4MWSPL Super Beam with 500 kt water
Cherenkov detector at Fréjus, corresponding approx-
imately to the first oscillation maximum.

(iv) SPL-2nd: as above, but with the detector at Canfranc,
corresponding to approximately the second oscilla-
tion maximum.

(v) SPL+BB: the combination of BB100 and SPL-1st.

For the low-energy Neutrino Factory, the signal system-
atic error used is 2.4%, while it is 5% for the other facilities.
The systematic error used for the background in all cases is
10% and 10-year running time is assumed.

4.1.6. Costing and Safety. The EUROnu comparative costing
is based on the three facilities being located at CERN, to put
the costing on the same basis. Similar assumptions are being
made and common costs are being used wherever possible.
It is being overseen by a costing panel. To complement this,
the major safety aspects and technical risks of the facilities
are being assessed. As only limited resources are available, the
emphasis in costing is to achieve the best relative precision
between the facilities. The same principle is being applied for
the safety assessment. It will use existing experience, where
that exists.The technical risks will be assessed by the facilities
at the end of the design study.

4.2. LAGUNA and LAGUNA-LBNO. Neutrinos are messen-
gers from astrophysical objects as well as from the early
universe and can give us information on processes, which
cannot be studied otherwise. Underground experiments, like

Super-Kamiokande (SK) [49], have made important dis-
coveries. Next-generation very-large-volume underground
experiments will answer fundamental questions on particle
and astroparticle physics. The construction of a large-scale
detector devoted to particle and astroparticle physics in
Europe is one of the priorities of the ASPERA [50] roadmap
(2008).These detectorswill search for a possible finite lifetime
for the proton with a sensitivity one order of magnitude
better than the current limit. With a neutrino beam they
will measure in a complementary way the mixing angle
(𝜃
13
) of neutrinos, the hierarchy of the mass eigenstates

and unveil through neutrino oscillations the existence of CP
violation in the leptonic sector, which in turn could provide
an explanation of the matter-antimatter asymmetry in the
Universe. Moreover, they will study astrophysical objects, in
particular the Sun and Supernovae [51, 52]. The FP7 Design
Studies LAGUNA (2008–2011) [53–55] and LAGUNA-LBNO
(2011–2014) [56] support studies of European research infras-
tructures in deep underground cavities able to host a very
large multipurpose next-generation neutrino observatory—
GLACIER (liquid argon) [57], lENA (liquid scintillator) [58],
and MEMPHYS (water Cherenkov) [36, 59].

The FP7 Design Study LAGUNA (2008–2011) was a
Pan-European effort of 21 beneficiaries, composed of aca-
demic institutions fromDenmark, Finland, France,Germany,
Poland, Spain, Switzerland, and UK, as well as industrial
partners specialized in civil and mechanical engineering and
rock mechanics. The goal of the study was to assess the
feasibility of this research infrastructure in Europe and the
related costs.

The LAGUNA consortium has evaluated possible exten-
sions of the existing deep underground laboratories in
Europe: Boulby (UK), Canfranc (Spain), and Modane
(France) and considered the creation of new laboratories in
the following sites: Caso Umbria Region (Italy), Pyhäsalmi
(Finland), Sieroszowice (Poland), and Slanic (Romania).
In Europe there are three different proposed detectors:
GLACIER, LENA, and MEMPHYS. For all three detectors
there are, in the LAGUNA context, specific studies concern-
ing the construction feasibility, the required depth, the muon
and reactor neutrino flux, and so forth. In Figure 23, the seven
sites are shown, as well as an example of the construction
studies developed by the different beneficiaries. The main
conclusion of the LAGUNA study is that from a rock
mechanical point of view all the proposed excavations are
possible. Detailed cost estimations for the site construction
and estimations for the detector constructions have been
delivered. It turned out that the cavern construction itself is
not the most important cost driver in such future project.
In order to make a realistic overall cost estimation, the detec-
tor construction costs and the costs related to the operation
of the infrastructure for at least 30 years or more have to be
studied in more detail. Furthermore, the physics potential of
each combination of site and detector has to be investigated
in detail and in a common way. This led the collaboration
to propose the second phase study: LAGUNA-LBNO, which
was accepted within the European FP7 framework.

The LAGUNA collaboration decided to go ahead with a
new study, LAGUNA-LBNO (2011–2014) to investigate two
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Figure 23: (a) Map of the seven possible underground sites in
Europe. (b) Exemplary layouts studied in LAGUNADS for each site.

sites in detail: the shortest baseline from CERN, Fréjus at
130 km with no matter effect and therefore providing a clean
measurement of CP violation and the longest baseline at
Pyhäsalmi (2300 km) with matter effects and therefore able
to determine the mass hierarchy. A third site, Umbria in Italy
at 730 km from CERN, is investigated with lower priority.
Umbria is a green field location in the existing CERN-CNGS
beam.

LAGUNA-LBNO is a collaboration of about 300 physi-
cists and engineers from 13 countries including 39 research
institutions and industrial partners. Two non-European
countries, Japan and Russia, are partners of the project.
LAGUNA-LBNO will provide a realistic scheme for the tank
construction and the costing of the detector itself. The costs
involved with liquid procurement and long-term running of
the newunderground laboratorywill be evaluated.Newbeam
options based on the existing CERN accelerator complex are
investigated and the physics potential of each detector option
at the two locations will be studied.

At the Pyhäsalmi site, two options are studied: a 50 kt liq-
uid scintillator detector (LENA) and the GLACIER detector
with 20 kt and 50 kt liquid argon for a staged instrumentation.
Both detectors are located at a depth of roughly 4000m.w.e.
For the Fréjus site, the MEMPHYS project in combination
with a 𝛽-Beam (𝛽B) or a Superbeam (SB) from CERN is
under investigation. In parallel, a hybrid option of one or two

MEMPHYS tanks together with the LENA experimentwill be
investigated [60].

4.3. The Three Detectors: GLACIER, LENA, and MEMPHYS.
The GLACIER (Giant Liquid Argon Charge Imaging Exper-
iment) detector is based on a new liquid argon detector
concept, scalable to a single unit of mass 100 kt: it relies on
a cryogenic storage tank developed by the petrochemical
industry (LNG technology) and on a novel method of
operation called the LAr LEM-TPC. LAr LEM-TPCs operate
in double phase with charge extraction and amplification
in the vapor phase. The concept has been very successfully
demonstrated on small prototypes: ionization electrons, after
drifting in the LAr volume, are extracted by a set of grids
into the gas phase and driven into the holes of a double-stage
Large ElectronMultiplier (LEM), where charge amplification
occurs.

Effective extrapolation to the required scale needs con-
crete R&D. A ton-scale LAr LEM-TPC detector has been
successfully operated at CERN in Blg 182 within the CERN
RE18 experiment (ArDM). The detector has been moved
to the Canfranc underground laboratory in Spain to search
for direct WIMP signals. In order to prove the perfor-
mance for neutrino physics, additional dedicated test beam
campaigns are being considered, to test and optimize the
readout methods and to assess the calorimetric perfor-
mance of such detectors. A 1 kt detector can be built
assuming the GLACIER design with a 12m diameter and
10m vertical drift. The layout of the GLACIER tank and
its implementation in the Pyhäsalmi mine is shown in
Figure 24.

Thanks to the very good imaging capabilities of the
GLACIER detector in combination with a neutrino beam
from CERN the experiment has outstanding physics poten-
tial. The high resolution of the detector allows the precise
measurement of the first and second oscillation maximum
and therefore the precise determination of 𝜃

13
, the CP

violating phase 𝛿, and the mass hierarchy.
As stated above, the GLACIER experiment is scalable and

therefore a staged approach is actively developed. The first
phase is a 20 kt double phase LAr LEM-TPC (GLACIER)
combined with a magnetized muon detector (MIND). The
beam is based on a conventional neutrino beam line with a
baseline of 2300 km towards Pyähsalmi, Finland (CN2PY)
with protons from an upgraded CERN SPS (700 kW). An
Expression of Interest has been submitted to the CERN SPSC
for this project [62].

The experiment allows the precise determination of oscil-
lation parameters by measuring all transition probabilities
(𝜈
𝜇
→𝜈
𝜇
, 𝜈
𝜇
→𝜈
𝜏
, 𝜈
𝜇
→𝜈
𝑒
) with neutrinos and antineutrinos.

It can achieve a precise determination of the neutrino mass
hierarchy (5𝜎CL) within a few years. In about 10 years, 60%
of theCP violation parameter spacewill be covered at 90%CL
In Figure 25, we show in the left panel the 68% and 90%CL
contours for 𝛿CP and in the right panel the potential to
determine the mass hierarchy.

Thanks to the deep underground location, this initial
phase can reach a number of outstanding physics goals.
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Figure 24: Schematic view of the Pyhäsalmi mine and the GLACIER and LENA detector with their access shafts.

The new underground neutrino observatory addresses the
unification of elementary forces by searching for nucleon
decay. The limit on the proton lifetime will be improved
to 𝜏
𝑝

≥ 2 × 10
34 years in the channel 𝑝 → 𝐾𝜈 at

90%CL. The first stage of GLACIER will contribute with
major advances in the multimessenger neutrino astronomy
with the detection of astrophysical and terrestrial neutrinos
(solar, atmospheric neutrinos) and dark matter annihila-
tion. GLACIER can detect neutrino bursts from galactic
and extragalactic supernova which can unveil the mecha-
nisms of the stellar collapse. For a supernova explosion at
10 kpc, 10,000 neutrino interactions will be recorded. Fur-
thermore, 5600 atmospheric neutrino events per year will be
measured.

In a second phase (≥2025), the detector can be upgraded
to reach the full seize of 100 kt and the beam power will
be increased with a HP-PS (2MW) or a neutrino factory,
for example, which allows 75% coverage of the CP violation
parameter space at 3𝜎CL [63].

The LENA (Low-Energy Neutrino Astronomy) detector
design foresees the use of 50 kt of liquid scintillator (LSc) for
neutrino detection.The LSc will be contained in a cylindrical
concrete tank of 32m diameter and 100m height. Inside the
detector tank, a scaffolding, optically separated from the tank
walls will be installed as a framework for optical modules
(OMs) facing the interior of the detector at a radius of 14m.
The PMT support structure is depicted in Figure 26(a).

The optical modules will contain 12󸀠󸀠 PMTs equipped
with Winston cones for light collection. They will be fully
encapsulated for pressure resistance with an enclosed buffer
of non-scintillating oil to impede 𝛾-radiation from the PMT
glass from reaching the scintillator. The setup of an OM is

shown in Figure 26(b). The design foresees the installation of
29600OMs leading to an optical coverage of 30%.

The detector tank has to be placed in an underground
cavern to provide shielding from cosmic radiation. The
design foresees a volume around the detector tank to be filled
with pure water acting as a Cherenkov veto for cosmicmuons
as well as a shielding for fast neutrons.The preferred locations
are either in the Pyhäsalmimine in central Finland, at a depth
of 1400m (4000m.w.e.), or in the Laboratoire Souterrain de
Modane adjacent to the Fréjus tunnel in the French-Italian
Alps with a rock overburden corresponding to 4800m.w.e.
A detailed description of the LENA project can be found in
[64].

The concept of neutrino spectroscopy has been success-
fully demonstrated by both KamLAND and Borexino. The
low-energy threshold of LSc offers a wide range of physics
based onneutrinos from terrestrial and astrophysical sources.
The core research program will be the detection of neutrinos
with energies reaching from sub-MeV to tens of MeV, but
LENA can also contribute to several aspects of neutrino and
particle physics associated to GeV energies.

The huge target mass of LENA gives the opportunity of
a high statistics spectral measurement of the solar neutrino
flux. Approx. 104 solar neutrino interactions per day allow
for a measurement of the 7Be neutrino flux with an unprece-
dented accuracy. This offers the opportunity to search for
temporal variations in the flux and thus to probe the effects
of possible helioseismic g-modes [65]. A measurement of the
up to now undetermined CNO neutrino flux would provide
valuable information on the solar metallicity and fusion
processes in the solar center. The high statistics spectral
measurement of solar neutrinos will allow for a precise
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plane. (b) Mass hierarchy determination at 5𝜎 [61].

determination of the 𝜈
𝑒
survival probability in the transition

region between vacuum and matter dominated oscillations.
LENA offers excellent capabilities for the observation of

a galactic core-collapse Supernova [64]. Different neutrino
detection channels offer the opportunity to determine indi-
vidual, time-dependent spectra for different neutrino types
and thus allow for an energy and flavor resolved real-time
analysis. For a standard Supernova in the center of our galaxy
approx. 104 events are expected within a few seconds. These
are predominately 𝜈

𝑒
interactions; however, there will also be

a large signal from 𝜈
𝜇
and 𝜈
𝜏
scattering on protons.

While the predicted rate of galactic Supernovae is about
one to three per century, the isotropic neutrino background
from Supernovae on cosmic scales is expected to provide a
flux of approx. 100 𝜈/cm2s. This so-called diffuse Supernova
neutrino background (DSNB) has not yet been observed.
Based on current models, LENA is almost certain to detect
the 𝜈
𝑒
component of the DSNB by looking in the energy win-

dow between 10 and 30MeV formed by the reactor neutrino
and atmospheric neutrino background. The expected event

(a)
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(b)

Figure 26: (a)The PMT support structure is optically shielded from
the tank walls; (b) each optical module contains a fully enclosed
PMT equipped with a Winston cone. Nonscintillating mineral oil is
added to prevent gammas emerging from the PMTs from reaching
the scintillator [64].

rate is of the order of 2 to 20 events per year, depending on
the underlying Supernova model and Supernova rate [67].

The inverse beta decay offers an excellent detection chan-
nel for 𝜈

𝑒
in LENA not only for Supernova physics. Because

of the coincidence signal of the positron and the delayed
neutron capture, this channel is virtually background-free.
Due to the low detection threshold of 1.8MeV, LENA will
also be sensitive to geoneutrinos, expecting roughly 1000
events per year [68]. Geoneutrinos are produced in the
decay of radioactive isotopes in the Earth’s core, mantle,
and crust. Measuring their spectra allows to determine the
abundances of 238U and 232Thand their natural decay chains.
The measurement of reactor 𝜈

𝑒
offers the opportunity for

precision measurement of Δ𝑚2
12
[69].

Furthermore, LENA allows for an indirect search for
dark matter (DM) by observing neutrinos produced in the
annihilation or decay of DM particles. LENA is especially
sensitive in the region of 10 to 100MeV which is not easily
accessed by other experiments.
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Figure 27: Sensitivity of LENA to the neutrino mass hierarchy for
the 2288 km long-baseline CERN to Pyhäsalmi and for different
detector and beam performances at 5𝜎CL Detector performance
parameters like the NC rejection efficiency are still under investi-
gation [66].

Within LAGUNA-LBNO, the use of LENA as a target
for a possible future neutrino beam is currently under
investigation [71]. A realistic scenario is the use of a
conventional 𝜈

𝜇
/𝜈
𝜇
-beam from CERN. Located in the

Pyhäsalmimine in central Finland, the LENAdetector will be
at a baseline distance to CERN of 2288 km.This corresponds
to the first oscillation maximum of a 𝜈

𝜇
beam with an energy

of 4.2 GeV. By searching for the appearance of 𝜈
𝑒
in the

𝜈
𝜇
beam, LENA can shed new light on the neutrino mass

hierarchy and the neutrino mixing parameter 𝛿CP. Figure 27
shows the sensitivity to the mass hierarchy. For the recently
determined central value of 𝜃

13
, LENA could determine the

mass hierarchy at the 5𝜎CL level.
To reconstruct the complex vertices created by the inter-

actions of GeV neutrinos, a reliable tracking and identifica-
tion of all final state particles is needed. The possibility of
particle tracking in unsegmented LSc detectors is currently
investigated in a great effort, returning promising results
on the neutrino energy reconstruction and NC background
identification.

The NC/CC discrimination applied in this analysis relies
on pulse shape analysis/tagging of muon decay electrons to
suppress NC background events featuring charged pions and
on a multivariate analysis (again relying mostly on pulse
shape parameters) to distinguish 𝜋0NC form 𝜈

𝑒
CC events.

The combination 27%CC efficiency/11% residual NC (sce-
nario “C” in Figure 27) corresponds to the most conservative
scenario in which all CC 𝜈

𝑒
events also producing a charged

pion are rejected. The more optimistic value of 50%CC
efficiency assumes that they can be partly recovered.

When a high-energy charged particle passes through
the LSc, it creates a superposition of spherical light waves,

forming a spherical backward running light front and a v-
shaped forward light front resembling a Cherenkov cone,
thus creating distinct arrival time patterns at the PMTs.
Analyzing these patterns allows for a track reconstruction,
as it has been shown for cosmic muons by KamLAND
and Borexino. Recent studies investigate the capability of
this method for 𝜈 event reconstruction with increasing
sophistication and accuracy. Figure 28 shows example tracks
from the reconstruction of muons and electrons obtained by
an algorithm capable of producing density profiles for the
light emission inside the scintillator. Due to the broader and
shorter profile of the emerging electromagnetic shower, 𝑒 and
𝜇 can be clearly distinguished.

Neutrino mixing parameters can also be determined in
LENA using much shorter baselines. Based on high-intensity
synchrotrons producing GeV protons, 𝜈

𝜇
from the decay

of stopped 𝜋
+ can be used for an 𝜈

𝜇
↔ 𝜈

𝑒
appearance

experiment at baselines of the order of several km. As it
has been demonstrated in the DAE𝛿ALUS proposal [72],
a configuration using sources at three different baselines
provides sensitivity to both 𝜃

13
and 𝛿CP, a measurement

largely complementary to the long-baseline option. Further-
more, intense radioactive electron capture sources placed on
top or inside the detector can be used to search for sterile
neutrino oscillations at wavelengths of several meters by the
observation of a spatial oscillation pattern inside the detector
[73].

Last but not least, neutrino physics is not the only
field where LENA can improve our current knowledge of
elementary physics. Due to its high target mass and the
excellent background discrimination, LENA is capable of
increasing the limit of the proton lifetime to 𝜏

𝑝
≥ 4 ×

10
34 years in the channel 𝑝 → 𝐾

+
𝜈, based on 10 years of

measurement [74].
The LENA detector and its implementation in the

Pyhäsalmi mine is shown in Figure 24.
The MEMPHYS (Megaton Mass Physics) project is dis-

cussed here with particular interest for deployment in an
extended Modane Laboratory (LSM: Laboratoire Souterrain
de Modane France), the distance from CERN being optimal
for a low-energy neutrino beam [75]. Due to the short
distance to CERN, this experiment has an excellent reach for
leptonic CP violation search.The experiment is based on one
of the most understood techniques for neutrino detection:
Cherenkov light emission in water by charged particles
resulting from neutrino interactions. At beam energies below
1GeV, the water Cherenkov technique is well adapted to
the physics scope of LAGUNA. Each tank of MEMPHYS is
about 10 times Super-Kamiokande, and therefore only a mild
extrapolation from an existing detector is necessary.

The project aims at a fiducial mass around half a megaton
obtained with 2 cylindrical detector modules of 65 meters in
diameter and 103meters in height. A schematic view is shown
in Figure 29. It takes into account the need to have a veto
volume, 1.5m thick, plus aminimal distance of about 2meters
between photodetectors and interaction vertices, leaving a
sufficient space for ring development and to protect from
𝛾 from the PMTs natural radioactivity. The fiducial volume
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Figure 28: Visualization of the tracking for electron (a) andmuon (b) events in LENA.Thepictures showdensity profiles for the light emission
inside the scintillator. Due to the broader and shorter profile of the emerging electromagnetic shower, 𝑒 and 𝜇 can be clearly distinguished
[70].
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Figure 29: Possible layout for the future neutrino observatory at the Fréjus tunnel. The MEMPHYS detector is made of two independent
tanks 60m apart from each other. Each tank is 65m in diameter and 103m in height.

is 530 kilotons. The light sensors choice is to instrument
the detector with photomultipliers tubes (PMTs) with a
geometrical coverage of 30%.However, a number of technical
aspects are under investigation. One of the challenges is
the large number of photomultipliers required. The baseline
design of MEMPHYS uses about 220,000 8󸀠󸀠 PMTs.

For a MEMPHYS detector at the Fréjus site, situated at
130 km from CERN, the first peak of the neutrino oscillation
probability occurs at a beam energy between 0.2 and 0.4GeV.
The sensitivity of the MEMPHYS experiment to CP violation
is shown in Figure 30.

The deep underground position of the MEMPHYS neu-
trino observatory (4800m.w.e.) allows a very rich nonac-
celerator physics program. We summarize in Table 9 the
results for nonaccelerator physics: the discovery potential
of MEMPHYS for proton decay (90%CL in 10 years), the
number of events for a supernova explosion at 10 kpc, the
signal over background ratio for DSN neutrinos, and the rate

of solar, atmospheric, and reactor neutrinos in the detector
per year. We assume an energy threshold of 5MeV. The
improvement of the new, optimized design (2 tanks 65m ×

10
3m) for the detector is shown in the right column.
The coverage of large area with PMTs at a “low” cost

implies a readout integrated electronics circuit (called ASIC)
for groups of PMT (matrix of 4×4).The development of such
electronics is the aim of a dedicated French R&D program,
called PMm2 [76, 77]. The circuit under development allows
to integrate for each group of PMTs: a high-speed discrimi-
nator on the signal photoelectron (ph.e), the digitization of
the charge (on 12 bits ADC) to provide numerical signals, the
digitization of time (on 12 bits TDC) to provide time informa-
tion, a channel-to-channel gain adjustment, and a common
high voltage. All the electronic and acquisition developed
in the PMm2 program is going to be fully tested with the
MEMPHYNO prototype installed at the APC laboratory.
MEMPHYNO is a test bench for any kind of light sensor
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Table 9: Summary of nonaccelerator physics in MEMPHYS.

Topic MEMPHYS (440 kt) (∼500 kt)
Proton decay: In 10 years In 10 years
𝑒
+
𝜋
0

<1.0 × 10
35 [y] 90% CL ∼1.2 × 10

35 [y] 90% CL
𝜈𝐾
+

<2 × 10
34 [y] 90% CL ∼2.4 × 10

34 [y] 90% CL
SN 𝜈 (10 kpc):
CC 2.0 × 10

5 (𝜈
𝑒
) ∼2.4 × 10

5 (𝜈
𝑒
)

ES 1.0 × 10
3 (𝑒) ∼1.2 × 10

3 (𝑒)
DSN 𝜈 (S/B 5 y) (43–109)/47 (⋆) (52–131)/57 (⋆)
Solar 𝜈
8B ES 1.1 × 10

6 per y ∼1.3 × 10
6 per y

Atm. 𝜈 (per y) 4.0 × 10
4

∼4.8 × 10
4

Geo 𝜈 Needs 2MeV thr. Needs 2MeV thr.
Reactor 𝜈 (per y) 6.0 × 10

4 (⋆) ∼7.2 × 10
4 (⋆)

The (⋆) stands for the case where Gd salt is added to the water of one tank. The values on the right column are an extrapolation of the left ones.
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Figure 30: Sensitivity to leptonic CP violation of the MEMPHYS
experiment at 3𝜎 for different assumptions on the systematic error
for the signal (sig) and the background (bkg).The evaluation is based
on the CERN to Fréjus Superbeam with 2 years running in neutrino
mode and 8 years running in anti-neutrino mode.

or electronics solution for next-generation megaton size
experiments. This prototype is realized with a PEHD
(polyethylene) tank of 2 × 2 × 2m3 filled with water and
a hodoscope made by 4 scintillator planes (kindly donated
by the OPERA [78] collaboration)—2 on the top and 2 on
the bottom— for the trigger of the incoming cosmic muons.
A schematic view of the Memphyno tank with the muon
hodoscope (green) and the PMm2 matrix (read dots) is
shown in Figure 31(a). In Figures 31(b) and 31(c), the PMT

matrix as well as the pressure resistant box for the electronics
is shown.

The development on grouped electronics and photosen-
sors is of very high interest for all the three detector options of
the LAGUNA project. In particular the strong synergy with
the LENAdetector leads to a joint studywithin a collaborative
effort between German and French groups [60].

In parallel to the development on photosensors and
electronics, a large effort on the simulation of the detector
performance is ongoing.

The neutrino event generator is based on GENIE [79]
and the full simulation of the MEMPHYS detector is based
on GEANT4 [80, 81]. The code has been developed starting
from the Super-Kamiokande algorithm and adapted to the
new geometry and PMT choice of MEMPHYS. A new event
reconstruction algorithm for ring and vertex finding has
been developed. Event reconstruction and analysis procedure
have been essentially focalized on the reconstruction of the
incoming neutrino energy and the identification of its flavor
to perform appearance or disappearance analyses with the
different types of beams. In order to properly take into
account all the effects of the reconstruction, the detector
performance has been conventionally described in terms of
“migration matrices” representing the neutrino reconstructed
energy versus the true one [82].

5. Conclusions

Neutrinos physics is one of the most dynamic and exciting
fields of research in fundamental particle physics and astro-
physics. The next-generation neutrino detector will address
fundamental properties of the neutrino like mass hierarchy,
the mixing angle 𝜃

13
, and the CP phase. We will enter

the era of precision measurement of all elements of the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. A new
deep underground neutrino observatory will allow neutrino
astronomy with solar, atmospheric, and supernova neutrinos
as well as the detection of geo-neutrinos in the case of the
LENA detector. Such a new detector naturally allows for
major improvements in the search for nucleon decay. A
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(a) (b)
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Figure 31: (a) Schematic view of the MEMPHYNO prototype. (b) Photograph of the PMm2matrix of 16 8󸀠󸀠 Hamamatsu PMTs. (c) Backside
of the matrix showing the watertight box for the electronics.

next-generation neutrino observatory needs a huge, megaton
scale detector which in turn has to be installed in a new,
international underground laboratory, capable of hosting
such a huge detector.
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Neutrino astronomy beyond the Sun was first imagined in the late 1950s; by the 1970s, it was realized that kilometer-scale neutrino
detectors were required. The first such instrument, IceCube, transforms a cubic kilometer of deep and ultra-transparent Antarctic
ice into a particle detector. KM3NeT, an instrument that aims to exploit several cubic kilometers of the deep Mediterranean sea
as its detector medium, is in its final design stages. The scientific missions of these instruments include searching for sources of
cosmic rays and for dark matter, observing Galactic supernova explosions, and studying the neutrinos themselves. Identifying the
accelerators that produce Galactic and extragalactic cosmic rays has been a priority mission of several generations of high-energy
gamma-ray and neutrino telescopes; success has been elusive so far. Detecting the gamma-ray and neutrino fluxes associated with
cosmic rays reaches a new watershed with the completion of IceCube, the first neutrino detector with sensitivity to the anticipated
fluxes. In this paper, wewill first revisit the rationale for constructing kilometer-scale neutrino detectors.Wewill subsequently recall
the methods for determining the arrival direction, energy and flavor of neutrinos, and will subsequently describe the architecture
of the IceCube and KM3NeT detectors.

1. Introduction

Soon after the 1956 observation of the neutrino [1], the idea
emerged that it represented the ideal astronomicalmessenger.
Neutrinos travel from the edge of the Universe essentially
without absorption and with no deflection by magnetic
fields. Having essentially no mass and no electric charge, the
neutrino is similar to the photon, except for one important
attribute: its interactions with matter are extremely feeble.
So, high-energy neutrinos may reach us unscathed from
cosmic distances, from the inner neighborhood of black
holes, and, hopefully, from the nuclear furnaceswhere cosmic
rays are born.Their weak interactions also make cosmic neu-
trinos very difficult to detect. Immense particle detectors are
required to collect cosmic neutrinos in statistically significant
numbers [2]. By the 1970s, it was clear that a cubic-kilometer
detectorwas needed to observe cosmic neutrinos produced in
the interactions of cosmic rays with background microwave
photons [3]. Newer estimates for observing potential cos-
mic accelerators such as Galactic supernova remnants and

gamma-ray bursts unfortunately point to the same exigent
requirement [4–6]. Building a neutrino telescope has been a
daunting technical challenge.

Given detector’s required size, early efforts concen-
trated on transforming large volumes of natural water into
Cherenkov detectors that catch the light produced when
neutrinos interactwith nuclei in or near the detector [7]. After
a two-decade-long effort, building the Deep Underwater
Muon and Neutrino Detector (DUMAND) in the sea off
the main island of Hawaii unfortunately failed [8]. However,
DUMANDpaved theway for later efforts by pioneeringmany
of the detector technologies in use today and by inspiring
the deployment of a smaller instrument in Lake Baikal [9],
as well as efforts to commission neutrino telescopes in the
Mediterranean [10–12]. These have paved the way towards
the construction of KM3NeT. The first telescope on the
scale envisaged by the DUMAND collaboration was realized
instead by transforming a large volume of the extremely
transparent natural deep Antarctic ice into a particle detec-
tor, the Antarctic Muon and Neutrino Detector Array
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(AMANDA). In operation since 2000, it represents a proof
of concept for the kilometer-scale neutrino observatory,
IceCube [13, 14].

Neutrino astronomy has already achieved spectacular
successes: neutrino detectors have “seen” the Sun and
detected a supernova in the Large Magellanic Cloud in
1987. Both observations were of tremendous importance; the
former showed that neutrinos have a tiny mass, opening
the first crack in the standard model of particle physics,
and the latter confirmed the basic nuclear physics of the
death of stars. Figure 1 illustrates the cosmic neutrino energy
spectrum covering an enormous range, from microwave
energies 10

−12 eV to 10
20 eV [15]. The figure is a mixture of

observations and theoretical predictions. At low energy, the
neutrino sky is dominated by neutrinos produced in the Big
Bang. At MeV energy, neutrinos are produced by supernova
explosions; the flux from the 1987 event is shown. The
figure displays themeasured atmospheric-neutrino flux up to
energies of 100 TeV by theAMANDAexperiment [16]. Atmo-
spheric neutrinos are a key to our story, because they are the
dominant background for extraterrestrial searches. The flux
of atmospheric neutrinos falls dramatically with increasing
energy; events above 100 TeV are rare, leaving a clear field of
view for extraterrestrial sources.

The highest energy neutrinos in Figure 1 are the decay
products of pions produced by the interactions of cosmic
rays with microwave photons [17]. Above a threshold of ∼4 ×

1019 eV, cosmic rays interact with the microwave background
introducing an absorption feature in the cosmic-ray flux, the
Greisen-Zatsepin-Kuzmin (GZK) cut-off. As a consequence,
the mean free path of extragalactic cosmic rays propagating
in the microwave background is limited to roughly 75 mega-
parsecs, and therefore, the secondary neutrinos are the only
probe of the still-enigmatic sources at longer distances. What
they will reveal is a matter of speculation. The calculation
of the neutrino flux associated with the observed flux of
extragalactic cosmic rays is straightforward and yields one
event per year in a kilometer-scale detector. The flux, labeled
GZK in Figure 1, shares the high-energy neutrino sky with
neutrinos from gamma-ray bursts and active galactic nuclei
[4–6].

2. The Cosmic-Ray Puzzle

Despite their discovery potential touching a wide range of
scientific issues, the construction of ground-based gamma-
ray telescopes and kilometer-scale neutrino detectors has
been largely motivated by the possibility of opening a new
window on the Universe in the TeV energy region and above.
In this paper, we will revisit the prospects for detecting
gamma rays and neutrinos associated with cosmic rays, thus
revealing their sources at a timewhenwe are commemorating
the 100th anniversary of their discovery by Victor Hess in
1912. Unlike charges, cosmic rays, gamma rays, and neutrinos
point back at their sources.

Cosmic accelerators produce particles with energies in
excess of 10

8 TeV; we still do not know where or how [18–
20]. The flux of cosmic rays observed at the Earth is shown

0 5 10

Solar Relic
SN

1987

10 kpc

Atmospheric

AGN

GRB

GZK

AMANDA-II

−15 −10 −5

1013

108

103

10−2

10−7

10−12

10−17

10−22

10−27

(G
eV

−
1

 
sr
−
1

 
s−
1

 
cm

−
2
)

C𝜈B

log (𝐸𝜈/GeV)

𝑝𝑝 8B

𝑑
𝑁
𝜈

/𝑑
𝐸
𝜈

Fréjus

Figure 1: The cosmic-neutrino spectrum. Sources are the Big Bang
(C𝜈B), the Sun, supernovae (SN), atmospheric neutrinos, active
galactic nuclei (AGN) galaxies, and GZK neutrinos.The data points
are from detectors at the Fréjus underground laboratory [24] (red)
and from AMANDA [16] (blue).

in Figure 2. The energy spectrum follows a sequence of three
power laws. The first two are separated by a feature dubbed
the “knee” at an energy (we will use energy units TeV, PeV,
and EeV, increasing by factors of 1000 from GeV energy) of
approximately 3 PeV.There is evidence that cosmic rays up to
this energy are Galactic in origin. Any association with our
Galaxy disappears in the vicinity of a second feature in the
spectrum referred to as the “ankle”; see Figure 2. Above the
ankle, the gyroradius of a proton in the Galactic magnetic
field exceeds the size of the Galaxy, and we are witnessing
the onset of an extragalactic component in the spectrum that
extends to energies beyond 100 EeV. Direct support for
this assumption now comes from three experiments [21–
23] that have observed the telltale structure in the cosmic-
ray spectrum resulting from the absorption of the particle
flux by the microwave background, the so-called Greisen-
Zatsepin-Kuzmin (GZK) cut-off. Neutrinos are produced in
GZK interactions; it was already recognized in the 1970s that
their observation requires kilometer-scale neutrino detectors.
The origin of the cosmic-ray flux in the intermediate region
covering PeV-to-EeV energies remains a mystery, although it
is routinely assumed that it results from some high-energy
extension of the reach of Galactic accelerators.

Acceleration of protons (or nuclei) to TeV energy and
above requires massive bulk flows of relativistic charged
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Figure 2: At the energies of interest here, the cosmic-ray spectrum
follows a sequence of 3 power laws. The first 2 are separated by the
“knee,” the 2nd and 3rd by the “ankle.” Cosmic rays beyond the ankle
are a new population of particles produced in extragalactic sources.

particles. These are likely to originate from exceptional grav-
itational forces in the vicinity of black holes or neutron stars.
The gravity of the collapsed objects powers large currents of
charged particles that are the origin of high magnetic fields.
These create the opportunity for particle acceleration by
shocks. It is a fact that electrons are accelerated to high energy
near black holes; astronomers detect them indirectly by
their synchrotron radiation. Some must accelerate protons,
because we observe them as cosmic rays.

The detailed blueprint for a cosmic-ray accelerator must
meet two challenges: the highest energy particles in the beam
must reach >103 TeV (108 TeV) for Galactic (extragalactic)
sources and meet the total energy (luminosity) requirement
to accommodate the observed cosmic-ray flux. Both repre-
sent severe constraints that have limited the imagination of
theorists.

Supernova remnants were proposed as possible sources
of Galactic cosmic rays as early as 1934 by Baade and Zwicky
[25]; their proposal is still a matter of debate after more than
70 years [26]. Galactic cosmic rays reach energies of at least
several PeV, the “knee” in the spectrum. Their interactions
with Galactic hydrogen in the vicinity of the accelerator
should generate gamma rays from the decay of secondary
pions that reach energies of hundreds of TeV. Such sources
should be identifiable by a relatively flat energy spectrum
that extends to hundreds of TeVwithout attenuation, because

the cosmic rays themselves reach at least several PeV near
the knee; they have been dubbed PeVatrons. The search to
pinpoint them has so far been unsuccessful.

Although there is no incontrovertible evidence that
supernovae accelerate cosmic rays, the idea is generally
accepted because of energetics: three supernovae per century
converting a reasonable fraction of a solar mass into particle
acceleration can accommodate the steady flux of cosmic rays
in the Galaxy. Originally, energetics also drove speculations
on the origin of extragalactic cosmic rays.

By integrating the cosmic-ray spectrum in Figure 2 above
the ankle, we find that the energy density of the Universe in
extragalactic cosmic rays is ∼3 × 10−19 erg cm−3 [27, 28]. The
power required for a population of sources to generate this
energy density over the Hubble time of 10

10 years is ∼3 ×

1037 erg s−1 per (Mpc)3. (In the astroparticle community,
this flux is also known as 5 × 10

44 TeVMpc−3 yr−1.) A
gamma-ray burst (GRB) fireball converts a fraction of a solar
mass into the acceleration of electrons, seen as synchrotron
photons. The energy in extragalactic cosmic rays can be
accommodated with the reasonable assumption that shocks
in the expanding GRB fireball convert roughly equal energy
into the acceleration of electrons and cosmic rays [29–31]. It
so happens that ∼2 × 1052 erg per GRB will yield the observed
energy density in cosmic rays after 10

10 years, given that the
rate is of order 300 per Gpc3 per year. Hundreds of bursts per
year over Hubble time produce the observed cosmic-ray den-
sity, just like the three supernovae per century accommodate
the steady flux in the Galaxy.

Problem solved? Not really: it turns out that the same
result can be achieved assuming that active galactic nuclei
(AGN) convert, on average,∼2× 1044 erg s−1 each into particle
acceleration. As is the case for GRB, this is an amount that
matches their output in electromagnetic radiation. Whether
GRB or AGN, the observation that these sources radiate
similar energies in photons and cosmic rays is unlikely to be
an accident. We will discuss the connection next; it will lead
to a prediction of the neutrino flux.

3. Neutrinos (and Photons) Associated
with Cosmic Rays

How many gamma rays and neutrinos are produced in asso-
ciation with the cosmic-ray beam? Generically, a cosmic-ray
source should also be a beam dump. Cosmic rays accelerated
in regions of high magnetic fields near black holes inevitably
interact with radiation surrounding them, for example, UV
photons in active galaxies or MeV photons in GRB fireballs.
In these interactions, neutral and charged pion secondaries
are produced by the processes

𝑝 + 𝛾 󳨀→ Δ
+

󳨀→ 𝜋
0
+ 𝑝, 𝑝 + 𝛾 󳨀→ Δ

+
󳨀→ 𝜋

+
+ 𝑛.

(1)

While secondary protons may remain trapped in the high
magnetic fields, neutrons and the decay products of neutral
and charged pions escape. The energy escaping the source is,
therefore, distributed among cosmic rays, gamma rays, and
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neutrinos produced by the decay of neutrons, neutral pions,
and charged pions, respectively.

In the case of Galactic supernova shocks, discussed
further on, cosmic rays mostly interact with the hydrogen in
the Galactic disk, producing equal numbers of pions of all
three charges in hadronic collisions 𝑝 + 𝑝 → 𝑛[𝜋

0
+ 𝜋
+

+

𝜋
−
] + 𝑋; 𝑛 is the pion multiplicity. These secondary fluxes

should be boosted by the interaction of the cosmic rays with
high-density molecular clouds that are ubiquitous in the star-
forming regionswhere supernovae aremore likely to explode.
A similar mechanism may be relevant to extragalactic accel-
erators; here we will concentrate on the 𝑝𝛾 mechanism,
relevant, for instance, to GRB.

In a generic cosmic beam dump, accelerated cosmic rays,
assumed to be protons for illustration, interact with a photon
target. These may be photons radiated by the accretion disk
in AGN and synchrotron photons that coexist with protons
in the exploding fireball producing a GRB.Their interactions
produce charged and neutral pions according to (1), with
probabilities 2/3 and 1/3, respectively. Subsequently, the pions
decay into gamma rays and neutrinos that carry, on average,
1/2 and 1/4 of the energy of the parent pion. We here assume
that the four leptons in the decay 𝜋

+
→ 𝜈
𝜇
+𝜇
+

→ 𝜈
𝜇
+(𝑒
+
+

𝜈
𝑒
+ 𝜈
𝜇
) equally share the charged pion’s energy. The energy

of the pionic leptons relative to the proton is

𝑥
𝜈
=

𝐸
𝜈

𝐸
𝑝

=
1

4
⟨𝑥
𝑝→𝜋

⟩ ≃
1

20
, (2)

𝑥
𝛾
=

𝐸
𝛾

𝐸
𝑝

=
1

2
⟨𝑥
𝑝→𝜋

⟩ ≃
1

10
. (3)

Here,

⟨𝑥
𝑝→𝜋

⟩ = ⟨
𝐸
𝜋

𝐸
𝑝

⟩ ≃ 0.2 (4)

is the average energy transferred from the proton to the pion.
The secondary neutrino and photon fluxes are

𝑑𝑁
𝜈

𝑑𝐸
= 1

1

3

1

𝑥
𝜈

𝑑𝑁
𝑝

𝑑𝐸
𝑝

(
𝐸

𝑥
𝜈

) , (5)

𝑑𝑁
𝛾

𝑑𝐸
= 2

2

3

1

𝑥
𝛾

𝑑𝑁
𝑝

𝑑𝐸
𝑝

(
𝐸

𝑥
𝛾

) =
1

8

𝑑𝑁
𝜈

𝑑𝐸
. (6)

Here,𝑁
𝜈
(= 𝑁
𝜈𝜇

= 𝑁
𝜈𝑒

= 𝑁
𝜈𝜏
) represents the sum of the neu-

trino and antineutrino fluxes which are not distinguished by
the experiments. Oscillations over cosmic baselines yield
approximately equal fluxes for the 3 flavors.

It is important to realize that the high-energy protons
may stay magnetically confined to the accelerator. This is
difficult to avoid in the case of a GRBwhere they adiabatically
lose their energy and trapped inside the fireball that expands
under radiation pressure until it becomes transparent and
produces the display observed by astronomers. Secondary
neutrons (see (1)) do escape with high energies and decay

into protons that are the source of the observed extragalactic
cosmic-ray flux:

𝑑𝑁
𝑛

𝑑𝐸
= 1

1

3

1

𝑥
𝑛

𝑑𝑁
𝑝

𝑑𝐸
𝑝

(
𝐸

𝑥
𝑛

) , (7)

with 𝑥
𝑛

= 1/2, the relative energy of the secondary neutron
and the initial proton. For an accelerator blueprint where the
accelerated protons escape with high energy, the energy in
neutrinos is instead given by (5):

𝐸
2 𝑑𝑁𝜈

𝑑𝐸
=

1

3
𝑥
𝜈
𝐸
2

𝑝

𝑑𝑁
𝑝

𝑑𝐸
𝑝

(𝐸
𝑝
) (8)

resulting in a reduced neutrino flux compared to the neutron
case. Identifying the observed cosmic-ray flux with the
secondary neutron flux enhances the associated neutrino
flux. For an accelerator with a generic 𝐸

−2 shock spectrum
where 𝐸

2

𝑝
𝑑𝑁
𝑝
/𝑑𝐸
𝑝
, the energy of the particles, is constant,

the neutron scenario leads to an increased neutrino flux by a
factor 3/𝑥

𝑛
≃ 6.

3.1. Discussion. The straightforward connection between the
cosmic-ray, photon, and neutrino fluxes is subject to modi-
fication, both for particle-physics, and astrophysics reasons.
From the particle-physic point of view, we assume that the
initial proton interacts once and only once. If it interacts 𝑛int
times, a number that depends on the photon target density,
(8), is generalized to

𝐸
2

𝜈

𝑑𝑁
𝜈

𝑑𝐸
𝜈

= [1 − (1 − 𝑒
−𝑛int)]

1

3
𝑥
𝜈
𝐸
2

𝑝

𝑑𝑁
𝑝

𝑑𝐸
𝑝

(𝐸
𝑝
) 𝑓GZK

≃ 𝑛int𝑥𝜈𝐸
2

𝑝

𝑑𝑁
𝑝

𝑑𝐸
𝑝

(𝐸
𝑝
) ,

(9)

for 𝑛int that is not too large. The additional factor 𝑓GZK ≃ 3

takes into account the fact that neutrinos, unlike protons, are
not absorbed by the microwave background, and therefore,
reach us from accelerators beyond a GZK proton absorption
length of about 50Mpc.The factor does vary with the specific
redshift evolution of the sources considered. Waxman and
Bahcall [29], Vietri [30], and Böttcher and Dermer [31]
argued that for sources that are transparent to TeV gamma
rays, the photon density is such that 𝑛int < 1 for protons, the
heralded bound; indeed, the cross sections are such that the
mean free path of photons by 𝛾𝛾 interactions at TeV energy
is the same as for protons by 𝑝𝛾 interactions at EeV. (For
some reason, the factor 1/3 in (9) has been replaced by 1/2 in
the original bound.) As was previously discussed, where sec-
ondary neutrons are the origin of the observed cosmic rays,
the bound is increased. Sources with 𝑛int > 1 are referred to as
obscured or hidden sources hidden in light, that is, Because
IceCube has reached the upper limits of energy in cosmic
neutrinos that are below either version of the bound, hidden
sources do not exist, at least not the 𝑝𝛾 version.

One can include photoproduction final states beyond the
Δ-resonance approximation that has been presented here
[32].
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There are also astrophysical issues obscuring the gamma-
neutrino connection of (9), which only applies to the gamma-
ray flux of pionic origin.Nonthermal sources produce gamma
rays by synchrotron radiation, and their TeV fluxes can be
routinely accommodated by scattering the photons on the
electron beam to higher energy. Separating them from pionic
photons has been somewhat elusive, and any application of
(9) requires care.

The rationale for kilometer-scale neutrino detectors is
that their sensitivity is sufficient to reveal generic cosmic-ray
sources with an energy density in neutrinos comparable to
their energy density in cosmic rays [27, 28] and pionic TeV
gamma rays [33, 34].

4. Sources of Galactic Cosmic Rays

The energy density of the cosmic rays in our Galaxy is 𝜌
𝐸

∼

10
−12 erg cm−3. Galactic cosmic rays are not forever; they dif-

fuse within the microgauss fields and remain trapped for an
average containment time of 3×10

6 years.The power needed
to maintain a steady energy density requires accelerators
delivering 10

41 erg/s. This happens to be 10% of the power
produced by supernovae releasing 10

51 erg every 30 years
(1051 erg correspond to 1% of the binding energy of a neutron
star after 99% is initially lost to neutrinos). This coincidence
is the basis for the idea that shocks produced by supernovae
exploding into the interstellar medium are the accelerators of
the Galactic cosmic rays.

Despite the rapid development of instruments with
improved sensitivity, it has been impossible to conclusively
pinpoint supernova remnants as the sources of cosmic rays
by identifying accompanying gamma rays of pion origin.
A generic supernova remnant releasing an energy of 𝑊 ∼

10
50 erg into the acceleration of cosmic rays will inevitably

generate TeV gamma rays by interacting with the hydrogen
in the Galactic disk. The emissivity in pionic gamma rays
𝑄
𝛾
is simply proportional to the density of cosmic rays 𝑛cr

and to the target density 𝑛 of hydrogen atoms. Here, 𝑛cr ≃

4×10
−14 cm−3 is obtained by integrating the proton spectrum

for energies in excess of 1 TeV. For an 𝐸
−2 spectrum,

𝑄
𝛾
≃ 𝑐⟨

𝐸
𝜋

𝐸
𝑝

⟩𝜆
𝑝𝑝

−1
𝑛cr (>1TeV) ≃ 2𝑐𝑥

𝛾
𝜎
𝑝𝑝

𝑛𝑛cr, (10)

or

𝑄
𝛾
(>1TeV) ≃ 10

−29 photons
cm3 s

(
𝑛

1 cm−3
) . (11)

The proportionality factor in (10) is determined by particle
physics; 𝑥

𝛾
is the average energy of secondary photons rela-

tive to the cosmic-ray protons, and 𝜆
𝑝𝑝

= (𝑛𝜎
𝑝𝑝

)
−1 is the pro-

ton interaction length (𝜎
𝑝𝑝

≃ 40mb) in a density 𝑛 of
hydrogen atoms. The corresponding luminosity is

𝐿
𝛾
(> 1TeV) ≃ 𝑄

𝛾

𝑊

𝜌
𝐸

, (12)

where 𝑊/𝜌
𝐸
is the volume occupied by the supernova rem-

nant.We heremade the approximation that the volume of the

young remnant is approximately given by 𝑊/𝜌
𝐸
or that the

density of particles in the remnant is not very different from
the ambient energy density 𝜌

𝐸
∼ 10
−12 erg cm−3 of Galactic

cosmic rays [4–6].
We thus predict [35, 36] a rate of TeV photons from a

supernova at a nominal distance 𝑑 of order 1 kpc of

∫
𝐸>1TeV

𝑑𝑁
𝛾

𝑑𝐸
𝛾

𝑑𝐸
𝛾
=

𝐿
𝛾
(> 1TeV)

4𝜋𝑑2

≃ 10
−12

− 10
−11

(
photons
cm2 s

)

× (
𝑊

1050 erg
)(

𝑛

1 cm−3
)(

𝑑

1 kpc
)

−2

.

(13)

As discussed in the introduction, the position of the
knee in the cosmic-ray spectrum indicates that some sources
accelerate cosmic rays to energies of several PeV.These PeVa-
trons, therefore, produce pionic gamma rays whose spectrum
can extend to several hundred TeV without cutting off. For
such sources, the 𝛾-ray flux in the TeV energy range can be
parametrized in terms of a spectral slope 𝛼

𝛾
, an energy 𝐸cut,𝛾

where the accelerator cuts off and a normalization 𝑘
𝛾

𝑑𝑁
𝛾
(𝐸
𝛾
)

𝑑𝐸
𝛾

= 𝑘
𝛾
(

𝐸
𝛾

TeV
)

−𝛼𝛾

exp(−√
𝐸
𝛾

𝐸cut,𝛾
) . (14)

The estimate in (13) indicates that fluxes as large as 𝑑𝑁
𝛾
/

𝑑𝐸
𝛾

∼ 10
−12–10−14 (TeV−1 cm−2 s−1) can be expected at

energies of O (10 TeV).
We, therefore, concentrate on the search for PeVatrons,

supernova remnants with the required energetics to produce
cosmic rays, at least up to the “knee” in the spectrum. They
may have been revealed by the highest energy all-sky survey
in∼10 TeVgamma rays from theMilagro detector [37]. A sub-
set of sources, located within nearby star-forming regions in
Cygnus and in the vicinity of Galactic latitude 𝑙 = 40 degrees,
are identified; some cannot be readily associated with known
supernova remnants or with nonthermal sources observed at
other wavelengths. Subsequently, directional air Cherenkov
telescopes were pointed at three of the sources, revealing
them as PeVatron candidates with an approximate𝐸

−2 energy
spectrum that extends to tens of TeV without evidence for
a cut-off [38, 39], in contrast with the best studied supernova
remnants RX J1713-3946 and RX J0852.0-4622 (Vela Junior).

Some Milagro sources may actually be molecular clouds
illuminated by the cosmic-ray beam accelerated in young
remnants located within ∼100 pc. One expects indeed that
multi-PeV cosmic rays are accelerated only over a short time
period when the shock velocity is high, that is, when the rem-
nant transitions from free expansion to the beginning of the
Sedov phase. The high-energy particles can produce photons
and neutrinos over much longer periods when they diffuse
through the interstellar medium to interact with nearby
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molecular clouds [40]. An association of molecular clouds
and supernova remnants is expected, of course, in star-
forming regions. In this case, any confusionwith synchrotron
photons is unlikely.

Despite the rapid development of both ground-based
and satellite-borne instruments with improved sensitivity,
it has been impossible to conclusively pinpoint supernova
remnants as the sources of cosmic-ray acceleration by iden-
tifying accompanying gamma rays of pion origin. In fact,
recent data from Fermi LAT have challenged the hadronic
interpretation of the GeV-TeV radiation from one of the best
studied candidates, RX J1713-3946 [41]. In contrast, detecting
the accompanying neutrinos would provide incontrovertible
evidence for cosmic-ray acceleration. Particle physics dictates
the relation between pionic gamma rays and neutrinos and
basically predicts the production of a 𝜈

𝜇
+ 𝜈
𝜇
pair for every

two gamma rays seen by Milagro. This calculation can be
performed using the formalism discussed in the previous
section with approximately the same outcome. Confirmation
that some of the Milagro sources produced pionic gamma
rays produced by a cosmic-ray beam is predicted to emerge
after operating the complete IceCube detector for several
years; see Figure 3.

The quantitative statistics can be summarized as follows.
For average values of the parameters describing the flux,
we find that the completed IceCube detector could confirm
sources in theMilagro sky map as sites of cosmic-ray acceler-
ation at the 3𝜎 level in less than one year and at the 5𝜎 level
in three years [35].We here assume that the source extends to
300 TeV or 10% of the energy of the cosmic rays near the knee
in the spectrum. These results agree with previous estimates
[42, 43]. There are intrinsic ambiguities in this estimate of
an astrophysical nature that may reduce or extend the time
required for a 5𝜎 observation [35]. Especially, the poorly
known extended nature of some of theMilagro sources repre-
sents a challenge for IceCube observations that are optimized
for point sources. In the absence of observation of TeV-energy
supernova neutrinos by IceCube within a period of 10 years,
the concept will be challenged.

5. Sources of the Extragalactic Cosmic Rays

Unlike the case for Galactic cosmic rays, there is no straight-
forward 𝛾-ray path to the neutrino flux expected from extra-
galactic cosmic-ray accelerators. Neutrino fluxes from AGN
are difficult to estimate. For GRB, the situation is qualitatively
better, because neutrinos of PeV energy should be produced
when protons and photons coexist in the GRB fireball [29].
As previously discussed, the model is credible because the
observed cosmic-ray flux can be accommodated with the
assumption that roughly equal energy is shared by electrons,
observed as synchrotron photons and protons.

5.1. GRB. If GRB fireballs are the sources of extragalactic
cosmic rays, the neutrino flux is directly related to the cosmic-
ray flux. The relation follows from the fact that, for each
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Figure 3: Simulated sky map of IceCube in Galactic coordinates
after 5 years of operation of the completed detector. Two Milagro
sources are visible with 4 events for MGRO J1852 + 01 and 3 events
for MGRO J1908+06 with energy in excess of 40 TeV. These, as well
as the background events, have been randomly distributed accord-
ing to the resolution of the detector and the size of the sources.

secondary neutron decaying into a cosmic-ray proton, there
are 3 neutrinos produced from the associated 𝜋

+:

𝐸
𝑑𝑁
𝜈

𝑑𝐸
= 3𝐸
𝑛

𝑑𝑁
𝑛

𝑑𝐸
𝑛

(𝐸
𝑛
) , (15)

and, after oscillations, per neutrino flavor

𝐸
2 𝑑𝑁𝜈

𝑑𝐸
≃ (

𝑥
𝜈

𝑥
𝑛

)𝐸
2

𝑛

𝑑𝑁
𝑛

𝑑𝐸
𝑛

(𝐸
𝑛
) 𝑓GZK, (16)

where the factor 𝑓GZK is introduced for reasons explained in
the context of (9).

An alternative approach is followed in routine IceCube
GRB searches [44]: the proton content of the fireball is
derived from the observed electromagnetic emission (the
Band spectrum). The basic assumption is that a comparable
amount of energy is dissipated in fireball protons and elec-
trons, where the latter are observed as synchrotron radiation:

𝐸
2 𝑑𝑁𝜈

𝑑𝐸
= (

𝜖
𝑝

𝜖
𝑒

)
1

2
𝑥
𝜈
[𝐸
2

𝛾

𝑑𝑁
𝛾

𝑑𝐸
𝛾

(𝐸
𝛾
)]

syn
, (17)

where 𝜖
𝑝
, 𝜖
𝑒
are the energy fractions in the fireball in protons

and electrons [44].
The critical quantity normalizing the GRB neutrino

flux is 𝑛int; its calculation is relatively straightforward. The
phenomenology that successfully accommodates the astro-
nomical observations is that of the creation of a hot fireball
of electrons, photons, and protons that is initially opaque to
radiation. The hot plasma, therefore, expands by radiation
pressure, and particles are accelerated to a Lorentz factor
Γ that grows until the plasma becomes optically thin and
produces the GRB display. From this point on, the fireball
coasts with a Lorentz factor that is constant and depends
on its baryonic load. The baryonic component carries the
bulk of the fireball’s kinetic energy. The energetics and rapid
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time structure of the burst can be successfully associated
with successive shocks (shells), of width Δ𝑅, that develop
in the expanding fireball. The rapid temporal variation of
the gamma-ray burst, 𝑡

𝑣
, is of the order of milliseconds and

can be interpreted as the collision of internal shocks with
a varying baryonic load leading to differences in the bulk
Lorentz factor. Electrons, accelerated by the first-order Fermi
acceleration, radiate synchrotron gamma rays in the strong
internal magnetic field and thus produce the spikes observed
in the burst spectra.

The number of interactions is determined by the optical
depth of the fireball shells to 𝑝𝛾 interactions

𝑛
󸀠

int =
Δ𝑅
󸀠

𝜆
𝑝𝛾

= (Γ𝑐𝑡
𝑣
) (𝑛
󸀠

𝛾
𝜎
𝑝𝛾

) . (18)

The primes refer to the fireball rest frame; unprimed quanti-
ties are in the observer frame. The density of fireball photons
depends on the total energy in the burst 𝐸GRB ≃ 2 × 10

52 erg,
the characteristic photon energy of 𝐸

𝛾
≃ 1MeV, and the

volume 𝑉
󸀠 of the shell:

𝑛
󸀠

𝛾
=

𝐸GRB/𝐸𝛾

𝑉󸀠
, (19)

with

𝑉
󸀠
= 4𝜋𝑅

󸀠2

Δ𝑅
󸀠
= 4𝜋(Γ

2
𝑐𝑡
𝑣
)
2

(Γ𝑐𝑡
𝑣
) . (20)

The only subtlety here is the Γ
2 dependence of the shell radius

𝑅
󸀠; for a simple derivation see Gaisser et al. [4], Learned and

Mannheim [5], and Halzen andHooper [6]. Finally, note that
this calculation identifies the cosmic-ray flux with the fireball
protons.

The back-of-the-envelope prediction for the GRB flux is
given by (9) with 𝑛int ≃ 1, or

𝐸
2 𝑑𝑁𝜈

𝑑𝐸
≃

1

3
𝑥
𝜈
𝐸
2

𝑝

𝑑𝑁
𝑝

𝑑𝐸
𝑝

(𝐸
𝑛
) 𝑓GZK ≃ 𝑥

𝜈
𝐸
2

𝑝

𝑑𝑁
𝑝

𝑑𝐸
𝑝

(𝐸
𝑛
) . (21)

If one identifies the proton flux with neutrons escaping from
the fireball, the calculation should be based on (16). This is
almost certainly the correct procedure, as the protons lose
their energy adiabatically with the expansion of the fireball.
The neutrino flux is increased by a factor of approximately
3/𝑥
𝑛

≃ 6. This more straightforward approach has been
pursued by Ahlers et al. [45].

For typical choices of the parameters, Γ ∼ 300 and 𝑡
𝑣

∼

10
−2 s, about 100 events per year are predicted in IceCube, a

flux that is already challenged [45] by the limit on a diffuse
flux of cosmic neutrinos obtained with one-half of IceCube
in one year [46]. Facing this negative conclusion, Ahlers
et al. [45] have investigated the dependence of the predicted
neutrino flux on the cosmological evolution of the sources, as
well as on the parameters describing the fireball, most notably
𝐸GRB, Γ, and 𝑡

𝑣
. Although these are constrained by the elec-

tromagnetic observations, and by the requirement that the
fireball must accommodate the observed cosmic-ray spec-
trum, the predictions can be stretched to the point that it

will take 3 years of data with the now-completed instrument
to conclusively rule out the GRB origin of the extragalactic
cosmic rays; see Figure 4. Alternatively, detection of their
neutrino emission may be imminent.

Is the GRB origin of sources of the highest energy cosmic
rays challenged? Recall that calculation of the GRB neutrino
flux is normalized to the observed total energy in extragalac-
tic cosmic rays of ∼3 × 10−19 erg cm−3, a value that is highly
uncertain because it critically depends on the assumption that
all cosmic rays above the ankle are extragalactic in origin.
Also, the absolute normalization of the measured flux
is uncertain. Although fits to the spectrum support this
assumption [45], by artificially shifting the transition to
higher energies above the knee, one can reduce the energy
budget by as much as an order of magnitude.The lower value
of 0.5 × 1044 TeVMpc−3 yr−1 can be accommodated with a
moremodest fraction of∼2× 1051 erg (or∼1% of a solarmass)
going into particle acceleration in individual bursts. We will
revisit this issue in the context of GZK neutrinos.

While this temporarily remedies the direct conflict with
the present diffuse limit, IceCube has the alternative possibil-
ity to perform a direct search for neutrinos in spatial and time
coincidence with GRB observed by the Swift and Fermi satel-
lites; its sensitivity is superior by over one order of magnitude
relative to a diffuse search. In this essentially background-
free search, 14 events were expected when IceCube operated
with 40 and 59 strings during 2 years of construction, even
for the lowest value of the cosmic-ray energy budget of 0.5 ×

1044 TeVMpc−3 yr−1. Two different and independent searches
failed to observe this flux at the 90% confidence level [47].
IceCube has the potential to confirm or rule out GRB as the
sources of the highest energy cosmic rays within 3 years of
operation [45].

5.2. Active Galaxies. If, alternatively, AGN were the sources,
we are in a situation where a plethora of models have
produced a wide range of predictions for the neutrino fluxes;
these range from unobservable to ruled out by IceCube data
taken during construction. We, therefore, will follow the
more straightforward path of deriving the neutrino flux from
the TeV gamma-ray observations, as was done for supernova
remnants. This approach is subject to the usual caveat that
some, or all, of the photonsmay not be pionic in origin; in this
sense, the estimate provides an upper limit. The proximity of
the Fanaroff-Riley I (FRI) active galaxies Cen A and M 87
singles them out as potential accelerators [48, 49]. The Auger
data provide suggestive evidence for a possible correlation
between the arrival direction of 1∼10 events and the direction
of Cen A [48].

Interpreting theTeVgamma-ray observations is challeng-
ing because the high-energy emission of AGN is extremely
variable, and it is difficult to compare multiwavelength data
taken at different times. Our best guess is captured in Figure 5
where the TeV flux is shown along with observations of the
multiwavelength emission of Cen A compiled by Lipari [50].

The TeV flux shown represents an envelope of observa-
tions.
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Figure 4: GRB neutrino spectra (the prompt spectrum emitted by the sources and neutrino spectrum generated in GZK interactions are
shown separately), assuming the luminosity range 0.1 < (𝜖

𝐵
/𝜖
𝑒
)𝐿
𝛾,52

< 10 and star-forming redshift evolution of the sources. Here, 𝜖
𝑒,𝐵

are
the fractional energies in the fireball carried by the electrons and the magnetic field; the two are equal in the case of equipartition. 𝐿

𝛾,52
is

the photon energy in units of 1052 erg. We show the prompt spectra separately for models where the fireball’s dynamical time scale 𝑡dyn is
smaller (larger) than the synchrotron loss time scale 𝑡syn (green right-hatched and blue cross-hatched, resp.). Here, the dynamical time scale
is just the variability scale 𝑡dyn = 𝑡

𝑣
and 𝑡
󸀠

dyn = 𝑡
𝑣
Γ. The IceCube limits [46] on the total neutrino flux from the analysis of high-energy and

ultra-high-energy muon neutrinos with the 40-string subarray assume 1 : 1 : 1 flavor composition after oscillation.We also show the sensitivity
of the full IceCube detector (IC-86) to muon neutrinos after 3 years of observation. The gray solid area shows the range of GZK neutrinos
expected at the 99% C.L.

(1) Archival observations of TeV emission of Cen A
collected in the early 1970s with the Narrabri optical
intensity interferometer of the University of Sydney
[51–53]. The data show variability of the sources over
periods of one year.

(2) Observation by HEGRA [54–59] of M 87. We scaled
the flux of M 87 at 16Mpc to the distance to Cen
A. After adjusting for the different thresholds of
the HEGRA and Sydney experiments, we obtain

identical source luminosities for M 87 and Cen A of
roughly 7 × 1040 erg s−1, assuming an 𝐸

−2 gamma-ray
spectrum.

(3) And, most importantly, the time-averaged gamma-
ray flux thus obtained is very close to the gamma-ray
flux from Cen A recently observed at the 3∼4𝜎 level
by the H.E.S.S. collaboration [60].

Given that we obtain identical intrinsic luminosities for
Cen A and M 87, we venture the assumption that they may
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Figure 5: Spectral energy distribution of Cen A (black dots). Keeping inmind that the source is variable, we show our estimates for the flux of
TeV gamma rays (upper gray shading) and cosmic rays assuming that between 1 and 10 events observed by Auger originated at Cen A (lower
blue shading). We note that cosmic-ray and TeV gamma-ray fluxes estimated in this paper are at a level of the electromagnetic component
shown from radio waves to GeV photons. Our estimate for the neutrino flux (labeled “neutrino upper limit”; see text) is shown as the red line.

be generic FRI, a fact that can be exploited to construct
the diffuse neutrino flux from all FRI. The straightforward
conversion of the TeV gamma-ray flux from a generic FRI to
a neutrino flux yields

𝑑𝑁
𝜈

𝑑𝐸
≃ 5 × 10

−13
(

𝐸

TeV
)

−2

TeV−1 cm−2 s−1. (22)

The total diffuse flux from all such sources with a density of
𝑛 ≃ 8 × 10

4 Gpc−3within a horizon of𝑅 ∼ 3Gpc [61] is simply
the sum of luminosities of the sources weighted by their
distance, or

𝑑𝑁
𝜈

𝑑𝐸diff
= ∑

𝐿
𝜈

4𝜋𝑑2
= 𝐿
𝜈
𝑛𝑅 = 4𝜋𝑑

2
𝑛𝑅

𝑑𝑁
𝜈

𝑑𝐸
, (23)

where 𝑑𝑁
𝜈
/𝑑𝐸 is given by the single-source flux. We per-

formed the sum by assuming that the galaxies are uniformly
distributed. This evaluates to

𝑑𝑁
𝜈

𝑑𝐸diff
= 2 × 10

−12
(

𝐸

TeV
)

−2

GeV−1 cm−2 s−1 sr−1. (24)

The neutrino flux from a single source such as Cen A is
clearly small: repeating the calculation for power-law spectra
between 2.0 and 3.0, we obtain, in a generic neutrino detector
of effective muon area 1 km2, only 0.8 to 0.02 events per
year. The diffuse flux yields a more comfortable event rate of
between 0.5 and 19 neutrinos per year. Considering sources
out to 3Gpc, or a redshift of order 0.5 only, is probably
conservative. Extending the sources beyond 𝑧 ∼ 1, and taking
into account their possible evolution,may increase the flux by
a factor 3 or so.

6. Neutrinos from GZK Interactions

Whatever the sources of extragalactic cosmic rays may be, a
cosmogenic flux of neutrinos originates from the interactions

of cosmic rays with the cosmic microwave background
(CMB). Produced within a GZK radius by a source located
at a cosmological distance, a GZK neutrino points back to
it with subdegree precision. The calculation of the GZK
neutrino flux is relatively straightforward, and its magnitude
is very much determined by their total energy density in
the universe; as before, the crossover from the Galactic to
the extragalactic component is the critical parameter. Recent
calculations [62] are shown in Figure 6. It is also important to
realize that, among the 𝑝𝛾 final state products produced via
the decay of pions, GZK neutrinos are accompanied by a flux
of electrons, positrons, and 𝛾-rays that quickly cascades to
lower energies in the CMB and intergalactic magnetic fields.
An electromagnetic cascade develops with a maximum in
the GeV-TeV energy region. Here, the total energy in the
electromagnetic cascade is constrained by recent Fermi-LAT
measurements of the diffuse extragalactic 𝛾-ray background
[63].

The increased performance of IceCube at EeV energy has
opened the possibility for IceCube to detect GZK neutrinos.
We anticipate 2.3 events in 3 years of running the completed
IceCube detector, assuming the best fit in Figure 6 and 4.8
events for the highest flux consistent with the Fermi con-
straint.

Throughout the discussion, we have assumed that the
highest energy cosmic rays are protons. Experiments disagree
on the composition of particles around 10

20 eV. Little is
known about the chemical composition just below to beyond
the GZK cut-off, where the most significant contribution to
cosmogenic neutrinos is expected. In any case, uncertainties
in extrapolation of the proton-air interaction cross-section,
elasticity, and multiplicity of secondaries from accelerator
measurements to the high energies characteristic for air
showers are large enough to undermine any definite con-
clusion on the chemical composition [64]. Therefore, the
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Figure 6: Comparison of proton, neutrino, and gamma-ray fluxes produced in interactions on the CMBby cosmic-ray protons fitted toHiRes
data. We repeat the calculation for 4 values of the crossover energy marking the transition to the extragalactic cosmic-ray flux. We show the
best fit values (solid lines) as well as neutrino and gamma-ray fluxes within the 99% C.L. with minimal and maximal energy density (dashed
lines). The 𝛾-ray fluxes are marginally consistent at the 99% C.L. with the highest energy measurements by Fermi-LAT. The contribution
around 100GeV is somewhat uncertain, due to uncertainties in the cosmic infrared background.

conflicting claims by these experiments most likely illustrate
that the particle physics is not sufficiently known to derive
a definite result. Dedicated experiments at the LHC may
remedy this situation by constraining the shower simulations
that are a central ingredient in determining the composition.

7. A Comment on the Science Reach of
Neutrino ‘‘Telescopes’’

We have emphasized the potential of IceCube to reveal the
sources of the cosmic rays; this goal is clearly of primary

importance as it sets the scale of the detector. IceCube science
includes other priorities.

(1) As for conventional astronomy, neutrino astronomers
observe the neutrino sky through the atmosphere.
This is a curse and a blessing; the background of
neutrinos produced by cosmic rays in interactions
with atmospheric nuclei provides a beam essential for
calibrating the instrument. It also presents us with an
opportunity to do particle physics. Especially unique
is the energy range of the background atmospher-
ic neutrino beam covering the interval 1–105 TeV,
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energies not within reach of accelerators. Cosmic
beams of even higher energy may exist, but the
atmospheric beam is guaranteed. IceCube is expected
to collect a data set of order one million neutrinos
over ten years with a scientific potential that is only
limited by our imagination.

(2) The passage of a large flux of MeV-energy neutrinos
produced by a galactic supernova over a period of sec-
onds will be detected as an excess of the background
counting rate in all individual optical modules [65].
Although only a counting experiment, IceCube will
measure the time profile of a neutrino burst near the
center of the Galaxy with a statistics of about one
million events, equivalent to the sensitivity of a 2-
megaton detector.

(3) IceCube will search for neutrinos from the anni-
hilation of dark matter particles gravitationally
trapped at the center of the Sun and the Earth [66]. In
searching for generic weakly interactingmassive dark
matter particles (WIMPs) with spin-independent
interactions with ordinary matter, IceCube is only
competitive with direct detection experiments
[67] if the WIMP mass is sufficiently large. For
spin-dependent interactions, IceCube already has
improved the best limits on spin-dependent WIMP
cross-sections by two orders of magnitude [68, 69].

Construction of IceCube and other high-energy neutrino
telescopes is mostly motivated by their potential to open
a new window on the Universe using neutrinos as cosmic
messengers; more about this will be in the rest of the talk.
The IceCube experiment, nevertheless, appeared on the U.S.
Roadmap to Particle Physics [70]. As the lightest of fermions
and the most weakly interacting of particles, neutrinos
occupy a fragile corner of the standard model, and one can
realistically hope that they will reveal the first and the most
dramatic signatures of new physics.

Besides its potential to detect dark matter, IceCube’s
opportunities for particle physics include the following [71].

(1) The search for signatures of the unification of particle
interactions, possibly including gravity at the TeV
scale. In this case, neutrinos approaching TeV ener-
gies would interact gravitationally with large cross-
sections, similar to those of quarks and leptons; this
increase yields dramatic signatures in a neutrino
telescope including, possibly, the production of black
holes [72].

(2) The search for modifications of neutrino oscillations
that result from nonstandard neutrino interactions
[73].

(3) Searching for flavor changes or energy-dependent
delays of neutrinos detected from cosmic distances as
a signature for quantum decoherence.

(4) The search for a breakdown of the equivalence prin-
ciple as a result of nonuniversal interactions with the
gravitational field of neutrinos with different flavor.

(5) Similarly, the search for a breakdown of Lorentz
invariance resulting from different limiting velocities
of neutrinos of different flavors. With energies of
10
3 TeV and masses of order 10

−2 eV or less, even
the atmospheric neutrinos observed by IceCube reach
Lorentz factors of 1017 or larger.

(6) The search for particle emission from cosmic strings
or any other topological defects or heavy cosmologi-
cal remnants created in the early Universe. It has been
suggested that they may be the sources of the highest
energy cosmic rays.

(7) The search for magnetic monopoles, nuclearites, 𝑄-
balls, and the like.

The DeepCore upgrade of IceCube has significantly
extended IceCube’s scientific potential as an atmospheric
neutrino detector. It will accumulate atmospheric neutrino
data covering the first oscillation dip near 20GeV with
unprecedented statistics. Its instrumented volume is of order
10Mton. With 6 additional strings instrumented with closely
spaced (7 meters) high quantum efficiency photomultipliers
buried deep inside IceCube, DeepCore uses the surrounding
IceCube strings as a veto in order to observe the tracks of
contained events; see Figure 7. It has been shown that the
event statistics are sufficient to determine the mass hierarchy
with at least 90% confidence level assuming the current
best-fit values of the oscillation parameters [74]. A positive
result does, however, require a sufficient understanding of
the systematics of the measurement, and, more realistically,
we should ask the question of how many additional strings,
deployed within DeepCore, it takes to perform a definite
determination. This is a work in progress, not only based
on simulations, but also on DeepCore data that have already
yielded evidence at the 5𝜎 level for atmospheric oscillations
at 10∼100GeV, that is, at higher energy than any previous
observation.

The physics behind the hierarchy measurement is the
same as for long baseline experiments [75]; the key is to
measure the Earth matter effects associated with the angle
𝜃
13

which governs the transitions between 𝜈
𝑒
and 𝜈

𝜇,𝜏
. The

effective 𝜃
13
mixing angle inmatter in a two-flavor framework

is given by

sin22𝜃𝑚
13

=
sin22𝜃

13

sin22𝜃
13

+ (cos 2𝜃
13

± √2𝐺
𝐹
𝑁
𝑒
/Δ
13
)
2
,

(25)

where the plus (minus) sign refers to (anti) neutrinos. 𝑁
𝑒
is

the electron number density of the Earth, √2𝐺
𝐹
𝑁
𝑒
(eV) =

7.6 × 10
−14

𝑌
𝑒
𝜌 (g/cm3), and 𝑌

𝑒
, 𝜌 are the electron fraction

and the density of the Earth’s interior, respectively.The critical
quantity isΔ

13
= (𝑚
2

1
− 𝑚
2

3
)/2𝐸; its sign determines themass

hierarchy. The resonance condition is satisfied for neutrino
energies of order 15GeV for the baselines of thousands of
kilometers studied in atmospheric neutrino experiments.
DeepCore extends the threshold of IceCube to this energy.
Both the disappearance of muon neutrinos and the appear-
ance of tau and electron neutrinos can be observed.
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Figure 7: The IceCube detector, consisting of IceCube and IceTop
and the low-energy sub-detector DeepCore. Also shown is the first-
generation AMANDA detector.

In the presence of Earth matter effects, the neutrino
(antineutrino) oscillation probability is enhanced if the hier-
archy is normal (inverted). Long baseline detectors, unlike
IceCube, measure the charge of the secondary muon, thus
selecting the sign associated with each event in previous
equation. The hierarchy is determined by simply looking
in which channel, neutrino or antineutrino, the signal is
enhanced by matter effects. With the large value of sin22𝜃

13
,

recently observed by several experiments and sufficient statis-
tics, the magnitude of the Δ

13
term can be measured even

without charge discrimination. This is in principle possible
with DeepCore [74] or a very modest extension (considering
that the cost of an additional string deployed in ice is $1.2M,
including logistic costs) but cannot be guaranteed until the
systematics of the measurement has been fully understood in
this newly explored energy range.

8. Neutrino Telescopes: Detection Methods

The detection of neutrinos of all flavors will be impor-
tant in separating diffuse extraterrestrial neutrinos from
atmospheric neutrinos. Generic cosmic accelerators produce
neutrinos from the decay of pionswith admixture 𝜈

𝑒
: 𝜈
𝜇
: 𝜈
𝜏
=

1 : 2 : 0. Over cosmic baselines, neutrino oscillations trans-
form the ratio to 1 : 1 : 1, because approximately one-half of the
𝜈
𝜇
convert to 𝜈

𝜏
.

Neutrino telescopes exploit the relatively large neutrino
cross-section and the long muon range above TeV energies
to achieve a detection efficiency to reach the predicted point
source and diffuse fluxes previously discussed. At the same
time, detecting 𝜈

𝑒
and 𝜈

𝜏
neutrinos cannot be ignored; the

case has been made in detail in [13]. The background from
atmospheric neutrinos is much lower for 𝜈

𝑒
and 𝜈

𝜏
than for

PMTs

Muon

Cherenkov cone

θc

Cascade

Spherical Cherenkov front

Figure 8: Contrasting Cherenkov light patterns produced bymuons
(left) and by showers initiated by electron and tau neutrinos (right)
and by neutral current interactions. The patterns are routinely
referred to as tracks and cascades (or showers). Cascades are
produced by the radiation of particle showers of dimension of tens
of meters, that is, an approximately point source of light with respect
to the dimensions of the detector. At PeV energies, 𝜏 leptons travel
hundreds of meters before decaying, producing a third topology,
with two cascades, one when the 𝜏 interacts and the second when
the 𝜏 decays [76]. This is the “double bang” signature.

𝜈
𝜇
, energy determination is superior because the neutrino

event is fully, or at least partially, contained in the detector.
For a 𝜈

𝜇
one is limited to sampling the catastrophic energy

loss of part of the secondary muon’s track. Finally, they can
be detected from both hemispheres, and, as will be discussed
further on, 𝜈

𝜏
neutrinos are not absorbed by the Earth, they

just cascade to lower energy.
IceCube detects neutrinos by observing the Cherenkov

radiation from the charged particles produced by neutrino
interactions inside or in the vicinity of the detector. Charge
current interactions produce a lepton that carries, on average,
50% of the neutrino energy for 𝐸 ≤ 10GeV to 80% at high
energies; the remainder of the energy is released in the form
of a hadronic shower. Both the secondary lepton and the
hadronic shower produce Cherenkov radiation. In neutral
current interactions, the neutrino transfers a fraction of its
energy to a nuclear target, producing a hadronic shower.
IceCube can differentiate neutrino flavors on the basis of their
topology in the detector, as illustrated in Figure 8. There are
two basic topologies: tracks from 𝜈

𝜇
and “cascades” from

𝜈
𝑒
, 𝜈
𝜏
and the neutral current interactions from all flavors.

On the scale of IceCube, cascades are approximately point
sources of Cherenkov light. At PeV energies and above, an
additional topology is emerges, so-called double-bang events,
when a 𝜈

𝜏
interacts producing a cascade and subsequently

decays producing a second cascade. At PeV energies, a
𝜏 lepton travels hundreds of meters before decaying; this
determines the distance between the cascades.

Neutrino telescopes also measure neutrino energy.
Muons range out, over kilometers at TeV energy to tens of
kilometers at EeV energy, generating showers along their
track by bremsstrahlung, pair production, and photonuclear
interactions. The charged particles produced are the sources
of additional Cherenkov radiation. Because the energy of
the muon degrades along its track, also the energy of the
secondary showers decreases, and the distance from the track
over which the associated Cherenkov light can trigger a PMT
is gradually reduced. The geometry of the light pool sur-
rounding the muon track is, therefore, a kilometer-long cone
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with a gradually decreasing radius. In its first kilometer,
a high-energy muon typically loses energy in a couple of
showers of one-tenth of its initial energy. So the initial radius
of the cone is the radius of a shower with 10% of the muon
energy. At lower energies of hundreds of GeV and less, the
muon becomes minimum ionizing.

Because of the stochastic nature of the muon’s energy
loss, the relationship between observed (via Cherenkov light)
energy loss and muon energy varies from muon to muon.
The muon energy in the detector can be determined, and
beyond that, one does not know how far the muon travelled
(and how much energy it lost) before entering the detector;
an unfolding process is required to determine the neutrino
energy based on the observed muon energies. In contrast, for
𝜈
𝑒
and 𝜈

𝜏
, the detector is a total energy calorimeter and the

determination of their energy superior.
The different topologies each have advantages and disad-

vantages. From 𝜈
𝜇
interactions, the long lever arm of muon

tracks, up to tens of kilometers at very high energies, allows
the muon direction (and the neutrino direction) to be
determined accuratelywith an angular resolution on-line that
is better than 0.5 degrees. Superior angular resolution can
be reached for selected events. Sensitivity to point sources
is, therefore, superior to other flavors. The disadvantages
are a large background of atmospheric neutrinos at sub-PeV
energies and from cosmic-ray muons at all energies and the
indirect determination of the neutrino energy that has to be
inferred from sampling the energy loss of the muon when it
transits the detector.

Observation of 𝜈
𝑒
and 𝜈

𝜏
flavors represents significant

observational advantages. They are detected for both North-
ern and Southern Hemispheres. (This is also true for 𝜈

𝜇
with

energy in excess of 1 PeV, where the background from the
steeply falling atmospheric spectrum becomes negligible.) At
Tev energies and above, the background of atmospheric 𝜈

𝑒

is lower by an order of magnitude, and there are almost no
atmospheric 𝜈

𝜏
. At higher energies, muons from 𝜋 decay,

the source of atmospheric 𝜈
𝑒
, no longer decay, and relatively

rare K-decays become the dominant source of background
𝜈
𝑒
. Furthermore, because the neutrino events are totally, or at

least partially contained inside the instrumented detector vol-
ume, the neutrino energy is determined by total absorption
calorimetry. One can establish the cosmic origin of a single
event by demonstrating that the energy cannot be reached by
muons and neutrinos of atmospheric origin. Finally, 𝜈

𝜏
are

not absorbed by the Earth [77]: 𝜈
𝜏
interacting in the Earth

produce secondary 𝜈
𝜏
of lower energy, either directly in a

neutral current interaction or via the decay of a secondary
tau lepton produced in a charged current interaction. High-
energy 𝜈

𝜏
will thus cascade down to energies of hundred of

TeV where the Earth becomes transparent. In other words,
they are detected with a reduced energy but are not absorbed.

Although cascades are nearly point-like, they are not
isotropic but elliptic with themajor axis alignedwith the inci-
dent neutrino direction. This is reflected in the light pattern
detected, especially in the detailed photon signals sampled by
the optical sensors. While a fraction of cascade events can
be reconstructed with degree accuracy [78], the precision is
inferior to the one reached for 𝜈

𝜇
events.

At energies above about 1 PeV in ice, the LPM effect
reduces the cross-sections for bremsstrahlung and pair pro-
duction. At energies above about 10

17 eV, electromagnetic
showers begin to elongate, reaching a length of about 80
meters at 1020 eV [79]. At these energies, photonuclear inter-
actions play a role, and even electromagnetic showers will
have a hadronic component, including the production of
secondary muons.

For an in-depth discussion of neutrino detection, energy
measurement and flavor separation, and detailed references,
see the IceCube Preliminary Design Document [2, 13].

To a first approximation, neutrinos are detected when
they interact inside the instrumented volume.Thepath length
𝐿(𝜃) traversed within the detector volume by a neutrino
with zenith angle 𝜃 is determined by the detector’s geometry.
Neutrinos are detected if they interact within the detector
volume, that is, within the instrumented distance 𝐿. That
probability is

𝑃 (𝐸
𝜈
) = 1 − exp[−

𝐿

𝜆
𝜈
(𝐸
𝜈
)
] ≃

𝐿

𝜆
𝜈
(𝐸
𝜈
)
, (26)

where 𝜆
𝜈
(𝐸
𝜈
) = [𝜌ice 𝑁

𝐴
𝜎
𝜈𝑁

(𝐸
𝜈
)]
−1 is the mean free path

in ice for a neutrino of energy𝐸
𝜈
. Here 𝜌ice = 0.9 g cm−3 is the

density of the ice, 𝑁
𝐴

= 6.022 × 10
23 is Avogadro’s number,

and 𝜎
𝜈𝑁

(𝐸
𝜈
) is the neutrino-nucleon cross-section. A neu-

trino flux 𝑑𝑁/𝑑𝐸
𝜈
(neutrinos per GeV per cm2 per second)

crossing a detector with energy threshold and cross-sectional
area 𝐴(𝐸

𝜈
) facing the incident beam will produce

𝑁ev = 𝑇∫
𝐸
th
𝜈

𝐴 (𝐸
𝜈
) 𝑃 (𝐸

𝜈
)

𝑑𝑁

𝑑𝐸
𝜈

𝑑𝐸
𝜈 (27)

events after a time 𝑇. The “effective” detector area 𝐴(𝐸
𝜈
) is

also a function of the zenith angle 𝜃. It is not strictly equal
to the geometric cross-section of the instrumented volume
facing the incoming neutrino, because even neutrinos inter-
acting outside the instrumented volumemay produce enough
light inside the detector to be detected. In practice, 𝐴(𝐸

𝜈
) is

determined as a function of the incident neutrino direction
and zenith angle by a full-detector simulation, including the
trigger.

This formalism applies to contained events. For muon
neutrinos, any neutrino producing a secondary muon that
reaches the detector (and has sufficient energy to trigger it)
will be detected. Because the muon travels kilometers at TeV
energy and tens of kilometers at PeV energy, neutrinos can be
detected outside the instrumented volume; the probability is
obtained by substitution in (26):

𝐿 󳨀→ 𝜆
𝜇
, (28)

therefore,

𝑃 =
𝜆
𝜇

𝜆
𝜈

. (29)

Here, 𝜆
𝜇
is the range of the muon determined by its energy

losses. The complete expression for the flux of 𝜈
𝜇
-induced



14 Advances in High Energy Physics

muons at the detector is given by a convolution of the
neutrino spectrum 𝜙 (= 𝑑𝑁/𝑑𝐸

𝜈
) with the probability 𝑃 to

produce a muon reaching the detector [4–6]:

𝜙
𝜇
(𝐸

min
𝜇

, 𝜃)

= ∫
𝐸
min
𝜇

𝑃 (𝐸
𝜈
, 𝐸

min
𝜇

) exp [−𝜎tot (𝐸𝜈)𝑁𝐴𝑋(𝜃)] 𝜙 (𝐸
𝜈
, 𝜃) 𝑑𝐸

𝜈
.

(30)

The additional exponential factor accounts for the absorption
of neutrinos along the chord of the Earth of length 𝑋(𝜃) at
zenith angle 𝜃. Absorption becomes important for 𝜎

𝜈
(𝐸
𝜈
) ≳

10
−33 cm2 or 𝐸

𝜈
≳ 10
6 GeV. For back-of-the-envelope calc-

ulations, the 𝑃-function can be approximated by

𝑃 ≃ 1.3 × 10
−6

𝐸
2.2 for 𝐸 = 10

−3–1TeV

≃ 1.3 × 10
−6

𝐸
0.8 for 𝐸 = 1–103 TeV.

(31)

At EeV energy, the increase is reduced to only 𝐸
0.4. Clearly,

high-energy neutrinos are more likely to be detected because
of the increase with energy of both the cross-section and
muon range.

Tau neutrinos can be observed provided that the tau
lepton they produce reaches the instrumented volume within
its lifetime. In (26), 𝐿 is replaced by

𝐿 󳨀→ 𝛾𝑐𝜏 =
𝐸

𝑚𝑐𝜏
, (32)

where 𝑚, 𝜏 and 𝐸 are the mass, lifetime, and energy of the
tau, respectively. The tau’s decay length 𝜆

𝜏
= 𝛾𝑐𝜏 ≈ 50m ×

(𝐸
𝜏
/10
6
)GeVgrows linearlywith energy and actually exceeds

the range of the muon near 1 EeV. At yet higher energies, the
tau eventually ranges out by catastrophic interactions, just
like the muon, despite the reduction of the cross-sections by
a factor (𝑚

𝜇
/𝑚
𝜏
)
2.

The taus trigger the detector, but the tracks and (or) show-
ers they produce are difficult to be distinguished from those
initiated by muon and electron neutrinos. To be clearly rec-
ognizable as 𝜈

𝜏
, both the initial neutrino interaction and the

subsequent tau decay must be contained within the detector;
for a cubic kilometer detector, this happens for neutrinoswith
energies from a few PeV to a few 10’s of PeV. It may also be
possible to identify 𝜈

𝜏
that only interact in the detector, or 𝜈

𝜏

that decay in the detector.

9. The First Kilometer-Scale Neutrino
Detector: IceCube

The rationale for kilometer-scale neutrino detectors is that
their sensitivity is sufficient to reveal generic cosmic-ray
sources with an energy density in neutrinos comparable to
their energy density in cosmic rays [27, 28] and pionic TeV
gamma rays [33, 34]. While TeV gamma-ray astronomy has
become a mature technique, the weak link in exploring the
multiwavelength opportunities presented previously is the
observation of neutrinos that requires detectors of kilometer

scale; this will be demonstrated de facto by the discussion
of potential cosmic-ray sources as follows. A series of first-
generation experiments [81, 82] have demonstrated that high-
energy neutrinos with ∼10GeV energy and above can be
detected by observing Cherenkov radiation from secondary
particles produced in neutrino interactions inside large vol-
umes of highly transparent ice or water instrumented with
a lattice of photomultiplier tubes. Construction of the first
second-generation detector, IceCube, at the geographic South
Pole was completed in December 2010 [83]; see Figure 7.

IceCube consists of 80 strings each instrumented with 60
10-inch photomultipliers spaced by 17m over a total length
of 1 kilometer. The deepest module is located at a depth of
2.450 km so that the instrument is shielded from the large
background of cosmic rays at the surface by approximately
1.5 km of ice. Strings are arranged at apexes of equilateral
triangles that are 125m on a side. The instrumented detector
volume is a cubic kilometer of dark, highly transparent, and
sterile Antarctic ice. Radioactive background is dominated by
the instrumentation deployed into this natural ice.

Each optical sensor consists of a glass sphere containing
the photomultiplier and the electronics board that digitizes
the signals locally using an on-board computer.The digitized
signals are given a global time stamp with residuals accurate
to less than 3 ns and are subsequently transmitted to the
surface. Processors at the surface continuously collect these
time-stamped signals from the optical modules; each func-
tions independently. The digital messages are sent to a string
processor and a global event trigger. They are subsequently
sorted into the Cherenkov patterns emitted by secondary
muon tracks, or electron and tau showers, that reveal the
direction of the parent neutrino [84].

Based on data taken during construction with 40 of the
59 strings, the anticipated effective area of the completed
IceCube detector is increased by a factor 2 to 3 over what had
been expected [14]. The neutrino collecting area is expected
to increase with improved calibration and development of
optimized software tools for the 86-string detector, which
has been operating stably in its final configuration since May
2011. Already reaching an angular resolution of better than
0.5 degree for high energies, reconstruction is also superior
to what was anticipated.

A similar detector, that may eventually be more sensitive
than IceCube, is planned for deployment in deep transparent
Mediterranean water [85].

10. KM3NeT

Accelerators of cosmic rays produce neutrino fluxes limited
in energy to roughly 5% of themaximal energy of the protons
or nuclei (see (2)). For Galactic neutrino sources, even the as
yet unidentified PeVatrons, we thus expect neutrino spectra
with a cut-off (cf. (14)) in the range between a few and
about 100 TeV. Detection of these neutrinos thus requires
optimized sensitivities in the TeV range. In particular, the
atmospheric muon background limits the field of view of
neutrino telescopes to the downward hemisphere at these
energies.
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A second kilometer-scale neutrino telescope in the
Northern hemisphere is, therefore, necessary to observe the
Galactic center and the largest part of the Galactic plane—
or, more generally speaking, to grant full sky coverage for
neutrino astronomy.The sky coverage inGalactic coordinates
of IceCube and a Mediterranean-based telescope is indicated
in Figure 9.

Following up the pioneering work of DUMAND, sev-
eral neutrino telescope projects have been initiated in the
Mediterranean in the 1990s (see above). In 2008, the con-
struction of the ANTARES detector near the French coast off
Toulon has been completed.With an instrumented volume of
a percent of a cubic kilometer, ANTARES [86, 87] has about
the same effective area as AMANDA and is the currently
most sensitive observatory for high-energy neutrinos in the
Northern hemisphere. It has demonstrated the feasibility of
neutrino detection in the deep sea and has provided a wealth
of technical experience and design solutions for deep-sea
components.

The next step will be the construction of a multi-
cubic-kilometer neutrino telescope in theMediterranean Sea,
KM3NeT. Its technical design [88] has been elaborated in

EU-funded projects (FP6 Design Study and FP7 Prepara-
tory Phase). Major progress has been made, in particular
concerning the reliability and the cost effectiveness of the
design. While the original goal was to reduce the price tag
for one cubic kilometer of instrumented water to $250M,
the plan is now to construct up to 6 km3 for this amount.
A prime example for the many new technical developments
is the digital optical module, which incorporates 31 3-inch
photomultipliers instead of one large tube (see Figure 10).The
advantages are a triplication of the photocathode area per
optical module, a segmentation of the photocathode allowing
for a clean identification of coincident Cherenkov photons,
some directional sensitivity, and a reduction of the overall
number of penetrators and connectors, which are expensive
and failure prone. For all photomultiplier signals exceeding
the noise level, time-over-threshold information will be
digitized and time stamped by electronic modules housed
inside the opticalmodules. Via optical fibres, this information
is sent to shore, where the data stream will be filtered online
for event candidates.

KM3NeT will consist of several 100 vertical structures
(detection units) carrying more than 10 000 optical modules.
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Figure 10: Prototype of a multi-photomultiplier optical module
for KM3NeT. The module incorporates 31 3-inch photomultipliers,
their high-voltage bases, and the electronic modules for signal
digitization and communication to shore. Photograph by KM3NeT
Collaboration.

The detection units are anchored to the sea bed with dead-
weights and kept vertical by submerged buoys. The vertical
distances between optical modules will be about 40m, and
the horizontal distances between detection units will be
between 100m and 180m, depending on the outcome of
ongoing optimization studies. The detector will be built in
two ormore large blocks, either next to each other at the same
site or at different sites; candidate sites have been identified
near Toulon/France (next to the ANTARES site), near Capo
Passero (East of Sicily), and near Pylos (West of the Pelopon-
nesus).

Due to the drag of deep-sea currents, the detection units
will deform and deviate horizontally by up to several 10m
from their nominal vertical arrangement. Acoustic triangu-
lation, tiltmeters, and compasses will be used to monitor
the position and orientation of each optical module with a
precision commensurate with a timing resolution of 1 ns.

Conservative estimates of the KM3NeT sensitivity to
point sources with an 𝐸

−2 flux (see Figure 11) indicate that
this detector will be more sensitive than IceCube over a large
declination range. The sensitivity is also high for neutrino
fluxes with cut-offs; in particular, neutrinos from the super-
nova remnant RX J1713-3946 should be detectable with 5𝜎

within five years if the gamma emission from this object is
of purely hadronic origin.

A first phase of KM3NeT construction is now imminent.
About $50M of funding are available, and start of construc-
tion is expected for 2013. An option under discussion is to
dedicate this first phase to a measurement of the neutrino
mass hierarchy (see Section 7). A corresponding case study
is in the works, and subject to its outcome, the installation of
a dense array with intermodule distances much smaller than
those indicated previously might be considered.

11. Conclusion: Stay Tuned

In summary, IceCube was designed for a statistically signif-
icant detection of cosmic neutrinos accompanying cosmic
rays in 5 years. Here, we made the case that, based on multi-
wavelength information from ground-based gamma-ray tele-
scopes and cosmic-ray experiments, we are indeed closing
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in on supernova remnants, GRB (if they are the sources of
cosmic rays), and GZK neutrinos. The discussion brought to
the forefront the critical role of improved spectral gamma-
ray data on candidate cosmic-ray accelerators. The synergy
between CTA [101], IceCube, and KM3NeT as well as other
next-generation neutrino detectors is likely to provide fertile
ground for progress.

That, after decades of development, IceCube and
KM3NeT create opportunities for discovery is illustrated by
Figure 11. We recall (13) that sets the flux level of photons
expected from supernova remnants if they are indeed the
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Figure 13: Limits on a diffuse neutrino flux from existing and, below, future experiments [16, 90–99]. Figure courtesy of M. Ahlers [100].

sources of theGalactic cosmic rays: 10−12 ∼10−11 TeV cm−2 s−1
for a source at 1 kpc. As discussed, the Milagro experiments
do observe candidate cosmic accelerators at this flux level. As
can be seen from Figure 11, with a neutrino flux reduced by
a factor of two, IceCube already achieved the sensitivity for
possible detection with data taken during the construction
phase. Subject to details of the energy spectrum and the
angular extension of the sources (which becomes a problem
because IceCube’s resolution has improved to less than 0.5
degrees), discovery should be possible after several years, as
previously argued.

The same argument can bemade for extragalactic sources
as already discussed in detail for the scenario where GRBs are
the sources of the highest energy cosmic rays. Alternatively,
Figure 12 shows the present upper limits on the neutrino
flux from nearby AGN as a function of their distance.
Also shown is the TeV gamma-ray emission from the same
sources; except for Cen A and M 87, the muon-neutrino
limits have reached the level of the TeV photon flux. This
is an interesting fact as previously emphasized, one expect
approximate equipartition of the cosmic-ray, gamma-ray, and
neutrino fluxes from a cosmic ray accelerator. One can sum
the sources shown in the figure into a diffuse flux, and the
result is, after dividing by 4𝜋, 3 × 10

−9 TeV cm−2 s−1 sr−1,

or approximately ∼10−8 TeV cm−2 s−1 sr−1 for all neutrino
flavors.This is known as theWaxman-Bahcall bound; the flux
is basically equal to the flux observed in extragalactic cosmic
rays.

In Figure 13, we show the limits frompresent experiments
as well as the reach of IceCube and future experiments.
The benchmark flux introduced previously rises above the
atmospheric neutrino background for energies exceeding
100 TeV, and an energy range entered by the completed Ice-
Cube detector after one your of operation. In fact, candidate
“cosmic” neutrino events have emerged form this analysis,
although their origin has not been established. We are, in any
case, moving into a critical time for neutrino astronomy.
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We review neutrino Yukawa textures with zeros within the framework of the type-I seesaw with three heavy right chiral neutrinos
and in the basis where the latter and the charged leptons are mass diagonal. An assumed nonvanishing mass of every ultralight
neutrino and the observed nondecoupling of any neutrino generation allow a maximum of four zeros in the Yukawa coupling
matrix in family space. We show that the requirement of an exact 𝜇𝑡 symmetry, coupled with the observational constraints, reduces
seventy-two allowed such textures to only four corresponding to just two different forms of the light neutrino mass matrix: one
with an inverted and the other with a normal mass ordering.Themasses andMajorana phases of ultralight neutrinos are predicted
within definite ranges with laboratory and cosmological observational inputs. Within the same framework, we also study Yukawa
textures with a fewer number of zeros, but with exact𝜇𝑡 symmetry.We further formulate the detailed scheme of the explicit breaking
of 𝜇𝑡 symmetry in terms of three small parameters for allowed four zero textures. The observed sizable mixing between the first
and third generations of neutrinos is shown to follow for a suitable choice of these symmetry breaking parameters.

1. Introduction

The impressive experimental progress from neutrino oscil-
lation studies [1–5] and the sharpening [6, 7] of the cos-
mological upper bound on the neutrino mass sum have
underscored two fundamental but distinct puzzles. (1) Why
are the observed neutrinos so ultralight, that is, with masses
in the sub-eV range? (2) Why is the three neutrino mixing
pattern of two large and one small (but measurable) angles so
different from the sequentially small CKM mixing angles of
quarks?There is a widespread feeling that the former is due to
some kind of a seesaw mechanism [8–14] yielding ultralight
Majorana neutrinos. It is our contention that the latter has
to do with zeros in neutrino Yukawa textures plus a broken
𝜇𝜏 symmetry. Let us start with the simplest scheme of three
weakly interacting flavored ultralight neutrinos discarding
any possible light sterile onesmixing with them.We hold that
there should be a fundamental principle behind a massless
particle, as with gauge invariance and the photon. Since no
such principle is identifiable with any single neutrino, we take
each to have a nonzero mass. Though there are other types of

proposed seesawmechanisms, such as type-II [11, 12], type-III
[13], and inverse seesaw [14, 15], in a minimalist approach we
stick to the original type-I with three heavy right chiral elec-
troweak singlet neutrinos denoted by the column vector𝑁

𝑅
.

We next turn to the issue of texture zeros. By a texture
we mean a configuration of a Yukawa coupling matrix with
some vanishing elements. Texture zeros have a long history
in the quark sector where four zero Yukawa textures [18–
20] have had distinguished success in fitting the known
quark masses and CKM parameters. The problem is simpler
there since the Dirac quark mass matrix of a given charge,
which is the corresponding Yukawa coupling matrix times
the Higgs VEV, contains all information about physical quark
masses. In the case of seesaw induced ultralight Majorana
neutrinos, the elements of the Dirac mass matrix 𝑀

𝐷
do

not carry all information about physical neutrino masses.
The latter are contained in the elements of the complex
symmetric Majorana neutrino mass matrix 𝑀

𝜈
which is

related to 𝑀
𝐷
through the standard seesaw formula. There

have been initial as well as continuing efforts [21–25] to
assume the vanishing of certain elements in 𝑀

𝜈
. But, we
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strongly feel that an occurrence of zeros must be linked
to some fundamental symmetry [26–28] or suppression
mechanism [29] inherent in the Lagrangian itself. It seems
more natural then to postulate the occurrence of such zeros
in some elements of the neutrino Yukawa coupling matrix
(equivalently 𝑀

𝐷
) which appears in the Lagrangian [16,

17, 30–36]. There are ways [37–39] to ensure the stability
of such zeros under quantum corrections in type-I seesaw
models.

An important point in the context of texture zeros is
that of Weak Basis dependence. Both 𝑀

𝐷
and 𝑀

𝜈
change

[40] under general (and different) unitary transformations
of the left and right chiral fermion fields. In consequence,
any Yukawa texture is basis dependent. It is further known
that those fermions, which do not couple mutually in the
Lagrangian, can be simultaneously put into a mass diagonal
form by suitable basis transformations. Without loss of
generality, we can therefore choose a Weak Basis in which
the charged lepton fields 𝑙 and the very heavy right chiral
neutrino fields 𝑁

𝑅
are mass diagonal with real masses. The

question arises as to how a flavor model, corresponding to a
given set of texture zeros in such a basis, would be recognized
in a different basis. It has been shown [40] that the vanishing
of certainWeak Basis invariants would be a hallmark of those
zeros.This is also related to the linkage of CP violation at low
energies, probed in short or long baseline experiments, and at
high energies, as relevant to leptogenesis.Though that linkage
is a major motivation for postulating Yukawa texture zeros
[30–32], it is outside the scope of the present paper.

In this paper we focus on the role of texture zeros,
occurring in 𝑀

𝐷
, in understanding the observed pattern

of neutrino masses and mixing angles. More generally, we
show how they affect key aspects of low energy neutrino
phenomenology. Four is shown to be the maximum number
of such zeros allowed within our framework [30]. We classify
all possible four zero textures, seventy two in total [30]. Then
we introduce 𝜇𝜏 symmetry [16, 41–66] as an invariance under
the interchange of flavors 𝜇 (2) and 𝜏 (3) in the neutrino
sector which is motivated by an automatic prediction of
vanishing (maximal) mixing between the first (second) and
third generations of neutrinos. This symmetry reduces the
preceding seventy two textures to four which lead to only two
distinct forms of𝑀

𝜈
whose phenomenological consequences

are worked out [16, 17, 32]. Three zero textures with 𝜇𝜏

symmetry are also shown to have similar consequences, while
textures with a lesser number of zeros have little predictivity
[33]. We then discuss the general explicit breaking of 𝜇𝜏

symmetry in terms of three small parameters and show,
within the lowest order of perturbation in those parameters,
that the observed small mixing of first and third generations
of neutrinos can be explained within our framework [33].

In Section 2 we set up our formalism. Section 3 contains
the classification of all four zero textures and a discus-
sion of 𝜇𝜏 symmetry. Section 4 addresses the consequent
phenomenological implications. In Section 5 we discuss the
realization of other 𝜇𝜏 symmetric texture zeros. Section 6
contains a general discussion of explicit 𝜇𝜏 symmetry break-
ing and how that fits observation. Finally, in Section 7 we
summarize our conclusions.

2. Framework and Formalism

The relevant mass terms in our starting Lagrangian are

−L
𝑚

= 𝜈0
𝐿
𝑀
𝐷
𝑁
0

𝑅
+

1

2
𝑁0

𝐶

𝐿
𝑀
𝑅
𝑁
0

𝑅
+ 𝑙0
𝐿
𝑀
𝑙
𝑙
0

𝑅
+ h.c.

=
1

2
(𝜈0
𝐿

𝑁0
𝐶

𝐿
)(

0 𝑀
𝐷

𝑀
𝑇

𝐷
𝑀
𝑅

)(
𝜈
0𝐶

𝑅

𝑁
0

𝑅

) + 𝑙0
𝐿
𝑀
𝑙
𝑙
0

𝑅
+ h.c.,

(1)

where we have used the general definition of a conjugate
fermion field 𝜓

𝐶
= 𝛾

0
𝐶𝜓

∗ (𝐶 being the charge conjugation
matrix) and the identity

𝜓
𝐿
𝑚𝜓

󸀠

𝑅
= 𝜓󸀠

𝐶

𝐿
𝑚
𝑇
𝜓
𝐶

𝑅
. (2)

Here 𝑀
𝑅
, 𝑀

𝐷
, and 𝑀

𝑙
, respectively, denote the right chiral

complex symmetric Majorana mass matrix, the neutrino
Dirac mass, matrix and the charged lepton mass matrix in
a three-dimensional family space. The superscripts “0” iden-
tifies the corresponding fields as flavor eigenstate ones. The
complex symmetric 6×6 neutrino mass matrix in the second
line of (1) is denoted byM, that is,

M = (
0 𝑀

𝐷

𝑀
𝑇

𝐷
𝑀
𝑅

) . (3)

The energy scale of 𝑀
𝑅
is taken to be very high (>109 GeV),

as compared with the electroweak scale 𝑣 ≃ 246GeV.
The complete diagonalization ofM leads to

V
†
MV

∗
= diag (𝑑, 𝐷) , (4)

whereV is a 6 × 6 unitary matrix

V = (
𝐾 𝐺

𝑆 𝑇
) , (5)

with 3 × 3 blocks 𝐾, 𝐺, 𝑆, and 𝑇. In (4) 𝑑 and 𝐷 are three
dimensional diagonal massmatrices, each with ultralight and
heavy real positive entries, respectively:

𝑑 = diag (𝑚
1
, 𝑚
2
, 𝑚
3
) , 𝑚

1,2,3
< 1 eV,

𝐷 = diag (𝑀
1
,𝑀

2
,𝑀

3
) , 𝑀

1,2,3
> 10

9 GeV.

(6)

Charged current interactions can then bewritten in terms
of the semiweak coupling strength 𝑔 as well as the respective
ultralight neutrino and heavy neutrino fields 𝜈

𝑖
and𝑁

𝑖
:

L
𝑐𝑐

= −
𝑔

√2
(𝑙
𝑖𝐿
𝛾
𝜇
𝐾
𝑖𝑗
𝜈
𝑗𝐿

+ 𝑙
𝑖𝐿
𝛾
𝜇
𝐺
𝑖𝑗
𝑁
𝑗𝐿
)𝑊

𝜇
. (7)

In an excellent approximation, the ultralight neutrinomasses
and mixing angles can now be obtained from

𝑀
𝜈
≃ −𝑀

𝐷
𝑀
−1

𝑅
𝑀
𝑇

𝐷
, (8)

𝑈
†
𝑀
𝜈
𝑈
∗
= 𝑑. (9)
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Equation (8) is the well-known seesaw formula. We also
choose to define the matrix ℎ

𝜈
= 𝑀

𝜈
𝑀
†

𝜈
and have

𝑈
†
ℎ
𝜈
𝑈 = 𝑑

2
. (10)

In (9), 𝑈 is the Pontecorvo, Maki, Nakagawa, Sakata
(PMNS) matrix admitting the standard parametrization:

𝑈PMNS

= (

𝑐
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13
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23
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13
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23
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13

)

× (

𝑒
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/2
0 0

0 𝑒
𝑖𝛼𝑀2

/2
0

0 0 1

) ,

(11)

with 𝑐
𝑖𝑗
= cos 𝜃

𝑖𝑗
, 𝑠
𝑖𝑗
= sin 𝜃

𝑖𝑗
, and 𝛿

𝐷
(𝛼
𝑀1

, 𝛼
𝑀2

) being the yet
unknown Dirac (Majorana) phase(s). We note for the sake
of completeness that the unitary transformation between the
column of mass eigenstate of left chiral neutrino fields 𝜈

𝐿
and

the corresponding flavor eigenstate 𝜈0
𝐿
is

𝜈
0

𝐿
= 𝑈𝜈

𝐿
. (12)

The additional approximate relations to keep in mind are
those between 𝑈 and the submatrices 𝐾, 𝐺 of V and 𝑀

𝐷
of

M:

𝐾
𝑖𝑗
= 𝑈

𝑖𝑗
+ 𝑂(

𝑣
2

𝑀2

𝑅

) ,

𝑀
𝑘
𝐺
𝑗𝑘

= (𝑀
𝐷
)
𝑗𝑘

+ 𝑂(
𝑣
3

𝑀2

𝑅

) , 𝑘 not summed.

(13)

Needless to add, we always neglect terms of order 𝑣2/𝑀2

𝑅
.

As mentioned earlier, without loss of generality, we can
choose the Weak Basis in which𝑀

𝑙
and𝑀

𝑅
are

𝑀
𝑙
= diag (𝑚

𝑒
, 𝑚
𝜇
, 𝑚
𝜏
) ,

𝑀
𝑅
= diag (𝑀

1
,𝑀

2
,𝑀

3
) ,

(14)

with real positive entries. All CP-violating phases, stemming
from M, are contained in the Dirac mass matrix 𝑀

𝐷
in this

Weak Basis. As a consequence of (6) and (8), (9) 𝑀
𝐷
can be

written in the Casas-Ibarra form [67]:

𝑀
𝐷
= 𝑖𝑈√𝑑𝑅√𝑀

𝑅
, (15)

where 𝑅 is a complex orthogonal matrix: 𝑅𝑇𝑅 = 𝑅𝑅
𝑇

= 𝐼.
An important comment on 𝑀

𝐷
, following from (8), is that,

our condition of no massless neutrino, that is det𝑀
𝜈

̸= 0,
implies that det𝑀

𝐷
̸= 0. This means that textures of𝑀

𝐷
with

one vanishing row or column or with a quartet of zeros
(i.e., zeros in 𝑖𝑗, 𝑙𝑘, 𝑖𝑘, and 𝑙𝑗 elements with 𝑖 ̸= 𝑙 and 𝑘 ̸= 𝑗

and 𝑙 = 1, 2, or 3) are inadmissible since they make det𝑀
𝐷

vanish. Furthermore, in our Weak Basis, for any nonzero
entry in 𝑀

𝐷
with all other elements in its row or column

being zero,𝑀
𝜈
from (8) develops a block diagonal form that is

incompatible with the observed simultaneousmixing of three
neutrinos.The same logic holds for any block diagonal texture
of 𝑀

𝐷
. Indeed, if any row in a texture of 𝑀

𝐷
is orthogonal,

element by element, to both the others, one neutrino family
decouples and therefore makes such a texture inadmissible.
These arguments have been shown [30] to be sufficient to
rule out all textures in𝑀

𝐷
with more than four zeros. Four is

then the maximum permitted number of zeros in a neutrino
Yukawa texture.

3. Classification of Four Zero Textures and
the Role of 𝜇𝜏 Symmetry

In this sectionwe provide the classification of all possible four
zero neutrino Yukawa textures and forms of the surviving
textures, since these details were not given in [30, 68]. There
are 9𝐶

4
= 126 possible four zero neutrino Yukawa textures

which can be classified into four classes [68]. In making
this classification, we rule out the orthogonality between any
two rows or columns by some artificial cancellation; ortho-
gonality is to be ensured in terms of a vanishing product,
element by element. We can now enumerate four cases.

(i) det𝑀
𝐷

̸= 0 and one family of neutrinos decouples:
9 textures. For each texture of 𝑀

𝐷
here, one row

is orthogonal to the other rows. It follows that, in
the neutrino mass matrix 𝑀

𝜈
in our chosen basis

with a diagonal 𝑀
𝑅
, one neutrino family always

decouples. So, though all neutrinos are massive here,
these textures are to be discarded.

(ii) det𝑀
𝐷
= 0 and one family of neutrinos decouples: 18

textures. Here each texture has a vanishing row and
there are six such textures for every such row. Such
a row generates a vanishing mass eigenvalue and the
corresponding family decouples. Hence this class is
also excluded.

(iii) det𝑀
𝐷
= 0 and no family decouples: 27 textures [68].

Each of 18 textures in this class has a vanishing col-
umn and each of the remaining 9 has a quartet of
zeros, leading to a vanishing det𝑀

𝜈
. So, this class is

rejected.
(iv) det𝑀

𝐷
̸= 0 and no family decouples: 72 textures.

These remaining textures are allowed by the criteria
we have set up.

The retained textures are subdivided into two categories
𝐴 and 𝐵. We wish to elaborate on this categorization [30]. Let
us consistently use the complex parameters 𝑎

𝑘
, 𝑏
𝑘
, and 𝑐

𝑘
for

elements in 𝑀
𝐷
belonging to the 𝑘th column and the first,

second, and third rows, respectively. The two categories then
are as follows.

Category A. Here every texture has two mutually orthogonal
rows (𝑖, 𝑗 say, with 𝑖 ̸= 𝑗) and the corresponding derived 𝑀

𝜈

has (𝑀
𝜈
)
𝑖𝑗

= 0. Thus there are 54 such textures divided
into three sub-categories, each containing 18 textures:
(𝐴1) those with orthogonal rows 1 and 2 which generate
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Table 1: Four zero Yukawa textures of𝑀
𝐷
in Category 𝐴 with subcategories 𝐴1, 𝐴2, and 𝐴3.

Category 𝐴1 (orthogonality between rows 1 and 2)

(

0 𝑎
2

0

𝑏
1

0 𝑏
3

0 𝑐
2

𝑐
3

)(

0 𝑎
2

0

𝑏
1

0 𝑏
3

𝑐
1

𝑐
2

0

) (

0 0 𝑎
3

𝑏
1

𝑏
2

0

0 𝑐
2

𝑐
3

)(

0 0 𝑎
3

𝑏
1

𝑏
2

0

𝑐
1

0 𝑐
3

) (

𝑎
1

0 0

0 𝑏
2

𝑏
3

𝑐
1

0 𝑐
3

)(

𝑎
1

0 0

0 𝑏
2

𝑏
3

𝑐
1

𝑐
2

0

)

(

0 𝑎
2

0

0 0 𝑏
3

𝑐
1

𝑐
2

𝑐
3

)(

0 𝑎
2

0

𝑏
1

0 0

𝑐
1

𝑐
2

𝑐
3

) (

0 0 𝑎
3

𝑏
1

0 0

𝑐
1

𝑐
2

𝑐
3

)(

0 0 𝑎
3

0 𝑏
2

0

𝑐
1

𝑐
2

𝑐
3

) (

𝑎
1

0 0

0 0 𝑏
3

𝑐
1

𝑐
2

𝑐
3

)(

𝑎
1

0 0

0 𝑏
2

0

𝑐
1

𝑐
2

𝑐
3

)

(

𝑎
1

0 𝑎
3

0 𝑏
2

0

0 𝑐
2

𝑐
3

)(

𝑎
1

0 𝑎
3

0 𝑏
2

0

𝑐
1

𝑐
2

0

) (

𝑎
1

𝑎
2

0

0 0 𝑏
3

0 𝑐
2

𝑐
3

)(

𝑎
1

𝑎
2

0

0 0 𝑏
3

𝑐
1

0 𝑐
3

) (

0 𝑎
2

𝑎
3

𝑏
1

0 0

𝑐
1

0 𝑐
3

)(

0 𝑎
2

𝑎
3

𝑏
1

0 0

𝑐
1

𝑐
2

0

)

Category 𝐴2 (orthogonality between rows 2 and 3)

(

0 𝑎
2

𝑎
3

0 𝑏
2

0

𝑐
1

0 𝑐
3

)(

𝑎
1

𝑎
2

0

0 𝑏
2

0

𝑐
1

0 𝑐
3

) (

0 𝑎
2

𝑎
3

0 0 𝑏
2

𝑐
1

𝑐
2

0

)(

𝑎
1

0 𝑎
3

0 0 𝑏
3

𝑐
1

𝑐
2

0

) (

𝑎
1

0 𝑎
3

𝑏
1

0 0

0 𝑐
2

𝑐
3

)(

𝑎
1

𝑎
2

0

𝑏
1

0 0

0 𝑐
2

𝑐
3

)

(

𝑎
1

𝑎
2

𝑎
3

0 𝑏
2

0

0 0 𝑐
3

)(

𝑎
1

𝑎
2

𝑎
1

0 𝑏
2

0

𝑐
1

0 0

) (

𝑎
1

𝑎
2

𝑎
3

0 0 𝑏
2

0 𝑐
2

0

)(

𝑎
1

𝑎
2

𝑎
3

0 0 𝑏
3

𝑐
1

0 0

) (

𝑎
1

𝑎
2

𝑎
3

𝑏
1

0 0

0 0 𝑐
3

)(

𝑎
1

𝑎
2

𝑎
3

𝑏
1

0 0

0 𝑐
2

0

)

(

0 𝑎
2

𝑎
3

𝑏
1

0 𝑏
3

0 𝑐
2

0

)(

𝑎
1

𝑎
2

0

𝑏
1

0 𝑏
3

0 𝑐
2

0

) (

0 𝑎
2

𝑎
3

𝑏
1

𝑏
2

0

0 0 𝑐
3

)(

𝑎
1

0 𝑎
3

𝑏
1

𝑏
2

0

0 0 𝑐
3

) (

𝑎
1

0 𝑎
3

0 𝑏
2

𝑏
3

𝑐
1

0 0

)(

𝑎
1

𝑎
2

0

0 𝑏
2

𝑏
3

𝑐
1

0 0

)

Category 𝐴3 (orthogonality between rows 1 and 3)

(

0 𝑎
2

0

0 𝑏
2

𝑏
3

𝑐
1

0 𝑐
3

)(

0 𝑎
2

0

𝑏
1

𝑏
2

0

𝑐
1

0 𝑐
3

) (

0 0 𝑎
3

0 𝑏
2

𝑏
3

𝑐
1

𝑐
2

0

)(

0 0 𝑎
3

𝑏
1

0 𝑏
3

𝑐
1

𝑐
2

0

) (

𝑎
1

0 0

𝑏
1

𝑏
2

0

0 𝑐
2

𝑐
3

)(

𝑎
1

0 0

𝑏
1

0 𝑏
3

0 𝑐
2

𝑐
3

)

(

0 𝑎
2

0

𝑏
1

𝑏
2

𝑏
3

0 0 𝑐
3

)(

0 𝑎
2

0

𝑏
1

𝑏
2

𝑏
3

𝑐
1

0 0

) (

0 0 𝑎
3

𝑏
1

𝑏
2

𝑏
3

0 𝑐
2

0

)(

0 0 𝑎
3

𝑏
1

𝑏
2

𝑏
3

𝑐
1

0 0

) (

𝑎
1

0 0

𝑏
1

𝑏
2

𝑏
3

0 𝑐
2

0

)(

𝑎
1

0 0

𝑏
1

𝑏
2

𝑏
3

0 0 𝑐
3

)

(

𝑎
1

0 𝑎
3

0 𝑏
2

𝑏
3

0 𝑐
2

0

)(

𝑎
1

0 𝑎
3

𝑏
1

𝑏
2

0

0 𝑐
2

0

) (

𝑎
1

𝑎
2

0

0 𝑏
2

𝑏
3

0 0 𝑐
3

)(

𝑎
1

𝑎
2

0

𝑏
1

0 𝑏
3

0 0 𝑐
3

) (

0 𝑎
2

𝑎
3

𝑏
1

𝑏
2

0

𝑐
1

0 0

)(

0 𝑎
2

𝑎
3

𝑏
1

0 𝑏
3

𝑐
1

0 0

)

(𝑀
𝜈
)
12

= (𝑀
𝜈
)
21

= 0; (𝐴2) those with orthogonal rows 2

and 3 which generate (𝑀
𝜈
)
23

= (𝑀
𝜈
)
32

= 0; (𝐴3) those with
orthogonal rows 1 and 3 which generate (𝑀

𝜈
)
13

= (𝑀
𝜈
)
31

=

0. The explicit form of each of the 54 textures in Category 𝐴

within the three sub-categories is shown in Table 1.

Category B. There are 18 textures in this category. Each has
two orthogonal columns, while no pair of rows is orthogonal.
Invariably, then, it turns out that one row (𝑖, say) has two
zeroes and the other two rows (say 𝑘, 𝑙 ̸= 𝑖) have one zero each.
It is now a consequence of (8) that, in the derived neutrino
mass-matrix𝑀

𝜈
, we have the relation

det cofactor [(𝑀
𝜈
)
𝑘𝑙
] = 0. (16)

Once again, one canmake three subcategories with six entries
each. 𝐵1 has two zeros in the first row and one zero in each of
the other two rows. 𝐵2 has two zeros in the second row and
one zero in each of the other two rows.𝐵3 has two zeros in the
third row and one zero in each of the other two rows. All 18
textures of Category 𝐵 are shown in Table 2 within the three
subcategories.

We now raise the question of 𝜇𝜏 symmetry which we had
explained in the Introduction. This symmetry is evidently
invalid for the charged lepton mass terms. However, for
elements in the Dirac mass matrix 𝑀

𝐷
of neutrinos, it

immediately implies the relations

(𝑀
𝐷
)
12

= (𝑀
𝐷
)
13
, (𝑀

𝐷
)
21

= (𝑀
𝐷
)
31
,

(𝑀
𝐷
)
23

= (𝑀
𝐷
)
32
, (𝑀

𝐷
)
22

= (𝑀
𝐷
)
33
.

(17)

Moreover, for the masses of the very heavy right-chiral
neutrinos, we have

(𝑀
𝑅
)
22

= (𝑀
𝑅
)
33
, (18)

a result which is transparent as𝑀
2
= 𝑀

3
in our chosen basis.

On account of (8) and (17) as well as (18), one is immediately
led to the following relations among elements of the complex
symmetric ultralight neutrino Majorana mass matrix𝑀

𝜈
:

(𝑀
𝜈
)
12

= (𝑀
𝜈
)
13
, (𝑀

𝜈
)
22

= (𝑀
𝜈
)
33
. (19)

We take these as statements of a custodial 𝜇𝜏 symmetry in
the ultralight neutrino sector. One can now invert (9) and
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Table 2: Four zero Yukawa textures of𝑀
𝐷
in Category 𝐵 with subcategories 𝐵1, 𝐵2, and 𝐵3.

Category 𝐵1

First row with two zeros, a pair of orthogonal columns, non-orthogonal rows

(

0 𝑎
2

0

0 𝑏
1

𝑏
3

𝑐
1

𝑐
2

0

)(

0 𝑎
2

0

𝑏
1

𝑏
2

0

0 𝑐
2

𝑐
3

) (

0 0 𝑎
3

0 𝑏
2

𝑏
3

𝑐
1

0 𝑐
3

)(

0 0 𝑎
3

𝑏
1

0 𝑏
3

0 𝑐
2

𝑐
3

) (

𝑎
1

0 0

𝑏
1

0 𝑏
3

𝑐
1

𝑐
2

0

)(

𝑎
1

0 0

𝑏
1

𝑏
2

0

𝑐
1

0 𝑐
3

)

Category 𝐵2

Second row with two zeros, a pair of orthogonal columns, non-orthogonal rows

(

0 𝑎
2

𝑎
3

0 𝑏
2

0

𝑐
1

𝑐
2

0

)(

𝑎
1

𝑎
2

0

0 𝑏
2

0

0 𝑐
2

𝑐
3

) (

0 𝑎
2

𝑎
3

0 0 𝑏
2

𝑐
1

0 𝑐
3

)(

𝑎
1

0 𝑎
3

0 0 𝑏
3

0 𝑐
2

𝑐
3

) (

𝑎
1

0 𝑎
3

𝑏
1

0 0

𝑐
1

𝑐
2

0

)(

𝑎
1

𝑎
2

0

𝑏
1

0 0

𝑐
1

0 𝑐
3

)

Category 𝐵3

Third row with two zeros, a pair of orthogonal columns, non-orthogonal rows

(

𝑎
1

𝑎
2

0

0 𝑏
2

𝑏
3

0 𝑐
2

0

)(

0 𝑎
2

𝑎
3

𝑏
1

𝑏
2

0

0 𝑐
2

0

) (

𝑎
1

0 𝑎
3

0 𝑏
2

𝑏
3

0 0 𝑐
3

)(

0 𝑎
2

𝑎
3

𝑏
1

0 𝑏
3

0 0 𝑐
3

) (

𝑎
1

0 𝑎
3

𝑏
1

𝑏
2

0

𝑐
1

0 0

)(

𝑎
1

𝑎
2

0

𝑏
1

0 𝑏
3

𝑐
1

0 0

)

explore the consequences of (19) in the parametrization of
(11). An immediate consequence is the fixing of the two
mixing angles pertaining to the third flavor: 𝜃

23
= 𝜋/4, 𝜃

13
=

0. Since the measured former angle is compatible with 45
∘

within errors and the latter has been found to be small
(≃ 9

∘), the occurrence of at least a broken 𝜇𝜏 symmetry
in nature is a reasonable supposition that we adhere to.
An interesting footnote to this discussion is the issue of
tribimaximal mixing [69, 70] which subsumes 𝜇𝜏 symmetry
but posits the additional relation

(𝑀
𝜈
)
11

+ (𝑀
𝜈
)
13

= (𝑀
𝜈
)
22

+ (𝑀
𝜈
)
23
, (20)

leading to a fixation of the remaining mixing angle 𝜃
12

=

sin−1(1/√3) ≃ 35.26
∘. However, we will not make use of (20).

An immediate consequence of the imposition of 𝜇𝜏

symmetry, via (17), is the drastic reduction of the seventy two
allowed four zero textures of𝑀

𝐷
to only four [16].This is seen

just by inspection.The allowed 𝜇𝜏 symmetric textures are the
following, each involving only three complex parameters.

Category A. One has

𝑀
𝐷𝐴1

= (

𝑎
1

𝑎
2

𝑎
2

0 0 𝑏
1

0 𝑏
1

0

) , 𝑀
𝐷𝐴2

= (

𝑎
1

𝑎
2

𝑎
2

0 𝑏
1

0

0 0 𝑏
1

) . (21)

Category B. One has

𝑀
𝐷𝐵1

= (

𝑎
1

0 0

𝑏
1

0 𝑏
2

𝑏
1

𝑏
2

0

) , 𝑀
𝐷𝐵2

= (

𝑎
1

0 0

𝑏
1

𝑏
2

0

𝑏
1

0 𝑏
2

) . (22)

It may be noted that, in either category, any texture can be
obtained from the other by the interchange of rows 2 and 3

or columns 2 and 3. Because of 𝜇𝜏 symmetry, this means that
the physical content of the two textures in each category is the
same. Indeed, by use of (8), we obtain the same𝑀

𝜈
for either

of them. Thus we have just two allowed ultralight neutrino
Majorana mass matrices

𝑀
𝜈𝐴

= −
(
(
(

(

𝑎
2

1

𝑀
1

+
2𝑎
2

2

𝑀
2

𝑎
2
𝑏
1

𝑀
2

𝑎
2
𝑏
1

𝑀
2

𝑎
2
𝑏
1

𝑀
2

𝑏
2

1

𝑀
2

0

𝑎
2
𝑏
1

𝑀
2

0
𝑏
2

1

𝑀
2

)
)
)

)

, (23)

𝑀
𝜈𝐵

= −
(
(
(

(

𝑎
2

1

𝑀
1

𝑎
1
𝑏
1

𝑀
1

𝑎
1
𝑏
1

𝑀
1

𝑎
1
𝑏
1

𝑀
1

𝑏
2

1

𝑀
1

+
𝑏
2

2

𝑀
2

𝑏
2

1

𝑀
1

𝑎
1
𝑏
1

𝑀
1

𝑏
2

1

𝑀
1

𝑏
2

1

𝑀
1

+
𝑏
2

2

𝑀
2

)
)
)

)

, (24)

for Categories 𝐴 and 𝐵, respectively.

4. Phenomenology with 𝜇𝜏 Symmetric Four
Zero Yukawa Textures

Given 𝜇𝜏 symmetry, one automatically obtains that 𝜃
23

= 𝜋/4

and 𝜃
13

= 0. The current 3𝜎 limits on these are 36.86∘ < 𝜃
23

<

55.55
∘ and 7.49

∘
< 𝜃

13
< 10.46

∘ [1]. We shall later consider
a small breaking of 𝜇𝜏 symmetry. But, for the moment, let
us assume the latter to be the exact. The other mass and
mixing parameters in the ultralight neutrino sector are kept
free. Their experimentally allowed 3𝜎 ranges to be used to
constrain the nonzero elements of 𝑀

𝜈𝐴
and 𝑀

𝜈𝐵
in Table 3.

We define Δ
2

𝑖𝑗
= 𝑚

2

𝑖
− 𝑚

2

𝑗
, where 𝑖, 𝑗 (= 1, 2, 3) refer to

the mass eigenstate neutrinos. It will now be convenient to
reparametrize the elements of𝑀

𝜈𝐴
and𝑀

𝜈𝐵
in (23) and (24),

respectively, in the way given in Table 3. Here 𝑘
1
, 𝑘
2
, 𝑙
1
, and 𝑙

2

are real and positive quantities while 𝛼, 𝛼󸀠, 𝛽, and 𝛽
󸀠 are

phases. However, the phases 𝛼
󸀠 and 𝛽

󸀠 can be absorbed in
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Table 3: Reparametrized quantities and relevant functions in Category 𝐴 and Category 𝐵.

Category 𝐴 Category 𝐵

𝑀
𝜈𝐴

𝑀
𝜈𝐵

𝑚
𝐴
=

−𝑏
2

1

𝑀
2

, 𝑚
𝐵
=

−𝑏
2

2

𝑀
2

,

𝑘
1
𝑒
𝑖(𝛼+𝛼
󸀠
)
=

𝑎
1

𝑏
1

√
𝑀
2

𝑀
1

, 𝑙
1
𝑒
𝑖𝛽
󸀠

=
𝑎
1

𝑏
2

√
𝑀
2

𝑀
1

𝑘
2
𝑒
𝑖𝛼
󸀠

=
𝑎
2

𝑏
1

, 𝑙
2
𝑒
𝑖𝛽

=
𝑏
1

𝑏
2

√
𝑀
2

𝑀
1

𝛼 = arg 𝑎
1

𝑎
2

𝛽 = arg 𝑏
1

𝑏
2

𝑋
𝐴

1
= 2√2𝑘

2
[(1 + 2𝑘

2

2
)
2
+ 𝑘

4

1
+ 2𝑘

2

1
(1 + 2𝑘

2

2
) cos 2𝛼]1/2 𝑋

𝐵

1
= 2√2𝑙

1
𝑙
2
[(𝑙
2

1
+ 2𝑙

2

2
)
2
+ 1 + 2(𝑙

2

1
+ 2𝑙

2

2
) cos 2𝛽]1/2

𝑋
𝐴

2
= 1 − 𝑘

4

1
− 4𝑘

4

2
− 4𝑘

2

1
𝑘
2

2
cos 2𝛼 𝑋

𝐵

2
= 1 + 4𝑙

2

2
cos 2𝛽 + 4𝑙

4

2
− 𝑙
4

1

𝑋
𝐴

3
= 1 − 4𝑘

4

2
− 𝑘

4

1
− 4𝑘

2

1
𝑘
2

2
cos 2𝛼 − 4𝑘

2

2
𝑋
𝐵

3
= 1 − (𝑙

2

1
+ 2𝑙

2

2
)
2
− 4𝑙

2

2
cos 2𝛽

𝑋
𝐴

4
= 𝑘

4

1
+ 4𝑘

4

2
+ 4𝑘

2

1
𝑘
2

2
cos 2𝛼 𝑋

𝐵

4
= 𝑙
4

1

Table 4: Input experimental values [1].

Quantity Experimental 3𝜎 range
Δ
2

21
7.12 × 10

−5
𝑒𝑉
2
< Δ

2

21
< 8.20 × 10

−5 eV2

Δ
2

32
< 0 −2.76 × 10

−3 eV2 < Δ
2

32
< −2.22 × 10

−3 eV2

Δ
2

32
> 0 2.18 × 10

−3 eV2 < Δ
2

32
< 2.70 × 10

−3 eV2

𝜃
12

31.30
∘
< 𝜃

12
< 37.46

∘

the definition of the first family neutrino field 𝜈
𝑒
for𝑀

𝜈𝐴
and

𝑀
𝜈𝐵

respectively and therefore are not physical. Moreover,
the overall phase in 𝑚

𝐴,𝐵
can also be absorbed by a further

redefinition of all flavor eigenstate neutrino fields. So we can
treat𝑚

𝐴,𝐵
as real for further discussions. In addition, we have

defined in Table 3 sets of derived real quantities 𝑋𝐴,𝐵
1−4

which
will be related to various observables.

With the reparametrization given in Table 3, 𝑀
𝜈𝐴

and
𝑀
𝜈𝐵

assume the simple forms

𝑀
𝜈𝐴

= 𝑚
𝐴
(

𝑘
2

1
𝑒
2𝑖𝛼

+ 2𝑘
2

2
𝑘
2

𝑘
2

𝑘
2

1 0

𝑘
2

0 1

) ,

𝑀
𝜈𝐵

= 𝑚
𝐵
(

𝑙
2

1
𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

+ 1 𝑙
2

2
𝑒
2𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

+ 1

).

(25)

These lead us, through the diagonalization of the matrix ℎ
𝜈
of

(10), to the relations

Δ
2

21
= 𝑚

2
𝑋, Δ

2

32
=

𝑚
2

2
(𝑋
3
− 𝑋) , tan 2𝜃

12
=

𝑋
1

𝑋
2

,

(26)

where𝑚 = 𝑚
𝐴,𝐵

for Categories 𝐴, 𝐵 and

𝑋 = √𝑋2
1
+ 𝑋2

2
. (27)

One can further make use of (9) to calculate [17] the
ultralight masses 𝑚

1,2,3
in terms Δ2

21
and also the Majorana

phases 𝛼
𝑀1

, 𝛼
𝑀2

, compare (11), in terms of 𝑚
1
, 𝑚

2
, and 𝑚

3
.

The former are given by

𝑚
1,2

=

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
Δ
2

21
(
2 − 𝑋

3
∓ 𝑋

2𝑋
)

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

1/2

, 𝑚
3
=

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

Δ
2

21

𝑋

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

1/2

(28)

and the latter by

cos (𝛼
𝑀1

− arg ⋅𝑍) =
|𝑍|
2
𝑚
2

3
+ 𝑚

2

1
sin4 𝜃

12
− 𝑚

2

2
cos4 𝜃

12

2𝑚
1
𝑚
3
sin2 𝜃

12 |𝑍|
,

cos (𝛼
𝑀2

− arg ⋅𝑍) =
|𝑍|
2
𝑚
2

3
+ 𝑚

2

2
cos4 𝜃

12
− 𝑚

2

1
sin4 𝜃

12

2𝑚
2
𝑚
3
cos2 𝜃

12 |𝑍|
.

(29)

Here 𝑍 = [(M
𝜈
)
22

+ (M
𝜈
)
23
][(M

𝜈
)
22

− (M
𝜈
)
23
]
−1. The last

quantity of physical interest that we calculate in this section is
the effective mass𝑚

𝛽𝛽
= |(𝑀

𝜈
)
11
| appearing in the transition

amplitude for the yet unobserved neutrinoless nuclear double
beta decay. That is given by

𝑚
𝛽𝛽

= |Δ
2

21
𝑋
4
𝑋
−1
|
1/2

, (30)

with𝑋
4
as given in Table 3.

Feeding the experimental 3𝜎 ranges fromTable 4, we find
that only the inverted mass ordering Δ

2

32
< 0 is allowed in

Category 𝐴 while only the normal mass ordering Δ
2

32
> 0

is permitted for Category 𝐵. Moreover, in the corresponding
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Figure 1: Variation of 𝑘
1
and 𝑘

2
in Category𝐴 and of 𝑙

1
and 𝑙

2
in Category 𝐵 with 𝜇𝜏 symmetry over the 3𝜎 allowed ranges of Δ2

21
, |Δ2

32
|, and

𝜃
12
[16].

𝑘
1
−𝑘
2
/𝑙
1
−𝑙
2
parameter plane [16], very constrained domains

are allowed, as shown in Figure 1. The phases 𝛼, 𝛽 are also
severely restricted in magnitude, specifically 89.0

∘
≤ |𝛼| <

90
∘ and 87.0

∘
≤ |𝛽| < 90

∘. These allow just a very limit-
ed region in the𝑋

3
−𝑋 plane, leading to 3𝜎 lower and upper

bounds on the neutrino mass sum 𝑚
1
+ 𝑚

2
+ 𝑚

3
, namely,

[0.156, 0.5] eV/[0.074, 0.132] eV for an inverted/normalmass
ordering [17]. It may be recalled that there is already a
lower bound of 0.05 eV on the said sum from atmospheric
neutrino data. Furthermore the general consensus [7] on the
least model-dependent cosmological upper bound on it is
0.5 eV.

Turning to the individual neutrino masses 𝑚
1
/eV,

𝑚
2
/eV, and 𝑚

3
/eV, respectively, we obtain by use of (28) the

respective 3𝜎 intervals [0.0452, 0.1682], [0.0457, 0.1684],
[0.077, 0.1632] for Category 𝐴 and [0.0110, 0.0335],
[0.0144, 0.0345], and [0.0485, 0.0638] for Category 𝐵. How-
ever, there are correlated constraints among these masses.
These are shown in the left-most panel of Figure 2. Given
these allowed intervals and correlated constraints, it is not
possible right now to distinguish between the hierarchical
and quasi-degenerate possibilities. But a future reduction
of these ranges and domains could pin this down. We next
come to the Majorana phases 𝛼

𝑀1
, 𝛼
𝑀2

. One can ab initio
restrict them to the interval −𝜋 to 𝜋 and utilize (29) as well as
the expressions for𝑍,𝑚

1
,𝑚
2
,𝑚
3
and tan 2𝜃

12
in terms of the

basic parameters (𝑘
1
, 𝑘
2
, 𝛼)/(𝑙

1
, 𝑙
2
and 𝛽), depending on the

category. The further application of the phenomenologically
acceptable ranges of these parameters, as given above,
leads to the allowed 3𝜎 intervals −98.0

∘
≤ 𝛼

𝑀1
≤ 20.0

∘,
9.2
∘
≤ 𝛼

𝑀2
≤ 36.4

∘ for Category 𝐴 and −88.6
∘
≤ 𝛼

𝑀1
≤ 7.97

∘,
90.7

∘
≤ 𝛼

𝑀2
≤ 128.8

∘ for Category 𝐵. Allowed values of 𝛼
𝑀1

and 𝛼
𝑀2

are shown in the middle panel of Figure 2.

Another quantity to be considered in this section is
the double 𝛽-decay effective mass 𝑚

𝛽𝛽
, compare (30). The

currently accepted upper bound [71] on it is𝑚
𝛽𝛽

< 0.35 eV. In
comparison, our allowed values𝑚

𝛽𝛽
versus the neutrinomass

sum ∑
𝑖
𝑚
𝑖
are shown in the rightmost panels of of Figure 2.

More absolutely, we can say that 0.038 ≤ 𝑚
𝛽𝛽
/eV ≤ 0.161

for Category 𝐴 and 0.003 ≤ 𝑚
𝛽𝛽
/eV ≤ 0.0186 for Category

𝐵. The region near the upper bound in Category 𝐴 may be
accessible in forthcoming experiments.

An interesting question pertains to the consequences
of the effect of 𝜇𝜏 symmetry on couplings between the
heavy right chiral and the ultralight left chiral neutrinos.The
corresponding neutral gauge boson induced interactions are
down by factor 𝑂(𝑣

2
/𝑀

2

𝑅
). On the other hand, the Higgs

boson induced interactions affect leptogenesis modes and
have been discussed in detail in [32]. Since leptogenesis is
outside the scope of the present paper, we do not go into those
discussions here.

5. Realization of Other Texture
Zeros with 𝜇𝜏 Symmetry

Though four is the maximum number of allowed neutrino
Yukawa texture zeros, we examine other textures with a lesser
number of zeros for completeness [33]. Let us work in the
same Weak Basis of real diagonal 𝑀

𝑙
and 𝑀

𝑅
. We wish

to study only those textures that are compatible with 𝜇𝜏

symmetry which we believe to be approximately valid in the
real world. The 𝜇𝜏 symmetric forms of𝑀

𝐷
and𝑀

𝑅
now are

𝑀
𝐷
= (

𝑎 𝑏 𝑏

𝑐 𝑑 𝑒

𝑐 𝑒 𝑑

) , 𝑀
𝑅
= diag (𝑀

1
,𝑀

2
,𝑀

2
) , (31)

with 𝑎, 𝑏, 𝑐, 𝑑, and 𝑒 as complex numbers.
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Figure 2: Allowed𝑚
2,3

versus𝑚
1
(left), 𝛼

𝑀2
versus 𝛼

𝑀1
(middle), and𝑚

𝛽𝛽
versus Σ𝑚

𝑖
(right) for Category 𝐴 (top) and Category 𝐵 (bottom)

[17].

5.1. Three Zero Textures. We first identify possible three zero
textures which are compatible with (31). Apart from 𝑎, the
other four complex parameters in 𝑀

𝐷
come in pairs. So, for

any texture with an odd number of zeros, 𝑎must vanish. For
three zero textures the remaining two zeros can be arranged
in 4𝐶

1
= 4ways. So, the four allowed three zero𝜇𝜏 symmetric

textures of𝑀
𝐷
are

(

0 𝑏 𝑏

𝑐 0 𝑒

𝑐 𝑒 0

) , (

0 𝑏 𝑏

𝑐 𝑑 0

𝑐 0 𝑑

) ,

(

0 0 0

𝑐 𝑑 𝑒

𝑐 𝑒 𝑑

) , (

0 𝑏 𝑏

0 𝑑 𝑒

0 𝑒 𝑑

) .

(32)

The last two textures have one vanishing row and one
vanishing column, respectively. These can be discarded with
our requirement of no massless neutrino, that is, det𝑀

𝜈
̸= 0,

leaving only the first two textures as acceptable. In general,
there can be 9𝐶

3
= 84 three zero textures. The conditions

of (1) 𝜇𝜏 symmetry, (2) the non-zero value of det𝑀
𝜈
, and

(3) the nondecoupling of any neutrino generation reduce this
number to only two.

The first two textures of (32) have only three complex
parameters each and we can just use 𝑏, 𝑐, and 𝑑 for both
allowed textures of𝑀

𝐷
:

(

0 𝑏 𝑏

𝑐 0 𝑑

𝑐 𝑑 0

) , (

0 𝑏 𝑏

𝑐 𝑑 0

𝑐 0 𝑑

) . (33)

Using the seesaw formula, we obtain an identical form of𝑀
𝜈

for both textures in (33), namely,

𝑀
𝜈
= −

(
(
(

(

2𝑏
2

𝑀
2

𝑏𝑑

𝑀
2

𝑏𝑑

𝑀
2

𝑏𝑑

𝑀
2

𝑐
2

𝑀
1

+
𝑑
2

𝑀
2

𝑐
2

𝑀
1

𝑏𝑑

𝑀
2

𝑐
2

𝑀
1

𝑐
2

𝑀
1

+
𝑑
2

𝑀
2

)
)
)

)

. (34)

Equation (34) can be written in the following form under a
further reparametrization:

𝑀
𝜈
= 𝑚

0
(

2𝑘
2

1
𝑒
𝑖2𝛼1 𝑘

1
𝑒
𝑖𝛼1 𝑘

1
𝑒
𝑖𝛼1

𝑘
1
𝑒
𝑖𝛼1 𝑘

2

2
𝑒
𝑖𝛼2 + 1 𝑘

2

2
𝑒
𝑖𝛼2

𝑘
1
𝑒
𝑖𝛼1 𝑘

2

2
𝑒
𝑖𝛼2 𝑘

2

2
𝑒
𝑖𝛼2 + 1

), (35)

with 𝑚
0

= −𝑑
2
/𝑀

2
, 𝑘
1
𝑒
𝑖𝛼1 = 𝑏/𝑑, and 𝑘

2
𝑒
𝑖𝛼2 = 𝑐/

𝑑√𝑀
2
/𝑀

1
. From 𝑀

𝜈
, we can remove the phase 𝛼

1
and

any phase 𝜃
𝑚

in 𝑚
0
by rotating 𝑀

𝜈
with the diagonal

phase matrix diag(𝑒−𝑖𝛼1 , 1, 1)𝑒−𝑖𝜃𝑚/2. Thus, 𝑀
𝜈
has three real

parameters, namely, 𝑚
0
, 𝑘
1
and 𝑘

2
, and only one phase

𝛼
2
. The interesting point to be noted is that the number

of independent parameters in 𝑀
𝜈
for 𝜇𝜏 symmetric three

zero Yukawa textures is the same as that for 𝜇𝜏 symmetric
four zero textures. We then have the same phenomenological
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expressions as in (26)–(30), but nowwith changed definitions
of𝑋

1,2,3,4
, namely,

𝑋
1
= 2√2𝑘

1
√(1 + 2𝑘2

1
)
2
+ 4𝑘4

2
+ 4𝑘2

2
(1 + 2𝑘2

1
) cos 2𝛼

2
,

𝑋
2
= 4𝑘

4

2
+ 1 + 4𝑘

2

2
cos 2𝛼

2
− 4𝑘

4

1
,

𝑋
3
= 1 − 4𝑘

4

1
− 4𝑘

2

1
− 4𝑘

4

2
− 4𝑘

2

2
cos 2𝛼

2
,

𝑋
4
= 4𝑘

2

1
.

(36)

5.2. Two Zero Textures. Again, looking at the 𝜇𝜏 symmetric
form of 𝑀

𝐷
in (31), we can conclude that, for any even

zero textures, 𝑎 ̸= 0. Two zeros can be fitted to each of the
remaining four pairs of parameters in four ways. The four
possible two zero textures of𝑀

𝐷
are

(

𝑎 𝑏 𝑏

𝑐 0 𝑑

𝑐 𝑑 0

) , (

𝑎 𝑏 𝑏

𝑐 𝑑 0

𝑐 0 𝑑

) ,

(

𝑎 0 0

𝑐 𝑏 𝑑

𝑐 𝑑 𝑏

) , (

𝑎 𝑏 𝑏

0 𝑐 𝑑

0 𝑑 𝑐

) ,

(37)

and are all allowed. So, the number of allowed 𝜇𝜏 symmetric
two zero textures is the same as that of similar four zero
textures. We need only the four parameters 𝑎, 𝑏, 𝑐 and 𝑑 to
write down all four textures. The latter lead to three allowed
forms of𝑀

𝜈
; the first two such textures yield one formand the

remaining two lead to two forms of𝑀
𝜈
.These are respectively

given by

𝑀
𝜈
= −

(
(
(

(

𝑎
2

𝑀
1

+
2𝑏
2

𝑀
2

𝑎𝑐

𝑀
1

+
𝑏𝑑

𝑀
2

𝑎𝑐

𝑀
1

+
𝑏𝑑

𝑀
2

𝑎𝑐

𝑀
1

+
𝑏𝑑

𝑀
2

𝑐
2

𝑀
1

+
𝑑
2

𝑀
2

𝑐
2

𝑀
1

𝑎𝑐

𝑀
1

+
𝑏𝑑

𝑀
2

𝑐
2

𝑀
1

𝑐
2

𝑀
1

+
𝑑
2

𝑀
2

)
)
)

)

,

(38)

𝑀
𝜈
=−

(
(
(

(

𝑎
2

𝑀
1

𝑎𝑐

𝑀
1

𝑎𝑐

𝑀
1

𝑎𝑐

𝑀
1

𝑐
2

𝑀
1

+
𝑑
2

𝑀
2

+
𝑏
2

𝑀
2

𝑐
2

𝑀
1

+
2𝑏𝑑

𝑀
2

𝑎𝑐

𝑀
1

𝑐
2

𝑀
1

+
2𝑏𝑑

𝑀
2

𝑐
2

𝑀
1

+
𝑑
2

𝑀
2

+
𝑏
2

𝑀
2

)
)
)

)

,

(39)

𝑀
𝜈
= −

(
(
(

(

𝑎
2

𝑀
1

+
2𝑏
2

𝑀
2

𝑏𝑐

𝑀
2

+
𝑏𝑑

𝑀
2

𝑏𝑐

𝑀
2

+
𝑏𝑑

𝑀
2

𝑏𝑐

𝑀
2

+
𝑏𝑑

𝑀
2

𝑐
2

𝑀
2

+
𝑑
2

𝑀
2

2𝑐𝑑

𝑀
2

𝑏𝑐

𝑀
2

+
𝑏𝑑

𝑀
2

2𝑐𝑑

𝑀
2

𝑐
2

𝑀
2

+
𝑑
2

𝑀
2

)
)
)

)

.

(40)

Compared to four and three zero Yukawa textures, there are
more independent parameters here. Apart from the overall
mass scale, there will be three moduli and two irremovable
phases. It is easier to fit the neutrino data with such a larger
number of parameters and we do not discuss it any further.

5.3. One Zero. One zero textures represent the most trivial
case among the 𝜇𝜏 symmetric neutrino Yukawa texture zeros.
This is since, as an odd zero texture, it must have 𝑎 = 0 in (31).
The single allowed texture of𝑀

𝐷
is

(

0 𝑏 𝑏

𝑐 𝑑 𝑒

𝑐 𝑒 𝑑

) , (41)

and yields the following form of𝑀
𝜈
:

𝑀
𝜈
= −

(
(

(

2𝑏
2

𝑀
2

𝑏𝑒

𝑀
2

+
𝑏𝑑

𝑀
2

𝑏𝑒

𝑀
2

+
𝑏𝑑

𝑀
2

𝑏𝑒

𝑀
2

+
𝑏𝑑

𝑀
2

𝑐
2

𝑀
1

+
𝑑
2

𝑀
2

+
𝑒
2

𝑀
2

𝑐
2

𝑀
1

+
2𝑒𝑑

𝑀
2

𝑏𝑒

𝑀
2

+
𝑏𝑑

𝑀
2

𝑐
2

𝑀
1

+
2𝑒𝑑

𝑀
2

𝑐
2

𝑀
1

+
𝑑
2

𝑀
2

+
𝑒
2

𝑀
2

)
)

)

.

(42)

Like the two zero textures, this allowed one zero texture to
have six parameters: one overall realmass scale, threemoduli,
and two phases. These can easily fit the extant neutrino data.

6. The Breaking of 𝜇𝜏 Symmetry

As mentioned in previous sections, the results 𝜃
13

= 0 and
𝜃
23

= 𝜋/4 are consequences of the custodial 𝜇𝜏 symmetry in
𝑀
𝜈
. But present neutrino data fromT2K,DOUBLECHOOZ,

RENO, and DAYA BAY experiments rule out 𝜃
13

= 0 by
5𝜎. So, the breaking of 𝜇𝜏 symmetry is an inevitable need
in order to generate a nonzero value of 𝜃

13
. In addition,

a departure from 𝜃
23

= 𝜋/4 would arise from the same
breaking. Another interesting consequence of a nonzero 𝜃

13

would be the observability of a CKM-type of CP violation in
the lepton sector. Our previous expressions for Δ2

21
, Δ2

32
and

tan 2𝜃
12
will be modified if 𝜇𝜏 symmetry is broken.

This symmetry can be broken explicitly or spontaneously
or dynamically as with the Renormalization Group evolution
of Lagrangian parameters. Spontaneous breakdown generally
requires the presence of extra scalars and needs a model with
them. We do not go into a discussion of such models here.
On the other hand, RG effects on neutrino masses can be
incorporated with the methodology presented in [72, 73] in
terms of the 𝜏 lepton mass arising through the running of the
Yukawa coupling strength from the GUT scale Λ to the weak
scale 𝜆.The effect is characterized by the parameterΔ

𝜏
which

has the 1-loop expression

Δ
𝜏
≃

𝑚
2

𝜏

8𝜋2𝑣2
(tan2 𝛽 + 1) ln(

Λ

𝜆
) , (43)

where tan𝛽 is the ratio of the VEVs of the up-type and down-
type neutral Higgs fields in theMSSM and 𝑣

2 is twice the sum
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of their squares. Even for a large tan𝛽, (tan𝛽 ≃ 60) Δ
𝜏
is

𝑂(10
−3
) and cannot generate a 𝜃

13
of the order of 9∘.

We therefore turn to an explicit breaking of 𝜇𝜏 symmetry
in𝑀

𝐷
. That can be realized in the following way.

Category A. One has

𝑀
𝐷𝐴1

= (

𝑎
1

𝑎
2

𝑎
2
(1 − 𝜖

1
𝑒
𝑖𝜃
)

0 0 𝑏
1
(1 − 𝜖

2
𝑒
𝑖𝜙
)

0 𝑏
1

0

) ,

𝑀
𝐷𝐴2

= (

𝑎
1

𝑎
2

𝑎
2
(1 − 𝜖

1
𝑒
𝑖𝜃
)

0 𝑏
1
(1 − 𝜖

2
𝑒
𝑖𝜙
) 0

0 0 𝑏
1

).

(44)

Category B. One has

𝑀
𝐷𝐵1

= (

𝑎
1

0 0

𝑏
1
(1 − 𝜖

1
𝑒
𝑖𝜃
) 0 𝑏

2
(1 − 𝜖

2
𝑒
𝑖𝜙
)

𝑏
1

𝑏
2

0

) ,

𝑀
𝐷𝐵2

= (

𝑎
1

0 0

𝑏
1
(1 − 𝜖

1
𝑒
𝑖𝜃
) 𝑏

2
(1 − 𝜖

2
𝑒
𝑖𝜙
) 0

𝑏
1

0 𝑏
2

) .

(45)

Furthermore,

𝑀
𝑅
= (

𝑀
1

0 0

0 𝑀
2

0

0 𝑀
2
(1 − 𝜖

3
)

) , (46)

where 𝜖
1
𝑒
𝑖𝜃, 𝜖

2
𝑒
𝑖𝜙 are complex 𝜇𝜏 symmetry breaking param-

eters (𝜖
1,2

real) and 𝜖
3
is a real 𝜇𝜏 symmetry breaking

parameter in 𝑀
𝑅
. For these modified 𝑀

𝐷
and 𝑀

𝑅
, we have

the following𝑀
𝜈
’s.

Category A. One has

𝑀
𝜈𝐴1

= 𝑚
𝐴
[

[

(

𝑘
2

1
𝑒
2𝑖𝛼

+ 2𝑘
2

2
𝑘
2

𝑘
2

𝑘
2

1 0

𝑘
2

0 1

)

− 𝜖
1
𝑒
𝑖𝜃
(

2𝑘
2

2
𝑘
2

0

𝑘
2

0 0

0 0 0

) − 𝜖
2
𝑒
𝑖𝜙
(

0 𝑘
2

0

𝑘
2

2 0

0 0 0

)

− 𝜖
3
(

−𝑘
2

2
−𝑘
2

0

−𝑘
2

−1 0

0 0 0

)]

]

,

𝑀
𝜈𝐴2

= 𝑚
𝐴
[

[

(

𝑘
2

1
𝑒
2𝑖𝛼

+ 2𝑘
2

2
𝑘
2

𝑘
2

𝑘
2

1 0

𝑘
2

0 1

)

− 𝜖
1
𝑒
𝑖𝜃
(

2𝑘
2

2
0 𝑘

2

0 0 0

𝑘
2

0 0

) − 𝜖
2
𝑒
𝑖𝜙
(

0 𝑘
2

0

𝑘
2

2 0

0 0 0

)

− 𝜖
3
(

−𝑘
2

2
0 −𝑘

2

0 0 0

−𝑘
2

0 −1

)]

]

.

(47)

Category B. One has

𝑀
𝜈𝐵1

= 𝑚
𝐵

[
[
[
[
[

[

(

𝑙
2

1
𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

+ 1 𝑙
2

2
𝑒
2𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

+ 1

)

− 𝜖
1
𝑒
𝑖𝜃
(

0 𝑙
1
𝑙
2
𝑒
𝑖𝛽

0

𝑙
1
𝑙
2
𝑒
𝑖𝛽

2𝑙
2

2
𝑒
2𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

0 𝑙
2

2
𝑒
2𝑖𝛽

0

)

− 𝜖
2
𝑒
𝑖𝜙
(

0 0 0

0 2 0

0 0 0

) − 𝜖
3
(

0 0 0

0 −1 0

0 0 0

)

]
]
]
]
]

]

,

𝑀
𝜈𝐵2

= 𝑚
𝐵

[
[
[
[
[

[

(

𝑙
2

1
𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

+ 1 𝑙
2

2
𝑒
2𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

+ 1

)

− 𝜖
1
𝑒
𝑖𝜃
(

0 𝑙
1
𝑙
2
𝑒
𝑖𝛽

0

𝑙
1
𝑙
2
𝑒
𝑖𝛽

2𝑙
2

2
𝑒
2𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

0 𝑙
2

2
𝑒
2𝑖𝛽

0

)

− 𝜖
2
𝑒
𝑖𝜙
(

0 0 0

0 2 0

0 0 0

) − 𝜖
3
(

0 0 0

0 0 0

0 0 −1

)

]
]
]
]
]

]

.

(48)

The detailed diagonalization and expressions for mass differ-
ences and mixing angles are given in the appendix.

A nonzero 𝜃
13

arises after 𝜇𝜏 symmetry breaking. The
value 𝜃

13
≃ 9

∘ is possible for 3𝜎 variations of (Δ
2

21
)
𝜖1,2,3 ,

(Δ
2

32
)
𝜖1,2,3 , 𝜃𝜖1,2,3

12
, 𝜃𝜖1,2,3
23

, compare the appendix. An appropriate
choice of symmetry breaking parameters, that is, 𝜖

1,2,3
≃ 0.1,

and slightly shifted parameter spaces for 𝑘
1
, 𝑘
2
, 𝛼 in Category

𝐴 and 𝑙
1
, 𝑙
2
, 𝛽 in Category 𝐵 are needed. A nonzero CP

violating effect can be effected through the Jarlskog invariant
𝐽CP:

𝐽CP = Im
𝐻
12
𝐻
23
𝐻
31

(Δ2
21
)
𝜖1,2,3

(Δ2
32
)
𝜖1,2,3

(Δ2
31
)
𝜖1,2,3

, (49)

where elements of𝐻 and mass squared differences (Δ2
21
)
𝜖1,2,3 ,

(Δ
2

32
)
𝜖1,2,3 are given in the appendix. Note that (Δ2

31
)
𝜖1,2,3

=

(Δ
2

21
)
𝜖1,2,3+(Δ

2

32
)
𝜖1,2,3 . A detailed treatment of explicitly broken

𝜇𝜏 symmetric four zero and three zero textures is given in
[33].
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Table 5: Expressions for 𝑃, 𝑄, 𝑅, 𝑆, 𝑥
1−6

, 𝑦
1−6

and 𝑧
1−6

for Categories 𝐴1, 𝐴2, 𝐵1 and 𝐵2 from (47) and (48).

Quanatity Category 𝐴1 Category 𝐴2 Category 𝐵1 Category 𝐵2

𝑃 𝑘
2

1
𝑒
2𝑖𝛼

+ 2𝑘
2

2
𝑘
2

1
𝑒
2𝑖𝛼

+ 2𝑘
2

2
𝑙
2

1
𝑙
2

1

𝑄 𝑘
2

𝑘
2

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑅 1 1 𝑙
2

2
𝑒
2𝑖𝛽

+ 1 𝑙
2

2
𝑒
2𝑖𝛽

+ 1

𝑆 0 0 𝑙
2

2
𝑒
2𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

𝑥
1

2𝑘
2

2
2𝑘
2

2
0 0

𝑥
2

𝑘
2

0 𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑙
1
𝑙
2
𝑒
𝑖𝛽

𝑥
3

0 𝑘
2

0 0

𝑥
4

0 0 2𝑙
2

2
𝑒
2𝑖𝛽

2𝑙
2

2
𝑒
2𝑖𝛽

𝑥
5

0 0 𝑙
2

2
𝑒
2𝑖𝛽

𝑙
2

2
𝑒
2𝑖𝛽

𝑥
6

0 0 0 0

𝑦
1

0 0 0 0

𝑦
2

𝑘
2

𝑘
2

0 0

𝑦
3

0 0 0 0

𝑦
4

2 2 2 2

𝑦
5

0 0 0 0

𝑦
6

0 0 0 0

𝑧
1

−𝑘
2

2
−𝑘
2

2
0 0

𝑧
2

−𝑘
2

0 0 0

𝑧
3

0 −𝑘
2

0 0

𝑧
4

−1 0 −1 0

𝑧
5

0 0 0 0

𝑧
6

0 −1 0 −1

7. Concluding Summary

We have reviewed neutrino Yukawa textures with zeros
within the type-I seesaw with three heavy right chiral neutri-
nos and in the basis where the latter and the charged leptons
are mass diagonal. The conditions of a nonvanishing mass of
every ultralight neutrino and of the non-decoupling of any
neutrino generation allow a maximum of four zeros in the
neutrino Yukawa coupling matrix 𝑌

𝜈
. There are seventy two

such textures. We show that the requirement of an exact 𝜇𝜏
symmetry, coupled with observational constraints, reduces
the seventy two allowed textures in such a 𝑌

𝜈
to only four

corresponding to just two different forms of the light neu-
trinomass matrix𝑀

𝜈𝐴
/𝑀

𝜈𝐵
, resulting in an inverted/normal

mass ordering. Apart from an overallmass scale,𝑀
𝜈
for every

category has two real parameters and an irremovable phase.
These parameters 𝑘

1
, 𝑘
2
, and |𝛼| for Category𝐴 and 𝑙

1
, 𝑙
2
, and

|𝛽| for Category 𝐵 get highly restricted, given the 3𝜎 ranges
of measured neutrino mass squared differences and mixing
angles. Neutrino masses and Majorana phases are predicted
within definite ranges with 3𝜎 laboratory and cosmological
inputs. The predicted respective masses 𝑚

1
/eV, 𝑚

2
/eV, and

𝑚
3
/eV are [0.0452, 0.1682], [0.0457, 0.1684], [0.077, 0.1632]

for Category 𝐴 and [0.0110, 0.0335], [0.0144, 0.0345], and
[0.0485, 0.0638] for Category 𝐵. The corresponding intervals
of the Majorana phases are −98.0

∘
≤ 𝛼

𝑀1
≤ 20.0

∘, 9.2∘ ≤

𝛼
𝑀2

≤ 36.4
∘ forCategory𝐴 and−88.6

∘
≤ 𝛼

𝑀1
≤ 7.97

∘, 90.7∘ ≤
𝛼
𝑀2

≤ 128.8
∘ forCategory𝐵. In addition, we predict the range

of the mass scale associated with 0𝜈𝛽𝛽 decay, most of which

is well below the reach of planned experiments. We have
also studied Yukawa textures with a fewer number of zeros,
but with exact 𝜇𝜏 symmetry. Finally, we have formulated the
detailed scheme of three-parameter explicit breaking of 𝜇𝜏
symmetry for allowed four zero textures. A value of 𝜃

13
≃ 9

∘

can be arranged for a suitable choice of small values of these
symmetry breaking parameters.

Appendix

Expressions for Measurable Quantities

We can write the general form of a broken 𝜇𝜏 symmetric𝑀
𝜈

in the following way [33]:

𝑀
𝜈
= 𝑚[

[

(

𝑃 𝑄 𝑄

𝑄 𝑅 𝑆

𝑄 𝑆 𝑅

) − 𝜖
1
𝑒
𝑖𝜃
(

𝑥
1

𝑥
2

𝑥
3

𝑥
2

𝑥
4

𝑥
5

𝑥
3

𝑥
5

𝑥
6

)

− 𝜖
2
𝑒
𝑖𝜙
(

𝑦
1

𝑦
2

𝑦
3

𝑦
2

𝑦
4

𝑦
5

𝑦
3

𝑦
5

𝑦
6

) − 𝜖
3
(

𝑧
1

𝑧
2

𝑧
3

𝑧
2

𝑧
4

𝑧
5

𝑧
3

𝑧
5

𝑧
6

)]

]

.

(A.1)

The explicit expressions of 𝑃, 𝑄, 𝑅, 𝑆, 𝑥
1−6

, 𝑦
1−6

and 𝑧
1−6

for four forms of neutrino mass matrices after 𝜇𝜏 symmetry
breaking are given in Table 5.
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We can now have

𝐻 = 𝑀𝜈𝑀
†

𝜈

= 𝑚
2 [

[

(

|𝑃|
2
+ 2|𝑄|

2
𝑃𝑄
⋆
+ 𝑄(𝑅

⋆
+ 𝑆
⋆
) 𝑃𝑄

⋆
+ 𝑄(𝑅

⋆
+ 𝑆
⋆
)

𝑃
⋆
𝑄+ 𝑄

⋆
(𝑅 + 𝑆) |𝑄|

2
+ |𝑅|
2
+ |𝑆|
2

|𝑄|
2
+ 𝑅𝑆
⋆
+ 𝑅
⋆
𝑆

𝑃
⋆
𝑄+ 𝑄

⋆
(𝑅 + 𝑆) |𝑄|

2
+ 𝑅
∗
𝑆 + 𝑅𝑆

∗
|𝑄|
2
+ |𝑅|
2
+ |𝑆|
2

)

− 𝜖1(

𝑢1 𝑢
∗

2
𝑢
∗

3

𝑢2 𝑢4 𝑢
∗

5

𝑢3 𝑢5 𝑢6

)−𝜖2(

𝑣1 𝑣
∗

2
𝑣
∗

3

𝑣2 𝑣4 𝑣
∗

5

𝑣3 𝑣5 𝑣6

)−𝜖3(

𝑤1 𝑤
∗

2
𝑤
∗

3

𝑤2 𝑤4 𝑤
∗

5

𝑤3 𝑤5 𝑤6

)]

]

.

(A.2)

Here

𝑢
1
= [𝑃

∗
𝑥
1
+ 𝑄

∗
(𝑥
2
+ 𝑥

3
)] 𝑒

𝑖𝜃
+ [𝑃𝑥

∗

1
+ 𝑄 (𝑥

∗

2
+ 𝑥

∗

3
)] 𝑒

−𝑖𝜃
,

𝑢
2
= [𝑃

∗
𝑥
2
+ 𝑄

∗
(𝑥
4
+ 𝑥

5
)] 𝑒

𝑖𝜃
+ [𝑄𝑥

∗

1
+ 𝑅𝑥

∗

2
+ 𝑆𝑥

∗

3
] 𝑒
−𝑖𝜃

,

𝑢
3
= [𝑃

∗
𝑥
3
+ 𝑄

∗
(𝑥
5
+ 𝑥

6
)] 𝑒

𝑖𝜃
+ [𝑄𝑥

∗

1
+ 𝑆𝑥

∗

2
+ 𝑅𝑥

∗

3
] 𝑒
−𝑖𝜃

,

𝑢
4
= [𝑄

∗
𝑥
2
+ 𝑅

∗
𝑥
4
+ 𝑆

∗
𝑥
5
] 𝑒
𝑖𝜃
+ [𝑄𝑥

∗

2
+ 𝑅𝑥

∗

4
+ 𝑆𝑥

∗

5
] 𝑒
−𝑖𝜃

,

𝑢
5
= [𝑄

∗
𝑥
3
+ 𝑅

∗
𝑥
5
+ 𝑆

∗
𝑥
6
] 𝑒
𝑖𝜃
+ [𝑄𝑥

∗

2
+ 𝑆𝑥

∗

4
+ 𝑅𝑥

∗

5
] 𝑒
−𝑖𝜃

,

𝑢
6
= [𝑄

∗
𝑥
3
+ 𝑆

∗
𝑥
5
+ 𝑅

∗
𝑥
6
] 𝑒
𝑖𝜃
+ [𝑄𝑥

∗

3
+ 𝑆𝑥

∗

5
+ 𝑅𝑥

∗

6
] 𝑒
−𝑖𝜃

.

(A.3)

Note that 𝑣
𝑖
and 𝑤

𝑖
have similar functional forms as 𝑢

𝑖
. If we

write 𝑢i in the following way

𝑢
𝑖
= 𝑓

𝑖
(𝑥
1
, 𝑥
2
, . . . , 𝑥

6
, 𝜃) , (A.4)

then 𝑣
𝑖
and 𝑤

𝑖
will be

𝑣
𝑖
= 𝑓

𝑖
(𝑦
1
, 𝑦
2
, . . . , 𝑦

6
, 𝜙) ,

𝑤
𝑖
= 𝑓

𝑖
(𝑧
1
, 𝑧
2
, . . . , 𝑧

6
, 0) .

(A.5)

The diagonalization of 𝐻 yields diag ⋅(𝑚2
1
, 𝑚
2

2
, 𝑚
2

3
) and

also expressions for five relevant measurable quantities. The
latter are: Δ

2

21
, Δ

2

32
, 𝜃

12
, 𝜃

23
and 𝜃

13
. We will associate

superscripts 𝜖
1,2,3

with all of these five quantities to distin-
guish them from their unperturbed expressions.The relevant
functions for these physical quantities are given below

𝑈
1
=

1

2
[−2𝑐

2

12
𝑢
1
+ √2𝑐

12
𝑠
12

{(𝑢
2
+ 𝑢

3
) 𝑒
−𝑖𝜓

+ (𝑢
∗

2
+ 𝑢

∗

3
) 𝑒
𝑖𝜓
}

− 𝑠
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(𝑢
4
+ 𝑢
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5
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2
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2
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∗

2
+ 𝑢

∗
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𝑖𝜓
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𝑠
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+ 𝑢
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3
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𝑢
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2
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∗
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) 𝑒
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}
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(𝑢
4
+ 𝑢

6
+ 𝑢

5
+ 𝑢

∗

5
)] ,

𝑈
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4
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𝑈
6
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− 𝑢

4
− 𝑢
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(A.6)

where 𝜓 = arg[𝑃∗𝑄 + 𝑄
∗
(𝑅 + 𝑆)], 𝑐

12
= cos 𝜃

12
, 𝑠
12

= sin 𝜃
12
,

𝜃
12
being the unperturbedmixing angle in (26).There are also

𝑉
𝑖
and𝑊

𝑖
, 𝑖 = 1–6 which have similar functional forms as𝑈

𝑖
.

If we write 𝑈
𝑖
as

𝑈
𝑖
= 𝐹

𝑖
(𝑢
1
, 𝑢
2
, . . . , 𝑢

6
) , (A.7)

then 𝑉
𝑖
and𝑊

𝑖
will be

𝑉
𝑖
= 𝐹

𝑖
(𝑣
1
, 𝑣
2
, . . . , 𝑣

6
) ,

𝑊
𝑖
= 𝐹

𝑖
(𝑤
1
, 𝑤
2
, . . . , 𝑤

6
) .

(A.8)

The final results with three 𝜇𝜏 symmetry breaking param-
eters are

(Δ
2

21
)
𝜖1,2,3

= Δ
2
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+ 𝑚

2
{(𝑈

4
− 𝑈

1
) 𝜖
1
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4
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1
) 𝜖
2
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4
− 𝑊

1
) 𝜖
3
} ,
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2
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)
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2

32
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2
{(𝑈

6
− 𝑈

4
) 𝜖
1
+ (𝑉

6
− 𝑉

4
) 𝜖 + (𝑊

6
− 𝑊

4
) 𝜖
3
} ,
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(sin 𝜃
12
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[71] J. J. Gómez-Cadenas, J. Mart́ın-Albo, M. Sorel et al., “Sense
and sensitivity of double beta decay experiments,” Journal of
Cosmology and Astroparticle Physics, vol. 2011, no. 6, article 007,
2011.

[72] A. Dighe, S. Goswami, and P. Roy, “Radiatively broken symme-
tries of nonhierarchical neutrinos,” Physical Review D, vol. 76,
Article ID 096005, 2007.

[73] A. Dighe, S. Goswami, and P. Roy, “Quark-lepton comple-
mentarity with quasidegenerate Majorana neutrinos,” Physical
Review D, vol. 73, no. 7, Article ID 071301, 2006.



Hindawi Publishing Corporation
Advances in High Energy Physics
Volume 2013, Article ID 293986, 39 pages
http://dx.doi.org/10.1155/2013/293986

Review Article
Current Direct Neutrino Mass Experiments

G. Drexlin,1 V. Hannen,2 S. Mertens,1 and C. Weinheimer2

1 Institut für Experimentelle Kernphysik, Karlsruher Institut für Technologie, 76021 Karlsruhe, Germany
2 Institut für Kernphysik, Westfälische Wilhelms-Universität Münster, 48149 Münster, Germany

Correspondence should be addressed to G. Drexlin; guido.drexlin@kit.edu

Received 12 July 2012; Accepted 9 October 2012

Academic Editor: Arthur B. McDonald

Copyright © 2013 G. Drexlin et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this contribution, we review the status and perspectives of direct neutrinomass experiments, which investigate the kinematics of
𝛽-decays of specific isotopes (3H, 187Re, 163Ho) to derive model-independent information on the averaged electron (anti)neutrino
mass. After discussing the kinematics of 𝛽-decay and the determination of the neutrino mass, we give a brief overview of past
neutrino mass measurements (SN1987a-ToF studies, Mainz and Troitsk experiments for 3H, cryobolometers for 187Re). We then
describe the Karlsruhe TritiumNeutrino (KATRIN) experiment currently under construction at Karlsruhe Institute of Technology,
which will use the MAC-E-Filter principle to push the sensitivity down to a value of 200meV (90% C.L.). To do so, many
technological challenges have to be solved related to source intensity and stability, as well as precision energy analysis and low
background rate close to the kinematic endpoint of tritium 𝛽-decay at 18.6 keV.We then review new approaches such as theMARE,
ECHO, and Project8 experiments, which offer the promise to perform an independent measurement of the neutrino mass in the
sub-eV region. Altogether, the novel methods developed in direct neutrino mass experiments will provide vital information on the
absolute mass scale of neutrinos.

1. Introduction

The various experiments with atmospheric, solar, accelerator,
and reactor neutrinos [1–5] provide compelling evidence
that neutrino flavor states are nontrivial superpositions of
neutrino mass eigenstates and that neutrinos oscillate from
one flavor state into another during flight. By these neutrino
oscillation experiments, we can determine the neutrino
mixing angles and the differences between the squares of
neutrino masses. In the case of the so-called solar or reactor
mass splitting Δ𝑚2

12
, we not only know the modulus of this

difference but also its sign. Clearly these findings prove
that neutrinos have nonzero masses, but neutrino oscillation
experiments being a kind of interference experiment cannot
determine absolute masses. We may parameterize our miss-
ing knowledge by a free parameter 𝑚min, the mass of the
smallest neutrino mass eigenstate (see Figure 1).

We should note that throughout this paper, we will not
distinguish between themass of a neutrino and themass of an
antineutrino, which should be the same if the CPT theorem
holds. Therefore, we will use the term neutrino when we

speak of neutrinos and of antineutrinos. But we will explain
for each measurement whether the result is obtained for
neutrinos or antineutrinos.

The absolute value of the neutrino masses is very impor-
tant for astrophysics and cosmology because of the role of
neutrinos in structure formation due to the huge abundance
of relic neutrinos left over in the universe from the big bang
(336/cm3) [6]. In addition, the key role of neutrino masses
in understanding, which of the possible extensions or new
theories beyond the StandardModel of particle physics is the
right one [7, 8], makes the quest for the absolute value of the
neutrinomass among of themost urgent questions of nuclear
and particle physics.

Three different approaches can lead to the absolute neu-
trino mass scale as follows.

(i) Cosmology. Today’s visible structure of the universe has
been formed out of fluctuations of the very early universe.
Due to the large abundance of relic neutrinos and their
low masses they acted as hot dark matter: neutrinos have
smeared out fluctuations at small scales. How small or large
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Figure 1: Neutrino mass eigenvalues 𝑚(𝜈
𝑖
) (solid lines) and one-third of the cosmologically relevant sum of the three neutrino mass

eigenvalues ∑𝑚(𝜈
𝑖
)/3 (dashed line) as a function of the smallest neutrino mass eigenvalue 𝑚min for normal hierarchy 𝑚(𝜈

3
) > 𝑚(𝜈

2
) >

𝑚(𝜈
1
) = 𝑚min (left) and inverted hierarchy 𝑚(𝜈

2
) > 𝑚(𝜈

1
) > 𝑚(𝜈

3
) = 𝑚min (right). The upper limit from the tritium 𝛽-decay experiments

at Mainz and Troitsk on 𝑚(𝜈
𝑒
) (solid line), which holds in the degenerate neutrino mass region for each 𝑚(𝜈

𝑖
), and for ∑𝑚(𝜈

𝑖
)/3 (dashed

line) is also marked. We plot here the third of the sum of the neutrino mass eigenstates because it coincides with the mass 𝑚(𝜈
𝑖
) of the

individual neutrinomass states in the case of quasi-degenerate neutrinomasses (for𝑚(𝜈
𝑖
) > 0.1 eV).The temperature of the cosmicmicrowave

background photons together with the different decoupling times of the relic photons and the relic neutrinos after the big bang yields a relic
neutrino density of 336/cm3 [6]. Using this number, the hot dark matter contribution Ω

𝜈
of neutrinos to the matter/energy density of the

universe relates directly to the average neutrino mass ∑𝑚(𝜈
𝑖
)/3. This hot dark matter component Ω

𝜈
is indicated by the right scale of the

normal hierarchy plot and compared to all other known matter/energy contributions in the universe (middle). Thus, the laboratory neutrino
mass limit from tritium 𝛽-decay𝑚(𝜈

𝑒
) < 2 eV corresponds to a maximum allowed neutrinomatter contribution in the universe ofΩ

𝜈
< 0.12.

these scales are is described by the free streaming length of
the neutrinos which depends on their mass. By determining
the early fluctuations imprinted on the cosmic microwave
background with the WMAP satellite [9] and mapping out
today’s structure of the universe by large galaxy surveys like
SDSS [10] conclusions on the sum of the neutrino masses
∑𝑚(𝜈

𝑖
) can be drawn. Up to now, only upper limits on

the sum of the neutrino masses have been obtained around
∑𝑚(𝜈

𝑖
) < 0.5 eV [11], which are to some extent model and

analysis dependent [6].

(ii) Neutrinoless Double 𝛽-Decay (0𝜈𝛽𝛽). A neutrinoless
double𝛽-decay (two𝛽-decays in the samenucleus at the same
time with emission of two 𝛽-electrons (positrons) while the
antineutrino (neutrino) emitted at one vertex is absorbed at
the other vertex as a neutrino (antineutrino)) is forbidden
in the Standard Model of particle physics. It could exist,
if the neutrino is its own antiparticle (“Majorana-neutrino”
in contrast to “Dirac-neutrino”) [12]. Furthermore, a finite
neutrino mass is the most natural explanation to produce
in the chirality-selective interaction a neutrino with a small
component of opposite handedness on which this neutrino
exchange subsists. Then the decay rate will scale with the
absolute square of the so-called effective Majorana neutrino
mass, which takes into account the neutrinomixingmatrix𝑈

Γ
0𝜈𝛽𝛽

∝
󵄨󵄨󵄨󵄨󵄨
∑𝑈
2

ei𝑚(𝜈𝑖)
󵄨󵄨󵄨󵄨󵄨

2

:= 𝑚ee
2
. (1)

Here 𝑚ee represents the sum of the neutrino masses 𝑚(𝜈
𝑖
)

contribution coherently to the 0𝜈𝛽𝛽-decay. Hence this
coherent sum carries their relative phases (the usual CP-
violating phase of an unitary 3 × 3 mixing matrix plus
two so-called Majorana-phases). A significant additional
uncertainty which enters the relation of 𝑚ee and the decay
rate is the nuclear matrix element of the neutrinoless double
𝛽-decay [12]. There is one claim for evidence at𝑚ee ≈ 0.3 eV
by part of the Heidelberg-Moscow collaboration [13], which
is being challenged by limits from different experiments in
the same range, for example, very recently by the EXO-200
experiment [14].

(iii) Direct NeutrinoMass Determination.Thedirect neutrino
mass determination is based purely on kinematics without
further assumptions. Essentially, the neutrino mass is deter-
mined by using the relativistic energy-momentum relation-
ship 𝐸2 = 𝑝

2
+ 𝑚
2. Therefore it is sensitive to the neutrino

mass squared 𝑚2(𝜈). In principle there are two methods:
time-of-flight measurements and precision investigations of
weak decays. The former requires very long baselines and
therefore very strong sources, which only cataclysmic astro-
physical events like a core-collapse supernova could provide.
The supernova explosion SN1987a in the Large Magellanic
Cloud gave limits of 5.7 eV (95% C.L.) [16] or of 5.8 eV
(95% C.L.) [17] on the neutrino mass depending somewhat
on the underlying supernova model. Unfortunately nearby
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Figure 2: Observables of neutrinoless double 𝛽-decay 𝑚ee (open blue band) and of direct neutrino mass determination by single 𝛽-decay
𝑚(𝜈
𝑒
) (red) versus the cosmologically relevant sum of neutrino mass eigenvalues∑𝑚(𝜈

𝑖
) for the case of normal hierarchy (a) and of inverted

hierarchy (b).The width of the bands/areas is caused by the experimental uncertainties (2𝜎) of the neutrinomixing angles [15] and in the case
of𝑚ee also by the completely unknownMajorana- andCP-phases.Uncertainties of the nuclearmatrix elements, which enter the determination
of𝑚ee from the measured values of half-lives or of half-live limits of neutrinoless double 𝛽-decay, are not considered.

supernova explosions are too rare and seem to be not well
enough understood to allow to compete with the laboratory
direct neutrino mass experiments.

Therefore, aiming for this sensitivity, the investigation
of the kinematics of weak decays and more explicitly the
investigation of the endpoint region of a 𝛽-decay spectrum
(or an electron capture) is still the most sensitive model-
independent and direct method to determine the neutrino
mass. Here the neutrino is not observed but the charged
decay products are precisely measured. Using energy and
momentum conservation, the neutrinomass can be obtained.
In the case of the investigation of a 𝛽-spectrum usually the
“average electron neutrino mass” 𝑚(𝜈

𝑒
) is determined (see

(20) in the next subsection)

𝑚(𝜈
𝑒
)
2

:= ∑
󵄨󵄨󵄨󵄨󵄨
𝑈
2

ei
󵄨󵄨󵄨󵄨󵄨
𝑚(𝜈
𝑖
)
2

. (2)

In contrast to 𝑚ee in neutrinoless double 𝛽-decay (see
(1)), this sum averages over all neutrino mass states 𝑚(𝜈

𝑖
)

contributing to the electron neutrino and no phases of the
neutrino mixing matrix 𝑈 enter. The decay into the different
neutrino mass eigenstates 𝜈

𝑖
add incoherently, which we will

discuss in more detail for the neutrino mixture to sterile
neutrinos in Section 2.1.

Figure 2 demonstrates that the different methods are
complementary to each other and compares them.

This paper is structured as follows. In Section 2, the
neutrinomass determination from the kinematics of 𝛽-decay
is described. Section 3 presents the analysis of the spectrum
of neutrinos from supernova SN1987a and the recent 𝛽-
decay experiments in search for the neutrino mass scale. In
Section 4, an overview of the present KATRIN experiment
is given. New approaches to directly determine the neutrino
mass are presented in Section 5. This paper ends with a
conclusion in Section 6. For a more detailed and complete

overview on this subject, we would like to refer to the reviews
[18–23].

2. 𝛽-Decay and 𝜈-Mass

According to Fermi’s Golden Rule, the decay rate for a 𝛽-
decay is given by the square of the transition matrix element
𝑀 summed and integrated over all possible discrete and
continuous final states 𝑓 (we use the convention ℎ = 1 = 𝑐
for simplicity).

Γ = 2𝜋∑∫
󵄨󵄨󵄨󵄨󵄨
𝑀
2󵄨󵄨󵄨󵄨󵄨
𝑑𝑓. (3)

Let us first calculate the density of the final states. The
number of different final states 𝑑𝑛 of outgoing particles inside
a normalization volume 𝑉 into the solid angle 𝑑Ω with
momenta between𝑝 and𝑝+𝑑𝑝, or, respectively, with energies
in the corresponding interval around the total energy 𝐸tot, is

𝑑𝑛 =
𝑉 ⋅ 𝑝
2
⋅ 𝑑𝑝 ⋅ 𝑑Ω

ℎ3

=
𝑉 ⋅ 𝑝
2
⋅ 𝑑𝑝 ⋅ 𝑑Ω

(2𝜋)
3

=
𝑉 ⋅ 𝑝 ⋅ 𝐸tot ⋅ 𝑑𝐸tot ⋅ 𝑑Ω

(2𝜋)
3

.

(4)

This gives a state density per energy interval and solid angle
of

𝑑𝑛

𝑑𝐸tot𝑑Ω
=
𝑉 ⋅ 𝑝 ⋅ 𝐸tot

(2𝜋)
3

. (5)



4 Advances in High Energy Physics

Since the mass of the nucleus is much larger than the
energies of the two emitted leptons, we can use for the next
steps the following simplification: the nucleus takes nearly no
energy but balances all momenta (we will consider the recoil
energy of the nucleus later.). Therefore we need to count the
state density of the electron and the neutrino only

𝜌 (𝐸
𝑒
, 𝐸
𝜈
, 𝑑Ω
𝑒
, 𝑑Ω
𝜈
)

=
𝑑𝑛
𝑒

𝑑𝐸
𝑒
𝑑Ω
𝑒

⋅
𝑑𝑛
𝜈

𝑑𝐸
𝜈
𝑑Ω
𝜈

=
𝑉
2
⋅ 𝑝
𝑒
⋅ 𝐸
𝑒
⋅ 𝑝
𝜈
⋅ 𝐸
𝜈

(2𝜋)
6

=

𝑉
2
⋅ √𝐸2
𝑒
− 𝑚
𝑒

2 ⋅ 𝐸
𝑒
⋅ √𝐸2
𝜈
− 𝑚2 (𝜈

𝑒
) ⋅ 𝐸
𝜈

(2𝜋)
6

.

(6)

The transition matrix element 𝑀 can be divided into a
leptonic part, 𝑀lep, and a nuclear one, 𝑀nucl. Usually the
coupling is written separately and expressed in terms of
Fermi’s coupling constant 𝐺

𝐹
and the Cabibbo angle ΘC

𝑀 = 𝐺
𝐹
⋅ cosΘC ⋅ 𝑀lep ⋅ 𝑀nucl . (7)

2.1. Allowed and Superallowed Transitions. We first discuss
the case of allowed or superallowed decays like that of
tritium. Here, none of the leptons has to carry away angular
momentum.Hence, the leptonic part |𝑀2lep| essentially results
in the probability of the two leptons to be found at the
nucleus, which is 1/𝑉 for the neutrino and 1/𝑉 ⋅ 𝐹(𝐸, 𝑍󸀠) for
the electron, yielding

󵄨󵄨󵄨󵄨󵄨
𝑀
2

lep
󵄨󵄨󵄨󵄨󵄨
=
1

𝑉2
⋅ 𝐹 (𝐸, 𝑍

󸀠
) . (8)

The Fermi function 𝐹(𝐸, 𝑍
󸀠
) takes into account the final

electromagnetic interaction of the emitted 𝛽-electron with
the daughter nucleus of nuclear charge (𝑍󸀠). The Fermi
function is approximately given by [19]

𝐹 (𝐸, 𝑍
󸀠
) =

2𝜋𝜂

1 − exp (−2𝜋𝜂) (9)

with the Sommerfeld parameter 𝜂 = 𝛼𝑍󸀠/𝛽.
For an allowed or superallowed transition the nuclear

matrix element𝑀nucl is independent of the kinetic energy of
the electron. The coupling of the lepton spins to the nuclear
spin is usually contracted into the nuclear matrix element.
This nuclear matrix element of an allowed or superallowed
transition can be divided into a vector current or Fermi part
(Δ𝐼nucl = 0) and into an axial current or Gamov-Teller part
(Δ𝐼nucl = 0, ±1 but no 𝐼nucl = 0 → 𝐼nucl = 0). In
the former case, the spins of electron and neutrino couple
to 𝑆 = 0, in the latter case to 𝑆 = 1. What remains is
an angular correlation of the two outgoing leptons. Since
charge current weak interactions like 𝛽-decay maximally
violate parity they prefer—depending on velocity—negative
helicities for particles and positive helicities for antiparticles.

Thus the momenta or directions of the leptons are correlated
with respect to their spins and therefore to each other. This
results are an (𝛽, 𝜈) angular correlation factor

1 + 𝑎 ⋅ ( ⃗𝛽 ⃗𝛽
𝜈
) (10)

with the electron velocity 𝛽 = 𝑣/𝑐 and the neutrino velocity
𝛽
𝜈
= 𝑣
𝜈
/𝑐. The angular correlation coefficient 𝑎 amounts to

𝑎 = 1 for pure Fermi transitions and to 𝑎 = −1/3 for pure
Gamov-Teller transitions within the Standard Model [24].

The phase space density (6) is distributed over a surface in
the two-particle phase space which is defined by a 𝛿-function
conserving the decay energy. With this prescription, we can
integrate (3) over the continuum states and get the partial
decay rate into a single channel; for instance, the ground state
of the daughter system with probability 𝑃

0

Γ
0
= 𝑃
0
⋅ ∫
𝐸𝑒,𝐸𝜈,Ω𝑒,Ω𝜈

𝐺
2

𝐹
⋅ cos2ΘC ⋅

󵄨󵄨󵄨󵄨󵄨
𝑀
2

nucl
󵄨󵄨󵄨󵄨󵄨

(2𝜋)
5

⋅ 𝐹 (𝐸, 𝑍
󸀠
)

⋅ √𝐸2
𝑒
− 𝑚
𝑒

2 ⋅ 𝐸
𝑒
⋅ √𝐸2
𝜈
− 𝑚2 (𝜈

𝑒
)

⋅ 𝐸
𝜈
⋅ (1 + 𝑎 ⋅ ( ⃗𝛽 ⃗𝛽

𝜈
))

⋅ 𝛿 (𝑄 + 𝑚
𝑒
− 𝐸
𝑒
− 𝐸
𝜈
− 𝐸rec) 𝑑𝐸𝑒 𝑑𝐸𝜈 𝑑Ω𝑑Ω𝜈.

(11)

In direct neutrinomassmeasurements usually the formu-
las are given in terms of the kinetic energy of the electron 𝐸

𝐸 := 𝐸
𝑒
− 𝑚
𝑒
. (12)

The maximal kinetic energy of the electron for the case of
zero neutrino mass zero is called endpoint energy 𝐸

0
which

is defined by a vanishing neutrino energy 𝐸
𝜈

𝐸
0
:= max (𝐸) = max (𝐸

𝑒
− 𝑚
𝑒
) . (13)

A correct integration over the unobserved neutrino
variables in (11) has to respect the (𝛽, 𝜈) angular correlation
factor (10), which also has to be considered in calculating the
exact recoil energy of the nucleus 𝐸rec. If we consider that the
𝛽-electrons of interest have a certain minimal kinetic energy
𝐸min then we can calculate the range of recoil energies of the
daughter nucleus of mass 𝑚daughter: the recoil energy 𝐸rec is
bound upwards by the case, in which the outgoing electron
takes the maximum kinetic energy 𝐸

0
and downwards by the

case, in which the electron of kinetic energy 𝐸min is emitted
opposite to the direction of the neutrino, which has in this
case a momentum 𝑝

𝜈
= 𝐸
𝜈
= 𝐸
0
− 𝐸min (neglecting for a

moment the nonzero value of the neutrino mass)

(𝑝
𝑒
− 𝑝
𝜈
)
2

2𝑚daughter
=

(√𝐸2min + 2𝐸min𝑚𝑒 − (𝐸0 − 𝐸min))
2

2𝑚daughter

≤ 𝐸rec ≤ 𝐸rec,max

=
𝑝
2

max
2𝑚daughter

=
𝐸
2

0
+ 2𝐸
0
𝑚
𝑒

2𝑚daughter
.

(14)
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Due to the largeness of 𝑚daughter even for sizeable electron
energy ranges below the endpoint 𝐸

0
, according to (14) the

recoil energy 𝐸rec does not change much (numbers are given
for the example of tritium in the next section). Therefore, for
the region of interest below the endpoint 𝐸

0
, we can apply

a constant recoil energy correction 𝐸rec = const. and (13)
becomes (We should note here that we cannot use (15) to
derive the endpoint energy 𝐸

0
from a measured nuclear 𝑄-

value with the precision required for the direct measurement
of the neutrino mass due to the uncertainty of 𝑄, which is
O(1) eV at best. Therefore 𝐸

0
has to be fitted from the 𝛽-

spectrum together with the neutrino mass squared. For the
case of tritium there is currently a large experimental effort to
improve significantly the precision on the 𝑄-value of tritium
𝛽-decay by ultrahigh precision ion cyclotron resonance mass
spectroscopy in a multi-Penning trap setup measuring the
3He-3H mass difference [25] with the final goal to use the
measured 𝑄-value in the neutrino mass fit.)

𝐸
0
= 𝑄 − 𝐸rec. (15)

Further integration over the angles yields through (10)
an averaged nuclear matrix element, as mentioned above.
Besides integrating over the (𝛽, 𝜈)-continuum, we have to
sum over all other final states. For a 𝛽-decaying atom or
molecule it is a double sum: one summation runs over
all neutrino mass eigenstates 𝑚(𝜈

𝑖
) with probabilities |𝑈2ei|

which are kinematically accessible (𝑚(𝜈
𝑖
) ≤ 𝐸
0
). The second

summation has to be done over all of the electronic final states
of the daughter system with probabilities 𝑃

𝑗
and excitation

energies 𝑉
𝑗
. These comprise excitations of the electron shell

but also—in the case of 𝛽-decaying molecules—rotational
and vibrational excitations. These excitations are caused by
the sudden change of the nuclear charge from𝑍 to𝑍󸀠 = 𝑍 + 1
which requests a rearrangement of the electronic orbitals of
the daughter atom or molecule and the interatomic distances
in case of a molecule. They give rise to shifted endpoint
energies. Introducing the definition

𝜀 := (𝐸
0
− 𝐸) , (16)

the total neutrino energy now amounts for this excitation to
𝐸
𝜈,𝑗
= 𝜀 − 𝑉

𝑗
. The 𝛽-electrons are leaving the nucleus on a

time scale much shorter than the typical Bohr velocities of
the shell electrons of the mother isotope. Therefore, the exci-
tation probabilities of electronic states—and of vibrational-
rotational excitations in the case of molecules—can be calcu-
lated in the so-called sudden approximation from the overlap
of the primary electron wave function Ψ

0
with the wave

functions of the daughter ion Ψ
𝑓,𝑗

𝑃
𝑗
=
󵄨󵄨󵄨󵄨󵄨
⟨Ψ
0
| Ψ
𝑓,𝑗
⟩
󵄨󵄨󵄨󵄨󵄨

2

. (17)

Rather than in the total decay rate, we are interested in its
energy spectrum 𝑁̇(𝐸) := 𝑑Γ/𝑑𝐸, which we can read directly
from (11) without performing the second integration over the

𝛽-energy. Using 𝜀 = 𝐸
0
− 𝐸 and summing up over the final

states it reads

𝑁̇ (𝐸) =
𝐺
2

𝐹
⋅ cos2ΘC

2𝜋3
⋅
󵄨󵄨󵄨󵄨󵄨
𝑀
2

nucl
󵄨󵄨󵄨󵄨󵄨

⋅ 𝐹 (𝐸, 𝑍
󸀠
) ⋅ (𝐸 + 𝑚

𝑒
)

⋅ √(𝐸 + 𝑚
𝑒
)
2

− 𝑚
𝑒

2

⋅ ∑

𝑖,𝑗

󵄨󵄨󵄨󵄨󵄨
𝑈
2

ei
󵄨󵄨󵄨󵄨󵄨
⋅ 𝑃
𝑗
⋅ (𝜀 − 𝑉

𝑗
)

⋅ √(𝜀 − 𝑉
𝑗
)
2

− 𝑚2 (𝜈
𝑖
)

⋅ Θ (𝜀 − 𝑉
𝑗
− 𝑚 (𝜈

𝑖
)) .

(18)

The Θ-function confines the spectral components to the
physical sector 𝜀 − 𝑉

𝑗
− 𝑚(𝜈

𝑖
) > 0. This causes a technical

difficulty in fitting mass values smaller than the sensitivity
limit of the data, as statistical fluctuations of the measured
spectrum might occur which can no longer be fitted within
the allowed physical parameter space. Therefore, one has
to define a reasonable mathematical continuation of the
spectrum into the region which leads to 𝜒2-parabolas around
𝑚
2
(𝜈
𝑖
) ≈ 0 (see, e.g., [26]).

Assuming unitarity of the kinematic accessible neutrino
mass states (∑

𝑖
|𝑈
2

ei| = 1), we can expand the second line of
(18) for (𝜀 − 𝑉

𝑗
)
2
≫ 𝑚
2
(𝜈
𝑖
)

𝑁̇ (𝐸) ∝ ∑

𝑖,𝑗

󵄨󵄨󵄨󵄨󵄨
𝑈
2

ei
󵄨󵄨󵄨󵄨󵄨
⋅ 𝑃
𝑗
⋅ (𝜀 − 𝑉

𝑗
)

⋅ √(𝜀 − 𝑉
𝑗
)
2

− 𝑚2 (𝜈
𝑖
)

(19)

≈ ∑

𝑗

𝑃
𝑗
⋅ ((𝜀 − 𝑉

𝑗
)
2

−
1

2
∑

𝑖

󵄨󵄨󵄨󵄨󵄨
𝑈
2

ei
󵄨󵄨󵄨󵄨󵄨
𝑚
2
(𝜈
𝑖
))

=: ∑

𝑗

𝑃
𝑗
⋅ ((𝜀 − 𝑉

𝑗
)
2

−
1

2
𝑚
2
(𝜈
𝑒
)) .

(20)

This average over the squared masses of the neutrino mass
states 𝑚2(𝜈

𝑖
) in (20) defines what we called the electron

neutrino mass𝑚(𝜈
𝑒
) in (2).This simplification always applies,

if we cannot resolve the different neutrino mass states.
Figure 3 shows the 𝛽-spectrum at the endpoint according

to (18).The influence of the neutrinomass on the 𝛽-spectrum
shows only at the upper end below 𝐸

0
, where the neutrino is

not fully relativistic and can exhibit its massive character.The
relative influence decreases in proportion to 𝑚2(𝜈

𝑒
)/𝜀
2 (see

Figure 3), which leads far below the endpoint—according to
(20)—to a small constant offset proportional to −𝑚2(𝜈

𝑒
).

Concerning the various neutrino mass states, we can also
assume that there is one heavy neutrino mass state 𝑚(𝜈

ℎ
)

(this heavy state might comprise more than one heavy state,
which are experimentally not distinguishable) and one light
one 𝑚(𝜈

𝑙
) (again this could be the sum of more than one
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Figure 3: Expanded 𝛽-spectrum of an allowed or superallowed 𝛽-
decay around its endpoint 𝐸

0
for 𝑚(𝜈

𝑒
) = 0 (red line) and for

an arbitrarily chosen neutrino mass of 1 eV (blue line). In the case
of tritium (see Section 2.2), the gray-shaded area corresponds to a
fraction of 2 ⋅ 10−13 of all tritium 𝛽-decays.

light neutrino). Such a situation could arise, if 3 light active
neutrinos and one heavy sterile neutrino are mixed. With
∑
𝑖,𝑙
|𝑈
2

ei| =: cos
2
𝜃 and ∑

𝑖,ℎ
|𝑈
2

ei| = 1 − ∑𝑖,𝑙 |𝑈
2

ei| = sin2𝜃, we
can rewrite the last line of (18) for this case into

𝑁̇ (𝐸) ∝ ∑

𝑖,𝑗

󵄨󵄨󵄨󵄨󵄨
𝑈
2

ei
󵄨󵄨󵄨󵄨󵄨
⋅ 𝑃
𝑗
⋅ (𝜀 − 𝑉

𝑗
)

⋅ √(𝜀 − 𝑉
𝑗
)
2

− 𝑚2 (𝜈
𝑖
)

(21)

≈ ∑

𝑗

𝑃
𝑗
⋅ (sin2𝜃 ⋅ (𝜀 − 𝑉

𝑗
)√(𝜀 − 𝑉

𝑗
)
2

− 𝑚2 (𝜈
ℎ
)

+cos2𝜃 ⋅ (𝜀 − 𝑉
𝑗
)√(𝜀 − 𝑉

𝑗
)
2

− 𝑚2 (𝜈
𝑙
)) .

(22)

Figure 3 defines the requirements of a direct neutrino
mass experiment which investigates a 𝛽-spectrum: the task
is to resolve the tiny change of the spectral shape due to the
neutrinomass in the region just below the endpoint𝐸

0
, where

the count rate is going to vanish. Therefore a high sensitivity
experiment requires high energy resolution, large 𝛽-decay
source strength and acceptance, and low background rate.

Now we should firstly discuss, what is the best 𝛽-emitter
for such a task. Figure 4 shows the total count rate of a
superallowed 𝛽-emitter as function of the endpoint energy.
Of course, the total count rate rises strongly with 𝐸

0
, while

the relative fraction in the last 10 eV below 𝐸
0
decreases.

Interestingly, the total count rate in the last 10 eV below 𝐸
0
,

which we can take as a measure of our energy region of
interest for determining the neutrino mass, is increases with
regard to 𝐸

0
. This increase is caused by the larger phase space

for th 𝛽-electron. From Figure 4 one might argue that the
endpoint energy does not play a significant role in selecting
the right 𝛽-isotope, but we have to consider the fact that
we need a certain energy resolution Δ𝐸 to determine the
neutrino mass. Experimentally it makes a huge difference,

whether we have to achieve a certain Δ𝐸 at a low energy 𝐸
0

or at a higher one. Secondly, the 𝛽-electrons of no interest
with regard to the neutrino mass could cause experimental
problems (e.g., as background or pileup) and again this
argument favors a low 𝐸

0
.

2.2. Tritium 𝛽-Decay. The heaviest of the hydrogen isotopes
tritium undergoes 𝛽-decay

3H 󳨀→
3He+ + 𝑒− + 𝜈

𝑒
(23)

with a half-life of 12.3 y. Tritium and Helium-3 are mirror
nuclei of the same isospin doublet; therefore, the decay is
superallowed. Thus the nuclear matrix element for tritium is
close to that of the 𝛽-decay of the free neutron and amounts
to [18]

󵄨󵄨󵄨󵄨󵄨
𝑀
2

nucl (tritium)
󵄨󵄨󵄨󵄨󵄨
= 5.55. (24)

With an endpoint energy of 18.6 keV, it has one of the
lowest endpoints of all 𝛽 emitters together with a reasonable
long half-life. Its superallowed shape of the 𝛽-spectrum and
its simple electronic structure allow the tritium 𝛽-spectrum
to be measured with small systematic uncertainties.

The recoil correction for tritium is not an issue. Up to
now all tritium 𝛽-decay experiments used molecular tritium,
which give amaximal recoil energy to the daughtermolecular
ion of 𝐸rec,max = 1.72 eV. Even for the most sensitive tritium
𝛽-decay experiment, the upcomingKATRIN experiment (see
Section 4.1), the maximum variation of 𝐸rec over the energy
interval of investigation (the last 30 eV below the endpoint)
amounts to Δ𝐸rec = 3.5meV only. It was checked [27] that
this variation can be neglected and the recoil energy can be
replaced by a constant value of 𝐸rec = 1.72 eV, yielding a fixed
endpoint according to (15).

Furthermore, one may apply radiative corrections to
the spectrum [28, 29]. However, they are quite small and
would influence the result on 𝑚2(𝜈

𝑒
) even for the KATRIN

experiment only by a few percent of its present systematic
uncertainty. One may also raise the point of whether possible
contributions from right-handed currents might lead to
measurable spectral anomalies [30, 31]. It has been checked
that the present limits on the corresponding right-handed
boson mass [24] rule out a sizeable contribution within
present experimental uncertainties. Even the forthcoming
KATRIN experiment will hardly be sensitive to this problem
[32, 33].

Concerning the calculation of the electronic final states
according to (17), we have to consider molecular tritium
since all tritium 𝛽-decay experiments so far have been using
molecular tritium sources, containing the molecule T

2
. The

wave functions of the tritium molecule are much more
complicated, since in addition to two identical electrons they
comprise also the description of rotational and vibrational
states, which may be excited during the 𝛽-decay as well.
Figure 5 shows a recent numerical calculation of the final
states of the T

2
molecule. The transition to the electronic

ground state of the (3HeT)+ daughter ion as well as the transi-
tion to higher excited electronic states are not sharp in energy,
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Figure 4: Dependence on endpoint energy 𝐸
0
of total count rate (a), relative fraction in the last 10 eV below the endpoint (b), and total count
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𝑒
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possible final states as well as the Fermi function 𝐹.
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Figure 5: Excitation spectrum of the daughter (3HeT)+ in 𝛽-decay of molecular tritium (a) and rotational-vibrational excitations of the
(
3HeT)+ molecular ion only (right, red solid curve). In comparison, the rotational-vibrational excitations of the (3HeH)+ molecular ion from
HT 𝛽-decay are shown ((b), blue line) [34]. Please note, that the abscissa of the right plot reads excitation energy plus maximum recoil energy
according to (14).

but broadened due to rotational-vibrational excitations.More
recent calculations agree with these results [35, 36].

The first group of excited electronic states starts at around
𝑉
𝑗
= 25 eV [34]. Therefore excited states play almost no

role for the energy interval considered for the upcoming
KATRIN experiment: only the decay to the ground state
of the (3HeT)+ daughter molecule, which is populated with
about 57% probability, has to be taken into account. Due
to the nuclear recoil, however, a large number of rotational-
vibrational states with a mean excitation energy of 1.7 eV and
a standard deviation of 0.4 eV are populated. These values
hold for a pure T

2
source without contamination by other

hydrogen isotopes. But a contamination of the T
2
molecules

by DT or HT molecules does not matter in first order: the

shift of the mean rotational-vibrational excitation of HT with
respect to T

2
is compensated by a corresponding change of

the nuclear recoil energy of HT with respect to the 1.5 times
heavier T

2
molecule [34] (see Figure 5(b)).

Summarizing the properties of tritium for direct neutrino
mass measurements: it is the standard isotope for this kind of
study due to its low endpoint of 18.6 keV, its rather short half-
life of 12.3 y, its superallowed shape of the 𝛽-spectrum, and
its simple electronic structure. Tritium 𝛽-decay experiments
using a tritium source and a separated electron spectrometer
have been performed in search for the neutrinomass formore
than 60 years. But when the electron spectrometer is identical
to the 𝛽-source, the situation is different and a 𝛽-isotope with
an even lower endpoint energy 𝐸

0
is preferred, even if it does

not have an allowed decay.
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2.3. Forbidden Transitions Like 187Re. The isotope 187Re
exhibits the lowest endpoint energy with 𝐸

0
= 2.47 keV of

all known 𝛽-emitters decaying to the ground-state of the
daughter nucleus (there is even a decay of the 115 In into an
excited nuclear (3/2+)-state of the daughter nucleus 115Sn
with amuch lower𝑄-value of (155±24) eV [37, 38]. But there
are two reasons, why such a decay cannot be used for a direct
neutrino mass measurement: this partial decay has an ultra-
long half-life of (4.1 ± 0.6) ⋅ 1020 y [37] and the signature of
the neutrino mass is hidden in the 𝛽-spectrum of the decay
into the ground state of 115Sn).The ground state of themother
isotope 187Re has spin and parity 𝐽𝜋 = 5/2+.The 𝛽-decay goes
to the ground state of the daughter 187Os with spin and parity
𝐽
𝜋
= 1/2

−. Therefore, the decay is a first unique forbidden
transition. The lepton pair, electron and antineutrino, has
to carry away two units of angular momentum and has to
change parity. The two leptons will couple to spin 𝑆 = 1 in
this case, one unit of orbital momentum has to be carried
away by either the electron or the antineutrino.Therefore the
half life of 𝑡

1/2
(
187Re) = 4.3 ⋅ 10

10 y is huge and about as
long as the age of the universe. The advantage of the 7 times
lower endpoint energy 𝐸

0
= 2.47 keV of 187Re with respect

to tritium does not compensate the fact that one needs a
large number of 187Re atoms to obtain enough count rate
near the endpoint to measure the neutrino mass. Therefore,
a classical source ̸= spectrometer arrangement like for the
tritium experiments is not feasible for 187Re, because the 𝛽-
electronswill undergo toomany inelastic scattering processes
within the 187Re source. Secondly, the isotope 187Re has
a complicated electron shell and the electronic final states
might not be calculable precisely enough.

Therefore, the𝛽-decay of 187Re can only be exploited if the
𝛽-spectrometer measures the entire released energy, except
that of the neutrino but including the energy loss by inelastic
scattering processes and electronic excitations. This situation
can be realized by using a cryogenic bolometer as the 𝛽-
spectrometer, which at the same time contains the 𝛽-emitter
187Re [23] (see Section 3.4).

We discuss now the consequences for the 𝛽-spectrum.
Since either the electron or the antineutrino has to be emitted
with orbital angular momentum 𝑙 = 1 we cannot, expand the
plain wave of this lepton to zeroth order anymore as we did
in (8), but we have to go to first order

exp (−𝑝𝑅) ≈ 1 − 𝑝𝑅. (25)

In contrast to an allowed decay, the matrix element will
become dependent on energy. According to (25), an addi-
tional factor proportional to 𝑝

𝑒
= √(𝐸 + 𝑚

𝑒
)
2
− 𝑚
𝑒

2 =

√(𝐸
0
+ 𝑚
𝑒
− 𝜀)
2
− 𝑚
𝑒

2 or to 𝑝
𝜈
= √𝜀2 − 𝑚2(𝜈

𝑖
) will occur,

depending on whether the electron or the antineutrino
carries away the unit of orbital angular momentum. In the
decay rate the square of these momenta will appear. For both
cases, a Fermi function 𝐹

1
or 𝐹
0
needs to be considered which

describes theCoulomb interaction of the outgoing electron in
a 𝑙 = 1 or 𝑙 = 0 state with the remaining osmium ion [39]

𝑁̇ (𝐸) =
𝐺
2

𝐹
⋅ cos2ΘC

2𝜋3

⋅
󵄨󵄨󵄨󵄨󵄨
𝑀
2

nucl
󵄨󵄨󵄨󵄨󵄨
⋅ (𝐸
0
+ 𝑚
𝑒
− 𝜀)

⋅ √(𝐸
0
+ 𝑚
𝑒
− 𝜀)
2

− 𝑚
𝑒

2

⋅ ∑

𝑖

󵄨󵄨󵄨󵄨󵄨
𝑈
2

ei
󵄨󵄨󵄨󵄨󵄨
⋅
𝑅
2

nucl
3

× (𝐹
1
(𝐸, 𝑍
󸀠
) ⋅ ((𝐸

0
+ 𝑚
𝑒
− 𝜀)
2

− 𝑚
𝑒

2
)

+𝐹
0
(𝐸, 𝑍
󸀠
) ⋅ (𝜀
2
− 𝑚
2
(𝜈
𝑖
)))

⋅ 𝜀 ⋅ √𝜀2 − 𝑚2 (𝜈
𝑖
) ⋅ Θ (𝜀 − 𝑚 (𝜈

𝑖
)) ,

(26)

where 𝑅nucl is the nuclear radius. The first term of (26)
proportional to 𝑝2 is by 4 orders of magnitude larger than
the second term proportional to 𝑝2

𝜈
[39]. The nuclear matrix

element 𝑀nucl is more complex than that of an allowed 𝛽-
decay.

In contrast to the case of tritium, we do not account in
(26) for excited electronic final states, since we assume that
all losses by electromagnetic excitations will be added to the
energy of the 𝛽-electron as well as to the recoil energy in the
source = detector arrangement by the signal integration of the
cryobolometer. Thus the 𝛽-spectrum looks simpler (we will
discuss later that some excited states may live longer than
the signal integration time of the cryobolometer and that
the corresponding excitation energy may not be measured,
which would cause systematic uncertainties). But this is only
true up to first order. In second order, the electronic final
states with excitation energy 𝑉

𝑗
and probability 𝑃

𝑗
have to

be considered since the modification of the phase space of
the outgoing electron and the squared matrix element (∝
(𝐹
1
𝑝
3

𝑒
(𝐸 + 𝑚

𝑒
)𝑝
𝜈
𝐸
𝜈
+ 𝐹
0
𝑝
𝑒
(𝐸 + 𝑚

𝑒
)𝑝
3

𝜈
𝐸
𝜈
)) have to be taken

into account.
We will discuss the influence of electronic final states for

the case of cryobolometers in some detail: when an electronic
final state takes the excitation energy𝑉

𝑗
, in the calculation for

an allowed decay (see (18)), we had just shifted the effective
endpoint energy by this amount (𝐸

0
→ 𝐸
󸀠

0
= 𝐸
0
− 𝑉
𝑗
) and

multiplied this fraction of the 𝛽-spectrumwith its probability
𝑃
𝑗
. Thus the whole 𝛽-spectrum including the phase space of

the outgoing leptons was calculated correctly up to possible
electron energies𝐸󸀠

0
.Whenwemeasurewith a cryobolometer

the sum energy 𝐸 in the case of an electronic excitation
𝑉
𝑗
, the true kinetic energy of the electron amounts only

to 𝐸󸀠 = 𝐸 − 𝑉
𝑗
. The residual energy release 𝑉

𝑗
detected

in the cryobolometer stems from the deexcitation of the
electronic excitation. Therefore the 𝛽-decay probability, or
the corresponding phase space factor and the squared matrix
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element have to be calculated for the true electron kinetic
energy 𝐸󸀠 and the reduced endpoint energy 𝐸󸀠

0
as

𝐸
󸀠
= 𝐸 − 𝑉

𝑗
, 𝐸

󸀠

0
= 𝐸
0
− 𝑉
𝑗
. (27)

We can expand the relevant parameters for the phase space
and squared matrix element calculation to first order assum-
ing 𝑉
𝑗
≪ 𝑝 and 𝑉

𝑗
≪ 𝐸
𝑒

𝐸
󸀠

𝑒
= 𝐸
󸀠
+ 𝑚
𝑒
= 𝐸 − 𝑉

𝑗
+ 𝑚
𝑒

= (𝐸 + 𝑚
𝑒
) ⋅ (1 −

𝑉
𝑗

𝐸 + 𝑚
𝑒

) = 𝐸
𝑒
⋅ (1 −

𝑉
𝑗

𝐸
𝑒

) ,

(28)

𝑝
󸀠

𝑒
= √𝐸󸀠2

𝑒
− 𝑚
𝑒

2 = √(𝐸󸀠 + 𝑚
𝑒
)
2

− 𝑚
𝑒

2

= √𝐸󸀠2 + 2𝑚
𝑒
𝐸󸀠 = √(𝐸 − 𝑉

𝑗
)
2

+ 2𝑚
𝑒
(𝐸 − 𝑉

𝑗
)

≈ √𝐸2 + 2𝑚
𝑒
𝐸 − 2 (𝐸 + 𝑚

𝑒
) 𝑉
𝑗

= √𝑝2
𝑒
(1 −

2𝐸
𝑒

𝑝2
𝑒

𝑉
𝑗
) ≈ 𝑝

𝑒
(1 −

𝐸
𝑒

𝑝2
𝑒

𝑉
𝑗
) ,

(29)

𝐸
󸀠

𝜈
= 𝐸
󸀠

0
− 𝐸
󸀠
= (𝐸
0
− 𝑉
𝑗
) − (𝐸 − 𝑉

𝑗
)

= 𝐸
0
− 𝐸 = 𝐸

𝜈
,

(30)

𝑝
󸀠

𝜈
= √𝐸󸀠2

𝜈
− 𝑚2 (𝜈

𝑒
) = √𝐸2

𝜈
− 𝑚2 (𝜈

𝑒
) = 𝑝
𝜈
. (31)

Equation (26) then becomes

𝑁̇ (𝐸) =
𝐺
2

𝐹
⋅ cos2ΘC

2𝜋3
⋅
󵄨󵄨󵄨󵄨󵄨
𝑀
2

nucl
󵄨󵄨󵄨󵄨󵄨

⋅ ∑

𝑖,𝑗

(𝐸
0
+ 𝑚
𝑒
− 𝜀) ⋅

󵄨󵄨󵄨󵄨󵄨
𝑈
2

ei
󵄨󵄨󵄨󵄨󵄨
⋅ 𝑃
𝑗
⋅
𝑅
2

nucl
3

⋅ (𝐹
1
(𝐸, 𝑍
󸀠
) ⋅ ((𝐸

0
+ 𝑚
𝑒
− 𝜀)
2

− 𝑚
𝑒

2
)
3/2

⋅ (1 − 3
𝐸
𝑒

𝑝2
𝑒

𝑉
𝑗
) + 𝐹
0
(𝐸, 𝑍
󸀠
)

⋅ ((𝐸
0
+ 𝑚
𝑒
− 𝜀)
2

− 𝑚
𝑒

2
)
1/2

⋅ (1 −
𝐸
𝑒

𝑝2
𝑒

𝑉
𝑗
) ⋅ (𝜀
2
− 𝑚
2
(𝜈
𝑖
)))

⋅ 𝜀 ⋅ √𝜀2 − 𝑚2 (𝜈
𝑖
) ⋅ Θ (𝜀 − 𝑚 (𝜈

𝑖
)) .

(32)

For a typical electronic excitation 𝑉
𝑗
≈ 20 eV and a typical

kinetic energy of the electron 𝐸 ≈ 2 keV the correction factor
(1 − 3𝐸

𝑒
𝑉
𝑗
/𝑝
2

𝑒
) = 0.985 in (32) might have enough influence

on the shape of the 𝛽-spectrum that it needs to be considered
in future high precision cryobolometer experiments.

Secondly for a 187Re atom within a crystalline environ-
ment the so-called beta-environmental fine structure (BEFS)
has to be taken into account (see Section 3.5), which leads to
a modulation of the 𝛽-spectrum. Similarly to the extended
X-ray absorption fine structure (EXAFS) this fine structure
is caused by an interference of the outgoing wave of the 𝛽-
electron with waves scattered on the neighboring atoms.

3. Past Direct Neutrino Mass Experiments

3.1. Neutrino Mass Limit from Supernova SN1987a. On
February 23, 1987, neutrinos from the supernova SN1987a
in the Large Magellanic Cloud (LMC) have been observed
by the three neutrino detectors Kamiokande II [40], IMB
[41], and at Baksan [42] (see Figure 6). This core-collapse
supernova emitted a total energy of about 3 ⋅ 1053 erg =
3 ⋅ 10

46 J, 99% of this energy was released by neutrinos
[43]. These neutrinos traveled over a distance of about 𝐿 =
50 kpc (165,000 lyr). Although core collapse supernovae emit
neutrinos and antineutrinos of all flavors at different phases
of the collapse only electron antineutrinos fromSN1987a have
been detected via the famous inverse 𝛽-decay reaction on the
proton 𝜈

𝑒
+ 𝑝 → 𝑛 + 𝑒

+. Other neutrino reactions were
suppressed by too high thresholds or too low cross-sections.

To calculate the time-of-flight, we first express the velocity
𝛽 of a relativistic particle by its mass𝑚 and total energy 𝐸 as

𝑚
2
= 𝐸
2
− 𝑝
2
= 𝐸
2
(1 − 𝛽

2
)

= 𝐸
2
(1 + 𝛽) (1 − 𝛽) ≈ 2𝐸

2
(1 − 𝛽)

󳨐⇒ 𝛽 = 1 −
𝑚
2

2𝐸2
.

(33)

The delay of the arrival of a supernova neutrino at earth
with regard to a particle at speed of light can be expressed as
function of the neutrino mass𝑚

𝜈
and its total energy 𝐸

𝜈
as

Δ𝑡 =
𝐿

𝛽
𝜈

−
𝐿

𝑐
=

𝐿

1 − (𝑚2
𝜈
/2𝐸2
𝜈
)
− 𝐿

≈ 𝐿 ⋅ (1 +
𝑚
2

𝜈

2𝐸2
𝜈

) − 𝐿 = 𝐿 ⋅
𝑚
2

𝜈

2𝐸2
𝜈

.

(34)

Therefore we would expect the neutrino energy to follow
hyperbolas for each neutrino mass state 𝜈

𝑖
as function of

the square root of the neutrino arrival time. Of course
this only holds, if the neutrino emission is sharp in time
with respect to the spread of arrival times on earth. The
energy versus time spectra of the three experiments which
detected neutrinos from supernova SN1987a do not exhibit a
dependence following equation (34) (see Figure 6).Therefore
only upper limits of 5.7 eV (95% C.L.) [16] or of 5.8 eV
(95% C.L.) [17] on the neutrino mass can be deduced which
depend somewhat on the underlying supernova model.

Nowadays more and larger neutrino detectors are
online and capable to measure neutrinos from a galactic or
nearby core-collapse supernova. They are interconnected by
the SuperNova EarlyWarning System SNEWS [44]. No core-
collapse supernova from our galaxy or from a satellite galaxy
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Figure 6: SN1987A neutrino observations at the neutrino detectors Kamiokande II [40], IMB [41], and at Baksan [42]. The energies refer
to the secondary positrons from the reaction 𝜈

𝑒
+ 𝑝 → 𝑛 + 𝑒

+. In the shaded area, the trigger efficiency is less than 30%. The clocks of the
various experiments had unknown relative offsets. Therefore, for each detector spectrum, the time was calibrated such, that the first event
was recorded at 𝑡 = 0. In Kamiokande II, the event marked as an open circle is attributed to background (reprinted with permission from
[43], Copyright 1999, Annual Reviews).

like the LMC has been observed since then. The expected
rate for galactic core-collapse supernovae is 2-3 per century.
Even if a new supernova will yield many more neutrino
events than supernova SN1987a it would be difficult getting a
much more precise limit on the neutrino mass. The limiting
factors are the time and energy spectra of the neutrino
emission of a core-collapse supernova, which are not known
well enough. One possibility to bypass this problem exists
for core-collapse supernovae, if the core-collapse supernova
forms a black-hole. Then the neutrino emission will stop
abruptly [45] and this stamp on the latest neutrino start time
could be used in the analysis. A possible limit of the present
neutrino detectors would be in the eV range. Whether new
detectors with larger masses and possibly lower energy
thresholds would allow a higher sensitivity on the neutrino
mass still needs to be studied.

3.2. Laboratory Direct Neutrino Mass Limits. The majority
of the published direct laboratory results on 𝑚(𝜈

𝑒
) originate

from the investigation of 𝛽-decays, which are sensitive to
the average of the antineutrino mass states contributing to

the electron antineutrino. The mass of the neutrino could in
principle be accessed by the investigation of 𝛽+ decays, but
measuring electron capture decays is much more sensitive
[46]. By the investigation of the electron capture of 163Ho
two groups obtained upper limits on the average mass of the
electron neutrino of 𝑚(𝜈

𝑒
) < 225 eV at 95% C.L. [47] and of

𝑚(𝜈
𝑒
) < 490 eV at 68% C.L. [48]. These experiments will be

discussed in some detail in Section 5.3.
An exotic way of a direct neutrino mass measurement

was using bound-state 𝛽−-decay, where the outgoing 𝛽-
electron is captured into a bound electronic state: totally
ionized 163Dy66+ ions were circulating in a storage ring and
undergoing bound-state 𝛽−-decay although neutral 163Dy
atoms are stable. The measurement of this bound state 𝛽−-
decay resulted in a limit on the neutrino mass of 410 eV at
68% C.L. [49].

Except 187Re 𝛽-decay, on which the investigations have
been started only within the last decade, all direct neu-
trino mass experiments using 𝛽−-decays were done with
the isotope tritium. In the long history of these tritium 𝛽-
decay experiments, about a dozen results have been reported
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Figure 7: Results of previous tritium 𝛽-decay experiments on the
observable 𝑚2(𝜈

𝑒
). The experiments at Los Alamos, Zürich, Tokyo,

Beijing, and Livermore [58–62] used magnetic spectrometers; the
tritium experiments at Mainz and Troitsk [63–67] applied electro-
static spectrometers of the MAC-E-Filter type.

starting with the experiment of Curran in the late forties
yielding𝑚2(𝜈

𝑒
) < 1 keV [50].

In the beginning of the eighties a group from the Institute
of Theoretical and Experimental Physics (ITEP) at Moscow
[51, 52] claimed the discovery of a nonzero neutrino mass
of around 30 eV. The ITEP group used as 𝛽-source a thin
film of tritiated valine combined with a new type of magnetic
spectrometer, the Tretyakov spectrometer (a Tretyakov spec-
trometer uses a toroidal magnet field with a 1/𝑟 dependent
strength like it is used for magnetic horns of neutrino beam
facilities at accelerators to focus the secondary pions behind
the proton target). The first tests of the ITEP claim came
from the experiments at the University of Zürich [53] and
the Los Alamos National Laboratory (LANL) [54]. Both
experiments applied similar Tretyakov-type spectrometers,
but more advanced tritium sources with respect to the ITEP
group. The Zürich experiment used a solid source of tritium
implanted into carbon and later a self-assembling film of
tritiated hydrocarbon chains. The LANL group was the first
to develop a gaseous molecular tritium source avoiding
solid state corrections. Both experiments disproved the ITEP
result. The reason for the mass signal at ITEP was twofold:
the energy loss correction was probably overestimated, and
a 3He–T mass difference measurement [55] confirming the
endpoint energy of the ITEP result, turned out only later to
be significantly wrong [56, 57].

Also in the nineties tritium 𝛽-decay experiments yielded
controversially discussed results: Figure 7 shows the final
results of the experiments at LANL and Zürich together

with the results from other more recent measurements with
magnetic spectrometers at University of Tokyo, Lawrence
Livermore National Laboratory, and Beijing. The sensitivity
on the neutrino mass had improved a lot but the values for
the observable 𝑚2(𝜈

𝑒
) populated the nonphysical negative

𝑚
2
(𝜈
𝑒
) region. In 1991 and 1994 two new experiments started

data taking at Mainz and at Troitsk, which used a new
type of electrostatic spectrometer, so-called MAC-E-Filters,
whichwere superior in energy resolution and luminositywith
respect to the previous magnetic spectrometers. However,
even their early data were confirming the large negative
𝑚
2
(𝜈
𝑒
) values of the LANL and Livermore experiments when

being analyzed over the last 500 eV of the 𝛽-spectrum below
the endpoint 𝐸

0
. But the large negative values of 𝑚2(𝜈

𝑒
)

disappeared when analyzing only small intervals below the
endpoint 𝐸

0
. This effect, which could only be investigated

by the high luminosity MAC-E-Filters, pointed towards an
underestimated or missing energy loss process, seemingly
to be present in all experiments. The only common feature
of the various experiments seemed to be the calculations of
the electronic excitation energies and excitation probabilities
of the daughter ions. Different theory groups checked these
calculations in detail. The expansion was calculated to one
order further and new interesting insight into this problem
was obtained, but no significant changes were found [34, 36].

Then the Mainz group found the origin of the missing
energy loss process for its experiment.TheMainz experiment
used as tritium source a film of molecular tritium quench-
condensed onto aluminum or graphite substrates. Although
the film was prepared as a homogenous thin film with flat
surface, detailed studies showed [68] that the filmwas not sta-
ble: it underwent a temperature-activated roughening transi-
tion into an inhomogeneous film by forming microcrystals.
Thus, unexpected large inelastic scattering probabilities were
obtained, which were not taken into account in previous
analyses. This extra energy losses were only significant when
analyzing larger energy intervals below the endpoint.

TheTroitsk experiment on the other handused awindow-
less gaseous molecular tritium source, similar to the LANL
apparatus. Here, the influence of large-angle scattering of
electrons magnetically trapped in the tritium source was not
considered in the first analysis. After correcting for this effect
the negative values for𝑚2(𝜈

𝑒
) disappeared.

The fact that more experimental results of the early
nineties populate the region of negative 𝑚2(𝜈

𝑒
) values (see

Figure 7) can be understood by the following consideration
[18]. For 𝜀 ≫ 𝑚(𝜈

𝑒
), (19) can be expanded into

𝑑𝑁

𝑑𝐸
∝ 𝜀
2
−
𝑚
2
(𝜈
𝑒
)

2
. (35)

On the other hand the convolution of a 𝛽-spectrum (18) at
𝑚
2
(𝜈
𝑒
) = 0 with a Gaussian of width 𝜎 leads to

𝑑𝑁

𝑑𝐸
∝ 𝜀
2
+ 𝜎
2
. (36)
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the orbital magnetic momentum 𝜇 in the inhomogeneous magnetic
field.

Therefore, in the presence of a missed experimental broaden-
ing with Gaussian width 𝜎 one expects a shift of the result on
𝑚
2
(𝜈
𝑒
) of

Δ𝑚
2
(𝜈
𝑒
) ≈ −2 ⋅ 𝜎

2
, (37)

which gives rise to a negative value of𝑚2(𝜈
𝑒
) [18].

3.2.1. MAC-E-Filter. The significant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium 𝛽-decay at
Mainz and Troitsk independently [70, 71]. TheMAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a 𝛽-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The 𝛽-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
an accepted solid angle of nearly 2𝜋. On theway of an electron
into the center of the spectrometer the magnetic field 𝐵

decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron 𝜇 invariant
(equation given in nonrelativistic approximation)

𝜇 =
𝐸
⊥

𝐵
= const. (38)

Therefore nearly all cyclotron energy 𝐸
⊥
is transformed into

longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons flying almost parallel to themagnetic
field lines. This is just the opposite of the so-called magnetic
mirror ormagnetic bottle effect.

This parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. The relative sharpness
of this energy high-pass filter is only given by the ratio of
the minimummagnetic field 𝐵min reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic field between 𝛽-electron source and spectrometer
𝐵max

Δ𝐸

𝐸
=
𝐵min
𝐵max

. (39)

It is beneficial to place the electron source in a magnetic
field 𝐵S somewhat lower than the maximum magnetic field
𝐵max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field 𝐵max
which exhibit starting angles 𝜃S at 𝐵S of

sin2 (𝜃S) ≤
𝐵S
𝐵max

. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
been realized at the KATRIN experiment.

The exact shape of the transmission function can be
calculated analytically. For an isotropically emittingmonoen-
ergetic source of particles with kinetic energy 𝐸 and charge 𝑞
it reads as function of the retarding potential 𝑈 as

𝑇 (𝐸,𝑈)

=

{{{{{{{

{{{{{{{

{

0 for 𝐸 ≤ 𝑞𝑈,

1 − √1 −
𝐸 − 𝑞𝑈

𝐸
⋅
𝐵S
𝐵min

for 𝑞𝑈 < 𝐸 < 𝑞𝑈 + Δ𝐸,

1 − √1 −
𝐵S
𝐵max

for 𝐸 ≥ 𝑞𝑈 + Δ𝐸.

(41)

Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).

The 𝛽-electrons are spiralling around the guiding mag-
netic field lines in zeroth approximation. Additionally, in
non-homogeneous electrical and magnetic fields they feel a
small drift 𝑢, which reads in first order [70]:

𝑢⃗ = (
𝐸⃗ × 𝐵⃗

𝐵2
−
(𝐸
⊥
+ 2𝐸
||
)

𝑒 ⋅ 𝐵3
(𝐵⃗ × ∇

⊥
𝐵⃗)) . (42)

The clear advantages of theMAC-E-Filter of large angular
acceptance and high energy resolution come together with
the danger to store charged particles in Penning, magnetic
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Figure 9: Transmission function of the KATRIN experiment as a
function of the surplus energy𝐸−𝑞𝑈 according to (41).TheKATRIN
default design settings [72] were used as follows: 𝐵min = 3 ⋅ 10

−4 T,
𝐵max = 6T, 𝐵S = 3.6T. The upper horizontal axis illustrates
the dependence of the maximum starting angle 𝜃S,max, which is
transmitted at a given surplus energy. Clearly, electrons with larger
starting angles 𝜃S ≤ 𝜃S,max reach the transmission condition later,
since they still have a significant amount of cyclotron energy in the
analyzing plane at 𝐵min.

mirror and combined traps [73]. This problem and coun-
termeasures will be discussed later at the example of the
KATRIN experiment (see Sections 4.4 and 4.5).

A very interesting application is using the MAC-E-Filter
in time-of-flight mode. This mode has the advantage to be
nonintegrating but requests to measure to or restrict the start
time of the electron under investigation. The analysis can be
done on cutting on the time-of-flight [74] or fully making use
of the individual measured time-of-flights [75].

The two tritium 𝛽-decay experiments at Mainz and at
Troitsk used similarMAC-E-Filters with an energy resolution
of 4.8 eV (3.5 eV) at Mainz (Troitsk). The spectrometers
differed slightly in size: the diameter and length of the Mainz
(Troitsk) spectrometer are 1m (1.5m) and 4m (7m). The
major differences between the two setups are the tritium
sources: The Mainz Neutrino Mass Experiment used a novel
condensed solid tritium source, whereas the experiment
at Troitsk applied a windowless gaseous molecular tritium
source similar to the ones of the experiments at Los Alamos
and at Livermore before.

3.2.2. The Mainz Neutrino Mass Experiment. The tritium
source was a thin film of molecular tritium, which was
quench-condensed on a cold graphite substrate. By laser
ellipsometry the film thickness was determined. Typically

film thicknesses of 20 to 40 monolayers were applied before
and of 150 monolayers after the upgrade of the experiment
in 1995–1997. The retarding potential of the MAC-E-Filter
was created by a complex system of cylindrical electrodes.
The upgrade of the Mainz setup in 1995–1997 (→Mainz
phase II, see Figure 10) includes the installation of a new
tilted pair of superconducting solenoids between the tritium
source and the spectrometer and the use of a new cryostat
to keep the temperature of the tritium film below 2K. The
first measure eliminated source-correlated background and
allowed the source strength to be increased significantly.
From this upgrade on, the Mainz experiment ran with a
similar signal and similar background rate as the Troitsk
experiment. The second measure avoided the roughening
transition of the homogeneously condensed tritium films
with time [68], which before had given rise to negative values
of 𝑚2(𝜈

𝑒
) when the data analysis used large intervals of the

𝛽-spectrum below the endpoint 𝐸
0
[26]. The upgrade was

completed by the application of HF pulses on one of the
electrodes in between measurements every 20 s, and a full
automation of the apparatus and remote control. The former
improvement lowered and stabilized the background, the
latter one allowed long-term measurements.

Figure 11 shows the endpoint region of the Mainz phase
II data (from 1998, 1999, and 2001) in comparison with the
former Mainz 1994 data. An improvement of the signal-to-
background ratio by a factor 10 by the upgrade as well as
a significant enhancement of the statistical quality of the
data by long-termmeasurements are clearly visible.Themain
systematic uncertainties of the Mainz experiment are the
inelastic scattering of 𝛽-electrons within the tritium film,
the excitation of neighbour molecules due to sudden change
of the nuclear charge during 𝛽-decay, and the self-charging
of the tritium film as a consequence of its radioactivity. As
a result of detailed investigations in Mainz [64, 76–78]—
mostly by dedicated experiments—the systematic corrections
became much better understood and their uncertainties
were reduced significantly.The high-statistics Mainz phase II
data from 1998–2001 allowed the first determination of the
probability of the neighbour excitation to occur in (5.0 ±
1.6 ± 2.2)% of all 𝛽-decays [64] in good agreement with the
theoretical expectation [79].

The analysis of the last 70 eV below the endpoint of the
phase II data resulted in [64]

𝑚
2
(𝜈
𝑒
) = (−0.6 ± 2.2 ± 2.1) eV2, (43)

which—using the Feldman-Cousin method [80]—corres-
ponds to an upper limit of

𝑚(𝜈
𝑒
) < 2.3 eV (95% C.L.) . (44)

An analysis of the Mainz phase II data with respect to setting
a limit on the contribution of a light sterile neutrino is
underway [81].

3.3. The Troitsk Neutrino Mass Experiment. The windowless
gaseous tritium source of the Troitsk experiment [66] is
essentially a tube of 5 cm diameter filled with T

2
resulting
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Figure 10: The upgraded Mainz setup shown schematically. The outer diameter amounts to 1m, the distance from source to detector is 6m.
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in comparison with previous Mainz data from 1994 (open green
circles) as a function of the retarding energy near the endpoint
𝐸
0
and effective endpoint 𝐸

0,eff (taking into account the width
of the response function of the setup and the mean rotation-
vibration excitation energy of the electronic ground state of the
(
3HeT)+daughter molecule).

in a column density of 1017molecules/cm2. The source is
connected to the ultrahigh vacuum of theMAC-E-Filter type
spectrometer by a series a differential pumping stations (see
Figure 12).

From their first measurement in 1994 the Troitsk group
had reported for more than a decade the observation of a

small, but significant anomaly in its experimental spectra
starting a few eV below the 𝛽-endpoint 𝐸

0
. This anomaly

appeared as a sharp step of the count rate [65]. Because of
the integrating property of theMAC-E-Filter, this step should
correspond to a narrow line in the primary spectrum with
a relative intensity of about 10−10 of the total decay rate. In
1998, the Troitsk group claimed that the position of this line
was oscillating with a frequency of 0.5 years between 5 eV and
15 eV below 𝐸

0
[66]. By 2000 the anomaly no longer followed

the 0.5 year periodicity, but still existed in most data sets.
The reason for such an anomaly with these features was not
clear but gave rise to many speculations. In presence of this
problem, the Troitsk experiment corrected for this anomaly
by fitting an additional line to the 𝛽-spectrum run-by-run.

In 2011 the Troitsk group repeated the analysis of their
data [67]. Special care was taken for calculating the time-
dependent column density of the windowless tritium source
and applying these values to the analysis. Secondly the data
were very carefully selected with regard to data quality and
stability of the experiment. Thus a time and intensity varying
anomaly was not any more needed to describe the Troitsk 𝛽-
spectra. Combining all the selected Troitsk data from 1994 to
2004 gave [67]

𝑚
2
(𝜈
𝑒
) = (−0.67 ± 1.89 ± 1.68) eV2 (45)

fromwhich using the Feldman-Cousinmethod [80] an upper
limit can be deduced

𝑚(𝜈
𝑒
) < 2.05 eV (95% C.L.) . (46)

3.4. Cryobolometers. Due to the complicated electronic
structure of 187Re and its 𝛽-decay (compare to Section 2)
the advantage of the 7 times lower endpoint energy 𝐸

0
of

187Re with respect to tritium can only be exploited if the
𝛽-spectrometer measures the entire released energy, except
that of the neutrino.This situation requires a 𝛽-spectrometer,
which at the same time contains the 𝛽-electron emitting
187Re.The advantage of this approach is that many systematic
uncertainties—like the electronic final state spectrum, energy
losses by inelastic scattering, and so forth—drop out in first
order, since all released energy except that of the neutrino
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Figure 12:TheTroitskNeutrinoMass Experiment: vacuumvessel ofMAC-E-Filter (1) and ofwindowless gaseous tritium source (2), retarding
electrodes (3, 4), ground electrode (5), superconducting solenoids (6–9), warm solenoid (10), LN

2
shield (11), Si(Li) detector (12), emergency
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(19). (Reprinted with permission from [67], Copyright (2011) by the American Physical Society).
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Figure 13: Principle scheme of a cryobolometer for direct neutrino
mass measurements consisting of a 𝛽-emitting crystal, which serves
at the same time as the particle and energy absorber. The electric
read-out wires of the thermometer link the whole bolometer to a
thermal bath.

is measured in the same way and summed up automatically
(we assume that all deexcitation processes are faster than the
integration time of a detector signal).

To reach the required energy resolution such a source =
detector arrangement can be ideally realized by a cryobolome-
ter (see Figure 13) [23]. The energy release Δ𝑊 by the 𝛽-
decay results in a temperature rise Δ𝑇 of the crystal. This
temperature increase can be measured by the thermometer,
if Δ𝑇 is large enough. The temperature rise Δ𝑇 depends on
the energy release Δ𝑊 and on the heat capacity 𝐶

Δ𝑇 =
Δ𝑊

𝐶
. (47)

In order to obtain a large temperature increase Δ𝑇 in the
presence of a very small energy release Δ𝑊 (it should be
noted, that the sensitivity on the neutrino mass requires a
very low endpoint energy 𝐸

0
), the heat capacity 𝐶 has to be

extremely small. The first measure is using tiny cryobolome-
ters of typical masses of O(1)mg. Secondly, the temperature
of the cryobolometer has to be as low as possible. The Debye
model states that the phonon part of the heat capacitance of a
crystal consisting of𝑁 atoms scales with the third power on
temperature in units of the Debye temperature Θ

𝐷

𝐶 =
12𝜋
4

5
⋅ 𝑁 ⋅ 𝑘

𝐵
⋅ (

𝑇

Θ
𝐷

)

3

. (48)

There is a second reason why the crystals should be
small: The cryobolometer is not an integral spectrometer like
the MAC-E-Filter but measures always the entire spectrum.
Therefore pileup of two random events may pollute the
endpoint region of a 𝛽-decay on which the neutrino mass is
imprinted. The pileup rate of a detector of random rate 𝑁̇tot
requiring aminimal time interval to distinguish two events of
𝛿𝑡 amounts to 𝑁̇2tot𝛿𝑡. With a half-life 4.3 ⋅1010 y and a natural
abundance of 62.6% the specific activity of pure rhenium
amounts to about 1 Bqmg−1. The rise time 𝛿𝑡 typically
scales with the mass of the cryobolometers. Rise times of
cryobolometers with temperature read-out of O(1)mg mass
are typically in the O(100) 𝜇s range (new cryobolometer
approaches like Metallic Magnetic Calorimeters (MMC) as
discussed in Section 5.4 could be much faster). Therefore
cryobolometer detectors with mg masses are required to
suppress pileup by 4 or more orders of magnitude. This has
to be compared to the fraction of the 𝛽-spectrum which
contains the information on the neutrino mass. Even for
the lowest known endpoint energy of 187Re with 𝐸

0
=

2.47 keV, the relative fraction of 187Re 𝛽-decay events in the
last eV below 𝐸

0
is of order 10−11 only (compare to Figure 3).

Therefore arrays of many bolometers are required to reach a
high sensitivity on the neutrino mass.

Another technical challenge is the energy resolution of
the cryobolometers. Although cryogenic bolometers with an
energy resolution of a few eV have been produced with other
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Figure 14: (a):The residuals of the theoretically expected 187Re𝛽-spectrum that has been fitted to the data collected by theMANUexperiment
exhibit effects of a 𝛽-environmental fine structure (BEFS)modulationmost clearly visible at low electron energies (Reprinted with permission
from [82], Copyright (2000) by the American Physical Society). (b): Kurie plot of the experimental 187Re 𝛽-spectrum obtained by theMiBeta
collaboration (reprinted with permission from [83], Copyright (2006) by the American Physical Society).

absorbers, this resolution has not yet been achieved with
rhenium.

3.5. 187Re𝛽-Decay Experiments. Two groups have started the
field of 187Re 𝛽-decay experiments at Milan (MiBeta) and
Genoa (MANU): The MANU experiment used a single
metallic rhenium crystal of about 1.6mg as absorber read
out by a neutron transmutation doped (NTD) germanium
thermistor [82]. Sensor and absorber were connected using
epoxy glue and were suspended by aluminum wires used
for readout of the device. These lines also provided the
thermal link to a heat bath cooled down to temperatures
below 100mK using a 3He-4He dilution refrigerator. At a
detector threshold of 350 eV, an event rate of about 1.1
counts per second was observed with this absorber. The rise
time of this early detector was of the order of 1ms with a
decay time of the signals of several tens of ms. This clearly
limits the amount of activity allowed per absorber crystal, in
order to avoid pileup problems. The energy resolution of the
detector was determined to be 96 eV FWHM.While themain
objective of the initial measurement was a determination of
the endpoint energy and the half life of 187Re 𝛽-decay, an
interesting side effect was the first observation of the so-called
𝛽-environmental fine structure (BEFS) in pure rhenium [82].
This fine structure is caused by an interference of the out-
going direct wave of the beta-electron with incoming waves
reflected by the neighboring atoms and leads to a modulation
of the shape of the 𝛽-spectrum that is most pronounced
at low electron energies. (see Figure 14(a)). This effect is of
concern to future calorimetric neutrino mass experiments,
as it produces difficulties to calculate distortions of the 187Re
𝛽-spectrum which will become important for experiments
aiming at a sensitivities in the sub-eV region [83]. The effect
was later also observed in the MiBeta experiment [84], albeit
with a different characteristic due to the use of a different

absorber material. In the subsequent analysis the data taken
byMANU set an upper limit on the neutrinomass of𝑚(𝜈

𝑒
) <

26 eV/c2 at 95% CL [85].
The second pioneering 187Re 𝛽-decay experiment was

set up by the MiBeta collaboration who were working with
AgReO

4
absorbers with a mass of about 0.25–0.30mg each,

read out by silicon implanted thermistors. The group was
the first to work with an array of detectors to circumvent
the problem of the low maximum activity allowed for the
individual crystals. Their setup contained 10 detectors with
an average energy resolution of 28.5 eV FWHM [84]. The
rise times of the detector signals were of the order 0.5ms.
Figure 14(b) shows a Kurie plot of the accumulated spectrum
obtained during one year of data taking. The analysis of the
spectrum near the endpoint resulted in an upper limit on the
electron neutrino mass of𝑚(𝜈

𝑒
) < 15 eV at 90% CL.

4. The KATRIN Experiment

The Karlsruhe Tritium Neutrino (KATRIN) experiment is a
next-generation direct neutrino mass experiment which is
currently under construction by a large international collab-
oration with groups from Lawrence Berkeley National Labo-
ratory (LBNL), Bonn University, Fulda University of Applied
Sciences, Max-Planck-Institute for Nuclear Physics Heidel-
berg (MPIK), Karlsruhe Institute of Technology (KIT),Mainz
University, Massachusetts Institute of Technology (MIT),
Münster University, University of North Carolina at Chapel
Hill, Academy of Sciences of the Czech Republic, University
of Santa Barbara, University of Washington (UW) Seattle,
Swansea University and Institute for Nuclear Research (INR)
Troitsk, with associated groups from Aarhus University,
University College London (UCL), and Federal University
of Paraná. The experiment is housed at Tritium Laboratory
Karlsruhe (TLK) at KIT’s Campus North site. KATRIN has
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Figure 15: Schematic view of the complete 70m long KATRIN setup. (a) Windowless Gaseous Tritium Source (WGTS). (b) Transport
section consisting of a differential (DPS2-F) and a cryogenic (CPS) pumping section. (c) Prespectrometer: prefilter of 𝛽-spectrum. (d) Main
spectrometer: energy analysis of 𝛽-electrons. (e) Detector: position-sensitive detection of transmitted electrons [72].

been designed to substantially increase the sensitivity of the
Mainz and Troitsk forerunners, while employing the same
general spectroscopic principles. It will push the MAC-E-
filter technology and tritium process technology, as well as
many other methods, to their technological limits to press
forward into the sub-eV sensitivity regime of the averaged
electron (anti)neutrino mass𝑚(𝜈

𝑒
).

4.1. Introduction. KATRIN has been designed to improve
the 𝑚(𝜈

𝑒
) sensitivity by a factor of 10 from the present

value of 2 eV to 200meV at 90% C.L. This increase in
sensitivity by one order of magnitude will allow covering
almost the entire region of quasi-degenerate neutrino masses
(nuclear and particle physics motivation) and to directly
probe the neutrino hot dark matter fraction in the universe
down to a contribution ΩHDM ≈ 0.01 of the total matter-
energy budget of the universe (cosmological motivation)
[86]. As the experimental observable in 𝛽-decay is the square
of the averaged electron (anti)neutrino mass 𝑚2(𝜈

𝑒
), this

requires an improvement of the experimental precision in
𝛽-spectroscopy by two orders of magnitude as compared to
Mainz and Troitsk. This in turn requires significant, major
improvements to key experimental parameters such as source
activity, energy resolution, and background rate. In addition,
it requires a much better control of systematic effects (by one
order of magnitude).The systematic effects mainly arise from
parameters related to the tritium source such as fluctuations
of the source temperature or the injection pressure or source
composition (such as different hydrogen isotopologues or
ions), but other systematics such as fluctuations of the retard-
ing potential have to be limited to very small values as well.

Extensive design work by the KATRIN Collaboration
reported in [72] has revealed that the key statistical param-
eters to reach a neutrino mass sensitivity of 200meV are
an increase of the source strength by a factor of 100 and
of the measurement time by a factor of 10. The required
energy resolution Δ𝐸 is less critical, as the information on
the neutrino mass is derived from an energy interval which
typically extends to about 30 eV below the endpoint, so that
an improvement by about a factor of four to a value of
Δ𝐸 = 0.93 eV at KATRIN is sufficient. On the other hand, the
background rate close to the endpoint has to be limited to a
very low value of <10−2 cps (counts per second) to achieve the
design sensitivity. This is identical to the background value
obtained at the Mainz and Troitsk experiments, so that novel

background reduction mechanisms have to be developed for
the much larger KATRIN spectrometer section.

The 70m long KATRIN setup has been designed along
these general criteria (see Figure 15). The experimental con-
figuration can be grouped into the following major compo-
nents: (a) the Windowless Gaseous Tritium Source (WGTS),
where 1011 electrons are produced per second by the 𝛽-decay
of molecular high-purity tritium gas at a temperature of 30K,
(b) an electron transport and tritium elimination section,
comprising an active differential pumping (DPS) followed by
a passive cryo-pumping section (CPS), where the tritiumflow
is reduced by more than 14 orders of magnitude (c) the elec-
trostatic prespectrometer of MAC-E-Filter type, which offers
the option to prefilter the low-energy part of the tritium 𝛽-
decay spectrum, (d) the large electrostatic main spectrometer
of MAC-E-Filter type which represents the precision energy
filter for electrons and which is, with its dimensions of 10m
diameter and 24m length, the largest UHV recipient in the
world (not shown here are its inner electrode system and
its outer air coil system) and (e) a segmented Si-PIN diode
array to count the transmitted electrons. The experiment is
completed by a rear section which allows to control and
monitor key source-related parameters as well as the monitor
spectrometer for redundant monitoring of the retarding
potential. Finally, there are extensive infrastructure facilities.

The unique properties of the gaseous molecular tritium
source (high activity and stability) and of the large main
spectrometer (ppm precision of the retarding high voltage)
allow KATRIN to extent its physics reach from its main
goal of measuring the neutrino mass in the sub-eV range
to look for contributions by possible sterile neutrinos from
the sub-eV up to the multi-keV range. The sensitivity of
KATRIN for (sub-)eV sterile neutrinos, as suggested by [87–
90] is expected to be very high [91–93]. Interestingly, a high
precision search of Warm Dark Matter in form of keV sterile
neutrinos looks very attractive, as a heavy sterile neutrino
would manifest itself as a tiny kink and subsequent spectral
distortion deep in the 𝛽-spectrum further away from the
endpoint. Finally, KATRIN will allow performing stringent
tests of other physics issues beyond the Standard Model such
as large extra dimensions [94], right handed currents [33] and
Lorentz violation [95].

4.2. kassiopeia: A Full Monte Carlo Simulation Software for
KATRIN. The main principles of the MAC-E filter and its
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application in the KATRIN experiment can be understood
analytically via the adiabatic approximation. However, in
order to understand the behavior of electrons not only in
perfect vacuum and beyond the assumption of adiabatic
motion, a precise and fast computational tool is required.
Over the past years theKATRINCollaboration has developed
the universal code package kassiopeia [96], which is based
on the ground-laying work described in [97, 98]. The soft-
ware package includes various particle generators for signal
electrons as well as background processes.

kassiopeia comprises a number of modules for the
creation of particles, the calculation of their subsequent
trajectories in electromagnetic fields, and the detection of
particles in Si-based detectors. To do so, kassiopeia provides
a detailed WGTS model, a number of electric and magnetic
field calculation methods and different methods for the
calculation of particle trajectories. The particle detection
module includes backscattering of electrons on the detector
surface and a comprehensive number of physical phenomena
of low-energy electrons in silicon [99].

At KATRIN very large dimensions of the order of
tens of meters (main spectrometer) concur with very small
dimensions of the order of 𝜇m (e.g., wire electrode). This
fact constitutes the biggest challenge for the electromagnetic
field calculation, that cannot be handled adequately by
commercial programs. A fast and precise field calculation is
achieved by a variety of field calculation methods, ranging
fromvery fast axisymmetric field calculations [97, 98], to fully
three-dimensional field calculation methods [100] based on
the boundary element methods which is most suitable for
large dimensional differences.

The particle trajectory calculations are based on explicit
Runge-Kutta methods described in [101–103] and include
physical processes like synchrotron radiation and elastic,
electronic excitation and ionization collisions of electrons
with molecular hydrogen [104–106].

The detailed tritium source model allows to simulate the
actual neutrino mass measurement with high precision. The
source model includes, among other things, the final state
distribution of tritium [35, 36], the Doppler broadening, and
scattering in the source [107, 108].

kassiopeia was successfully used to study background
processes [109] and transmission properties of the spectrom-
eter [110], to optimize the electromagnetic design of the
spectrometer section and to study systematic effects related
to the source section of KATRIN [108].

4.3. Source and Transport Section. The tritium source-related
parts of KATRIN comprise theWindowless Gaseous Tritium
Source (WGTS), the Differential (DPS) and Cryogenic (CPS)
Pumping Sections, as well as the Calibration and Monitoring
System (CMS) at the rear end. The main tasks of these
elements are to (a) control and monitor the tritium column
density in the source tube to a precision of better than 10−3
and (b) reduce the tritium partial pressure from the source
inlet to the entrance into the spectrometers by more than 14
orders of magnitude, while at the same time transporting the
𝛽-decay electrons adiabatically towards the spectrometers.

The extensive tritium infrastructure required for the
continuous operation of the KATRIN tritium source is
provided by Tritium Laboratory Karlsruhe (TLK), which
has developed key technologies for experiments involving
large amounts of tritium since the early 1990s. As of today,
TLK has an amount 24 g of tritium on-site and holds a
license for up to 40 g. Tritium process technology at TLK is
based on closed tritium cycles with their central elements of
tritium storage, isotope recovery and separation, and tritium
retention, among others. The yearly throughput of 10 kg of
high purity tritium in the KATRIN source will be equivalent
to the ITER operation in the late 2020s [111]. The KATRIN
tritium cycle is subdivided into two closed loops, with an
Inner Loop being optimized for a highly stabilized injection
pressure into the WGTS, and an Outer Loop designed to
maintain a high tritium purity by withdrawing a small
tritium fraction (<1%) for clean-up and isotope separation
(the amount withdrawn is reinjected to the Inner Loop after
purification).

4.3.1. Gas Dynamics of the WGTS. The geometry of the
tritium source of KATRIN is defined by a cylindrical stainless
steel beam tube of 90mm diameter and 10m length, which
is housed inside the WGTS cryostat. At the center of the
beam tube, high purity molecular tritium gas is injected
via capillaries with an inlet pressure of about 10−3mbar. At
both ends of the beam tube the injected flow is pumped
out by large turbomolecular pumps (TMP). The isotopic
composition of the injected hydrogen isotopologues (T

2
, D,

H
2
, HT, DT, HD), with T

2
dominating by a large factor, is

constantly being monitored by Laser Raman spectroscopy. In
this windowless geometry the systematic effects for electrons
close to the 18.6 keV end point of tritium 𝛽-decay are mini-
mized, allowing to adiabatically transport electrons out of the
source by a homogeneous magnetic field of 𝐵 = 3.6T. This
field is provided by a system of three large superconducting
solenoids surrounding the beam tube.The operating temper-
ature of the beam tube is in the 27–30K temperature range
to minimize the tritium throughput through the beam tube
as well as the contribution of thermal Doppler broadening of
electron energies due to the molecular motion. Finally, this
temperature regime also mitigates systematic effects due to
clustering and condensation of hydrogen isotopologues.

Over the past years, a detailed 2D/3D model of the gas
dynamical characteristics of the tritium source has been
developed, which is much more detailed than the initial
1D model described in [72], where perfect temperature
homogeneity and isotropy of the source was assumed. The
new gas dynamical model of the source has been used to
derive precise values for the integral WGTS column density
and its radial variation and the pressure distribution along
the beam tube [112]. The stability of the column density,
which is of the order of 5 ⋅ 1017 T

2
-molecules/cm2, plays a

central role in the sensitivity of KATRIN, as it impacts not
only the statistical accuracy of the measurement, but also
defines the energy losses of the 𝛽-decay electrons inside the
source due to inelastic scattering [113]. An important aspect
in the detailed modelling of the source characteristics is the
fact that the gas rarefaction parameter along the tube varies
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from the strong hydrodynamic regime at the injection point
to free molecular flow at the beginning of the differential
pumping chambers. Accordingly, a significant part of the
beam tube exhibits values in the intermediate regime, where
the phenomenological intermediate conductance formula of
Knudsen is applied [114].

4.3.2. The WGTS Cryostat and Associated Control and Mon-
itoring Systems. Initial estimates in [72] have revealed that
a stabilisation of the column density on the 0.1% level is
required to obtain a neutrino mass sensitivity of 200meV.
This translates into a stabilisation of the inlet pressure and
the beam tube temperature on the same level, which certainly
is a major technological challenge, given the macroscopic
WGTS beam tube dimensions. A stable gas feed into the
WGTS is achieved by injecting high-purity tritium gas from
a pressure controlled buffer vessel over a 5m long tritium
capillary with constant conductance, while pumping out
the gas at both ends of the beam tube with large TMPs.
To fulfil the requirements on temperature stability, a novel
beam tube cooling system based on a 2-phase boiling fluid
has been designed and tested successfully (a two phase
system, when used as a cooling method, has the well-known
distinct advantage that it can absorb heat without changing
its temperature). The choice of neon as cooling fluid has
the advantage that it coexists in two phases at temperatures
around 30K formoderate pressures in the range from 1–3 bar.

In combination with the requirements of adiabatic elec-
tron transport and safe tritium throughput in a closed loop
system, the required stability of the tritium columndensity on
the 10−3 level has resulted in a technical design of a complex
cryostat (see Figure 16) with a length of 16.1m and a weight
of 27 tons [115] and a cryogenic system comprising 13 fluid
circuits where 6 cryogenic fluids are processed. The cryostat
also houses an extensive array of more than 500 sensors
(magnetic field, pressure, gas flow, liquid levels, voltage taps)
as part of a dedicated measurement and control system. The
precision temperature readings of the sensor array will later
on be used as input tomodelminute fluctuations of the actual
source characteristics over typical time scales of about 1min.

In order to test the advanced cryogenic technologies
required for the cooling of the beam tube, a large-scale test
unit, the WGTS demonstrator, was built. This 10m long
(1 : 1 scale) unit makes use of many original components
which will be used later on in the final WGTS cryostat. In
2011 extensive measurements with the WGTS demonstrator
were performed at TLK targeted at a proof-of-principle and
optimization of the beam tube cooling system. To obtain a
precise measurement of the beam tube temperature, an array
of 24 metallic resistance temperature sensors (Pt500) were
distributed along the beam tube. The sensors feature a sub-
mK resolution and, via calibration with sensors measuring
the saturation pressure of neon [116], an uncertainty for the
absolute temperature of 4mK only. During the measure-
ments, a peak to peak variation of Δ𝑇 = 3mK over a time
period of 4 h at 𝑇 = 30K was obtained, which is one order of
magnitude better than required [107, 116]. This result offers
the potential to substantially reduce the systematic errors

from the tritium source during the long-termmeasurements.
At present, the WGTS demonstrator is being reassembled
to the final WGTS cryostat. These extensive works will be
completed by the end of 2014.

A dedicated Laser Raman (LARA) system, based on
inelastic Raman scattering [117] of photons from gas
molecules, is connected to the inner tritium loop and allows
for inline and near time monitoring of the gas composition.
The different tritiated gas species (T

2
, DT, HT) have to be

distinguished not only because of their different properties
in the gas dynamical calculations, but also due to their
slightly different endpoint energies as well as rotational and
vibrational final states. Test measurements with a Raman
cell suitable for operation with tritium [118, 119] show that a
precision of Δ prec(𝜖T2)/𝜖T2 = 0.1% for T

2
monitoring can be

achieved in measurement intervals of <250 s under KATRIN
operating conditions [120, 121]. With an optimized setup, the
acquisition time recently has been reduced to 60 s only.

4.3.3. Calibration and Monitoring System Upstream of the
WGTS. To monitor the stability of the tritium activity and
of the column density of the windowless gaseous tritium
source, the rear side of theWGTS is connected to a calibration
and monitoring system. An angular-selective electron gun
is used to measure the energy loss function of the electrons
due to inelastic scattering in the WGTS and to monitor the
integral column density at different source radii. This novel
UV-laser-based e-gun is based on the photoelectric effect
producing monoenergetic electrons with stable intensity and
with a well-defined starting angle 𝜃 with respect to the
magnetic 𝐵⃗-field [122–125]. Secondly this electron source will
be used to determine the transmission function of the main
spectrometer and the response function of the whole setup
with high precision.

The calibration and monitoring system has another very
important task related to the source operation. The 𝛽-
electrons will be guided from the source to the spectrometer
and mapped onto the detector within a magnetic flux tube of
191 T cm2. The guiding by superconducting solenoids implies
a tight transverse confinement by the Lorentz force to all
charged particles. This includes the 1011 daughter ions per
second, which emerge from 𝛽-decay in the source tube,
as well as the 1012 electron-ion pairs per second produced
therein by the 𝛽-electron-flux through ionization of T

2

molecules. The strong magnetic field of 3.6 T within the
source is confining this plasma strictly in the transverse
direction so that charged particles cannot diffuse to the
conducting wall of the source tube where they would get
neutralized [126].The charges within the windowless gaseous
tritium source will thus be neutralized by a gold-plated
crystalline rear wall which is part of the calibration and
monitoring system, andonwhich allmagnetic field lines from
the windowless gaseous tritium source end. Accordingly, the
high longitudinal conductance of the plasma will define and
also stabilise the electric potential within the tritium source.

Finally, the source activity will be monitored by 𝛽-
induced X-ray spectroscopy (BIXS), where the potential-
defining rear wall acts as an X-ray converter. An encapsulated
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Figure 16: Schematic view of the 16m long WGTS cryostat. The inlet shows the beam tube with the two phase liquid neon cooling system.

X-ray detector positioned behind the rear wall will monitor
the source activity by recording the X-ray intensity, while
the fluorescence lines from the surrounding structures would
allow an inline calibration of the setup.

4.3.4. Tritium Retention Techniques. Since the spectrometer
section must be essentially tritium-free for background rea-
sons (see next chapter), the tritium flow along the beam
line must be reduced from its initial value at the injection
point of 1.8mbar⋅l/s to a level of 10−14mbar⋅l/s at the entry
to the spectrometers. This unprecedented large suppression
factor will be achieved by a combination of differential and
cyrogenic pumping [127–130]. While reducing the tritium
flux by 14 orders of magnitude, these sections also have to
maintain adiabatic guidance of 𝛽-decay electrons from the
WGTS to the spectrometers over a distance of more than
15m.

4.3.5. Differential Pumping Fection (DPS2-F). Differential
pumping by large TMPs is the first tritium retention tech-
nique in use at the KATRIN beam line, with the initial stages
being performed inside the WGTS cryostat by pump ports
at the rear (DPS1-R) and front (DPS1-F) section. Thus, the
DPS2-F cryostat is the second pumping unit in the forward
direction. Its scientific objectives are the following: (a) active
pumping of tritium molecules with TMPs, (b) reduction of
the tritium flow by a factor larger than 104, (c) maintaining
a stable tritium circulation in the Outer Loop, and (d)
diagnostics of the composition and suppression of ion species
from the WGTS.

The DPS2-F has been designed as a single large cryostat
of 6.96m length (see Figure 17). It was the first KATRIN
source-related component on site at KIT andwas successfully
commissioned in 2010/11 [131]. The unit features a beam line
with an Ω-shaped chicane to avoid the molecular beaming
effect, in which case gas particles would not be pumped out

Chicanery

Turbomolecular
pump (TMP)

Figure 17: Schematic view of the 6.96m long DPS2-F cryostat. The
beam tube guiding the 𝛽-decay electrons features a chicane to avoid
themolecular beaming effect. At the four pumpports large TMPs are
installed for differential pumping. The beam tube instrumentation
includes FT-ICR units and through-shaped electrodes for ion
diagnostics and suppression.

due to the alignment between gas particle momenta and
beam tube axis. The cascaded differential pumping system
consists of four large TMPs mounted on pump ducts, which
minimize the effect of thermal radiation from the TMPs
operated at room temperature to the beam tube kept at 77 K,
while also limiting TMP rotor heating due to induced eddy-
currents [132]. During the commissioning measurements a
retention factor for tritium (based on measurements for
other hydrogen-like and noble gas species) of ≈2.5 × 104
was obtained, demonstrating the excellent tritium retention
characteristics of differential pumping already at room tem-
perature [127].
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Figure 18: Schematic view of the seven beam tube elements of the
CPS. The inner surface of the cryopump elements is covered with
argon snow to capture the remaining tritium molecules.

The DPS2-F beam tube instrumentation is used for diag-
nostics and suppression of ions which result from ionization
processes of primary 𝛽-decay-electrons with the neutral gas
molecules of the source. As ions are guided by the field lines
(and thus are not being pumped out) they remain trapped
between a ring electrode at the end of the DPS2-F, where they
are reflected electrostatically, and the WGTS, where they are
reflected back by the gas pressure. The number density and
composition of ions will be measured on a near-time basis by
two Fourier Transform-Ion Cyclotron Resonance (FT-ICR)
devices [133], which discriminate Penning-trapped ions by
detecting differences in IonCyclotron frequencies in the 5.6 T
𝐵-field at the center of the DPS2-F solenoids. The ions stored
between theWGTS and the end of the DPS2-F are eliminated
by a system of three electrostatic dipoles by an induced 𝐸⃗× 𝐵⃗-
drift, irrespective of their mass, charge sign, or motion with
respect to the electric field, within a time period of 20ms or
less, which is much shorter than the allowed upper time limit
of 10 s for ion storage.

The magnetic flux tube of 191 T cm2 of 𝛽-decay electrons
which is used for the neutrinomass analysis is guided through
the beam tube chicane with a minimum margin of 10mm
from the walls of the inner vacuum system. The system
of 15 superconducting solenoids is cooled by liquid helium
supplied from an external Linde TCF 50 refrigerator, with
a measured DPS2-F cryogenic stand-alone time of about
eight hours [134]. Unfortunately, due to a malfunction of one
of the protective diodes of the magnet system during the
commissioningmeasurements, further tests with the DPS2-F
had to be stopped in mid-2011. At present different options to
ensure a future fail-safe operation of the differential pumping
system during long-term tritium running are being studied.

4.3.6. Cryogenic Pumping Section (CPS). The Cryogenic
Pumping Section (CPS) is the final tritium retention unit in
the KATRIN beam line, featuring a large-area cryosorption
pump based on a thin layer of argon snow frosted onto gold-
plated steel as adsorbent (see Figure 18) [135]). It is designed
for a tritium flow reduction factor of ≥3 × 107.

The 6.73m long CPS cryostat features an even more
complex beam tube design than DPS2-F with a beam tube
segmented into 7 sections, as shown in Figure 18. To prevent
residual tritium absorption onto the walls, the inner surfaces
of the beam tube elements are gold-plated.The beam tubes of
the cryopump section are tilted by an angle of 15∘ with respect
to each other and are covered by a thin argon frost layer to
enlarge the inner surface for sorption.The CPS design allows
the insertion of a Condensed 83mKr Source (CKrS) [136] for
calibration purposes, as well as a small Si-diode for source
intensity monitoring. The CPS is currently being manufac-
tured by an industrial partner in Genoa (Italy) and will be
shipped to KIT at the end of 2013. After commissioning and
initial bake-out, the CPS will regularly cycle through several
modes of operation. In a first step the beam tube elements
will be cooled to their respective operational temperature,
which is followed by the preparation of an argon frost layer.
This requires a temperature in the range of 6K to favour the
growth of small tomedium sized crystallites. After argon frost
preparation, the cryopump temperature will be lowered again
to 3K. After a data collection cycle of about 60 days, the CPS
has to be regenerated to remove the adsorbed tritium activity
of about 2 Ci by purging 100K gaseous helium through the
cryopumping segments.

By combining differential pumping by TMPs in the
DPS with cryosorption on a large-area argon frost pump
in the CPS, the number of migrating HT-molecules to the
pre- and main spectrometer is kept at a minimum. When
including all relevant tritium retention techniques, that is,
not only DPS and CPS, but also tritium interactions with
the spectrometer walls and tritium pumping by the large
nonevaporable getter (NEG) strips in the spectrometers, a
tritium partial pressure in the main spectrometer of about
10
−22mbar can be expected [131]. This ultralow level should

result in a tritium-related background rate of only 10−4 cps,
which is two orders of magnitude below the design specifi-
cation. It is only by this huge tritium reduction factor that
the KATRIN experiment can combine an ultra-luminous
windowless gaseous tritium source of 1011 𝛽-decay electrons
with a high-resolution electrostatic spectrometer operated
with an extremely low background level of 0.01 cps [137].

4.4. Spectrometer and Detector Section. In the following the
non-tritium-related parts of KATRIN will be described. First
the tandem spectrometer system performing the energy
analysis of the 𝛽-electrons is addressed and then the detector
and data acquisition system are described.

4.4.1. Overview: Prefiltering and Precision Scanning. The
spectrometer section consists of two electrostatic retarding
filters of the MAC-E-Filter type: the prespectrometer and the
main spectrometer. The prespectrometer offers the option to
act as a prefilter, reflecting all electrons with energies up to
300 eV below the endpoint, while transmitting the interesting
part of the spectrum undisturbed. All electrons transmitted
through this first stage are guided to the main spectrometer
for precise energy analysis close to the endpoint. A third
spectrometer, the monitor spectrometer, is used to monitor
precisely the high voltage of the main spectrometer.
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Figure 19: Schematic view of prespectrometer. (1) superconducting
solenoids, (2) prespectrometer vessel, (3) inner electrode system, (4)
90
∘ pump port, (5) 45∘ pump port, (6) insulator.

4.4.2. Prespectrometer. The prespectrometer has a length of
3.4mand a diameter of 1.7m.At both ends a superconducting
magnet is installed providing a magnetic field of 4.5 T at
the center of the magnet and 15.6mT in the center of the
spectrometer. As a novel electromagnetic design feature, if
compared to the Mainz and Troitsk set-ups, the tank itself
is set on high voltage. An inner electrode system consisting
of two conical full electrodes and a central cylindrical wire
electrode can be set to a different potential as the vessel.
Figure 19 shows a schematic view of the prespectrometer.

One of the prespectrometer’s major tasks has been to
serve as a prototype for advanced technologies and exper-
imental methods later applied to the much larger main
spectrometer. Many basic concepts, such as the design of
the ultra high vacuum (UHV) system and high voltage
stabilization were successfully tested at the prespectrome-
ter. Especially important was the detailed investigation of
background processes in MAC-E-filters. Two new classes
of background were identified and studied at the prespec-
trometer: background due to small Penning traps and radon
induced background [138].The knowledge gained during the
extensive measurement period at the prespectrometer has
proven to be extremely valuable for the design and operation
of the main spectrometer.

4.4.3. Main Spectrometer. The exceedingly large dimensions
of the main spectrometer are essential to operate it as an
extremely precise high-energy filter with an energy resolution
of Δ𝐸 = 0.93 eV (0%–100% transmission). This sharp
resolution requires that the stability of the retarding high
voltage is in the ppm range. The scanning voltage is varied
in steps of Δ𝑈 = 0.5–1 V around a narrow region close to the
endpoint at 𝑞𝑈 = 𝐸

0
= 18.6 keV. The highest electrostatic

potential is located in the central plane of the spectrometer,
perpendicular to the beam axis, the so-called “analyzing
plane.”

To achieve a very high energy resolution, the cyclotron
motion of the electrons, being isotropically created in the

Figure 20: Photograph of the spectrometer transport during the
final careful maneuvering through the nearby village of Leopold-
shafen inNovember 2006. Due to its size, it could not be transported
to Karlsruhe on motorways, but had to travel nearly 9000 km
through the Danube River, the Black Sea, the Mediterranean Sea,
the Atlantic Ocean, the North Sea, and the River Rhine [139].

WGTS, needs to be almost fully transformed into longi-
tudinal motion parallel to the magnetic field lines, since
only the latter is analyzed by the retarding potential (see
Section 3.2). To obtain adequate parallelization, the magnetic
field drops by four orders of magnitude from the entrance
to the center of the main spectrometer. Since the magnetic
flux Φ is conserved, the cross-section of the flux tube in the
center plane has to be four orders of magnitude larger than at
the entrance. This scaling explains the huge size of the main
spectrometer (length 𝐿 = 23.8m, diameter 𝑑 = 9.8m, surface
area 𝐴 = 650m2, and volume 𝑉 = 1450m3) (see Figure 20).

To compensate for the distorting earthmagnetic field and
to fine-tune the magnetic field inside the main spectrometer,
the vessel is surrounded by a large external air coil system
(see Figure 21). It consists of 10 horizontal current loops
and 16 vertical ones to compensate the earth magnetic
field (EMCS). Additionally, a system of 15 Helmholtz-like
coils with individually adjustable currents allows for precise
adjusting of the gradients and the overall strength of the
magnetic field (LFCS). Two arrays of magnetic field sensors,
one at fixed positions, and the other a mobile one attached
to robots [140], allow to measure and monitor precisely the
magnetic field.

The main background source of the Mainz experiment
was secondary electrons from the electrodes at high potential.
These electrons are created by cosmic muons or by environ-
mental radioactivity.The shielding effect of themagnetic field
will prohibitmost of these electrons to enter themagnetic flux
tube and thus to reach the detector. However, measurements
at Mainz [141] and Troitsk yielded a transmission rate of
10
−5–10−7 through the magnetic shielding of a MAC-E-filter.

A large shielding factor is important considering the large
surface of 650m2 of the KATRIN main spectrometer. To
suppress this kind of background, a new idea of additional
background suppression has been developed and successfully
tested at the Mainz spectrometer [142, 143] and optimized
at the prespectrometer. This technique will also be applied
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Figure 21: Photograph of air coil system surrounds the main spec-
trometer vessel. Its purpose is to compensate the earthmagnetic field
and to fine-tune the magnetic field inside the main spectrometer.
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Figure 22: Principle of electrical screening of a surface at high
voltage 𝑈 by a nearly massless wire electrode at a slightly more
negative voltage 𝑈 − Δ𝑈. Secondary electrons, which are emitted
from the surface at potential 𝑈—for example, by the interaction
of cosmic muons or 𝛾 radiation by environmental radioactivity—
will be reflected by the wire potential back to the wall, if the
kinetic energy of the secondary electrons is not sufficient to pass
the electrical potential barrier 𝑈 − Δ𝑈. If the wire electrode has
a sufficiently small cross-section, the probability that unscreened
secondary electrons emitted from the wires is small.

to the KATRIN main spectrometer: The vessel walls at high
potential will be covered by a system of nearly massless wire
electrodes, which are put to a slightly more negative potential
(see Figure 22). Secondary electrons ejected by cosmic rays or
environmental radioactivity from the vessel wall will thus be
repelled and prohibited from entering themagnetic flux tube.
To achieve a high suppression factor of 10, as demonstrated in
the Mainz experiment, the KATRIN main spectrometer has
been instrumented by a two-layerwire electrode system [144–
146] (see Figure 23).

This system consists of 248 modules of a typical size
of 2 × 1.5m2. The wires of the inner (outer) layer have a
diameter of 200𝜇m (300𝜇m) and a distance of 22 cm (15 cm)
from the surface of the spectrometer vessel. Essentially the
inner (outer) wire layer will be on a potential of −200V
(−100V) with respect to the main spectrometer vessel. The
total number of wires amounts to 23440. Stringent demands
are required for this electrode system: The two wire layers
in the central part have to be mounted with a precision of

(a)

(b)

Figure 23: Photographs of the oil- and dust-free scaffold to install
the wire electrode system in themain spectrometer (a) and view into
the main spectrometer before the last two wire electrode modules
at one of the pump ports were installed to finish the wire electrode
installation (b). Photographs: Michael Zacher.

200𝜇m to avoid distortions of the electrical potential. The
wires have to withstand baking at 350∘C. The outgassing of
the wire electrode system has to be extremely low to allow
a final residual gas pressure of 10−11mbar. The mounting
of the wire electrode system within the huge KATRIN
main spectrometer under clean-room conditions was a big
challenge on its own (see Figure 23). The installation of the
wire electrode system was successfully completed in January
2012.

In addition to the background reduction, the wire elec-
trode serves three other purposes: fine-shaping of the electric
retarding potential is achieved by applying slightly different
voltages on the different axial rings of the wire modules to
guarantee full adiabatic motion of the electrons. Reducing
fluctuations of the electric retarding potential is done by
decoupling the low-noise high-precision retarding voltage of
the inner-most wire layer from the high-voltage of the vessel,
on which electrical devices such as TMPs are mounted. The
multilayer system acts as a Faraday cage. Finally, by splitting
the wire module arrangement into an eastern and a western
half an electric dipole voltage can be applied to eject low-
energy stored particles by an induced 𝐸⃗ × 𝐵⃗ drift (see, (42)).

4.4.4. High Voltage and Monitoring Layout. The energy anal-
ysis of 𝛽-decay electrons based on the MAC-E filter principle
[70, 71] relies primarily on the stability of the electrostatic
filter potential [147, 148].The latter has been identified as one
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of the five main contributions to the KATRIN uncertainty
budget [72]. Its contribution to the systematic error of
the energy filter potential has to be restricted to Δ𝑚2 <

0.0075 eV2 in order to meet the desired level of sensitivity.
We showed earlier in (37) that any unknown fluctuation

of the retarding voltage 𝑈 with variance 𝜎2
𝑈
leads to a shift

of the squared neutrino rest mass Δ𝑚2(𝜈
𝑒
) ≈ −2 ⋅ 𝑞

2
𝜎
2

𝑈

(the electron charge 𝑞 takes care of the conversion from
voltage to energy.). This relation and the systematic error
limit given above have been taken into account in order to
define the stability requirements for theKATRINhigh voltage
monitoring system, which is 𝜎

𝑈
< 60mV [72]. At the tritium

endpoint energy 𝐸
0
= 𝑞𝑈 = −18.6 keV, this corresponds to a

relative voltage stability of Δ𝑈/𝑈 < 3.3 ⋅ 10−6, which has to be
maintained for the whole KATRIN measurement time.

Therefore KATRIN will apply two redundant monitoring
methods, one being based on two high voltage dividers with
highest possible precision, that is, 10−6 relative precision and
long-term stability for up to 35 kV [149], and the other one
being based on a monitoring beam-line which observes a
monoenergetic electron source [72]. To do so in both cases,
the low-noise retarding high voltage applied to the inner
layer of the central wire electrode modules is distributed
to the precision high voltage dividers and to the monitor
spectrometer.

Themonitor spectrometer consists of the refurbished and
upgraded MAC-E filter spectrometer of the Mainz experi-
ment (see Section 3.2) and observes an implanted 83Rb/83mKr
source [150, 151]. For the calibration source 83Rb is produced
either at the ISOLDE facility at CERN or at the cyclotrons
at Nuclear Research Institute (Rez) in the Czech Republic or
at Bonn University in Germany [152, 153]. The 83mKr decay
provides monoenergetic conversion electrons of the K shell
with an energy close to the tritium endpoint at 𝐸K-32 =

17.8 keV [154]. While applying the MAC-E filter principle as
well as the main spectrometer retarding potential, the 83mKr
source has to be elevated by about 800 eV in order to monitor
the K conversion electrons. This method relies on atomic
and nuclear physics standards and provides monitoring with
a stability at the 50meV level as required by the systematic
uncertainty limit.

Based on a self-compensating principle [155], two preci-
sion high voltage dividers have been developed in coopera-
tion with PTB Braunschweig.These HV dividers rank among
the most stable ones in the world. For voltages of up to
35 kV, they provide a long-term stability of <10−6 per month
as well as negligible temperature and voltage dependencies
[149]. The two dividers have served recently to calibrate
the ISOLDE facility at CERN [156]. The permanent voltage
monitoring with the precision voltage divider and frequent
83mKr calibrationmeasurements at themonitor spectrometer
will provide reliable and stable calibration andmonitoring for
the retarding potential of the main spectrometer over long
periods of time.

4.4.5. Focal Plane Detector. The focal plane detector is a semi-
conductor-based silicon PIN diode [157]. Its main goal is to

Guided flux
Φ = 191 T cm2

Figure 24: Schematic view of the detector. The electrons are guided
along magnetic field lines to the sensitive area of the detector,
which has a diameter of 10 cm. The inset shows a photograph of the
detector, in which the 148 pixels are visible.

detect transmitted electrons with a detection efficiency of
>90%.

The detector is subdivided into 148 pixels to achieve
good spatial resolution (see Figure 24). This is important,
as electrons passing the analyzing plane at different radii
will experience slightly different retarding potentials, due
to the radial inhomogeneity of the electric potential. To
account for this effect the detector consists of 12 con-
centric rings subdivided azimuthally into 12 pixels each.
The innermost part is composed of 4 quarter circle pixels.
This pixel arrangement allows for a precise mapping of
inhomogeneities of the retarding potential as well as of the
magnetic field. Each detector pixel measures an independent
tritium 𝛽-spectrum which has to be corrected for the actual
retarding potential and magnetic field value at the analyzing
plane.

The signal of each detector pixel is connected by pogo-
pins to a charge-sensitive pre-amplifier.The amplified signals
are digitized by FADC- and FPGA-boards [158] developed for
the Pierre Auger Observatory. The Data Acquisition System
is based on the software package ORCA (Object-oriented
Real-time Control and Acquisition), which was originally
developed at the University of Washington as a general
purpose, highly modular, object-oriented, acquisition and
control system. Since 2008 further development continues at
the University of North Carolina at Chapel Hill [159].

The detector is cooled by LN
2
. To suppress external

background, it is surrounded by low radioactivity lead shield.
Additionally an active muon veto system consisting of a
cylindrical plastic scintillator read out by wavelength shifting
fibers is installed. There is an option to use postacceleration
to increase the kinetic energy of the 𝛽-electrons to about
30 keV or above before they hit the detector. This could
help in discriminating signal from fluorescence background.
Additionally, the impact angle of the electrons relative to
the detector surface would be increased, which decreases the
probability of backscattering from the detector surface [99].

The detector is situated in a superconducting magnet
providing a magnetic field of 𝐵det = 3–6 T. The detector
magnet is adjacent to the so-called pinch magnet which
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provides the maximal magnetic field of 𝐵max = 6T of
the entire KATRIN setup. All electrons that started in the
source with an angle larger than 51

∘ will be reflected by
the pinch magnet before they reach the detector (see (40)).
This is advantageous, as electrons emitted under a large
angle perform a lot of cyclotron motion, which in turn
increases their total path length and therefore their scattering
probability and also their synchrotron losses. To exclude
those electrons, the magnetic field of the source is smaller
than the maximal field.

4.5. Signal and Sensitivity. By counting 𝛽-electrons at differ-
ent retarding potentials, KATRIN measures the integral 𝛽-
spectrum (18)

𝑁(𝑞𝑈, 𝐸
0
, 𝑚
2
(𝜈
𝑒
))

= 𝑁tot𝑡𝑈∫
𝐸0

0

𝑁̇ (𝐸, 𝐸
0
, 𝑚
2
(𝜈
𝑒
)) 𝑅 (𝐸, 𝑞𝑈) 𝑑𝐸,

(49)

which is a convolution of the response function 𝑅(𝐸, 𝑞𝑈),
incorporating the energy loss in the WGTS and the spec-
trometer transmission function, with the differential energy
spectrum 𝑁̇(𝐸, 𝐸

0
, 𝑚
2
(𝜈
𝑒
)), describing the number of decays

per second, nucleus and energy bin. In contrast to (18), here
we have explicitly stated the dependence of 𝑁̇ on the endpoint
energy 𝐸

0
and on the squared neutrino mass 𝑚2(𝜈

𝑒
). The

parameters 𝑁tot and 𝑡𝑈 denote the total number of tritium
nuclei and the measurement time at a certain retarding
potential, respectively. Assuming a constant background rate
𝑁̇
𝑏
the fit function to the measured spectrum is given by

𝑁th (𝑞𝑈, 𝑅𝑠, 𝑅𝑏, 𝐸0, 𝑚
2
(𝜈
𝑒
))

= 𝑅
𝑠
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𝑒
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𝑏
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𝑏
⋅ 𝑡
𝑈
,

(50)

where 𝑅
𝑠
and 𝑅

𝑏
are the relative fraction of signal and back-

ground. In the fit 𝑅
𝑠
, 𝑅
𝑏
, 𝐸
0
, and𝑚2(𝜈

𝑒
) are free parameters.

4.5.1. Sources of Systematic Errors. Sources of systematic
uncertainties arise from

(i) unconsidered corrections to the 𝛽-spectrum 𝑁̇(𝐸, 𝐸
0
,

𝑚
2
(𝜈
𝑒
)),

(ii) unaccounted variations of experimental parameters,
for example retarding potential 𝑈 and number of
decays𝑁tot,

(iii) an imprecise knowledge of the response function
𝑅(𝐸, 𝑞𝑈),

(iv) and a non-constant background 𝑁̇
𝑏
in time and

energy.

Most of the systematic effects are related to the tritium
source. They include energy losses of 𝛽-electrons, primarily
due to inelastic scattering in the source, fluctuations of the
column density, potential charging effects due to remaining
ions, and the accuracy of the quantum-chemical calculations
of the final state distribution of molecular tritium (see

Section 4.3). The main systematic effect related to the spec-
trometer section is the high voltage stability (see Section 4.4).

New physics effects such as right handed currents [33],
sterile neutrinos [91–93, 160], extra dimensions [94], and
so forth. also affect the shape of the tritium spectrum (see
(21)). However, the influence of these phenomena typically
becomes important only further away from the endpoint.
Another new physics contribution that might affect the
spectrum also close to the endpoint is violation of Lorentz
invariance [95].

4.5.2. Background Sources. Only a small fraction of 10−13
of the 1011 tritium decays per second in the WGTS will
produce 𝛽-electrons in the interesting energy region close
to the endpoint (1 eV below the endpoint). This leads to a
generic rather low count rate of only 10−2 cps in this energy
region. To achieve a sensitivity of 200meV (90% C.L.), the
background must be of the same order of magnitude, or
smaller. Of major concern in this context are backgrounds
which are not constant in time or energy.

The background originatesmainly from the spectrometer
section and partly from the detector. With a detector energy
resolution of the order of 1 keV, all nonsignal electrons
detected in the region-of-interest (i.e., from approximately
15 keV to 20 keV)will contribute to the background level. Pos-
sible detector background sources are electrons produced by
cosmic muons (and subsequent neutrons and gammas), high
energetic gammas of environmental radioactivity (mainly
from the thorium and uraniumdecay chains in the surround-
ing area) and decays of radionuclei in the detector material.

To reduce the backgrounds, the materials used in the
construction of the detector system were radioassayed very
thoroughly. In addition, the detector is surrounded by a
muon veto system. Finally, there is the option to use postac-
celeration to increase the energy of signal electrons up
to 30 keV, which would allow for better signal-background
discrimination. The total expected detector background is
about 10−3 cps, which has been verified in the on-going com-
missioning measurements of the focal plane detector system.

The spectrometer-related background is especially chal-
lenging since all low-energy electrons created in the spec-
trometer are accelerated to the retarding potential before
hitting the detector. Consequently, they cannot by distin-
guished from signal electrons. In Section 4.4, we have already
discussed that secondary electrons produced at the spectrom-
eter walls are prevented from entering the sensitive magnetic
flux tube by the dominant inherent magnetic shielding of
the MAC-E filter, and by subdominant electrostatic shielding
of the wire electrode system. However, secondary electrons
can also be generated inside the sensitive flux tube as a
result of ionisation processes of residual gas. Of particular
concern are electrons that are stored, either in Penning traps,
or by the inherent magnetic bottle property of the MAC-E-
configuration. These processes have been studied in the pre-
spectrometer set-up in an extended measurement program.

In [137, 138], it was shown that small Penning traps of
the size of 𝑉 < 100 cm3 can lead to background rates
easily exceeding 103 cps. Electrons being stored in Penning
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Figure 25: (a) shows the stable storage condition without external RF field, where the electron trajectory is a superposition of a fast cyclotron
motion, axial oscillation, andmuch slowermagnetron drift. (b) shows an electron trajectory in presence of an RF field with a frequency which
is tuned to the cyclotron frequency of the electron in the central part of the spectrometer.The stored electron is stochastically heated up every
time it passes the resonance region. After less than 5ms its cyclotron radius is so large that the electron hits the wall and is absorbed there.

traps produce background via messenger particles, such as
positive ions or photons, which can leave the trap and
subsequently can create secondaries in the sensitive volume.
This background has been tackled by a very precise and
careful electromagnetic design [161, 162] that avoids the
creation of Penning traps ab initio.

The simultaneous operation of two electrostatic retard-
ing spectrometers (prespectrometer and main spectrometer)
next to each other in the beam line, andwith ground potential
between them, would create a large Penning trap for electrons
[163]. Signal electrons that experience no energy loss on their
way through the spectrometers are not affected. However,
all electrons that are created between the spectrometers
with less kinetic energy than the prespectrometer retarding
energy remain trapped. A stored electron will fill the trap
in an avalanche effect by continually ionizing residual gas
molecules. Simulations have shown that a primary stored
electron together with all its secondaries may create up to 108
positive ions, which are not trapped and can freely propagate
into the main spectrometer. There, they can ionize residual
hydrogenmolecules thereby producing further electrons that
can reach the detector and contribute to the background level.

A possible countermeasure would be the installation of
a wire scanner between the spectrometers which regularly
wipes through the trap, thereby removing the stored elec-
trons and suppressing the background production [163, 164].
Another most promising option would be to operate the
prespectrometer at reduced filter energy [99, 110], even down
to zero potential. This mode would avoid the creation of
the Penning trap. Test measurements and simulations have
proven the effectiveness of both approaches.

Another major background source results from magnet-
ically stored electrons [165, 166]. At the main spectrometer,
this will cause all electrons with (transversal) energies larger
than 1 eV (i.e., larger than the width of the transmission func-
tion) to be stored. Owing to the excellent UHV conditions in
theKATRINmain spectrometer (𝑝 = 10−11mbar) the storage
times of electrons in the multi-keV-range can reach several
hours. During its cooling time, a stored electron produces
several hundred secondary electrons, which eventually leave
the spectrometer and hit the detector.Themain source of pri-
mary electrons originate from 219Rn, 220Rn [165] and tritium

decays inside the spectrometer volume. This background
source features large time fluctuations and thereby a strong
non-Poissonian characteristic.This fact has a large impact on
the neutrino mass sensitivity [166].

As a counter measure liquid nitrogen cooled baffles will
passively shield the spectrometer volume from 219Rn, which
is mainly emanating from the large NEG pumps [165]. The
tritium decay rate inside the main spectrometer volume
can be reduced by the option to use the prespectrometer
as an additional tritium pump. Finally, a number of active
background reduction techniques, which are targeted at
removing the stored electrons, have been successfully inves-
tigated experimentally and via extensive MC simulations.
A method based on stochastic heating with an RF field by
the well known technique of Electron Cyclotron Resonance
(ECR) [167] and amethod based on nulling themagnetic field
by magnetic pulsing [164] seem most promising. Figure 25
shows the strong background-reducing effect of a very short
RF-pulse fed into the main spectrometer on magnetically
stored electrons as calculated by kassiopeia (even for very
moderate RF-amplitudes). These short RF-pulses would
empty all stored particles with negligible duty-cycle.

4.5.3. NeutrinoMass Sensitivity of KATRIN. For the reference
setup of the KATRIN experiment, the quadratic sum of all
known systematic uncertainties is expected to be 𝜎sys,tot ≤
0.017 eV2. After three “full beam” years of measurement time
the statistical error is about as small as the systematic error.
This yields a total error of 𝜎tot = 0.025 eV

2. Figure 26 shows
the discovery potential of KATRINas a function of beam time
for different neutrino masses. Accordingly, a neutrino mass
of 𝑚
𝜈
= 350meV would be seen with 5𝜎 significance. The

figure also shows the 90% C.L. upper limit as a function of
measurement time in case that no neutrino mass signal is
seen. In this case, an upper limit of 𝑚

𝜈
≤ 200meV can be

stated at 90%C.L after three full beamyears ofmeasurements.

4.6. Status and Outlook. The commissioning of the KATRIN
beam line elements is progressing well. On one side, the
multifaceted technical hurdles are challenging, causing the
commissioning of the overall setup to take longer than
originally planned. On the other side, the excellent results
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Figure 26: (a) Discovery potential of KATRIN as function of time for different neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic effects during the
long-term measurements with the final configuration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the verification of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ𝑇/𝑇 of≈10−4
was achieved by using two-phase neon fluid as cooling agent.
This is one order ofmagnitude better than specified. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ𝑝/𝑝 of ≈10−4, this opens up the possibility of
reduced systematic errors from column density fluctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the final
WGTS cryostat.The finalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in the field of large-
scale tritium retention. After the successful commissioning
of the DPS2-F cryostat, first tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental flow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. This concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe differential pumping section. The manufacture of
the cryopump CPS is well under way with assembly works
expected to be finished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

The main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. These measurements will be focused first on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identification of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive software developments for simulation
and analysis tools are in an advanced state and the software
packages are continually being refined and extended.

After integration of all source-related and spectrometer-
related components, the first runs in the final KATRIN
configuration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E filter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic field. The aim is
to extract a 𝛽-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium 𝛽-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4).Themain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of
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Figure 27: Schematic view of the experimental layout to measure coherent cyclotron radiation from tritium decay electrons (reprinted with
permission from [170], Copyright (2009) by the American Physical Society).

using large arrays of small detectors to avoid pileup in the
individual calorimeter crystals.

Another approach has been proposed by Jerkins and
coworkers [168] who suggest to perform a full kinematic
reconstruction of the decays of trapped tritium atoms. This
idea, however, seems to be hampered by conceptual difficul-
ties [169].

5.1. Project 8. Project 8 is a new effort tomeasure the neutrino
mass lead by groups from MIT, University of California,
Santa Barbara and University of Washington. The idea is
to use technology from KATRIN’s gaseous tritium source
combined with a sensitive array of microwave antennae to
extract energy spectra of tritium decay electrons from the
coherent cyclotron radiation emitted by individual electrons
in a magnetic field (see Figure 27). In such a setup, electrons
will follow a circular or spiral path with a cyclotron frequency
𝜔 of

𝜔 =
𝜔
0

𝛾
=

𝑞𝐵

𝑚 + 𝐸
, (51)

where𝐸 is the kinetic energy of the electron,𝐵 is themagnetic
field of the source, 𝑞 is the electron charge, 𝑚 is the electron
mass, 𝜔

0
is the unshifted cyclotron frequency, and 𝛾 is the

Lorentz factor. The total power emitted by each electron
depends on its relative velocity 𝛽 and the pitch angle 𝜃
between the direction of movement and the magnetic field
vector

𝑃 (𝛽, 𝜃) =
1

4𝜋𝜖
0

2𝑞
2
𝑤
2

0

3𝑐

𝛽
2sin2 (𝜃)
1 − 𝛽2

. (52)

With a suitable set of source parameters, the power of
the cyclotron radiation emitted will be large enough to be
detected, but not large enough to rapidly change the electron’s
momentum and will therefore allow to reconstruct its kinetic
energy. The energy resolution Δ𝐸 of the method depends on

the relative uncertainty with which the cyclotron frequency
can be determined, which in turn depends on the observation
time for an individual decay electron.

Monreal and Formaggio [170] discuss a reference design
with a 1 Tmagnetic field strength. In this design𝑓

0
= 𝜔
0
/2𝜋 ≈

27GHz for decay electrons near the endpoint energy 𝐸
0
=

18575 eV. For a resolution of Δ𝐸 = 1 eV we therefore require
a relative uncertainty Δ𝑓/𝑓 = Δ𝐸/𝑚 = 2 ⋅ 10

−6 and,
via the Nyquist theorem, a minimum observation time of
𝑡min = 2/Δ𝑓 ≈ 38 𝜇s. This observation time determines the
necessary mean free path of decay electrons in the source
before they undergo inelastic scattering from T

2
molecules

and therefore places constraints on the density of the source.
In the reference design the required free path length is given
by 𝑡min𝛽𝑐 ≈ 3000m corresponding to a maximum T

2
density

of 𝜌max = (𝑡min𝛽𝑐𝜎𝑖)
−1
≈ 1.1 ⋅ 10

12
/cm3 with a total cross-

section 𝜎
𝑖
≈ 3 ⋅ 10

−18 cm2 for inelastic scattering of electrons
near the endpoint energy from molecular tritium.

Given the long pathlength required for the electrons to
achieve the necessary observation time, it becomes clear
that the decay electrons need to be trapped within an
instrumented volume to realize the actual experiment. This
can be achieved using the magnetic mirror effect, where the
𝐵-field of the source volume is increased by some amount
at both ends of the apparatus. The ratio between the field
strength in the source volume to that at the edges then
determines the minimum pitch angle 𝜃min of the stored
electrons. Only storing electrons with pitch angles above
𝜃min has the added benefit that they are also emitting higher
signal powers via the dependence of equation 53 on 𝜃. For
stored electrons the emitted signal powers are in the 10−15W
region while the authors of [170] estimate the thermal noise
contribution of suitable amplifiers for the signal detection to
be of the order 10−17W. Incoherent noise from non-endpoint
and/or low-pitch beta electrons is expected to contribute
about 10−24W/Bq in the signal region which would allow
a tritium activity of the source of the order 108–109 Bq. Of
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Figure 28: Simulated frequency spectrum of 105 tritium decays observed within a 30 𝜇s interval in a 10m long source with a field of 1 T. The
inset shows the triplet of lines produced by a high energy electron (reprinted with permission from [170], Copyright (2009) by the American
Physical Society).

course these estimates also depend on how efficient an actual
antenna configuration could collect the signal power emitted
by the electrons.

The correct reconstruction of electron energies from the
detected cyclotron radiation is complicated by the Doppler
shift the signals experience due to the motion of the electrons
parallel to the magnetic field lines. Two different antenna
configurations are proposed to remedy this problem. In the
first case, two antennae are placed on axis at both ends of
the source volume (see endcap antennae on Figure 27).While
one of the antennae will detect a blue-shifted signal due to
the parallel velocity component of the electron towards it, the
other will detect the red-shifted version of the same signal.
Combining these signals, the unshifted electron energy can
then be reconstructed.

The second configuration discussed consists of arrays of
evenly spaced microwave antennae oriented transverse to
the magnetic field. Passing electrons will induce signals that
sweep from blue shift to red shift in the individual antennae.
When these signals are summed up with an appropriate
choice of delay lines, the unshifted cyclotron frequency
should sum coherently, while the contributions fromDoppler
shifts sum incoherently and should thus be suppressed. The
resulting output will then appear at the unshifted frequency
𝜔 with an amplitude modulated due to the periodically
varying response function of the antennae along the array.
Thismodulation gives rise to two sideband peaks in the signal
that can help to discriminate a real high energy electron signal
from background signals caused for example by sidebands
from lower energy signals.

A simulation performed byMonreal and Formaggio [170]
for 105 tritium decays observed within a 30 𝜇s interval is
shown in Figure 28. As discussed above, signals of high
energy electrons show up as triplets of lines in the lower

part of the frequency spectrum. Because this region is also
populated by sideband signals from lower energy electrons,
the coincident detection of at least two of the three lines
is required to confidently identify an endpoint electron.
Extending this requirement to all three lines for the positive
identification of a high energy electron, a total source strength
of ca. 109 Bq can be allowed to keep background from
accidental coincidences on an acceptable level.

The proposed technique presents very different system-
atic errors than those present in MAC-E filter experiments
like KATRIN. Advantages are the ability to correct for
fluctuations of the source density, as the complete spectrum
is monitored by the experiment. The absence of an electro-
staticspectrometer should enable a more scalable experiment
as the energy resolution is not limited by the size of a
MAC-E filter, but by the observation time for individual
electrons and ultimately by the irreducible energy spread
due to the excitation of rotational and vibrational final states
of the daughter molecule emerging from the tritium decay.
On the other hand, care has to be taken to eliminate the
effects of Doppler shifts that alter the frequency picked up
by the microwave antennae. Inhomogeneities in the 𝐵-field
are a source of line broadening, while drifts of the magnetic
field will shift the overall spectrum. Electron-T

2
scattering

and signal pileup will limit the allowed source density and
therefore influence the achievable signal rate in the important
endpoint region of the spectrum.

To verify the ability to detect the cyclotron emission
of individual electrons and to investigate the achievable
resolution, a test experiment [171] is currently being set up at
the University of Washington. In the setup, a small magnetic
bottle within a 1 T superconductionmagnet is used to capture
17.8 keV conversion electrons from a 83mKr source. Different
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(a) (b)

Figure 29: (a) AgReO
4
crystals glued to a 6 × 6 pixel XRS thermistor array. (b) View of the 6 × 6 array with readout lines (images courtesy of

Nucciotti [177]).

antenna designs will be tested in an attempt to observe the
cyclotron emission from these electrons.

5.2. MARE. The “Microcalorimeter Arrays for a Rhenium
Experiment” (MARE) collaboration is working to further
the development of sensitivemicrocalorimeters to investigate
187Re 𝛽-decay. The current activities in the MARE collabo-
ration are organized in two phases [172]: in MARE-1 several
groups are working on alternativemicrocalorimeter concepts
which will be tested by setting up neutrino mass experiments
with sensitivities in the order of a few eV. Besides the selection
of the most sensitive detector technology, this phase will
also be used to investigate the use of the EC decay of
163Ho as an alternative to the study of rhenium 𝛽-decay to
determine the neutrino mass [173] (see also Section 5.3). The
consideration of 163Howas triggered by persisting difficulties
with superconductingmetallic rhenium absorbers coupled to
the sensors [174]. Thermalization of the energy deposited in
𝛽-decays seems to be hindered by the excitation of long lived
states in the rhenium absorber. The nature of these states can
presently only be speculated upon [175]. After selecting the
most successful technique, a full scale experiment with sub-
eV sensitivity to the neutrino mass will then be set up in
MARE phase 2.

The technical developments generally aim at two main
goals: first to improve the energy resolution of the detectors
and secondly to shorten the response time of the signals in
order to reduce pileup problems. The various groups in the
MARE collaboration work on different techniques to achieve
these goals.

Groups from University Milano-Bicocca, NASA/GSFC,
and Wisconsin are working together to develop arrays of
silicon implanted thermistors coupled to AgReO

4
absorbers

[176] (see Figure 29). The experiment that is currently being
set up can accommodate up to eight 36 pixel arrays with
0.5mg AgReO

4
absorbers of 0.27 Bq activity each. The

absorber crystals used are cut in a regular shape of 600 ×
600 × 250 𝜇m3 from large single crystals and are glued
to the thermistors with an intermediate layer of thin pure
silicon spacers. For readout of the thermistors a cold buffer
stage using JFETs at 120K is installed as close as possible

to the sensors, followed by a main amplifier stage at room
temperature. With this system, it is possible to achieve an
energy and time resolutions of 25 eV and 250𝜇s, respectively
[174]. After a first test run with 10 AgReO

4
crystals on one

array and two Sn absorbers on a second array to investigate
the environmental background near the rhenium endpoint,
a 187Re 𝛽-decay measurement with 72 channels should start
and provide a sensitivity of 4.5 eV at 90% C.L. within three
years running time [174]. With all 8 arrays instrumented a
sensitivity of 3.3 eV at 90% C.L. would be reached with 7 ⋅ 109
rhenium decays.

Besides their work on thermistors with AgReO
4
absor-

bers, the group fromMilano-Bicocca is also investigating the
use of Microwave Kinetic Inductance Detectors (MKIDs) for
measurements of 163Ho EC decays. These devices are super-
conducting resonators in the 1–10GHz region that exploit
the temperature dependence of superconducting films. An
advantage with these sensors is the easy readout of a few
thousand detectors using frequency multiplexing techniques
[178].

The University of Genoa is working together with groups
from University of Miami and University Lisbon/ITN on
the development of Transition Edge Sensors (TES) coupled
to metallic rhenium absorber crystals [179]. TES sensors
exploit the sharp rise of resistance with temperature of
a superconductor operated at the phase transition from
normal to superconducting behaviour. This allows for a very
sensitive detector compared to conventional semiconductor
thermistors, but has the drawback of being less stable in
operation and having a lower saturation energy. The sensors
are based on a Ir-Au bi-layer configured in a double S-shape.
Thenormal resistance of the circuit is 2Ω and by adjusting the
layer thickness, the transition temperature is brought to ca.
80mK. The superconducting layer is deposited on a silicon
substrate onto which, on the other side, a superconducting
rhenium absorber of 200–300mg is glued (see Figure 30).
Two Al-Si wires are used for readout of the TES and for
connection to a heat bath cooled by a dilution refrigerator.
With this design an energy resolution of 11 eV FWHM and
a rise time of 160 𝜇s have been achieved [179]. Their planned
phase 1 experimentwill accommodate 300 TES detectorswith
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about 0.25 Bq activity per element, which would allow a
sensitivity on the neutrino mass of 2 eV with three years
worth of data taking. As an alternative to rhenium the group
at Genoa is also working on the development of TES sensors
with 163Ho loaded absorbers.

At the University of Heidelberg, work is ongoing on the
development of so-called Metallic Magnetic Calorimeters
(MMC) [180]. In contrast to TES sensors or thermistors
that exploit the change of resistivity of the sensors with
temperature, these detectors are measuring the change in
magnetization of a paramagnetic material. Promising results
have been obtained with gold absorbers, where resolutions
down to 2 eV FWHM and signal rise times of about 90 ns
have been achieved for soft X-rays around 6 keV energy [181].
The resolution with rhenium absorbers, however, was found
to be 44 eV FWHM at signal rise times below 10 𝜇s. The use
of MMC detectors with holmium implanted absorbers pro-
duced more encouraging results and led to the formation of
the ECHO collaboration to further investigate this technique
(see Section 5.4).

All these activities should finally lead to a selection of
the most suitable technique for a rhenium or holmium based
large-scale neutrinomass experiment with sub-eV sensitivity.
According to [172], a staged approach, where a total of five
10
4 detector arrays is deployed one per year, would, after 10

years running time, enable a statistical sensitivity better than
0.25 eV. One has to keep in mind however that effects like
the beta-environmental fine structure (see Section 3.5) are
difficult to estimate and have to be investigated in parallel to
the technical developments within the next years.

5.3. Electron Capture on 163Ho. A promising alternative to
𝛽-decay measurements is the study of electron capture (EC)
decays of 163Ho to measure the neutrino mass. The decay
process considered is

163Ho+ + 𝑒− 󳨀→163 Dy∗
𝑖
+ 𝜈
𝑒
󳨀→
163 Dy + 𝐸

𝑖
+ 𝜈
𝑒
. (53)

The deexcitation spectrum of the intermediate state 163Dy∗
𝑖

is given by a series of lines at energies 𝐸
𝑖
which correspond

to the dissipated binding energy of the electron hole in the
final atom. The 𝑄-value of the reaction is given by the mass
difference of mother and daughter nucleus in the ground

state. Like the electron energy spectrum in 𝛽-decay s this
spectrum depends on the square of the neutrino mass [182]
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(54)

The measured calorimetric energy 𝐸
𝐶

when the source
is embedded in a microcalorimeter contains the complete
deexcitation energy of the daughter atom that is dispersed in
the form of electrons and X-rays. The atomic levels involved
are described by Breit-Wigner resonances with finite widths
Γ
𝑖
. Additionally, 𝑛

𝑖
is the fraction of occupancy of the 𝑖th

atomic shell, 𝐶
𝑖
is the nuclear shape factor, 𝛽

𝑖
is the squared

Coulomb amplitude of the electron radial wave function at
the origin of the electron radial wave function and 𝐵

𝑖
is an

atomic correction for electron exchange and overlap.The use
of 163Ho is favored due to its very low𝑄-Value in the range of
2.3 keV to 2.8 keV [182]. Due to the low𝑄-value and selection
rules only electrons from the 𝑀

1
, 𝑀
2
, 𝑁
1
, 𝑁
2
, 𝑂
1
, 𝑂
2
, and

𝑃
1
shells can be captured and the spectrum is expected to

have the shape shown in Figure 31(a), with the influence of
the neutrino mass most pronounced near the endpoint as
shown in Figure 31(b). The count rate in the endpoint region
strongly drops with increasing distance between the closest
atomic level and the 𝑄-value of the reaction. At the same
time the amount of activity that can be allowed in a single
calorimetric detector has to be limited in order to reduce the
unresolvable pileup of signals which otherwise distorts the
measured spectrum. In order to gather the required statistics
to reach sub-eV sensitivity with this method it is therefore
necessary to operate large numbers of small detectors in
parallel.

In contrast to the calorimetric method described above,
the first measurements applying 163Ho EC decay to constrain
the neutrino mass actually made use either of X-rays emitted
after the decay [183] or of inner Bremsstrahlung photons
created in the process of radiative electron capture [46].
Studying X-rays emitted after the EC decay allows one to
determine the ratios of capture rates from the 𝑀 and 𝑁
shells as well as the absolute𝑀 capture rates, from which the
neutrino mass can be reconstructed. Applying this method,
Yasumi et al. obtained an upper limit on the electron neutrino
mass of𝑚(𝜈

𝑒
) < 490 eV at 68% C.L. [48]. On the other hand,

Springer et al. made use of the inner Bremsstrahlung method
to obtain an upper limit of𝑚(𝜈

𝑒
) < 225 eV at 95% C.L. [47].

First measurements of the calorimetric 163Ho EC spec-
trum [184–186] have not yet achieved sufficient sensitivity to
improve on the above mentioned limits due to limitations in
energy resolution and statistics of the measurements. A very
recent measurement of the calorimetric deexcitation spec-
trum using Metallic Magnetic Calorimeters (see Section 5.4)
reached a high energy resolution of 12 eV FWHM [175], but
was hampered by a background of EC decays from 144Pm that
contaminated the detector during the 163Ho implantation
process.
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Figure 31: Deexcitation spectrum of 163Ho for 𝑄 = 2.5 keV (a). (b) shows a zoom into the endpoint region of the spectrum with the effect of
a 0.5 eV neutrino mass indicated by the red dashed line (reprinted from [182], Copyright 2011, with permission from Elsevier).
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Figure 32: (a) Schematic view of a microstructured MMC type detector. (b) Dependence of the sensor agnetization on the inverse sensor
temperature (figures courtesy of Gastaldo [188]).

5.4. ECHO. Groups from Heidelberg University and MPIK,
the Saha institute, ISOLDE/CERN, and the Petersburg
Nuclear Physics institute are working on the development
of the Electron Capture 163Ho experiment ECHO [175],
that is based on micro-structured MMC detectors [187]. In
these detectors, the temperature change following an energy
absorption is measured by the change of magnetization of a
paramagnetic sensor material (Au : Er) sitting in an external
magnetic field.

The MMC detectors developed by the Heidelberg group
consist of pairs of superconducting meander shaped Nb
pickup coils covered with planar Au : Er sensors (see
Figure 32(a)). To produce amagnetic field in the sensormate-
rial, a persistent current is injected into the superconducting
loop formed by the two meanders. A temperature rise in
one of the sensors leads to a decrease in magnetization of
the material (see Figure 32(b)) and consequently to a small

current 𝛿𝐼 through the input coil of a SQUID circuit con-
nected for readout in parallel to the meander coils. The sen-
sors, which are operated at temperatures below 100mK, are
coupled via thermalization leads to the heat-sink areas on the
chip that act as a thermal bath. Absorbermaterials containing
radioisotopes can be coupled to the Au : Er sensor areas.
Energy deposited in the absorber due to a radioactive decay
is thermalized and causes a temperature pulse in the sensor.

For Holmium EC decay measurements the relatively
short half-life of the isotope of about 4570 years makes it
possible to work with 163Ho implanted gold absorbers that
are deposited onto the Au : Er sensors. In a measurement
with a prototype detector [175], this technique enabled an
energy resolution of 12 eV (FWHM) and fast rise times of
the signals of about 90 ns. Figure 33 shows the calorimetric
spectrum obtained in that measurement from which a 𝑄-
value of (2.80 ± 0.08) keV has been extracted. This is not
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compatible with the recommended value from atomic mass
measurements of 𝑄 = (2.555 ± 0.016) keV [189], but agrees
with other calorimetric measurements [186]. The reasons
for this discrepancy are suspected to be uncertainties in
the theoretical parameters required to extract the 𝑄-value
(namely the square of the electron wavefunction at the
nucleus and exchange and overlap corrections as well as the
width of the peaks Γ

𝑖
). Clearly more investigations are needed

to resolve this discrepancy, as the 𝑄-value is crucial for the
interpretation of future neutrino mass experiments based on
Holmium EC decay.

Besides the single pixel performance, where work is
ongoing to further improve the energy resolution into the
Δ𝐸 < 3 eV range, the use of MMC detectors in a neutrino
mass experiment requires parallel operation and readout
of a large number of detector pixels in order to gather
the necessary statistics. The ECHO team proposes to read
out arrays of MMC detector pixels using frequency domain
multiplexing techniques in the microwave region. For this
purpose the SQUIDs of the individual detector pixels are
coupled to superconducting resonators, each operating at a
characteristic frequency between 4 and 8GHz and connected
to a single readout line.

In order to set up a competitive neutrinomass experiment
based on the EC decay of 163Ho, efforts are made to improve
on the experimental and theoretical aspects of the method.
Precision mass measurements using high resolution Penning
traps [25] should enable a determination of the 𝑄-value
of the decay with eV accuracy. Alternative methods are
tested to produce a high purity 163Ho source, as EC decays
of 144Pm, that was implanted together with the Holmium
ions, contributed the largest background to the present

measurement. An improved description of the atomic physics
aspects of the decay will be worked on to obtain a more
accurate shape of the 163Ho calorimetric spectrum. The aim
of the these efforts of the ECHO collaboration is to set up a
first neutrinomass experimentwith sufficiently large detector
arrays (≤1000 sensors) to reach a sensitivity on the electron
neutrino mass in the few eV range. If this is successful, a
large-scale experiment with up to 105 detectors can then be
deployed to reach sub-eV sensitivity.

6. Conclusion

Direct neutrino mass measurements only rely on kinematic
variables in 𝛽-decay (as well as energy-momentum conser-
vation) to deduce the average electron neutrino mass 𝑚2(𝜈

𝑒
)

in a model-independent way. The experimental observable
𝑚
2
(𝜈
𝑒
) in 𝛽-decay (or EC) is formed by the incoherent sum

of the neutrino mass eigenstates 𝑚(𝜈
𝑖
), resulting in a tiny

spectral modification in a narrow region close to 𝐸
0
, where

the emitted neutrino is still nonrelativistic. Experimental
challenges in 𝛽-spectroscopy are thus related to obtaining
excellent statistics close to the 𝛽-decay endpoint, favoring 𝛽-
emitters with a very short half-life such as tritium and a low
endpoint energy such as 187Re, tritium and the EC isotope
163Ho, as well as to maintaining a very small background rate
a 𝐸
0
.The latter is a nontrivial issue, given that direct neutrino

mass experiments are performed at the surface of the earth,
where they are exposed to the full flux of cosmic rays.
Finally, an excellent energy resolution with precisely known
characteristics as well as an excellent control of systematic
effects is mandatory. These requirements have resulted in the
development of two generic experimental techniques.

On the one side, there is the calorimetric approach, where
the 𝛽-emitter is embedded into or identical to the detector,
usually operated as a microcalorimeter (absorber materials
include AgReO

4
crystals or 163Ho implanted gold absorbers).

This method allows to measure the entire decay energy;
however, the entire 𝛽-spectrum has to be recorded. This
calls for the operation of large arrays of microcalorimeters
to circumvent potential pulse pileup effects due to the rather
slow signal read-out of bolometers. The main focus in this
field is thus targeted at developing new read-out schemes to
improve the energy resolution (down to a few eV) while at
the same time improving signal read-out times (down to a
few 𝜇s).

Over the past years, substantial progress has been made
by several groups (MARE, ECHO) with regard to improved
read-out methods, which now include silicon implanted
thermistors, transition edge sensors (TES) and microwave
kinetic inductance detectors (MKID). These methods are
complemented by metallic magnetic calorimeters (MMC),
which measure the change in magnetization. The field is
characterized by a rapid progress in this area, so that themost
important decision with regard to a future microcalorimeter
arraywith sub-eV sensitivity will be to select themost suitable
read-out technique for high-precision spectroscopy of the 𝛽-
decay of 187Re or the EC-process of 163Ho.The big advantage
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here is the possibility to follow a staged approach by continu-
ously enlarging and upgrading the microcalorimeter array in
operation.

On the other side,there is the spectrometer approach,
where the 𝛽-emitter and the energy analysis of 𝛽-decay elec-
trons close to the endpoint by a spectrometer are separated.
This approach has been refined by a long list of tritium
𝛽-experiments. Over the past two decades the Mainz and
Troitsk experiments have pioneered the so-called MAC-E-
filter technique, where 𝛽-decay electrons from a gaseous
or quench-condensed source are adiabatically guided to an
electrostatic retarding spectrometer for energy analysis in an
integral mode. This technique allows to combine a source of
high intensity with a spectrometer of high energy resolution
to perform superior 𝛽-spectroscopy. This technique has
improved the neutrino mass sensitivity to the present value
of 2 eV.

The successor to theMainz and Troitsk experiments is the
large-scale KATRIN project, which is currently being assem-
bled by an international collaboration at KIT.The experiment
will combine a gaseous molecular tritium source of highest
intensity and stability with a very large electrostatic retarding
spectrometer of unprecedented energy resolution to improve
the experimental sensitivity by one order of magnitude to
200meV (90% C.L.). This sensitivity is the benchmark for
the entire field and will allow investigating almost the entire
parameter space of quasi-degenerated neutrino masses.

Over the past years, extensive R&D work and test mea-
surements by KATRIN groups have resulted in substantial
improvements of the performance of key components (e.g.,
with regard to source stability and HV stability). Moreover,
a variety of novel background reduction techniques in the
electrostatic spectrometers have been implemented success-
fully, offering the potential of measurements almost free of
background. An important tool in doing so has been the
kassiopeia code, which allows field calculations and particle
tracking with unprecedented precision and speed. The long-
term scanning of the tritium spectrum will prospectively
start at the end of 2015 with first KATRIN sub-eV results
shortly thereafter. At present the experiment is investigating
its physics reach in the search for sterile neutrinos from the
sub-eV up to the multi-keV mass regime, as well as for other
physics beyond the Standard Model.

A novel ansatz in 𝛽-spectroscopy is finally pursued by
the Project 8 collaboration through developing methods to
detect the coherent cyclotron radiation emitted by individual
𝛽-decay electrons from a gaseous tritium source by a sensitive
array of microwave antennae. The project is also developing
other methods to detect this radiation and thus still in the
early stages of R&D work.

The challenges in further improving the precision in 𝛽-
spectroscopy to ultimately push the neutrinomass sensitivity
to the lowest possible value are formidable indeed, but
major advances have already been made in diverse areas
such as tritium process control, cryo-technology, ultra high
vacuum methods, precision high voltage, precision electron
spectroscopy as well as bolometer read-out technology, and
detector and electronics technology in general. Over the

next 5–10 years, we can thus expect high-quality and high-
precision neutrinomass results from the large-scale KATRIN
experiment, as well as from other promising techniques,
which are exploited in the framework of the MARE, ECHO,
and Project 8 collaborations.

In conclusion,wewould like to emphasize that it is only by
comparing high-precision results from direct neutrino mass
measurements with searches for neutrinoless double 𝛽-decay
and cosmological studies that we can obtain the complete
picture of neutrino masses to fully assess the unique role of
neutrinos in particle physics and in cosmology.
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Neutrino geophysics is an emerging interdisciplinary field with the potential to map the
abundances and distribution of radiogenic heat sources in the continental crust and deep Earth.
To date, data from two different experiments quantify the amount of Th and U in the Earth and
begin to put constraints on radiogenic power in the Earth available for driving mantle convection
and plate tectonics. New improved detectors are under construction or in planning stages. Critical
testing of compositional models of the Earth requires integrating geoneutrino and geological
observations. Such tests will lead to significant constraints on the absolute and relative abundances
of U and Th in the continents. High radioactivity in continental crust puts limits on land-based
observatories’ capacity to resolve mantle models with current detection methods. Multiple-site
measurement in oceanic areas away from continental crust and nuclear reactors offers the best
potential to extract mantle information. Geophysics would benefit from directional detection and
the detectability of electron antineutrinos from potassium decay.

1. Introduction

In the simplest view, the Earth formed hot and has been cooling since [1]. The initial hot state
4.5 billion years agowas a result of gravitational energy of accretion and global differentiation
largely released as heat. As a first-order estimate, the gravitational energy GM2/R released
by accumulating the Earth of massM and radius R from spatially dispersed building blocks
is enough to increase the temperature by tens of thousands of Kelvin [2] if entirely converted
to heat. Further heat is released upon differentiation and gravitational segregation of the
metallic core from the overlying silicate shell and possibly also provided by short-lived
radioactivity. Compared tomelting temperatures of silicates andmetal thatmake up the Earth
(�2000K), these observations suggest an early period of large-scale melting.

In 1862, William Thomson, future Lord Kelvin, communicated his now famous
estimate of Earth’s age [3]. Assuming conductive cooling of an initially molten Earth, and
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Table 1: Terminology used in the paper.

BSE Bulk silicate Earth
CC Continental crust
CL Confidence level
CMB Core-mantle boundary
DM Depleted mantle
HPE Heat producing elements
LLSVPs Large low shear-wave velocity provinces
MORB Mid-ocean ridge basalt
TNU Terrestrial neutrino unit
ULVZs Ultra-low velocity zones

using best existing estimates of rock melting temperature, subsurface temperature gradient,
and thermal conductivity, he arrived at age of 98My, allowing for a span between 20 and
400My. Kelvin later downgraded his estimate to 20–40My [4]. (More on the interesting
subject of Earth’s age determination in [5, 6].) We now understand the reasons why Kelvin’s
calculation underestimated the age of the Earth by two orders of magnitude: an internal
source of heat is provided by long-lived radioactivity [7] and, more importantly, thermal
diffusion is not the primary process of controlling heat loss from the Earth’s interior [8].

Constraining Earth’s thermal history is a major task of geophysics. It requires
knowledge of the present-day thermal state, the energy sources available for the planet,
and the processes that operate over time. Uncertainties remain, even if great progress
has been made, especially in the last several decades since the acceptance of the plate
tectonics paradigm in the 1970s [9]. The progress was made possible thanks to advances
in geophysical observations, chemical analyses of rock samples, laboratory experiments on
Earth constituents, and understanding of Earth’s internal dynamics based on theoretical
arguments and numerical modeling. Current understanding of Earth’s thermal evolution
appreciates the dominant role of advective transport of heat by large-scale convection in large
part of Earth’s interior. Knowledge of present-day thermal state is limited by uncertainties in
abundances of heat-producing elements (HPEs; Table 1 explains abbreviations used in this
paper), long-lived radioactive isotopes of U, Th, and K. Distribution of the HPEs within the
Earth volume must be known as well.

Geoscience is a broadly interdisciplinary field and now embraces particle physics
experiments. The first detection of weakly interacting neutrinos—in fact, nuclear reactor-
generated antineutrinos—by Reines and Cowan’s research team was confirmed in 1956 [10].
Counting electron antineutrinos generated in β-decays of HPEs in Earth’s interior can provide
direct information about the deep-seated radioactivity, not obtainable by any other means.
Measurement of Earth’s internal radioactivity by terrestrial neutrino detection was first
proposed by Eder [11], and the idea was further developed by Marx and coworkers [12–14].
Krauss et al. [15] presented a comprehensive overview of antineutrino geophysics, including
emission predictions based on a geological model and discussion of possible detection
mechanisms. Raghavan et al. [16] and Rothschild et al. [17] were the first to examine the
potential of KamLAND and Borexino detectors for geoneutrino measurement. Experimental
efforts resulted in the first geoneutrino detections by KamLAND [18, 19] and Borexino [20],
which begin to answer relevant geophysical questions. New geoneutrino detectors are being
developed: SNO+ [21] is scheduled to go online in 2013, and several other experiments with
geoneutrino detection capabilities have been proposed.
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Neutrino physics gains momentum in the geophysical community. Kobayashi and
Fukao’s 1991 paper [22] marks the first geoneutrino publication in a specialized geophysical
journal. Meetings with specific focus on neutrino geophysics took place at University of
Hawaii in 2005 [23] and 2007 [24], at SNOLAB in 2008 [25], in Gran Sasso in 2010 [26], and
in Deadwood, South Dakota in 2011 [27]. A special session on geoneutrinos was convened at
American Geophysical Union 2006 Joint Assembly [28]. Proceedings from the 2005 meeting
were collectively published in Volume 99 of Earth, Moon, and Planets (Neutrino Geophysics,
Proceedings of Neutrino Sciences 2005, http://link.springer.com/journal/11038/99/1/) and
reprinted in a book format [29]. Geoneutrino physics is a subject of Master’s [30] and Ph.D.
[31] theses, as well as outreach and popular articles aimed at broader scientific community
[32–35].

In this paper we focus on the use of neutrinos for geology. Other aspects of neutrino
research are covered by other papers throughout this comprehensive issue. Recent review
articles on geoneutrinos include Enomoto et al. [36], Fiorentini et al. [37], Dye [38], and Dye
[39]. Parts of this paper closely follow the presentation of Dye [39]. The structure of this paper
is as follows. We first present the “state of the Earth” in Section 2 and discuss the geophysical
motivation for geoneutrino studies. We then review the relevant details of geoneutrino
production (Section 3) and oscillation (Section 4), introduce calculation of geoneutrino
flux (Section 5), discuss geoneutrino detection (Section 6) and detectors (Section 7), show
predictions of geoneutrino flux (Section 8), review geoneutrino observations (Section 9), and
discuss future prospects (Section 10).

2. Geophysical Questions Driving Geoneutrino Research

Seismic observation combined with gravity data and geochemical inputs inform us about
the architecture of the Earth. The first-order internal structure has been known, at least
qualitatively, since the 1930s by which time the main domains of the differentiated Earth
were identified: the inner core, the outer core, the mantle, and the crust, as shown in Figure 1.
The mantle and the crust constitute the silicate Earth, the core is mostly metallic iron.

The rate at which the Earth loses heat is a balance between the secular cooling
of the Earth and the radiogenic heat production, which is the only significant heat
source. Understanding the relative contributions is important for understanding the Earth’s
dynamics and evolution over time. The most recent assessment of the present-day energy
budget is provided by Mareschal et al. [40]. Detailed discussion of Earth’s thermal history
can be found in reviews by Jaupart et al. [41], Korenaga [42], and Lay et al. [43].

The Earth’s heat loss can be estimated from heat flow measurements supplemented
with geophysical modeling in oceanic areas [41, 44–47]. In the latest analysis of surface heat
flux, J. H. Davies and D. R. Davies [47] used ∼38000 heat flow measurements and geological
data. Heat flow on young sea floor is described by half-space cooling model [48] to account
for hydrothermal circulation near oceanic spreading centers, which provides advective heat
transport mechanism in addition to measurable conducted heat. J. H. Davies and D. R. Davies
[47] arrive at total heat loss of 47 ± 2TW, where 16 TW is lost from the continents and
31TW from oceans. The analysis of Jaupart et al. [41] reports 46 ± 3TW, with 14 TW lost
over continental regions. The recent proposition of much lower oceanic heat loss [49] seems
untenable [50, 51]. While the heat loss estimates are robust, it has been suggested that present-
day heat loss is below the long-term average due to recent slowdown in oceanic spreading
rates [52].
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Figure 1: Schematic of Earth’s internal structure. Adapted from http://tinyurl.com/lblgeonu.

A significant part of heat flux over continents comes from radiogenic heat produced
in the continental crust (CC) of average thickness ∼40 km. The high abundances of HPEs are
a consequence of CC formation that involves repeated melting, a fractionation process which
concentrates the so-called incompatible elements (including U, Th, and K) in the melt phase.
Generally the crustal concentrations of HPEs are the highest near the surface and decrease
downwards by a factor of ten to its base [53]. As we discuss later, this has implications
for geoneutrino studies where the signal at continental measurement sites is dominated by
locally produced crustal geoneutrinos. The radiogenic heat production in the CC is estimated
from crustal compositional models and heat flux analysis and adds to ∼8TW of power [40].
The crustal heat source does not fuel convection in the Earth’s mantle and can be subtracted
from the total heat loss (∼47TW) to obtain a mantle heat flow of ∼39TW.

Heat supplied by the core to the mantle across the core-mantle boundary (CMB)
provides basal heating for mantle convection. In addition to secular cooling of the core, the
CMB heat flux includes contributions from the latent heat of crystallization and from the
gravitational energy release as the solid inner core grows (the possibility of core radiogenic
heating will be discussed shortly) [43]. Estimates of CMB heat flow are largely based on
scaling analyses of compositionally driven convection in the molten outer core and are tightly
linked to age and evolution of the inner core and the operation of the geodynamo. The
uncertainty on the CMB heat flow, with values estimated in the range of 5–15 TW, is large
[40, 43, 54].

Rock samples available for direct chemical analysis only come from shallow depths of
100 to 200 km at most. Composition of the uppermost mantle can be inferred from analyses
of basalts erupted at midoceanic ridges (i.e., MORBs). Estimation of HPE abundances and
distribution in the remainder of Earth interior has to be deduced indirectly. Main points to
consider are (i) with how much HPEs did the Earth accrete, (ii) what was the fate of these
elements during core formation, a global differentiation (and chemical fractionation) process,
and (iii) how did the distribution of HPEs evolve after core formation was completed until
present day, especially in the silicate part of the Earth.
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Table 2:Abundance estimates of U, Th, and K in BSE and DM. Uncertainties are included where available.

U (ppb) Th (ppb) K (ppm) Th/U K/U Power
(TW) Reference

Bulk silicate Earth (BSE)
Collisional erosion model

10 38 120 3.8 12000 9.6 O’Neill and Palme [62]
Based on enstatite chondrites

13.5 41.7 385 3.1 28500 15 Javoy [63]
12.1 49.2 146 3.5 12000 11 Javoy et al. [64]†

Based on terrestrial rocks and C1 carbonaceous chondrite ratios of RLE abundances

20.8 79.0 264 3.8 12700 20 Hart and Zindler [58]
20.3 ± 20% 79.5 ± 15% 240 ± 20% 3.9 11800 20 ± 4 McDonough and Sun [55]
21.8 ± 15% 83.4 ± 15% 260 ± 15% 3.8 11900 21 ± 3 Palme and O’Neill [59]
17.3 ± 3.0 62.6 ± 10.7 190 ± 40 3.6 11000 16 ± 3 Lyubetskaya and Korenaga [61]
20 ± 4 80 ± 12 280 ± 60 4.0 13800 20 ± 4 Arevalo et al. [60]

Based on energetics of mantle convection (“conventional” scaling)
31 124 310 4.0 10000 30 Turcotte and Schubert [65]

Depleted mantle (DM)—MORB source

3.2 ± 0.5 7.9 ± 1.1 50 2.5 15600 2.8 ± 0.4∗ Workman and Hart [66]
4.7 ± 30% 13.7 ± 30% 60 ± 28% 2.9 12800 4.1 ± 1.2∗ Salters and Stracke [67]
8 ± 20% 22 ± 20% 152 ± 20% 2.8 19000 7.5 ± 1.5∗ Arevalo and McDonough [68]

†Model of Javoy et al. [64] is constructed following Javoy’s recipe as described in [69]. ∗Calculation of radiogenic power for
DM estimates assumes that the entire mantle has DM composition.

The first issue is usually addressed by relating the Earth composition in some way to
chemical abundances measured in primitive meteorites. One approach consists of using the
available rock samples from the crust and shallow mantle to infer the original composition
of the primitive (or primordial) mantle prior to crust formation. An additional constraint
imposes that the ratios of so-called refractory lithophile elements (RLE) match those of C1
carbonaceous chondrites, the most primitive chondrites whose composition best matches the
solar photosphere. The lithophile elements (according to Goldschmidt’s classification) are
those excluded from the metallic core because during differentiation these elements partition
effectively into the silicates and not the sulfides nor metals. The term refractory signifies a
high temperature of condensation from the solar nebula. The actual model RLE abundances
are ∼2.75 times larger relative to the C1 chondrites [55]. Both U and Th are RLEs. Potassium
is also lithophile but moderately volatile during accretion, which makes the K abundance
estimate particularly difficult. Indeed, the K/U abundance ratio of the Earth is estimated to
be some eight times less than that in C1 chondritic meteorites [56]. The affinity of U, Th, and K
for silicate phase argues for no radiogenic heat production in the core [57]. HPE abundances
in the bulk silicate Earth (BSE, i.e., mantle + crust combined) for several estimates from this
class of models are shown in Table 2. The typical radiogenic heat production from these
models is ∼20TW in the BSE [55, 58–60], even though a somewhat lower power (∼17TW)
was recently proposed [61]. We call this class of estimates “geochemical” BSE models.

An alternative meteorite-based approach toward estimation of bulk Earth composition
appreciates the isotopic similarity of enstatite chondrites with terrestrial samples and
uses the chondritic abundances at face value [63, 64]. Javoy et al. [64] argue for a BSE
composition that produces a mere ∼11 TW of radiogenic power (Table 2). We call these
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models “cosmochemical” estimates. Other models exist that yield similarly low abundance
of the heat producing elements. O’Neill and Palme [62] recently proposed a model whereby
the early developed Earth crust, enriched in highly incompatible elements (e.g., U, Th, and K)
was stripped off by collisional erosion, which resulted inmarked depletions of these elements
from the bulk silicate Earth. Consequently, the O’Neill and Palme model has a bulk silicate
Earth that contains as little as 10 ppb U, 38 ppb Th and 120 ppm K. In terms of absolute
concentration, this is comparable to the Javoy et al. model.

Geodynamical modeling of mantle dynamics provides a different type of constraints
on the radiogenic power. Mantle radioactivity is an important energy source that contributes
to the power that drives the solid-state convection in the mantle. Tremendous progress
has been made over the last fifty years in theoretical understanding as well as numerical
modeling of thermal convection in planetary interiors [70, 71]. An important class of Earth’s
thermal evolution models consider the simple energy balance, where the net heat loss out
of the mantle has to reflect a combination of mantle cooling and heat production. The
dynamical link between the mantle internal temperature and the heat loss comes from the
relation between the vigor of convection and the heat flux. This is known as the Nusselt
number-Rayleigh number (Nu-Ra) scaling, which refers to the characteristic dimensionless
quantities in convective heat transfer problems. In these so-called parameterized thermal
evolution models, the mantle temperature and heat loss can be traced back in time starting
from present-day initial conditions. In principle, a smaller power of radiogenic heat sources
requires a larger temperature increase (backward in time) in order to account for a given
heat flux. Classical parameterized models call for a significant fraction, ∼60–80 percent, of
present-day mantle heat loss to come from radiogenic heating (this is often referred to
as a requirement on the mantle Urey ratio being 0.6–0.8) in order to avoid unrealistically
high mantle temperature in Earth’s history, in conflict with early rock record [65, 70, 72].
This translates to �23 TW of mantle radiogenic power or �30TW in BSE as required by a
“geodynamical” model (Table 2) and is at odds with the geochemical BSE estimates.

It must be pointed out that our high Urey number geodynamical BSE estimate is
based on a simple Nu-Ra scaling of the “conventional” parameterized convection models.
Another way to avoid the Archean thermal catastrophe is to assume a different scaling law
with a weaker coupling between the heat loss and mantle temperature (first suggested by
Christensen [73]). A specific mechanism for the modification of the scaling law in early Earth
has been proposed [74] (see also [75]). Other solutions invoke the specifics of the Earth-like
convection which are not accounted for in the simple scaling [41, 76–80]. These alternative
thermal evolution models are motivated by the geochemical constraint on HPE abundances
(i.e., lowmantle Urey ratio, ∼0.3). Overall there is a large variance in Urey number predictions
from geodynamical models of different degrees of sophistication. We use the conventional
scaling as a high estimate for the HPE abundances in the Earth.

The discussion of BSE composition shows that there are three competing estimates—
cosmochemical (poor in HPE), geochemical (intermediate), and geodynamical (rich).
Figure 2 shows the temporal evolution of available radiogenic power throughout Earth’s
history as predicted by the three models. The breakdown of the heating contributed by the
four radionuclides is also shown, and somewhat differs between the cosmochemical [64]
and geochemical [60] estimates because of differences in Th/U and K/U ratios. At present,
about 80% of radiogenic powers is supplied in roughly equal measure by 238U and 232Th, the
remaining 20% being provided by 40K; present-day 235U contribution is below 2% of total
power. Heating by 40K and 235U, however, dominated in the planet’s early history.
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Figure 2: (left) Total radiogenic power over Earth’s history as predicted by cosmochemical, geochemical,
and geodynamical BSE estimates. (right) Relative contributions of each radionuclide for cosmochemical
(top) and geochemical (bottom) estimates.

Further uncertainty pertains to the spatial distribution of HPEs in the mantle and the
architecture of the mantle in general. Analyses of MORBs reveal the composition of their
source region in the shallow mantle. When compared to BSE abundances, one concludes
that neither the geochemical nor geodynamical mantle can consist entirely of MORB source
material. Mass balances require the existence of a mantle volume enriched in HPEs, and some
other elements as well. This has been a long-standing issue in geophysics [81]. Early models
argued for mantle layering at ∼660 km depth, which separated the shallow depleted mantle
(DM) from the deep layer of primordial composition with supposedly no mixing between
these two reservoirs. This picture was overturned when seismologists began to image slabs
subducting into the deep mantle [82, 83]. Current ideas still embrace the possibility of a
mantle reservoir enriched in incompatible elements, but place it much deeper. One suggestion
employs the anomalous, possibly partially molten “ultra-low velocity zones” (ULVZ) in
the “D” layer of the deepest mantle [84, 85]. Another consideration are the two “large low
shear-wave velocity provinces” (LLSVPs) in deep mantle below the Pacific and below Africa
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Figure 3: (a) Locations where ULVZ was detected superimposed on color map of shear wave speed
anomaly (δVS) at CMB. (b) Isocontour of δVS showing the 3D structure of LLSVPs below Africa and the
Pacific. Based on seismic model S20RTS [93, 94]. Reprinted from [86, 95] with permission from Elsevier.

[85, 86]. In addition to lower-than-average shear wave seismic speeds, the LLSVPs seem to be
bounded by sharp velocity gradients [87] and show anticorrelation between shear and bulk
sound speeds [88], observations which support a compositional component to the seismic
speed anomaly. Figure 3 shows the location of seismically detected ULVZ as well as the shape
of the LLSVPs. It was proposed that such a deep-mantle geochemical reservoir may have
formed very early in Earth’s history [89–92].

The cosmochemical BSE estimate, unlike the geochemical and geodynamical models,
is consistent with a uniform composition of the whole mantle and may even show HPE
depletion in the lower mantle [64]. The bulk composition of the silicate Earth remains a hotly
debated issue and an area of current active research [96–102]. Accurate new information on
mantle composition provided by geoneutrino studies is needed. Figure 4 shows a breakdown
of the present-day energy budget, which uses the geochemical BSE abundances and includes
uncertainties. The mantle cooling rate required to balance the budget was calculated from the
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Figure 4: Present-day thermal budget of the Earth, which assumes a geochemical BSE composition (∼20TW
of radiogenic power). Adapted from [40, 43]. See also [104].

remaining terms in the energy balance. The calculated cooling rate, equivalent of 17 ± 7TW,
is higher than a long-term cooling rate estimated by petrological studies of MORB-like rocks,
∼50KGy−1 or ∼7TW [103]. This discrepancy would become even more pronounced with a
cosmochemical model for the BSE.

In addition to the aforementioned conventional models, some unorthodox proposi-
tions regarding the Earth’s composition have been put forward. Even though geochemical
arguments strongly disfavor HPEs in the Earth’s core, these are discussed in detail in [57],
some studies argue for the presence of K [105–107] and even U and Th [108] In the 1970s
it was discovered at the uranium mine at Oklo in Gabon, Africa that a natural fast breeder
nuclear georeactor had operated there at around 1.8Ga [109]. Some argue for a present-day
operation of such a georeactor at depth in the core-mantle boundary region [110] or in the
center of the Earth [111]. This would affect the terrestrial antineutrino production as well and
Earth’s radioactivity budget, and can be, in essence, resolved by geoneutrino studies.

In summary, these are the fundamental questions geophysics asks, which can be
addressed by terrestrial antineutrino detection:

(i) How much U, Th, and K are there in the Earth? (Or equivalently, what is the
planetary U abundance and Th/U and K/U ratios?)

(ii) Is the mantle chemically uniform, layered, or more complicated? (Presence of a
mantle reservoir enriched in HPEs?)

(iii) Is there radioactivity in the core?

(iv) Is there an operating nuclear georeactor?

As we discuss in detail later, while some of these questions can, in principle, be—
and have been—addressed using existing detection methods by accurate measurement at
specific locations, answering others will require development of new detection mechanisms.
In particular, this applies to antineutrinos from potassium decay, which are not detectable
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with the currently used inverse β-decay mechanism. Current analyses of U + Th geoneutrino
flux also have insufficient sensitivity to Th/U ratio.

3. Geoneutrino Production

Electron antineutrinos (νe) are generated upon transmutation of neutron-rich nuclei by β-
decay, accompanied by emission of an electron (e−) and release of decay energy (Qβ),

A
ZX −→ A

Z+1X
′
+ e− + νe +Qβ, (3.1)

where A is the mass (nucleon) number, and Z is the atomic (proton) number. Part of the
decay energy Qβ = Qν +Qh is carried away by antineutrinos (Qν), the remainder is available
for heating (Qh). Geologically important isotopes of U, Th, and K that heat the Earth’s interior
decay into stable nuclei according to [36, 37, 39]:

238
92 U −→ 206

82 Pb+ 8α + 6e− + 6νe + 51.698MeV,

235
92 U −→ 207

82 Pb+ 7α + 4e− + 4νe + 46.402MeV,

232
90 Th −→ 208

82 Pb+ 6α + 4e− + 4νe + 42.652MeV,

40
19K

89.3%−−−−−→ 40
20Ca+ e

− + νe + 1.311MeV,

40
19K+ e− 10.7%−−−−−→ 40

18Ar+ νe + 1.505MeV.

(3.2)

Decay of 40K branches into β-decay and electron capture. The complete decay networks
can be found in Fiorentini et al. [37]. The decay networks of 238U and 232Th contain
nine and five β-decaying nuclei, respectively. Decay energies are taken from Dye [39],
who used inputs from the standard table of atomic masses [112]. The antineutrino energy
spectra are needed in order to assess detection possibilities and to determine available
energy for heating. Spectrum for each decay chain comes from all β-transitions within
that chain, and depends on branching ratios, decay constants, fractional intensities, and
energy spectra of the individual transitions [37, 39]. The individual energy spectra are
calculated using the Fermi theory of β-decay. The calculations are laid out in Fiorentini
et al. [37], and the inputs are available in the table of isotopes [113] (data available
online at http://isotopes.lbl.gov/education/isotopes.htm). Fiorentini et al. [114] propose
that theoretically calculated decay spectra should be compared to directly measured spectra.

The antineutrino energy spectra for the three decay chains and 40K β-decay in (3.2)
are shown in Figure 5(a). For each decay, the average energy of the spectrum multiplied
by the number of antineutrinos nν emitted per chain yields the energy carried away by
antineutrinos. The remainder Qh of the decay energy heats the Earth per decay of a parent
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Table 3: Atomic parameters (X, μ, λ, τ1/2, and nν), total and heating energies per decay (Q, Qh), specific
heating rates (h), and antineutrino luminosities (l) per unit mass of radionuclide. Adapted from Dye [39].

238U 235U 232Th 40K
Natural isotopic fraction X 0.9927 0.007204 1.000000 0.000117
Atomic mass μ (gmol−1) 238.051 235.044 232.038 39.9640
Decay constant λ (10−18 s−1) 4.916 31.210 1.563 17.200
Half life τ1/2 (Gy) 4.468 0.7038 14.05 1.277
Decay energy Q (pJ) 8.282 7.434 6.833 0.213
Energy for heating Qh (pJ) 7.648 7.108 6.475 0.110
Specific heat generation h (μWkg−1) 95.13 568.47 26.28 28.47‡

νe’s per chain nν 6 4 4 0.893†

Specific νe luminosity l (kg−1 μs−1) 74.6 319.9 16.2 231.2
†Noninteger νe’s per chain value for 40K reflects branching into β decay and electron capture. ‡Heat generation from 40K
includes energy heat released in electron capture.

Table 4: Specific heat generation hel and antineutrino luminosity lel, per unit mass of element. From Dye.

U Th K
hel (μWkg−1) 98.5 26.3 0.00333
lel (kg−1 μs−1) 76.4 16.2 0.0271

nuclide. Specific heating rates h and specific antineutrino luminosities l, per unit mass of each
parent nuclide, can be calculated from

h =
λNAQh

μ
, (3.3)

l =
λNAnν

μ
, (3.4)

where λ is decay constant, μ is molar mass, andNA is Avogadro’s number. Heating rates hel
and luminosities lel per unit mass of element are sums of isotopic values weighted by isotopic
abundances X,

lel =
∑

nuclides

Xl, (3.5)

and similarly for hel. The atomic parameters, decay energies per decay, and specific heating
rates and antineutrino luminosities per unit mass of radionuclide, as reported by [39], are
listed in Table 3. The heating rates and luminosities per unit mass of element are shown
in Table 4. When the total decay powers and heating powers (per unit mass of rock) are
evaluated for various BSE compositions (Table 2), it follows that ∼80% of decay energy heats
the planet’s interior while the remaining ∼ 20% is carried away by geoneutrinos [39]. This
result is roughly independent of the choice of BSE model since the Th/U and K/U ratios are
similar between all BSE estimates.
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4. Geoneutrino Oscillation

Neutrino oscillations (albeit ν-ν oscillation) were first hypothesized by Pontecorvo in 1957
[115] and have now been observed as neutrino flavor oscillation for solar, atmospheric,
reactor, and accelerator-produced neutrinos. (Neutral current—neutrino in and neutrino out,
no charged lepton—interactions are also possible for all neutrino flavors, but in practice here,
are negligible in rate for a given visible energy.) Of the three flavors, only the terrestrial
electron antineutrino is detectable by the neutron inverse β-decay mechanism, which reduces
the observable geoneutrino signal. Most recently the evidence [116] for a nonzero value of
the last mixing angle of three-flavor oscillation was confirmed [117, 118]. The three-flavor
survival probability of electron antineutrino of energy Eν after flying a distance L is [39]

P 3ν
ee (Eν, L) = 1 −

{
cos4θ13 sin22θ12 sin2Δ21

+ sin22θ13
[
cos22θ12 sin2Δ31 + sin22θ12 sin2Δ32

]}
,

(4.1)

where θ12 and θ13 are mixing angles,

Δij(Eν, L) =
1.27

∣∣∣δm2
ji

[
eV2

]∣∣∣L[m]

Eν[MeV]
, (4.2)

and δm2
ji = m2

j − m2
i is the neutrino mass-squared difference (by definition δ231 = δ232 + δ

2
21).

Given the small value of δ221 relative to δ231 ≈ δ232 [119] (∼3%), the survival probability (4.1)
can be approximated by

Pee(Eν, L) = 1 −
[
cos4θ13 sin22θ12 sin2Δ21 +

1
2
sin22θ13

]
. (4.3)

The oscillation length for antineutrinos with energies within the detectable range (1.8–
3.3MeV) is 60–110 km. Given the Earth’s radius of ≈6400 km, the average survival probability,

〈Pee〉 = 1 − 1
2

[
cos4θ13 sin22θ12 + sin22θ13

]
= 0.544+0.017−0.013, (4.4)

can be used to oscillate the terrestrial antineutrino flux, which only introduces minimal error.
According to analysis by Dye [39], the use of average survival probability underestimates the
geoneutrino flux at the detector location. This effect comes from radionuclides distributed
within the first oscillation length around the detector and is more pronounced at higher
antineutrino energies. In oceanic regions with a thin and less enriched oceanic crust, the
underestimation does not exceed 1%. It can reach few percent over continents. There are also
interesting effects due to “matter effects” and the order of the neutrino masses, but they are
negligible for our concerns herein.
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5. Geoneutrino Flux

The fully oscillated geoneutrino flux spectrum from each radionuclide at observation location
	r is calculated from [36]

dφ(Eν, 	r)
dEν

=
Xl

nν

dn(Eν)
dEν

∫

Ω
d3	r

′ A
(
	r

′
)
ρ
(
	r

′
)
Pee

(
Eν,

∣∣∣	r − 	r ′
∣∣∣
)

4π |	r − 	r ′ |2
, (5.1)

where dn(Eν)/dEν is the intensity energy spectrum, and Ω is the volumetric domain with
rock of density ρ that contains HPEs with elemental abundance A (mass of element per
unit mass of rock). For an emission domain of uniform composition and using the average
survival probability, (5.1) simplifies to yield the flux from a given radionuclide:

φ(	r) = XlA〈Pee〉
∫

Ω
d3	r

′ ρ
(
	r

′
)

4π |	r − 	r ′ |2
. (5.2)

The integral in (5.2) has been traditionally defined as the geological response factor G [15],

G ≡
∫

Ω
d3	r

′ ρ
(
	r

′
)

4π |	r − 	r ′ |2
. (5.3)

For a uniform density spherical shell geoneutrino emission domain bounded by radii r1 and
r2, both are smaller than the observation point radius a (∼Earth’s radius), the integral can be
evaluated exactly [15, 37] (note that this is a different situation than that in calculating the
force of gravity from a shell, as this is a scalar addition not vector, and there is no cancellation
of opposing transverse components),

Gunif.
shell

=
ρ

4π

∫ r2

r1

dr ′
∫π

0
dϑ′

∫2π

0
dϕ′ r ′2 sinϑ′

a2 + r ′2 − 2ar ′ cos ϑ′

=
ρa

4

[
2
r2 − r1
a

−
(
1 − r22

a2

)
ln
(
a + r2
a − r2

)
+

(
1 − r21

a2

)
ln
(
a + r1
a − r1

)]
.

(5.4)

6. Geoneutrino Detection

The same detection mechanism that Reines and Cowan [120, 121] used in their pioneering
experiment is employed in present-day geoneutrino-counting detectors. It uses the neutron
inverse β-decay process, where an electron antineutrino scatters on a free proton to produce
a neutron and a positron,

νe + p → e+ + n. (6.1)

A subsequent prompt annihilation of the positron with an electron and delayed capture
of neutron on a proton provide light flashes in a scintillating liquid, coincident in time
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and in space, which offers a powerful method for identification of antineutrino events and
elimination of single-flash background (Figure 6). Reaction (6.1) works for antineutrinos
with energies Eν above the kinematic threshold, the difference between rest mass energies
of neutron plus positron and proton, Δ +me = 1.804MeV, where Δ =Mn −Mp.

The positron carries most of the energy, its starting kinetic energy being Te ≈ Eν −
1.8MeV. The prompt signal of the positron annihilation with an electron in the medium,

e+ + e− → γ + γ, (6.2)

comes within few nanoseconds of the antineutrino interaction in currently used organic
scintillating liquids. The energy of the light flash Evis1 scales with the incident antineutrino
energy, Evis1 ≈ Te + 2me = Eν − 0.8MeV. The neutron receives most of the antineutrino
momentum. It slows down and in 20–200μs combines with a proton in the medium to form
a deuteron,

n + p → d + γ. (6.3)

The release of deuteron binding energy of 2.2MeV causes a second light flash in the
scintillating medium.

Above the threshold energy (≈1.8MeV) of reaction (6.1), the cross-section scales with
the square of the positron energy Ee = Eν −Δ [123]. Written in terms of antineutrino energy,

σ(Eν) = 9.52(Eν −Δ)2

√√√√1 − m2
e

(Eν −Δ)2
× 10−44 cm2, (6.4)

where Eν, Δ, and me are in MeV. The cross-section is plotted in Figure 5(b). For each decay
chain, the product of antineutrino intensity energy spectrum with the cross-section yields
the interaction energy spectrum (Figure 5(c)). Out of the nine β-decaying nuclei in the
238U decay network, only three nuclides (234Pa, 214Bi, and 210Tl) emit antineutrinos with
energy exceeding the detection threshold 1.8MeV. One transition of 234Pa together with
two transitions of 214Bi accounts for 99.8% of signal from 238U decay chain [114]. In 232Th
decay chain, only two nuclides (228Ac, 212Bi) emit detectable antineutrinos, and 99.8% of
the signal comes from one transition of 212Bi and the first of two transitions of 228Ac [114].
Antineutrinos from 40K of maximum energy 1.311MeV, as well as 235U antineutrinos, are
below the threshold of inverse beta decay. This is inconvenient for geophysics as information
on terrestrial K is desirable.

The cross-section of inverse β-decay reaction (6.4) is extremely small. In their 1950’s
experiment, Cowan and Reines used a cubic meter-sized detector placed some 10m from
Savannah River power. With the high reactor antineutrino flux they achieved an event rate
of up to ∼3 events per hour [10]. A typical detectable geoneutrino flux from the entire Earth
is of the order of 106 cm−2s−1. It requires an order of 1032 free protons to reach reasonable
interaction rates (tens of events per year). This translates into a required detector mass of �1
kiloton.
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Figure 5: (a) Antineutrino intensity energy spectra. The area below each curve equals the number of
antineutrinos nν emitted per decay. (b) Total cross-sections for scattering of antineutrinos on protons and
electrons. (c)Antineutrino interaction energy spectra per decay of parent nuclide. Solid lines in (b) and (c)
show antineutrino scattering on protons; dashed lines show scattering on electrons. Adapted from [39],
reproduced/modified by permission of American Geophysical Union.
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Figure 6: Schematic of antineutrino detection by scattering on protons. Prompt signal comes from positron
annihilation, delayed signal occurs when neutron captures a proton.

Similarly to (5.1) for antineutrino flux spectrum, the event spectrum of detection at
efficiency ε is

dN(Eν, 	r)
dEν

=
εXl

nν

dn(Eν)
dEν

σ(Eν)
∫

Ω
d3	r

′ A
(
	r

′
)
ρ
(
	r

′
)
Pee

(
Eν,

∣∣∣	r − 	r ′
∣∣∣
)

4π |	r − 	r ′ |2
, (6.5)

where σ(Eν)dn(Eν)/dEν is the interaction spectrum. For emission from a uniform
composition domain and with the average survival probability, (6.5) simplifies to

N(	r) =
εXlA〈Pee〉G

C
, (6.6)

where a conversion factor C was introduced such that

1
C

=
1
nν

∫
dEν

dn(Eν)
dEν

σ(Eν). (6.7)

It relates the antineutrino event rate N (number of events detected per unit time) to the
antineutrino flux φ (number or νe per unit area and unit time) at the detector. Comparing
(5.2) and (6.6), we arrive at

N =
εφ

C
. (6.8)

It is convenient to introduce the signal rate R (number of interactions per unit time) counted
in “terrestrial neutrino unit” (TNU), defined as one interaction over a year-long fully efficient
exposure of 1032 free protons [124]. Unlike the event rateN which depends on detector size
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and efficiency of detection ε, the signal rate R only depends on the detection mechanism. It
follows that

R =
φ

C
=
XlA〈Pee〉G

C
. (6.9)

The signal-rate-to-flux conversion factors are [36, 37, 39]

CU = 7.6 × 104 cm−2 s−1 TNU−1,

CTh = 2.5 × 105 cm−2 s−1 TNU−1.
(6.10)

Radiogenic heat generated in a uniform composition domain of massM is

H = XhAM. (6.11)

Equations (6.9) and (6.11) provide a proportionality relation between signal rate R or flux φ
and heat productionH,

R =
〈Pee〉
C

G

M

l

h
H,

φ = 〈Pee〉 G
M

l

h
H,

(6.12)

coming from each radionuclide. For a given Th to U abundance ratio, κ ≡ ATh/AU, we get
the following heating, flux, and signal rate ratios:

HTh

HU
=
XThhTh
XUhU

κ = 0.278 κ,

φTh

φU
=
XThlTh
XUlU

κ = 0.219 κ,

RTh

RU
=
CU

CTh

φTh

φU
κ = 0.066 κ.

(6.13)

For a whole Earth Th/U ratio of 4.0 [60], these relations imply that while radiogenic heating
and the geoneutrino flux are contributed roughly equally by 232Th and 238U (53% and 47%,
resp., come from from Th and U), only 21% of detected signal is comes from Th. Table 5 lists
the masses M and geological response factors G for Earth reservoirs.

Background signal adds to the geologically interesting signal in the geoneutrino
energy range. Background signal consists of nuclear reactor antineutrinos, fast neutrons
generated by cosmic ray muon interactions, long-lived neutron-rich radionuclides (8He and
9Li), 13C(α, n)16O reaction, and accidental γ-ray background. It is important to realize that
inverse β-decay provides strong rejection to single-hit backgrounds such as those from solar
neutrinos. Requiring two hits close in spaces and time, with the second (delayed hit being of
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Table 5: Masses of Earth reservoirs M and geological response factors G (5.3) based on PREM [125],
where each reservoir is a spherical shell of uniform thickness. More precise crustal mass calculated using
a seismically determined crustal structure (model CRUST2.0 [126]) is also included.

M (1024 kg) G (1010 kgm−2)

Crust 0.0312 (C2: 0.0277) 0.0218

Mantle 4.00 1.18

Outer core 1.84 0.386

Inner core 0.0984 0.0194

Earth 5.97 1.60

Table 6: Geographical location, size, and depth of geoneutrino detectors. Size in number of free protons,
depth in meter water equivalent. Adapted from [38].

Detector Location Lat. ◦N Lon. ◦E Free p 1032 Depth m.w.e.

Operating or under construction

KamLAND Kamioka, Japan 36.43 137.31 0.6 2700

Borexino LNGS, Gran Sasso, Italy 42.45 13.57 0.1 3700

SNO+ SNOLAB, Sudbury, Ontario, Canada 46.47 −81.20 0.6 6000

Proposed

LENA CUPP, Pyhäsalmi, Finland 63.66 26.05 36.7 4000

Homestake DUSEL, Lead, South Dakota, USA 44.35 −103.75 0.5 4500

Baksan BNO, Caucasus, Russia 43.29 42.70 4.0 4800

Daya Bay II Daya Bay, China 8–42

Hanohano Pacific 19.72 −156.32 7.3 4500

known energy, is a very powerful tool for rejecting most backgrounds. Complete discussion
and estimates of the background are presented in Dye [39].

Another possible mechanism for geoneutrino detection involves antineutrino scatter-
ing on electrons [127], which would broaden the energy range of detectable geoneutrinos
below the 1.8MeV energy threshold of inverse β-decay including signal from 40K decay.
The interaction cross-sections and antineutrino energy spectra are shown in Figure 5. While
the lack of a coincidence tag makes the detection challenging, the recoiling electrons offer
the possibility to determine the direction of the incoming antineutrino [39]. The electron
events can be recorded in a device such as the miniTimeCube [128] near a reactor as a
demonstration. Further development is needed before this method can be employed for
geoneutrino detection.

7. Detectors

Instruments capable of geoneutrino detection contain a large volume of liquid scintillator
(LS), monitored by inward facing photomultiplier tubes (PMTs), and are operated
underground in order to reduce the cosmic-ray-induced atmospheric muon flux. They
are used to investigate neutrino oscillations, nucleon decay, issues in astrophysics and
geophysics, and to monitor nuclear reactors. Table 6 lists selected parameters of operating
and proposed geoneutrino detectors.
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KamLAND (Kamioka liquid-scintillator antineutrino detector, website at
http://www.awa.tohoku.ac.jp/KamLAND/), is a 1 kiloton LS detector located 1 km
underground beneath Mt. Ikenoyama summit in the old Kamioka zinc mine, Japan. The
LS is composed of 80% of dodecane (diluter), 20% of pseudocumene (energy transferor),
and 1.36 g liter−1 of diphenyloxazole (PPO, scintillating molecule). The fiducial volume is
monitored by ∼1900 PMTs, which cover 34% of the surface area. Number of free protons is
∼6 × 1023, and detection efficiency is 80.7% and 75.1% for signals from U and Th, respectively
[19, 31].

Borexino (website at http://borex.lngs.infn.it/) is a 278-ton LS detector at Laboratori
Nazionali del Gran Sasso (LNGS) located midway a 10 km long highway tunnel below the
Central Apennine Mountains in Italy. The scintillating liquid is pseudocumene doped with
1.5 g liter−1 of PPO. Scintillations are monitored by ∼2200 PMTs covering 30% of surface area
[20, 129].

SNO+ (website at http://snoplus.phy.queensu.ca/) is a follow-up experiment to SNO
(Sudbury Neutrino Observatory) at SNOLAB near Sudbury, Ontario, Canada. Located 2 km
underground in a nickel mine, it will be refilled with linear alkylbenzene (LAB) LS. It is
expected to become operational in 2013.

Several other geoneutrino-detecting experiments have been proposed: LENA (web-
site at http://www.e15.ph.tum.de/research and projects/lena/), a 50-kiloton detector at
the Center for Underground Particle Physics (CUPP) located at the Pyhäsalmi mine
near Pyhäjärvi, Finland [130]; Homestake at the Deep Underground Science and
Engineering Laboratory (DUSEL) in Lead, South Dakota, USA [131]; Baksan at the
Baksan Neutrino Observatory (BNO) in Russia [132]; Hanohano (online information at
http://www.phys.hawaii.edu/∼jgl/hanohano.html), a 10–50 kiloton ocean-faring trans-
portable detector based in Hawaii [133, 134]; a 10–50 kiloton detector of the Daya Bay II
experiment [135].

8. Earth’s Reference Model and Flux Prediction

The development of reference models for terrestrial antineutrino emission and evaluation
of geoneutrino flux predictions is critical for two main reasons. First, these predictions
guide the design of geoneutrino detectors. Second, they are necessary for interpretation of
the antineutrino data. Since the first attempts in the 1960s [11, 12] and a presentation of
systematic approach to geoneutrino predictions by Krauss et al. [15], the emission models
have been refined, following advances in both geological sciences and neutrino physics [16–
18, 22, 30, 31, 36–39, 69, 124, 136–139].

The geological inputs for calculation of geoneutrino emission are the rock density ρ(	r)
and chemical abundancesA(	r) of U, Th, and K throughout the Earth’s interior. The predicted
geoneutrino flux is then calculated from (5.1) and (5.2), respectively, assuming the neutrino
physics inputs are known.

8.1. Crustal Flux

The proportionality of antineutrino flux to inverse square source distance means that a
significant portion of the signal originates near the observation point. Furthermore, the
continental crust is highly enriched in geoneutrino producing HPEs, as was discussed
in Section 2. Figure 7, showing cumulative flux within a given distance from a detector,
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Figure 7: Cumulative geoneutrino flux within a given distance from a detector, for observation at Kamioka
(continental site) and Hawaii (oceanic site). Reprinted from [36] with permission from Elsevier.

illustrates the point. Both operating geoneutrino detectors, KamLAND and Borexino,
as well as SNO+ and all but one of the proposed future experiments are located in
continental areas. At Kamioka, for example, ∼50% of the signal originates within 500 km
distance from the detector, almost exclusively in the continental crust [36]. Any attempts
to extract mantle information from geoneutrino data require construction of accurate crustal
geological models [31, 36, 37, 39, 124, 136, 137]. This involves constructing a global crustal
model and local refinements in the vicinity (few hundred kms) of the detector. Effects
of local geology were carefully evaluated for both KamLAND [36, 37, 136] and Borexino
[140].

Current global crustal models use CRUST2.0 model of the crustal structure [126],
supplemented with estimates of crustal composition coming from petrological studies.
CRUST2.0 describes a 2◦×2◦ tiled, vertically layered crustal geometry; includes rock densities
in each of the five rock layers (upper and lower sediments, and upper, middle, and lower
crust) in each tile. Chemical abundance estimates are given by Rudnick and Gao [53] for
continental crust, White and Klein [141] for oceanic crust, and Plank [142] for oceanic
sediments. A new, more detailed reference model for the crust and uppermost mantle is being
developed [143].

In Figure 8, we show a global map of predicted crustal geoneutrino signal from [68].
The spatial pattern of the geoneutrino signal correlates with crustal thickness and continental
distribution. HPE abundances used in the calculation are listed in Table 7. A- and B-type tiles
of CRUST2.0 are considered oceanic, all other tile types are continental. This model outputs
7.8 ± 0.9 TW of radiogenic power from continental crust and 0.22 ± 0.03 TW from oceanic
crust (Table 7).
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Table 7: HPE abundances used in calculation of the global crustal flux in Figure 8 and calculated
abundances for the bulk crust and bulk mantle.

U (ppm) Th (ppm) K (%)

Reference

Input for crust calculation

Upper cont. crust + sed. 2.7 ± 21% 10.5 ± 10% 2.32 ± 10% [53]

Middle cont. crust 1.3 ± 31% 6.5 ± 8% 1.91 ± 14% [53]

Lower cont. crust 0.2 ± 80% 1.2 ± 80% 0.51 ± 30% [53]

Oceanic sediments 1.73 ± 9% 8.10 ± 7% 1.83 ± 7% [142]

Oceanic crust 0.07 ± 30% 0.21 ± 30% 0.072 ± 30% [141]

Th/U Power TW

Bulk crust, calculated

Bulk continental crust 1.47 ± 0.25 6.33 ± 0.50 1.63 ± 0.12 4.3 7.8 ± 0.9

Bulk oceanic crust 0.15 ± 0.02 0.58 ± 0.07 0.16 ± 0.02 3.9 0.22 ± 0.03

Bulk crust 1.17 ± 0.19 5.02 ± 0.38 1.30 ± 0.09 4.3 8.1 ± 0.9

U (ppb) Th (ppb) K (ppm) Th/U Power TW

Bulk mantle, calculated

Cosmochemical mantle 4.1 8.4 57 2.0 3.3

Geochemical mantle 12 46 192 3.8 12

Geodynamical mantle 23 90 310 3.9 22
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Figure 8: Global map of crustal geoneutrino signal (U + Th) in TNU. Prediction is based on CRUST2.0
crustal structure and HPE abundances listed in Table 7. Continental outlines (black), plate boundaries
(white), and locations of geoneutrino detectors are plotted. Mollweide equal-area projection was used. See
[69].

8.2. Mantle Flux

Density in the Earth increases with depth. In addition to the density increase due to
compressibility, pressure induces solid-solid mineral phase transitions which modify the
density. For the sake of geoneutrino prediction, lateral density variations caused by
temperature anomalies (δρ � 1%) can be neglected, and only depth-dependent density
used, ρ(	r) = ρ(r). The Preliminary Reference Earth Model (PREM) [125] has been a
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Table 8: Mantle geoneutrino signal in TNU predicted under the assumption of uniform distribution of U
and Th.

Uniform mantle RU(TNU) RTh(TNU) RU+Th(TNU)

Cosmochemical mantle 2.6 0.35 2.9
Geochemical mantle 7.5 1.9 9.4
Geodynamical mantle 14 3.7 18

standard in geophysics. PREM provides a parameterization of density as a piecewise third-
order (at most) polynomial in radius (Figure 9). The density increases from ∼3400 kgm−3 to
∼5600 kgm−3 across the mantle.

The average radionuclide abundances in the mantle are calculated from the elemental
mass balance as follows:

ABSEMBSE = AcrustMcrust +AmantleMmantle, (8.1)

using BSE abundance from Table 2, crustal abundance from Table 7, and the reservoir
masses from Table 5. The mantle abundances, based on three different BSE estimates—
cosmochemical [64], geochemical [60], and geodynamical [65]—are reported in Table 7. The
predicted geoneutrino signal coming from a mantle of uniform composition can be easily
evaluated from (6.9). The predictions, listed in Table 8, should be compared to the crustal
prediction at continental sites (�30TNU, Figure 8) to appreciate the difficulty of extracting
information about the mantle from continent-based geoneutrino detection. See [39, 69] for
complete treatment including model uncertainties.
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As we discussed in Section 2, geochemical and geodynamical abundance estimates,
combined with compositions inferred for shallow mantle, are not consistent with uniform
composition of the whole mantle. The usual fix calls for the existence of a mantle reservoir
enriched in incompatible elements. Geophysical observations now disfavor the traditional
mantle layering at 660 km depth. An enriched reservoir, however, may exist in the lowermost
mantle within few hundred kms of the CMB. The effect of such segregation of HPEs at
depth is a decrease in mantle geoneutrino signal [38]. For an enriched layer of uniform
thickness atop the CMB, the effect is moderate, with a mantle signal reduction by 25%
at most [69]. It has also been suggested that LLSVPs below Africa and Pacific (Figure 3)
may be compositionally distinct from the ambient mantle. Consequences of such antipodal
deep mantle piles for mantle geoneutrino detection were investigated in [69, 139]. Figure 10
shows the lateral variation of mantle geoneutrino flux predicted for a “thermochemical piles”
model, where the piles are enriched in HPEs. The enrichment follows from the compositional
estimates used for BSE and DM. One particular model from [69] is shown here, which uses
a geochemical BSE [60] and the relatively “warm” DM composition of [68], and results in
the piles enriched by factors of 6.3 and 12 relative to the ambient mantle for U and Th,
respectively. Some model combinations result in higher enrichments, and therefore a more
pronounced variation of the geoneutrino signal. However, strong enrichment in radiogenic
heat production has dynamical consequences on the stability and longevity of such piles
and may work against the geochemical requirement of primordial nature of the enriched
reservoir. This is an area of active research in geodynamics [86, 144, 145].

Figure 11 follows from Figures 8 and 10 and shows the fraction of the total signal (from
crust + mantle, assuming no radioactivity in the core) that is coming from the mantle. It
clearly shows the benefit of geoneutrino detection at an oceanic site in the Pacific ocean away
from nuclear reactors, where the proportion of the signal from a mantle with geochemical
BSE abundances can be as high at 80%. Pacific ocean basin as also the location of a mantle flux
maximum is predicted from the thermochemical piles model. It is proposed that geoneutrino
detection at two Pacific sites, one being at the predicted peak of mantle flux and the other
away from it, may be exploited to test the chemical piles hypothesis [69].
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9. Geoneutrino Observations

Geoneutrinos have been now observed at ∼4σ confidence level (CL) by both operating
detectors: KamLAND and Borexino. Extracting geophysical information from geoneutrino
measurements is not straightforward. The geoneutrino event rate prediction is obtained
with an integration of the energy spectrum of antineutrino contributions coming from U
and Th distributed in the Earth volume, weighted by the inverse square distance, subject
to oscillations, and modulated by interaction cross-section ([146] and (6.5)).

9.1. KamLAND Measurement

The first detection of geoneutrinos was reported by KamLAND group in 2005 [18]. It is based
on detector live-time of 749.1 ± 0.5 days, (3.46 ± 0.17) × 1031 of target protons, that is, an
exposure of (7.09 ± 0.35) × 1031 target proton years. The detector efficiency is estimated at
0.687 ± 0.007. Their maximum-likelihood analysis, constrained to Th/U ratio of 3.9, gives
28+16−15 geoneutrino events. The corresponding flux is 6.4+3.6−3.4 cm

−2 μs−1. The 99% CL upper limit
is 71 geoneutrino events or flux of 16.2 cm−2 μs−1, which translates into a radiogenic power of
60 TW from 238U + 232Th (i.e., heat production that would exceed the Earth’s heat loss).

Continued KamLAND measurement benefited from instrumentation improvements
and decreased in nuclear reactor flux (shutdown of Kashiwazaki-Kariwa nuclear power plant
following a 2007 earthquake). New results reported in 2011 [19] extend the previous data
set. Data are based on exposure of (3.49 ± 0.07) × 1032 target proton years, or a live-time
of 2135 days (5.8 years) and (5.98 ± 0.12) × 1031 target protons in the fiducial volume. Of
the 841 candidate νe events within the geoneutrino energy limits, 729 ± 32 is the predicted
background, and 111+45−43 were considered geoneutrino events. Maximum-likelihood analysis
of the data, unconstrained with respect to Th/U ratio, gives 65 and 33 geoneutrino events
from 238U and 232Th, respectively. This translates to Th/U ratio of 7.6 (6.13); however, Th/U
remains unconstrained at 1σ level. Constraining Th/U to 3.9 yields a total number of 106+29−28
geoneutrino events, or a geoneutrino signal rate of 38 ± 10TNU and heat production of
20+8.8−8.6 TW from 238U + 232Th. Null hypothesis of no geoneutrinos is rejected at 99.997%
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CL. KamLAND results also provide a 90% CL upper limit of 5.2 TW on the power of a
hypothetical nuclear georeactor in the Earth’s core. Assessment of KamLAND data by Dye
[39] argues for a mantle signal rate of 12 ± 11 TNU at Kamioka.

9.2. Borexino Measurement

Borexino collaboration reported geoneutrino detection in 2010 [20]. Of the 15 candidate
event in the geoneutrino energy window, 5.3 ± 0.3 constitute background. An unconstrained
maximum-likelihood analysis yields 9.9+4.4−3.4 geoneutrino events. Assuming Th/K = 3.9, this
translates to a signal rate of 65+27−22 TNU. A geoneutrino null hypothesis rejected at 99.997 CL.
Borexino data give a 95% CL upper limit of 3 TW on the power of a nuclear georeactor in the
core. This is a better constraint compared to one from KamLAND, a benefit of much lower
man-made reactor νe signal at Gran Sasso. According to Dye [39], Borexino registers a mantle
geoneutrino signal at a rate of 40+27−23 TNU at Gran Sasso.

9.3. Combined KamLAND + Borexino Analysis

A combined analysis of the KamLAND and Borexino data was performed by Fogli et al. [147]
andmost recently by Fiorentini et al. [146]with a focus on constraining themantle component
of the geoneutrino signal. In [146], the null hypothesis of no geoneutrino flux is rejected at
4.2σ. After subtraction of crustal signal, based on a crustal reference model that includes local
refinements, the mantle rate emerges at 2.4σ (98.4% CL) assuming that the mantle signal is
identical at the two sites. The preferred value of Th/U ratio ∼8 is not statistically significant,
since any Th/U value is permissible at 1σ level. When Th/U is constrained to reflect variation
between various BSE abundance estimates, 1.7 ≤ Th/U ≤ 3.9, the analysis results in a mantle
signal rate of 23 ± 10TNU from 238U + 232Th [146]. Figure 12 shows the results in relation to
various models of BSE composition.

10. Discussion and Prospects

Geologists already know that there is a lot of radioactivity in the continental crust (8TW) and
they know it quite well (± 1TW). They are asking about the mantle: is it “cosmochemical”
(so that it produces 3 ± 2TW of radiogenic power), “geochemical” (12 ± 4TW), or
“geodynamical” (25±3TW)? Nondirectional geoneutrino detection at the existing and future
continental sites cannot resolve mantle models, even with the improved precision of future
detectors [39]. Oceanic deployment of a geoneutrino detector away from continental crust
and nuclear power plants has been repeatedly suggested as a way to optimize the sensitivity
to mantle signal [17, 19, 36, 38, 40]. It is proposed that an oceanic site detection in the Pacific
can resolve the mantle models [39, 69].

10.1. 40K Geoneutrinos?

Potassium accounts for some 20% of radiogenic power within the Earth. Antineutrinos from
potassium are produced entirely below the energy threshold of antineutrino quasielastic
scattering on free protons, thus currently undetectable. Dye [39] discusses possibilities of 40K
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antineutrino detections, which include scattering on other nuclear targets (3He or 106Cd) and
elastic scattering on atomic electrons. Both methods require further development.

10.2. Directionality?

The angular distribution of geoneutrinos was investigated in [38, 150–152] and most recently
in [40]. Differences in angular distribution of geoneutrinos arriving from the crust and the
mantle could be used to separate the signals if the directional information was available.
Directional measurement away from continents might resolve a deep-seated mantle reservoir
[40]. Directional detection was achieved in a statistical sense in the CHOOZ experiment,
which uses a loaded liquid scintillator, by observing the weak correlation between the
incident and the prompt-to-delayed-signal direction in inverse β-decay [153]. In principle,
it is possible to exploit this correlation also for unloaded scintillators, such as those used
in geoneutrino studies, however, obtaining statistically significant result requires thousands
of events, well above the yield of geoneutrino detectors [154]. As we have noted earlier,
electron (charged current) events below the inverse beta threshold will preserve neutrino
directionality rather well. So, despite the more difficult extraction of these signatures from
background (no delayed neutron tag) these events offer interesting potential for resolving
source directions and ultimately geoneutrino Earth tomography.

11. Conclusion

We have reviewed the short history of geoneutrinos, the budding study of electron
antineutrinos from inside the Earth as a unique telltale of the source of internal Earth heating.
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While the notion of using the neutrinos from the uranium and thorium decay chains has been
around for decades, notably stimulated by the landmark paper of Krauss et al. in 1984 [15], it
is only in the last decade that the tiny geoneutrino interaction rate has begun to be revealed
by the hundreds of tons KamLAND and Borexino experiments. The signals are feeble and we
have barely reached five standard deviation detection, yet we are now less than a factor of two
off from our predictions about the absolute source of Earth heating. In other words, there is
no surprising new source of electron antineutrinos in the energy range of 1.8 to 3.6MeV. And
it is no surprise that a geoneutrino signal does exist, inescapably since we know the U/Th
content of at least the top few hundred kilometers of the Earth and we now know neutrino
properties fairly well.

At present, since both KamLAND and Borexino are located near continental plate
margins, the neutrino flux is dominated by sources in the local (<500 km) crust. Unfortunately
the count of neutrinos from the mantle, which is where we want to know the U/Th content,
is so far only a minute fraction of the total. We have reviewed some extreme models as arise
from differing approaches in geoscience, and we find that we cannot yet distinguish between
models, though the cosmochemical model [64] and the extremes of the collisional erosion
model [62] seem to be disfavored at the 2.5σ level.

Progress is on the horizon with the launch of the SNO+ experiment in Canada. There
are proposals for several very large experiments, the fifty-kiloton LENA to be located in a
mine in Finland, the deep ocean Hanohano in the deep Pacific, and a twenty-kiloton scale
(not surely determined yet) Daya Bay II detector in China. All of these are at least five years
out.

Beyond simple counting of neutrinos from a given location, there is much to be
done. First of all, moving detectors to various deep ocean locations can begin to explore the
lateral inhomogeneity of the U/Th distribution. There is much opportunity for discovery
here, should the hot spots or peculiar areas such as the mid-Pacific Rise be associated with
concentrations of U/Th. Moreover, though largely dismissed by geologists, there have been
multiple suggestions of natural deep reactors either in the core (deemed by most experts
as extremely unlikely) to accumulations near the CMB (not as difficult to imagine, but
also deemed unlikely). Such discoveries would of course be revolutionary in geology and
planetary studies; long shots, but huge payoff. In any event, simply finding evidence for the
curious upwelling regions as due to increased U/Th content would be a great discovery and
fundamental to geodynamics as we have discussed herein.

Large electron antineutrino detectors have multiple uses, and happily these are not
exclusive. For example, a geoneutrino detector would ineluctably record a signal from a
galactic supernova over a few seconds. Other types of extremely infrequent astrophysical
phenomena (such as a burst of neutrinos associated with a GRB event), may also be
recorded, without interference with geoneutrino mapping. Also depending upon placement,
such detectors would inevitably contribute to worldwide monitoring of reactors and for
clandestine nuclear weapons testing. Some elementary particle studies can also be carried
out, particularly with respect to the mass hierarchy and neutrino mixing angles. As well,
there are possible experiments to be carried out with higher energy neutrinos, including
those in the GeV energy range from a distant particle accelerator. The point, for this paper, is
that there is a large physics and astrophysics community which is interested in collaborating
in the geoneutrino venture, providing scientific stimulus, dissertation topics, and possibly
cooperative funding opportunities. It is reasonable to expect large geoneutrino detectors to
provide a cornucopia of scientific data.
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On the experimental side, there is much to be improved upon over present-day
instruments. Large and cost-effective detectors, particularly mobile (deep ocean) instruments
are sought. New technology in doping of water for cost-effective light emission in huge
volumes (needed as one gets to the 100-kiloton scale), new flat panel twenty-first-century
light detectors, and advances in electronics (high-speed waveform digitizing, along with
low-power and inexpensive channel costs), are under development. Some novel methods of
inverse beta event imaging are being developed (miniTimeCube [128]). And there is ongoing
work studying how to improve neutrino direction resolution, inverse beta tagging (time
delay in positron annihilation), and seeking a means to (cost effectively) detect neutrinos
from 40K decays. A study by a team from the University of Hawaii and the National
Geospatial Agency has determined that remote nuclear reactor monitoring is indeed possible
and have christened their techniques as NUDAR (NeUtrino Direction And Ranging) [155].
For point source recording, the neutrinos from a reactor carry not only direction but also
range information due to the neutrino oscillation distorted spectrum. This group has shown
that neutrino oscillations provide surprising ability to determine range given as few as
hundreds of counts attributable to a given point source (unlike radar, NUDAR needs no
active pinging of the target, but waits for a signal from the target). The relevance of this
work to geoneutrinos is still being investigated, but one immediately sees the potential, even
though oscillation signatures are smeared out due to distributed sources. This opens the door
in the future, however, to real Earth tomography.

We expect the study of electron antineutrinos from the Earth to blossom into a rich
cross disciplinary field, cutting across traditional boundaries and for which we predict a
bright and exciting future.
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Standard Model fails to explain neutrino oscillations, dark matter, and baryon asymmetry of
the Universe. All these problems can be solved with three sterile neutrinos added to SM. Quite
remarkably, if sterile neutrino masses are well below the electroweak scale, this modification—
Neutrino Minimal Standard Model (νMSM)—can be tested experimentally. We discuss a new
experiment on search for decays of GeV-scale sterile neutrinos, which are responsible for the
matter-antimatter asymmetry generation and for the active neutrino masses. If lighter than 2GeV,
these particles can be produced in decays of charm mesons generated by high energy protons
in a target, and subsequently decay into SM particles. To fully explore this sector of νMSM, the
new experiment requires data obtained with at least 1020 incident protons on target (achievable at
CERN SPS in future) and a big volume detector constructed from a large amount of identical single
modules, with a total sterile neutrino decay length of few kilometers. The preliminary feasibility
study for the proposed experiment shows that it has sensitivity which may either lead to the
discovery of new particles below the Fermi scale—right-handed partners of neutrinos—or rule
out seesaw sterile neutrinos with masses below 2GeV.

1. Introduction

The discovery of neutrino oscillations provides an undisputed signal that the StandardModel
(SM) of elementary particles is not complete. However, what kind of new physics it brings
to us remains still unclear: we do not know yet the properties of new particles which are
believed to be behind this phenomenon. An attractive possibility is the extension of the SM
by three right-handed neutrinos, making the leptonic sector similar to the quark one, see
Figure 1.
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Figure 1: Particle content of the SM and its minimal extension in neutrino sector. In the SM (left) the right-
handed partners of neutrinos are absent. In the νMSM (right) all fermions have both left and right-handed
components.
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Figure 2: The admitted values of the Yukawa couplings of sterile neutrinos as a function of their seesaw
Majorana masses.

ThemassesM and Yukawa couplings Y of new leptons remain largely unknown. Basi-
cally, M can have any value between zero (corresponding to Dirac neutrinos) and 1016 GeV,
whereas Y can vary from 10−13 (Dirac neutrino case) to ∼π (the onset of the strong coupling).
The admitted region is sketched in Figure 2.

Independently on their mass, the new Majorana leptons can explain oscillations of
active neutrinos. So, an extra input is needed to fix their mass range. It can be provided by
the LHC experiments.

Suppose that the resonance found at the LHC by Atlas and CMS in the region 125-
126GeV is indeed the Higgs boson of the Standard Model. This number is remarkably close
to the lower limit on the Higgs mass coming from the requirement of the absolute stability of
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the electroweak vacuum and from Higgs inflation, and to prediction of the Higgs mass from
asymptotic safety of the Standard Model (see detailed discussion in [1] and in a proposal
submitted to European High Energy Strategy Group by Bezrukov et al. [2]). The existence of
the Higgs boson with this particular mass tells that the Standard Model vacuum is stable
or metastable with the life-time exceeding that of the Universe. The SM in this case is a
valid effective field theory up to the Planck scale, and no new physics is required above
the Fermi scale from this point of view. Suppose also that the LHC finds no new particle and
no deviations from the Standard Model. In this case the “naturalness paradigm”, leading the
theoretical research over the last few decades will be much less attractive, as the proposals
for new physics stabilizing the electroweak scale by existence of new particles in the TeV
region and based on low energy supersymmetry, technicolor or large extra dimensions would
require severe fine-tunings.

The solution of the hierarchy problem does not require in fact the presence of new
particles or new physics above the Fermi scale. Moreover, the absence of new particles between
the electroweak and Planck scales, supplemented by extra symmetries (such as the scale
invariance)may itself be used as an instrument towards a solution of the problem of stability
of the Higgs mass against radiative corrections (for detailed arguments see [3–5]).

Even regardless the hierarchy problem, it is clear that the Standard Model of
elementary particles is not complete. It is in conflict with several observations. These
are nonzero neutrino masses and oscillations discussed above, the excess of matter over
antimatter in the Universe, and the presence of nonbaryonic dark matter. Any model of
physics beyond the SM (BSM) should be able to deal with the experimental troubles of the
SM.

Guided by the arguments steaming from alternative solutions to the hierarchy prob-
lem it is natural to ask whether the observational problems of the SM can be solved by new
physics below the Fermi scale. And the answer is affirmative: an economic way to handle in
a unified way the problems of neutrino masses, dark matter, and baryon asymmetry of the
Universe is to add to the SM three Majorana singlet fermions with masses roughly of the order
of masses of known quarks and leptons. This theory is called the νMSM, for “Neutrino Minimal
Standard Model” (for a review see [6]). The lightest of the three new leptons is expected to
have a mass from 1keV to 50 keV and plays the role of the dark matter particle (see detailed
discussion in [6] and in a proposal submitted to European High Energy Strategy Group by
Boyarsky et al. [7]). Two other neutral fermions are responsible for giving masses to ordinary
neutrinos via the seesaw mechanism at the electroweak scale and to creation of the baryon
asymmetry of the Universe. The masses of these particles and their couplings to ordinary
leptons are constrained by particle physics experiments and cosmology. Two leptons should
be almost degenerate, forming thus nearly Dirac fermion (this is coming from the require-
ment of successful baryogenesis). For comparison, we show in Figure 3 the summary of dif-
ferent possibilities for the masses of Majorana leptons.

A lot of experimental efforts were devoted to the direct search of Majorana neutral lep-
tons in the past [8–16]. No new particles were found, but several constraints on their mixing
angles with ordinary leptons were derived. The interest to these searches declined consider-
ably at nineties, most probably due to the theoretical prejudice that the masses of Majorana
leptons should be associated with the Grand Unified scale ∼ 1016 GeV [17–20], making their
direct search impossible. As a result, no dedicated searches of relatively light neutral leptons
were performed in the last decade, with an exception of several experiments [13–15] related
to the so-called Karmen anomaly [21]. Today, the reason for the negative result became clear:
in the domain of parameters accessible to most of these experiments the neutral leptons
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Figure 3: This table shows whether a given choice of the mass of sterile neutrinos can explain neutrino
masses and oscillations, accommodate eV neutrino anomalies, lead to baryogenesis, provide a dark matter
candidate, ensure the stability of the Higgs mass against radiative corrections, and is directly searched at
some experiments.

interact too strongly to produce the baryon asymmetry of the Universe, not satisfying one
of the Sakharov conditions for baryogenesis.

The recent theory developments provide a guideline for the required experimental
sensitivity [22], whichwas absent at the timewhen the early experiments weremade. The aim
of the present work is to discuss the experimental signatures of the existence of these particles
and estimate the parameters of the experiment of beam-target type required to fully explore
the model parameter space if sterile neutrinos are lighter than D-mesons (see a proposal
submitted to European High Energy Strategy Group by Gorbunov and Shaposhnikov [23]).

The paper is organized as follows. In Section 2 we give the essential features of the
model and discuss the constraints on new particles. Section 3 is devoted to general descrip-
tion of experiments on searches for sterile neutrinos of masses in GeV range. In Section 4 we
present an estimate of sensitivity required to test the model and suggest the experimental
setup to accomplish the ultimate task. Section 5 contains conclusions.

2. The Model and Constraints on Properties of New Particles

The νMSM is described by the most general renormalizable Lagrangian of all the SM
particles and 3 singlet fermions. For the purpose of the present discussion we take away
from it the lightest singlet fermionN1 (the “dark matter sterile neutrino”), which is coupled
extremelyweakly to the ordinary leptons. In addition, we takeN2 andN3 degenerate inmass,
M2 = M3 = M. The approximate equality of the masses of N2,3 comes from requirement of
resonance production of the baryon asymmetry of the Universe. Then a convenient param-
eterization of the mass term and the interaction of N’s with the leptons of SM is given in
terms of three parameters (M, ε, η):

Lsinglet =
(
M
∑
mi

2v2

)1/2[ 1√
εeiη

L2N2 +
√
εeiηL3N3

]
H̃ −MN2

c
N3 + h.c., (2.1)
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where L2 and L3 are the combinations of the left-handed doublets Le, Lμ, and Lτ ,

L2 =
∑

α

xαLα, L3 =
∑

α

yαLα, (2.2)

with
∑

α |xα|2 =
∑

α |yα|2 = 1. In (2.1) v = 246GeV is the vacuum expectation value of the
Higgs field H, H̃i = εijH

∗
j , and mi are the active neutrino masses. Note that one of them

is negligibly small in comparison with others in the νMSM [6], so that
∑
mi = κmatm with

matm ≡
√
|Δm2

atm| � 0.05 eV being the atmospheric neutrino mass difference, κ = 1(2) for
normal (inverted) hierarchy of neutrino masses. Mixing parameters xα and yα can be
expressed through the parameters of the active neutrino mixing matrix (explicit relations can
be found in [24]). The parameter ε (by definition, ε < 1) and the CP-breaking phase η cannot
be determined by neutrino oscillation experiments.

If the value of mass parameter M is fixed, smaller ε yields stronger interactions of
singlet fermions to the SM leptons. This leads to equilibration of these particles in the early
Universe above the electroweak temperatures, and, therefore, to erasing of the baryon
asymmetry. In other words, themixing angleU2 between neutral leptons and active neutrinos
must be small, explaining why these new particles have not been seen previously. For small
ε,

U2 =
∑
mi

4Mε
. (2.3)

The region, where baryogenesis is possible in (U2,M) plane is shown in Figure 4.We also plot
there the exclusion regions coming from different experiments such as CHARM [10], NuTeV
[13], and CERN PS191 experiment [11, 12] (see also discussion of different experiments in
[25, 26]). Only CERN PS191 significantly entered into the cosmologically interesting part
of the parameter space of the νMSM for sterile neutrinos lighter than kaon. In Figure 5 we
present the expected lifetime of the singlet fermions in an experimentally interesting region
M < 1.8GeV.

Aswe see, themass of these particles is limited from below by current experiments and
cosmological considerations by ∼100MeV, while no known solid upper bound, better than the
electroweak scale, can be applied. At the same time, various considerations indicate that their
mass may be in O(1) GeV region [24].

3. General Considerations for the Experiment

Themost efficientmechanism of sterile neutrino production is associatedwithweak decays of
heavy mesons and baryons, see left panel of Figure 6 for examples of relevant two- and
three-body decays. Therefore, from experimental point of view, the distinct mass ranges
are associated with the masses of mesons in which sterile neutrinos can be created: below
500MeV (K-meson), between 500MeV and 2GeV (D-mesons), between 2 and 5GeV (B-
mesons), and above 5GeV. We will concentrate here on the masses below the charm
threshold, the higher values will be discussed shortly in Section 5.

The mechanism works as follows. Heavy mesons (and baryons) can be produced by
energetic protons scattering off the target material. As a reference machine we take CERN



6 Advances in High Energy Physics

0.2 0.5 1 2 5 10

BAU

BAU

seesaw

BBN

PS191
NuTeV

CHARM

10−12

10−10

10−8

10−6

M (GeV)

U
2

(a)

0.2 0.5 1 2 5 10

BAU

BAU

seesaw

BBN

PS191

NuTeV

CHARM

10−12

10−10

10−8

10−6

M (GeV)

U
2

(b)

Figure 4: The allowed region of parameters of sterile neutrinos, responsible for neutrino oscillations (region
above the dotted “seesaw” line) and for baryo/leptogenesis (region between two black solid lines). Sterile
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SPS with beam energy of 400GeV. Here the relevant heavy hadrons contain charm as the
heaviest quark: D, Ds, Λc,D∗, . . . With typical weak lifetime (in the rest frame) of about
10−10 s these mesons mostly decay before further interaction in the target, nomatter how thick
it is. Sterile-active neutrino mixing gives rise to sterile neutrino production in weak decays of
the heavy mesons (note that searches for those heavy hadron decays is one of the possible
strategy of exploring the νMSM parameter space in full, which at the present level of
experimental technique seems unrealistic, see discussion in Section 5). For charmed mesons
typical branching ratios expected for the νMSM parameter space are at the level of [22]

Br(D −→N) ∼ 10−8–10−12, (3.1)

(referring to upper and lower limits in Figure 4, resp.).
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These sterile neutrinos further weakly decay to the SM particles due to mixing with
active neutrinos. In the νMSM mixing angles are small, see Figure 4, hence the sterile
neutrinos live much longer (see Figure 5) as compared to that of the weakly decaying SM
particles of similar masses. Before the decay (and with account of γ-factor) relativistic sterile
neutrinos would cover quite a large distance significantly exceeding ten kilometers. Hence,
sterile neutrino decays into SM particles due to mixing with active neutrino can be searched
for in the near detector, see Figure 7. Two examples of the interesting decay modes are
presented in right panel of Figure 6. More examples and typical patterns of sterile neutrino
decay branching ratios expected within the νMSM can be found in [22].

Let us first make rough estimates of length-scale of the detector needed to fully explore
the νMSM parameter space for sterile neutrino masses in the interesting range MN ∼ 0.5–
2GeV, where sterile neutrinos are dominantly produced in charmed hadron decays. Let PT
and PL be average transverse and longitudinal momenta of produced sterile neutrinos. We
start with detector of a special geometry designed to cover entirely the solid angle ∼ πP 2

T/P
2
L

around the beam axis. Then all the sterile neutrinos travel through the fiducial volume of
the detector which has a conical form. For 400GeV proton beam operating at SPS the charm
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Figure 8: Schematic illustration of a proton beam dump experiment on search for Ds → μN,N → μπ
decay chain: charm mesons Ds generated by the proton beam in the target (T) produce a flux of high
energy N’s through the UμN mixing in the decay Ds → μνμ, which penetrate the downstream shielding
and decay into μπ pair in a neutrino decay volume (DV). The same setup can be used to search for the
processN → μeν. See text.

production cross section σc was measured by LEBC/EHS collaboration revealing σc ≈ 30μb
[28]. Thus forNpot = 1020 protons incident on the target per year one expects

σc
σp

Npot ∼ 0.75 × 1017 (3.2)

charmed hadrons (σp ≈ 40mb [29] is the total proton cross section at SPS energy). With charm
branching ratio to sterile neutrino given above (3.1) one expects about

NN ∼ 0.75 ×
(
105–109

)
(3.3)

sterile neutrinos crossing the detector each year of operating.
Then, for reference sterile neutrino mass of 1GeV one estimates the decay length of

102–105 km (see Figure 5) and hence

Ndec
N ∼ 1–107 (3.4)

decay events per year for 1 km-length detector. Note, that with PT/PL ∼ 1GeV /40GeV [28]
and heavy neutrino following the parent meson travel direction, the detector at a distance of
1 km has to cover the area of about 25m × 25m to accomplish the task.

Considering a more realistic setup, where detector is placed on the Earth surface and
its height is of about 5m (cf. the size of CHARMdetector [10]) one concludes that the detector
has to be about 5 times longer to achieve the same sensitivity to the sterile neutrinos as in the
previous conical configuration.

To register all the expected sterile neutrino decays it seems appropriate to install many
detectors of a reasonable 5m × 5m × 100m size rather than one large detector. These small
detectors may operate separately by independent groups of experimentalists but together
cover the same volume as the large detector, see Figure 8.



Advances in High Energy Physics 9

4. Preliminary Study for the Feasibility of the Proposed Experiment

The searches for Majorana leptons were undertaken in the past at PS191, BEBC, CHARM, and
NuTeV and led to a negative result, not surprising in view of the cosmological constraints on
the properties of sterile neutrinos, that were derived later on. The decays of the νMSM sterile
neutrinos are very rare events, and their observation presents a challenge for the detector
design and performance. The sensitivity of the search has |UμN |4 dependence on the mixing
stength, and in order to increase it substantially as compared to the previous searches, one
has to use,

(i) higher intensity of the proton beam and larger amounts of pot’s,

(ii) shorter distance to the proton target,

(iii) largerN decay fiducial volume,

(iv) longer time of data accumulation,

(v) better efficiency of events detection and reconstruction, background rejection, and
so forth.

To compromise the cost of the detector and its performance, we focus mainly on discussions
of the experimental setup to search for the N decays in a detector volume filled with a
(diluted) gas, not in vacuum. The setup with vacuum requirements would provide possibly
better sensitivity, but is more complicated and costly.

The main components of the experimental setup to search for the N decays of sterile
neutrino are schematically illustrated in Figure 8. The full detector is composed of single
identical modules. Eachmodule consists of a decay volume tank (DV)with diameter of about
5–7meters and length of 20–30meters. To minimize cost and amount of passive material, the
decay tank could be, for example, a rubber balloon filled with helium. Each DV is followed
by a high precision tracker, which could be a layers of straw tube (ST), see, for example,
[30]. The entire detector is assembled from �50–100 such modules and is followed by a
calorimeter (E/HCAL) which has the electromagnetic and hadronic parts. The detector is
protected against charged secondaries from neutrino interactions in the dump by a Veto (V).

The design of a single module is similar to that one used in the PS191, or CHARM
experiments, that searched for decays N → νe+e−, μπ, μeν, . . . of heavy neutrinos in the N
mass range from 10MeV to 1.8GeV originated from decays π,K, and charmed D mesons
decays [10–12]. The later experiment, specifically designed to search for neutrino decays in a
high-energy neutrino beam, was performed by using 400GeV protons from the CERN Super
Proton Synchrotron (SPS) with the total number of 2.4 × 1018 protons on (Cu) target (pot).
The CHARMdecay detector, located at the distance of 480m from the target, consists of decay
volume of 3 × 3 × 35m3, three chambers modules located inside the volume to detect charged
tracks and followed by a calorimeter. The decay volume was essentially an empty region
to substantially reduced the number of ordinary neutrino interactions. The signature of the
heavy neutrino decay νh → νe+e− were events originating in the decay region at a small
angle with respect to the neutrino beam axis with one or two separate electromagnetic
showers in the calorimeter [10]. No such events were observed and limits were established on
the νe,μ − νh mixing strength as a function of the νh mass.
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4.1. Production and Decay of Sterile Neutrinos

If the decays Ds,D → μN exist, one expects a flux of high energy N’s from the SPS target,
since neutral mesons Ds and D are abundantly produced in the forward direction by high
energy protons in the target. IfN is a relatively long-lived particle, this flux would penetrate
the downstream shielding without significant attenuation and would be observed in the
proposed detector via theN → μπ, μeν decay into a high energy μπ or μe pair, as schemat-
ically illustrated in Figure 7. The experimental signature of the sterile neutrino decays is an
observation of either μπ or μe pairs originated from a common vertex located in empty space.
This signature is clean and the signal events are expected to be selected in the detector with a
small background. The occurrence ofN → μπ, μeν decays would appear as an excess of μπ
or μe pairs in the detector above those expected from standard neutrino interactions. Up to a
N mass of �2GeV, the mass difference between the Ds and the μ, N’s can originate both
from the νμ produced directly in the Ds decay and from the νμ produced indirectly in the
subsequent decay of τ produced in Ds decays. For a N mass below than �1.8GeV νμ’s
produced in τ decay can contribute. However these indirect N’s have a lower acceptance
resulting in a smaller probability to observe theN decays in the detector. Therefore we focus
mainly on directly producedN’s.

As discussed previously, the mixing between the sterile neutrino and the muon
neutrino results in the decay Ds → μN, as illustrated in Figure 8. The Ds meson, which is
normally decays into a μ and νμ, might instead decay to a μ and a heavy neutrinoN. For the
mass interval mνh � 2GeV the chirality-flip is mostly due to sterile neutrino mass which
results in

Γ
(
Ds −→ μN

) ≈ Γ
(
Ds −→ μνμ

)∣∣UμN

∣∣2
(
mN

mμ

)2

. (4.1)

In the SM, Ds meson decays leptonically via annihilation of the c and s quarks through a
virtualW+. The decay rate of this process is given by

Γ(Ds −→ lν) =
G2
F

8π
f2
Ds
m2
l MDs

(
1 − m2

l

M2
Ds

)2

|Vcs|2, (4.2)

where the MDs is the Ds meson mass, ml is the mass of the charged lepton, f2
Ds

is the decay
constant, GF is the Fermi constant, and Vcs is a Cabibbo-Kobayashi-Maskawa matrix element
which value equals 0.97334 [31]. The decay rate (4.2) is suppressed by the lepton mass
squared, since the very leptonic decay is due to chirality-flip. As follows from (4.1), in
neutrino scattering experiments the N decay signal rate is proportional to ∝ |UμN |4 (the
mixing |Uμh|2 appears twice, through the heavy neutrino production, and through the its
decays in the detector) and, thus is more suppressed. The branching ratio of a particular
decay mode, for example,N → μπ (orN → μeν) is given by

Br
(
N −→ μπ

)
=

Γ
(
μπ
)

Γtot
= F
(
MN,

∣∣UμN

∣∣2
)
, (4.3)
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where the function F(MN, |UμN |2) is calculated in [22], and the total rate Γtot is dominated
by theN → 3ν decay channel.

To make quantitative estimates, we performed simplified simulations of the N pro-
duction in the inclusive reaction

p + Be −→ Ds +X, Ds −→ μ +N → μπ, μeν (4.4)

with the emission of a GeV-scale sterile neutrino N subsequently decaying semileptonically
or leptonically in the detector, as illustrated in Figures 7 and 8. In the simulations it is
assumed, that the N is a long-lived particle and the flux of N’s penetrates the downstream
shielding without significant attenuation. The decay N → μπ, μeν cannot be distinguished
from the antineutrino decayN → μπ orN → μeν and the obtained result therefore refers to
the sum of all these decay modes.

The flux of sterile neutrinos from decays of Ds’s and D’s produced in the target by
primary protons can be expressed as follows:

Φ(N) ∝Npot

∫
d3σ
(
p +N → Ds(D) +X

)

d3pDs(D)
Br
(
Ds(D) −→ μN

)
fd3pDs(D), (4.5)

where Npot is the number of pot, σ(p + N → Ds(D) + X) is the Ds(D) meson production
cross-section, Br(Ds(D) → μN) is the Ds(D) → μN decay mode branching fraction [31],
and f is the decay phase space factor, respectively.

To perform quantitative we used simulations of the process shown in Figure 7 by
taking into account the relative normalization of the yield of charmed meson species Ds and
D from the original publications. The invariant cross-section of a charm meson production
can be expressed as [31]

E
d3σ

d3p
=

d3σ

pTdpTdy dφ
=

d2σ

2πpTdpTdy
, (4.6)

where pT is the transverse momentum of the particle, y is its rapidity, and in the last equality
integration over the full 2π azimuthal angle φ is performed. For the production cross-sections
of Ds and D charm mesons we used the Bourquin-Gaillard (B-G) formula from [32]:

E
d3σ
(
p +N → Ds(D) +X

)

d3p
= A
(

2
ET + 2

)12.3

exp
(
− 5.13
Y 0.38

)
f
(
pT
)
, (4.7)

where

f
(
pT
)
=

⎧
⎪⎨

⎪⎩

exp
(−pT

)
, pT < 1GeV,

exp

(
−1 − 23

(
pT − 1

)
√
s

)
, pT > 1GeV

(4.8)

with Y = ymax − y, being the rapidity, s is the Mandelstam variable in GeV2, and ET (pT ) is
the transverse energy (momentum) in GeV. The coefficientA in (4.7) is a normalization factor
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Figure 9: Two dimensional distribution of flux for 1GeV sterile neutrino as a function of ΘN , the angle
between the proton beam axis and momentum ofN, and its energy calculated for 400GeV proton incident
on Be target. TheN’s are produced through the decay Ds → μN assuming mixing strength |UμN |2 = 1.

that was tuned to obtain the cross sections of the charm production in pp collisions at 400GeV.
The spectra of ντ ’s produced in the Be target by primary protons could be calculated by
using the approach reported in [33] (see also [34]). However, the Bourquin-Gaillard (B-G)
approach gives the parametric form of (4.6) for the production of many different hadrons,
including charm, which is in good agreement with data over the full phase-space in high-
energy hadronic collisions and with a precision which is satisfactory at the level of our
accuracy. The total Ds and D production cross sections in p-Be collisions were calculated
from its linear extrapolation to the target atomic number. The contribution of protons not
interacting in the Be target and interacting in the SPS beam dumpwas not taken into account.

The calculated fluxes and energy distributions ofDs, D produced in the Be target were
used to predict the flux ofN’s, as a function of its mass. An example of 2D-flux distribution
calculated for 1GeV sterile neutrino as a function of ΘN , the angle between the proton beam
axis and momentum ofN, and theN energy for 400GeV proton incident on target is shown
in Figure 9. In these calculation theN’s are produced through the decayDs → μN assuming
mixing strength |UμN |2 = 1. One can see, that for detector located at the distance �100m from
the target its fiducial area for efficientN detection should be of the order S � πL2Θ2 � 300m2.

4.2. Background

There are several expected sources of background in the experiment, which come from

(i) neutrino interactions in helium,

(ii) neutrino interactions in surrounding materials,
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(iii) cosmics,

(iv) accidentals,

(v) punch-through energetic neutral particles, such as K0
L or n.

Because of the high number of pot’s and many possible sources of background the detail
study for the feasibility of the proposed search would require the simulation of a very large
number of events resulting in a prohibitively large amount of computer time. Consequently,
only small fraction of the required statistics for νμCC(NC) inelastic reactions and other
background components, for example, such as coherent and quasielastic reactions, and so
forth. . ., were considered for preliminary estimate and combinedwith numerical calculations.

The estimate shows that the dominant background is expected from the primary νμ
interactions in passive material, which correspond roughly to � 106νμCC/1020 pot events per
1 ton of matter. The largest contribution to background is expected from neutrino interactions
yielding a single μπ pair with little hadronic activity in the final state. Neutrino interactions
that occur in the surrounding material, for example, upstream of the DV fiducial volume or
in material of the decay tanks, also may produce an isolated μπ pairs if the accompanying
particles are not detected. These background events from surrounding material could be
rejected with an effective method developed in [15], by introducing the collinearity variable
1 − cosΘ, where Θ is the angle between, for example, the μπ pair momentum direction and
the neutrino beam axis. The main idea is that if the μπ pair originates from the decay chain
Ds → μN,N → μπ , at high energies the μπ pair momentum extrapolated back should point
to theDs production target. An example of the distribution of the variable 1 − cosΘ obtained
in the NOMAD experiment, searching for the decay N → e+e−ν, is shown in Figure 5 of
[15]. One can see that potentially one could measure the μπ pair momentum direction with
precision 1 − cosΘ � 10−5. By using this variable, two independent techniques could be used
for the background estimation in the signal region. The first is obviously based on the MC.
The second method relies on the data themselves. By extrapolating the observed events to
the signal region with the shape of the fully simulated MC events a background estimate can
be obtained from the data. Using this technique would result in an additional rejection of
background events.

4.3. Sensitivity Estimate

For a given flux dΦ(MN,EN,Npot)/dEN of N’s the expected number of N → μπ, μeν
decays occurring within the fiducial length L of the detector located at a distance L′ from the
neutrino target is given by

NN→μπ,μeν = Br
(
Ds −→ μN

)
Br
(
N −→ μπ

) ∫ dΦ
dEN

· exp
(
−L

′MN

PNτN

)[
1 − exp

(
−LMN

PNτN

)]
ζSdEN,

(4.9)

where EN, PN , and τN are the N energy, momentum, and the lifetime at rest, respectively,
and ζ(� 50%) is the μπ (μe) pairs reconstruction efficiency. The acceptance S was calculated
by tracingN’s produced in the Be-target to the detector taking the relevant momentum and
angular distributions into account. In this estimate the average momentum is 〈pN〉 � 45GeV
and S � 50%.
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Figure 10: The expected 90% C.L. upper limits on the branching ratio Br(Ds → μN)Br(N → μπ) versus
τN estimated for the proposed experiment in the background free case. The numbers near the curves
indicate the corresponding values of sterile neutrino masses.

In the case of no signal observation, the background free experiment would result
in stringent constraints on existence of the sub-GeV sector of the νMSM. An example of the
exclusion region calculated in the (Br(Ds → μN)Br(N → μπ) � τN) plane for � 1020 pot and
the detector assembled from � 102 modules, assumingNN→μπ,μeν < 2.3 at 90% CL, is shown
in Figure 10. For the mass range 0.5 � mN � 2GeV these limits correspond to the bounds on
tne mixing strength which are in the range 10−6 � |UμN |2 � 10−10 and exclude seesaw sterile
neutrinos with masses below 2GeV.

Note, that the uncertainty for the Ds production at low pT does not significantly affect
the sensitivity estimate. For example, the variation of theDs yield in (4.9) by 30% results in the
corresponding variation of the limits on mixing strengthUμN of order 5%. This is because the
sensitivity of the search is proportional to the |UμN |4. Indeed, in (4.9) the branching fraction
of (4.2) and the decay rate Γ(N → μπ, μeν) of (4.1) both are proportional to |UμN |2.

5. Conclusions

The energy scale of new physics is not known. If it exists at energies above the Fermi scale
(examples include supersymmetry, large or warped extra dimensions, and models with
dynamical electroweak symmetry breaking), the search for new particles can be carried out in
direct experiments, such as ATLAS and CMS at LHC. In addition, new hypothetical heavy
particles inevitably appear as virtual states, leading to different rare processes, absent in the
SM. These effects can be found at experiments such as LHCb and are competitive with the
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direct searches. If no new physics is found at the LHC, this may indicate the absence of new
physics all the way between the Fermi and Planck scales.

Quite paradoxically, the largely unexplored up to now domain of energies where the
new physics can be hidden is related to physics below the Fermi scale. If the new particles
are light and weakly interacting (as in the νMSM, discussed here) then the search for rare
processes is superior to high energy experiments. It provides a unique possibility for dis-
covery of new physics, not accessible by any of the LHC experiments.

The present proposal deals with the searches of new relatively light Majorana leptons
which “give” the masses to ordinary neutrinos and produce baryon asymmetry of the
Universe. We discussed here the parameters of the beam-target experiment which can explore
completely the mass range below 2GeV. Due to the weak coupling of these particles to other
fermions these experiments are very challenging and require construction of a kilometer scale
detector. However, an experiment at much smaller scales, with 100 meters detectors, would
be able to explore the dominant fraction of the parameter space.

Below we describe shortly the prospect for other experiments and higher range of
sterile neutrino masses.

We start with remark that signal statistics in beam-target experiment proposed in this
paper is determined by the fourth power of sterile-active neutrino mixing, U2 × U2, since both
sterile neutrino production in meson decays and rate of subsequent neutrino decay within a
detector are proportional toU2. Experiments on searches of meson decays to sterile neutrinos
requires (potentially) less statistics of mesons, since the signal statistics are proportional only
to the second power of sterile-active neutrino mixingU2.

With expected for νMSM branching ratios (3.1) the relevant experiment has to collect
not less than 1012 hadrons in order to fully explore the entire part of parameter space at
MN < 2GeV. This statistics is far above what has been obtained at previous c- and b-factories
(CLEO(-c), BaBar, Belle) or at proposed future c-τ (Novosibirsk) and B-factories (Tsukuba,
Frascati), where total number of D-meson is planned at the level of 109, see, for example,
[35]. Only at LHC the D-meson production rate is enough to perform this search, however,
limits from data taking rate, QCD-background, vertex resolution, particle misidentification
etc, prevent measurement of D-meson branching ratios at the required level (3.1).

As we have already mentioned, there are no solid-motivated upper limits on sterile
neutrino mass of subelectroweak scale. Sterile neutrinos can be heavier than D-meson, and
then charmed hadrons are out of use. If sterile neutrinos are lighter than 5GeV, they can be
produced in beauty hadron decays. This mass range is favorable [27] for a particular mech-
anism of dark matter production (resonant oscillations in the primordial plasma with lepton
asymmetry) in the early Universe. There are other options for dark matter production, which
are insensitive to the 1GeV scale sterile neutrinos, see, for example, [36, 37]. Typical branch-
ing ratios of B-mesons to sterile neutrino expected within νMSM are [22] by one-two orders
of magnitude smaller, than those of D-mesons, as both upper and lower bounds on mixing
U2 decrease with increase of sterile neutrinomasses, see Figure 4. Proposed upgrade of LHCb
[38]will be able of entering the interesting region of νMSM parameter space by searching for
b-meson decays into sterile neutrinos, but cannot cover the entire region. Once can further
discuss an idea of using LHC-beam (4TeV, 7 TeV, higher) for a beam-target experiment of the
kind proposed in this paper, in order to fully explore the νMSM parameter space, if sterile
neutrino mass belongs to the the interval 2–5GeV.

The preliminary analysis shows that the quoted sensitivity could be obtained with
a proton beam and a detector optimized for several its properties. Namely, (i) the primary
beam intensity and the total number of pot’s, (ii) the fiducial decay volume of the detector,
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(iii) the composition of the material of decay tank and surrounding material and (iv) the
efficiency and precision of the tracking system, (v) the E/HCAL granularity, energy resolu-
tion, and particle identification, and (vi) different sources of background a are of importance.

As far as the cost concerned, each module may be relatively cheap, empty-space with
simple tracker system either inside or behind the decay volume, and the calorimeter at the far
end. Its design may repeat the design of the experiment on precision neutrino measurements
and searches for sterile neutrino decays at FNAL [30]. The detector of the 100 length has a
sensitivity toU2 ×U2 worth by a factor only 50. Thus even one (the first) section will be able
to deepen considerably into the parameter range interesting for cosmology, see Figure 4.
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Leptogenesis is a class of scenarios in which the cosmic baryon asymmetry originates from
an initial lepton asymmetry generated in the decays of heavy sterile neutrinos in the early
Universe. We explain why leptogenesis is an appealing mechanism for baryogenesis. We review
its motivations and the basic ingredients and describe subclasses of effects, like those of lepton
flavours, spectator processes, scatterings, finite temperature corrections, the role of the heavier
sterile neutrinos, and quantum corrections. We then address leptogenesis in supersymmetric
scenarios, as well as some other popular variations of the basic leptogenesis framework.

1. The Baryon Asymmetry of the Universe

1.1. Observations

Up to date no traces of cosmological antimatter have been observed. The presence of a small
amount of antiprotons and positrons in cosmic rays can be consistently explained by their
secondary origin in cosmic particles collisions or in highly energetic astrophysical processes,
but no antinuclei, even as light as antideuterium or as tightly bounded as anti-α particles,
have ever been detected.

The absence of annihilation radiation pp → . . . π0 → . . . 2γ excludes significant
matter-antimatter admixtures in objects up to the size of galactic clusters ∼20Mpc [1].
Observational limits on anomalous contributions to the cosmic diffuse γ-ray background
and the absence of distortions in the cosmic microwave background (CMB) imply that little
antimatter is to be found within ∼1Gpc and that within our horizon an equal amount of
matter and antimatter can be excluded [2]. Of course, at larger superhorizon scales the
vanishing of the average asymmetry cannot be ruled out, and this would indeed be the
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case if the fundamental Lagrangian is C and CP symmetric and charge invariance is broken
spontaneously [3].

Quantitatively, the value of baryon asymmetry of the Universe is inferred from
observations in two independent ways. The first way is by confronting the abundances of the
light elements,D, 3He, 4He, and 7Li, with the predictions of Big Bang nucleosynthesis (BBN)
[4–9]. The crucial time for primordial nucleosynthesis is when the thermal bath temperature
falls below T � 1MeV. With the assumption of only three light neutrinos, these predictions
depend on a single parameter, that is, the difference between the number of baryons and
antibaryons normalized to the number of photons:

η ≡ nB − nB
nγ

∣∣∣∣∣
0

, (1.1)

where the subscript 0 means ”at present time.” By using only the abundance of deuterium,
that is particularly sensitive to η, [4] quotes:

1010 η = 5.7 ± 0.6 (95%c.l.). (1.2)

In this same range there is also an acceptable agreement among the various abundances, once
theoretical uncertainties as well as statistical and systematic errors are accounted for [6].

The second way is from measurements of the CMB anisotropies (for pedagogical
reviews, see [10, 11]). The crucial time for CMB is that of recombination, when the
temperature dropped down to T � 1 eV and neutral hydrogen can be formed. CMB
observations measure the relative baryon contribution to the energy density of the Universe
multiplied by the square of the (reduced) Hubble constant h ≡ H0/(100 kmsec−1 Mpc−1):

ΩBh
2 ≡ h2 ρB

ρcrit
, (1.3)

that is related to η through 1010 η = 274ΩBh
2. The physical effect of the baryons at the

onset of matter domination, which occurs quite close to the recombination epoch, is to
provide extra gravity which enhances the compression into potential wells. The consequence
is enhancement of the compressional phases which translates into enhancement of the odd
peaks in the spectrum. Thus, a measurement of the odd/even peak disparity constrains the
baryon energy density. A fit to the most recent observations (WMAP7 data only, assuming
a ΛCDM model with a scale-free power spectrum for the primordial density fluctuations)
gives at 68% c.l. [12]

102 ΩBh
2 = 2.258+0.057−0.056. (1.4)

There is a third way to express the baryon asymmetry of the Universe, that is, by normalizing
the baryon asymmetry to the entropy density s = g∗(2π2/45)T3, where g∗ is the number of
degrees of freedom in the plasma and T is the temperature:

YΔB ≡ nB − nB
s

∣∣∣∣
0
. (1.5)
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The relation with the previous definitions is given by the conversion factor s0/nγ0 = 7.04. YΔB

is a convenient quantity in theoretical studies of the generation of the baryon asymmetry from
very early times, because it is conserved throughout the thermal evolution of the Universe.
In terms of YΔB the BBN results (1.2) and the CMB measurement (1.4) (at 95% c.l.) read

YBBN
ΔB = (8.10 ± 0.85) × 10−11, YCMB

ΔB = (8.79 ± 0.44) × 10−11. (1.6)

The impressive consistency between the determinations of the baryon density of the Universe
from BBN and CMB that, besides being completely independent, also refer to epochs with a
six orders of magnitude difference in temperature, provides a striking confirmation of the hot
Big Bang cosmology.

1.2. Theory

From the theoretical point of view, the question is where the Universe baryon asymmetry
comes from. The inflationary cosmological model excludes the possibility of a fine tuned
initial condition, and sincewe do not know any other way to construct a consistent cosmology
without inflation, this is a strong veto.

The alternative possibility is that the Universe baryon asymmetry is generated
dynamically, a scenario that is known as baryogenesis. This requires that baryon number (B)
is not conserved. More precisely, as Sakharov pointed out [13], the ingredients required for
baryogenesis are three.

(1) B violation is required to evolve from an initial state with YΔB = 0 to a state with
YΔB /= 0.

(2) C and CP violation: if either C or CP was conserved, then processes involving
baryons would proceed at the same rate as the C- or CP-conjugate processes
involving antibaryons, with the overall effect that no baryon asymmetry is
generated.

(3) Out of equilibrium dynamics: equilibrium distribution functions neq are deter-
mined solely by the particle energy E, chemical potential μ, and by its mass
which, because of the CPT theorem, is the same for particles and antiparticles.
When charges (such as B) are not conserved, the corresponding chemical potentials
vanish, and thus nB =

∫
(d3p/(2π3))neq = nB.

Although these ingredients are all present in the Standard Model (SM), so far all attempts to
reproduce quantitatively the observed baryon asymmetry have failed.

(1) In the SM B is violated via the triangle anomaly. Although at zero temperature B
violating processes are too suppressed to have any observable effect [14], at high
temperatures they occur with unsuppressed rates [15]. The first condition is then
quantitatively realized in the early Universe.

(2) SM weak interactions violate C maximally. However, the amount of CP violation
from the Kobayashi-Maskawa complex phase [16], as quantified by means of
the Jarlskog invariant [17], is only of order 10−20, and this renders impossible
generating YΔB ∼ 10−10 [18–20].



4 Advances in High Energy Physics

(3) Departures from thermal equilibrium occur in the SM at the electroweak phase
transition (EWPT) [21, 22]. However, the experimental lower bound on the Higgs
mass implies that this transition is not sufficiently first order as required for
successful baryogenesis [23].

This shows that baryogenesis requires new physics that extends the SM in at least two ways.
It must introduce new sources of CP violation and it must either provide a departure from
thermal equilibrium in addition to the EWPT or modify the EWPT itself. In the past thirty
years or so, several new physics mechanisms for baryogenesis have been put forth. Some
among the most studied are GUT baryogenesis [24–33], electroweak baryogenesis [21, 34, 35], the
affleck-Dine mechanism [36, 37], and spontaneous Baryogenesis [38, 39]. However, soon after the
discovery of neutrino masses, because of its connections with the seesaw model [40–44] and
its deep interrelations with neutrino physics in general, the mechanism of baryogenesis via
Leptogenesis acquired a continuously increasing popularity. Leptogenesis was first proposed
by Fukugita and Yanagida in [45]. Its simplest and theoretically best motivated realization is
precisely within the seesaw mechanism. To implement the seesaw, new Majorana SU(2)L
singlet neutrinos with a large mass scale M are added to the SM particle spectrum. The
complex Yukawa couplings of these new particles provide new sources of CP violation,
departure from thermal equilibrium can occur if their lifetime is not much shorter than the
age of the Universe when T ∼ M, and their Majorana masses imply that lepton number is
not conserved. A lepton asymmetry can then be generated dynamically, and SM sphalerons
will partially convert it into a baryon asymmetry [46]. A particularly interesting possibility
is “thermal leptogenesis” where the heavy Majorana neutrinos are produced by scatterings
in the thermal bath starting from a vanishing initial abundance, so that their number density
can be calculated solely in terms of the seesaw parameters and of the reheat temperature of
the Universe.

This paper is organized as follows. In Section 2 the basis of leptogenesis is reviewed
in the simple scenario of the one-flavour regime, while the role of flavour effects is
described in Section 3. Theoretical improvements of the basic pictures, like spectator effects,
scatterings and CP violation in scatterings, thermal corrections, the possible role of the
heavier singlet neutrinos, and quantum effects, are reviewed in Section 4. Leptogenesis in
the supersymmetric seesaw is reviewed in Section 5, while in Section 6 we mention possible
leptogenesis realizations that go beyond the type-I seesaw. Finally, in Section 7 we draw the
conclusions.

2. N1 Leptogenesis in the Single Flavour Regime

The aim of this section is to give a pedagogical introduction to leptogenesis [45] and establish
the notations. We will consider the classic example of leptogenesis from the lightest right-
handed (RH) neutrino N1 (the so-called N1 leptogenesis) in the type-I seesaw model [40,
41, 43, 44] in the single flavour regime. First in Section 2.1 we introduce the type-I seesaw
Lagrangian and the relevant parameters. In Section 2.2, we will review the CP violation in RH
neutrino decays induced at 1-loop level. Then in Section 2.3, we will write down the classical
Boltzmann equations taking into account only decays and inverse decays of N1 and give a
simple but rather accurate analytical estimate of the solution. In Section 2.4 we will relate the
lepton asymmetry generated to the baryon asymmetry of the Universe. Finally in Section 2.5,
we will discuss the lower bound on N1 mass and the upper bound on light neutrino mass
scale from successful leptogenesis.
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2.1. Type-I Seesaw, Neutrino Masses, and Leptogenesis

With m (m ≥ 2) (neutrino oscillation data and leptogenesis both require m ≥ 2.) singlet RH
neutrinos NRi (i = 1, m), we can add the following Standard Model (SM) gauge invariant
terms to the SM Lagrangian:

LI = LSM + iNRi�∂NRi −
(
1
2
MiN

c
Ri
NRi + εabYαiNRi	

a
αH

b + h.c.
)
, (2.1)

where Mi are the Majorana masses of the RH neutrinos, 	α = (ναL, α−L) with α = e, μ, τ and
H = (H+,H0) are, respectively, the left-handed (LH) lepton and Higgs SU(2)L doublets and
εab = −εba with ε12 = 1. Without loss of generality, we have chosen the basis where the
Majorana mass term is diagonal. The physical mass eigenstates of the RH neutrinos are the
Majorana neutrinosNi = NRi +N

c
Ri
. SinceNi are gauge singlets, the scale ofMi is naturally

much larger than the electroweak (EW) scale Mi � 〈Φ〉 ≡ v = 174GeV. Hence after EW
symmetry breaking, the light neutrino mass matrix is given by the famous seesaw relation
[40, 41, 43, 44]:

mν 
 −v2Y
1
M

YT. (2.2)

Assuming Y ∼ O(1) and mν 

√
Δm2

atm 
 0.05 eV, we have M ∼ 1015 GeV not far below the
GUT scale.

Besides giving a natural explanation of the light neutrino masses, there is another
bonus: the three Sakharov’s conditions [13] for leptogenesis are implicit in (2.1)with the lepton
number violation provided byMi, the CP violation from the complexity of Yiα, and the departure
from thermal equilibrium condition given by an additional requirement that Ni decay rate ΓNi

is not very fast compared to the Hubble expansion rate of the UniverseH(T) at temperature
T =Mi with

ΓNi =

(
Y †Y

)
iiMi

8π
, H(T) =

2
3

√
g∗π3

5
T2

Mpl
, (2.3)

where Mpl = 1.22 × 1019 GeV is the Planck mass, g∗ (=106.75 for the SM excluding RH
neutrinos) is the total number of relativistic degrees of freedom contributing to the energy
density of the Universe.

To quantify the departure from thermal equilibrium, we define the decay parameter as
follows:

Ki ≡
ΓNi

H(Mi)
=
m̃i

m∗
, (2.4)

where m̃i is the effective neutrino mass defined as [47]

m̃i ≡
(
Y †Y

)
iiv

2

Mi
, (2.5)
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with m∗ ≡ (16π2v2/3Mpl)
√
g∗π/5 
 1 × 10−3 eV. The regimes where Ki � 1, Ki ≈ 1 and

Ki � 1 are, respectively, known as weak, intermediate, and strong washout regimes.

2.2. CP Asymmetry

The CP asymmetry in the decays of RH neutrinosNi can be defined as

εiα =
γ(Ni −→ 	αH) − γ

(
Ni −→ 	αH

∗
)

∑
α γ(Ni −→ 	αH) + γ

(
Ni −→ 	αH∗

) ≡
ΔγαNi

γNi

, (2.6)

where γ(i → f) is the thermally averaged decay rate defined as (here the Pauli-blocking
and Bose-enhancement statistical factors have been ignored and we also assume Maxwell-
Boltzmann distribution for the particle i, that is, fi = e−Ei/T ; see [48, 49] for detailed studies of
their effects)

γ
(
i → f

) ≡
∫

d3pi

(2π)32Ei

d3pf

(2π)32Ef
(2π)4δ(4)

(
pi − pf

)∣∣A(
i −→ f

)∣∣2e−Ei/T , (2.7)

whereA(i → f) is the decay amplitude. Ignoring all thermal effects [48, 49], (2.6) simplifies
to

εiα =
|A0(Ni −→ 	αH)|2 −

∣∣∣A0

(
Ni −→ 	αH

∗
)∣∣∣

2

∑
α |A0(Ni −→ 	αH)|2 +

∣∣∣A0

(
Ni −→ 	αH∗

)∣∣∣
2
, (2.8)

where A0(i → f) denotes the decay amplitude at zero temperature. Equation (2.8) vanishes
at tree level but is induced at 1-loop level through the interference between tree and 1-loop
diagrams shown in Figure 1. There are two types of contributions from the 1-loop diagrams:
the self-energy orwave diagram (middle) [50] and the vertex diagram (right) [45]. At leading
order, we obtain the CP asymmetry [51]:

εiα =
1
8π

1
(Y †Y )ii

∑

j /= i

Im
[(
Y †Y

)

ji
YαiY

∗
αj

]
g

(
M2

j

M2
i

)

+
1
8π

1
(Y †Y )ii

∑

j /= i

Im
[(
Y †Y

)

ij
YαiY

∗
αj

]
M2

i

M2
i −M2

j

,

(2.9)

where the loop function is

g(x) =
√
x

[
1

1 − x + 1 − (1 + x) ln
(
1 + x
x

)]
. (2.10)

The first term in (2.9) comes from L-violating wave and vertex diagrams, while the second
term is from the L-conserving wave diagram. The terms of the form (M2

i − M2
j )

−1 in (2.9)
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+

H

H

H H

H

+ Nj

NjNi Ni
Ni

ℓℓ ℓ

ℓ
ℓ, ℓ

α α α

Figure 1: The CP asymmetry in type-I seesaw leptogenesis results from the interference between tree and
1-loop wave and vertex diagrams. For the 1-loop wave diagram, there is an additional contribution from
L-conserving diagram to the CP asymmetry which vanishes when summing over lepton flavours.

are from the wave diagram contributions which can resonantly enhance the CP asymmetry
if Mi ≈ Mj (resonant leptogenesis scenario, see Section 6.1). Notice that the resonant term
becomes singular in the degenerate limit Mi = Mj . This singularity can be regulated by
using, e.g., an effective field-theoretical approach based on resummation [52]. Let us also note
that at least two RH neutrinos are needed otherwise the CP asymmetry vanishes because the
Yukawa couplings combination becomes real.

In the one flavour regime, we sum over the flavour index α in (2.9) and obtain

εi ≡
∑

α

εiα =
1
8π

1
(Y †Y )ii

∑

j /= i

Im
[(
Y †Y

)2
ji

]
g

(
M2

j

M2
i

)
, (2.11)

where the second term in (2.9) vanishes because the combination of the Yukawa couplings is
real.

2.3. Classical Boltzmann Equations

Wework in the one-flavour regime and consider only the decays and inverse decays ofN1. If
leptogenesis occurs at T � 1012 GeV, then the charged lepton Yukawa interactions are out of
equilibrium, and this defines the one-flavour regime. The assumption that only the dynamics
of N1 is relevant can be realized if, for example, the reheating temperature after inflation is
TRH � M2,3 such thatN2,3 are not produced. In order to scale out the effect of the expansion
of the Universe, we will introduce the abundances, that is, the ratios of the particle densities
ni =

∫
d3pfi to the entropy density s = (2π2/45)g∗T3:

Yi ≡ ni
s
. (2.12)

The evolution of theN1 density and the lepton asymmetry YΔL = 2YΔ	 ≡ 2(Y	−Y	) (the factor
of 2 comes from the SU(2)L degrees of freedoms) can be described by the following classical
Boltzmann equations (BE) [53]:

dYN1

dz
= −D1

(
YN1 − Y eq

N1

)
, (2.13)

dYΔL

dz
= ε1D1

(
YN1 − Y eq

N1

)
−W1YΔL, (2.14)
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where z ≡M1/T and the decay and washout terms are, respectively, given by

D1(z) =
γN1z

sH(M1)
= K1z

K1(z)
K2(z)

, W1(z) =
1
2
D1(z)

Y
eq
N1

(z)

Y
eq
	

, (2.15)

with Kn the nth order modified Bessel function of second kind. Y eq
N1

and Y
eq
	

read (to write
down a simple analytic expression for the equilibrium density of N1, we assume Maxwell-
Boltzmann distribution. However, following [54], the normalization factor Y eq

	 is obtained
from a Fermi-Dirac distribution)

Y
eq
N (z) =

45
2π4g∗

z2K2(z), Y
eq
	 =

15
4π2g∗

. (2.16)

From (2.13) and (2.14), the solution for YΔL can be written down as follows:

YΔL(z) = YΔL(zi)e
− ∫zzi dz

′W1(z′) −
∫z

zi

dz
′ε1
(
z′
)dYN1

dz′
e−

∫z
z′ dz

′′W1(z′′), (2.17)

where zi is some initial temperature whenN1 leptogenesis begins, and we have assumed that
any preexisting lepton asymmetry vanishes Y 0

ΔL(zi) = 0. Notice that ignoring thermal effects,
the CP asymmetry is independent of the temperature ε1(z) = ε1 (c.f. (2.11)).

2.3.1. Weak Washout Regime

In the weak washout regime (K1 � 1), the initial condition on the N1 density YN1(zi) is
important. If we assume thermal initial abundance of N1, that is, YN1(zi) = Y

eq
N1

(0), we can
ignore the washout whenN1 starts decaying at z� 1 and we have

Yt
ΔL(∞) 
 −ε1

∫∞

0
dz′

dY
eq
N1

dz′
= ε1Y

eq
N1

(0). (2.18)

On the other hand, if we have zero initial N1 abundance, that is, YN1(zi) = 0, we have to
consider the opposite sign contributions to lepton asymmetry from the inverse decays when
N1 is being populated (YN1 < Y

eq
N1

) and from the period whenN1 starts decaying (YN1 > Y
eq
N1

).
Taking this into account the term which survives the partial cancellations is given by [55]
(this differs from the efficiency in [55] by the factor 12/π2, which is due to the different
normalization Y eq

	 (2.16))

Y 0
ΔL(∞) 
 27

16
ε1K

2
1 Y

eq
N1

(0). (2.19)

2.3.2. Strong Washout Regime

In the strong washout regime (K1 � 1) any lepton asymmetry generated during the
N1 creation phase is efficiently washed out. Here we adopt the strong washout balance
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approximation [56] which states that in the strong washout regime, the lepton asymmetry
at each instant takes the value that enforces a balance between the production and the
destruction rates of the asymmetry. Equating the decay and washout terms in (2.14), we have

YΔL(z) ≈ − 1
W(z)

ε1
dYN1

dz

 − 1

W(z)
ε1
dY

eq
N1

dz
=

2
zK1

ε1Y
eq
	
, (2.20)

where in the second approximation, we assume YN1 
 Y
eq
N1

. The approximation no longer
holds when YΔL freezes, and this happens when the washout decouples at zf , that is,W(zf) <
1. Hence, the final lepton asymmetry is given by (compare this to a more precise analytical
approximation in [55])

YΔL(∞) =
2

zfK1
ε1Y

eq
	 =

π2

6zfK1
ε1Y

eq
N1

(0). (2.21)

The freeze out temperature zf depends mildly onK1. ForK1 = 10–100 we have, for example,
zf = 7– 10. We also see that independently of initial conditions, in the strong regime YΔL(∞)
goes as K−1

1 .

2.4. Baryon Asymmetry from EW Sphaleron

The final lepton asymmetry YΔL(∞) can be conveniently parametrized as follows:

YΔL(∞) = ε1η1Y
eq
N1

(0), (2.22)

where η1 is known as the efficiency factor. In the weak washout regime (K1 � 1) from (2.18)
we have η1 = 1 (= (27/16)K2

1 < 1) for thermal (zero) initial N1 abundance. In the strong
washout regime (K1 � 1), from (2.21), we have η1 = (π2/6zfK1) < 1.

If leptogenesis ends before EW sphaleron processes become active (T � 1012 GeV), the
B − L asymmetry YΔB−L is simply given by

YΔB−L = −YΔL. (2.23)

At the later stage, the B − L asymmetry is partially transferred to a B asymmetry by the EW
sphaleron processes through the relation [57]

YΔB(∞) =
28
79
YΔB−L(∞), (2.24)

that holds if sphalerons decouple before EWPT. This relation will change if the EW sphaleron
processes decouple after the EWPT [57, 58] or if threshold effects for heavy particles like the
top quark and Higgs are taken into account [58, 59].
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2.5. Davidson-Ibarra Bound

Assuming a hierarchical spectrum of the RH neutrinos (M1 � M2,M3), and that the
dominant lepton asymmetry is from the N1 decays, from (2.11) the CP asymmetry from N1

decays can be written as

ε1 = − 3
16π

1
(Y †Y )11

∑

j /= 1

Im
[(
Y †Y

)2
j1

]
M1

Mj
. (2.25)

Assuming three generations of RH neutrinos (n = 3) and using the Casas-Ibarra
parametrization [60] for the Yukawa couplings

Yαi =
1
v

(√
DmNR

√
DmνU

†
ν

)

αi

, (2.26)

where DmN = diag(M1,M2,M3), Dmν = diag(mν1 , mν2 , mν3) and R any complex orthogonal
matrix satisfying RTR = RRT = 1, (2.25) becomes

ε1 = − 3
16π

M1

v2

∑
i mνi Im

(
R2

1i

)

∑
i mνi |R1i|2

. (2.27)

Using the orthogonality condition
∑

i R
2
1i = 1, we then obtain the Davidson-Ibarra (DI) bound

[61]

|ε1| ≤ εDI =
3

16π
M1

v2 (mν3 −mν1) =
3

16π
M1

v2

Δm2
atm

mν1 +mν3

, (2.28)

where mν3 (mν1) is the heaviest (lightest) light neutrino mass. Applying the DI bound on
(2.22)–(2.24), and requiring that YΔB(∞) ≥ YCMB

B 
 10−10, we obtain

M1

(
0.1 eV

mν1 +mν3

)
ηmax
1 (M1) � 109 GeV, (2.29)

where the ηmax
1 (M1) is the efficiency factor maximized with respect toK1 (2.4) for a particular

value of M1. This allows us to make a plot of region which satisfies (2.29) on the (M1, mν1)
plane and hence obtain bounds on M1 and mν1 . Many careful numerical studies have been
carried out, and it was found that successful leptogenesis with a hierarchical spectrum of
the RH neutrinos requires M1 � 109 GeV [61–63] and mν1 � 0.1 eV [55, 64–66]. This bound
implies that the RH neutrinos must be produced at temperatures T � 109 GeV which in turn
implies the reheating temperature after inflation has to be TRH � 109 GeV in order to have
sufficient RH neutrinos in the thermal bath. To conclude this section, let us note that the DI
bound (2.28) holds if and only if all the following conditions apply.

(1) N1 dominates the contribution to leptogenesis.

(2) The mass spectrum of RH neutrinos is hierarchicalM1 �M2,M3.

(3) Leptogenesis occurs in the unflavoured regime T � 1012 GeV.
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As we will see in the following sections, violation of one or more of the previous conditions
allows us to lower somewhat the scale of leptogenesis.

3. Lepton Flavour Effects

3.1. When Are Lepton Flavour Effects Relevant?

The first leptogenesis calculations were performed in the single lepton flavour regime.
In short, this amounts to assuming that the leptons and antileptons which couple to the
lightest RH neutrino N1 maintain their coherence as flavour superpositions throughout the
leptogenesis era, that is 	1 =

∑
α cα1	α and 	′1 =

∑
α c

′∗
α1	α. Note that at the tree level the

coefficients c and c′∗ are simply the Yukawa couplings: cα1 = Yα1 and c
′∗
α1 = Y ∗

α1. However it
should be kept inmind that since CP is violated by loops, beyond the tree level approximation
the antilepton state 	′1 is not the CP conjugate of the 	1, that is, c′α1 /= cα1.

The single flavour regime is realized only at very high temperatures (T � 1012 GeV)
when both 	1 and 	′1 remain coherent flavour superpositions and thus are the correct states to
describe the dynamics of leptogenesis. However, at lower temperatures scatterings induced
by the charged lepton Yukawa couplings occur at a sufficiently fast pace to distinguish the
different lepton flavours, 	1 and 	′1 decohere in their flavour components, and the dynamics
of leptogenesis must then be described in terms of the flavour eigenstates 	α. Of course, there
is great interest to extend the validity of quantitative leptogenesis studies also at lower scale
T � 1012 GeV, and this requires accounting for flavour effects. The role of lepton flavour in
leptogenesis was first discussed in [67]; however the authors did not highlight in what the
results were significantly different from the single flavour approximation. Therefore, until
the importance of flavour effects was fully clarified in [68–70], they had been included in
leptogenesis studies only in a few cases [71–75]. Nowadays lepton flavour effects have been
investigated in full detail [76–89] and are a mandatory ingredient of any reliable analysis of
leptogenesis.

The specific temperature when leptogenesis becomes sensitive to lepton flavour
dynamics can be estimated by requiring that the rates of processes Γα (α = e, μ, τ) that
are induced by the charged lepton Yukawa couplings hα become faster than the Universe
expansion rateH(T). An approximate relation gives [90, 91]

Γα(T) 
 10−2 h2αT, (3.1)

which implies that (in supersymmetric case, since hα = mα/(vu cos β), we have T � Tα (1 +
tan2β))

Γα(T) > H(T) when T � Tα, (3.2)

where Te 
 4×104 GeV, Tμ 
 2×109 GeV, and Tτ 
 5×1011 GeV. Notice that to fully distinguish
the three flavours it is sufficient that the τ and μ Yukawa reactions attain thermal equilibrium.
It has been pointed out that besides being faster than the expansion of the Universe, the
charged lepton Yukawa interactions should also be faster than theN1 interactions [69, 83, 84].
In general whenever Γτ(M1) > H(M1) we also have Γτ(M1) > ΓN1(M1). However, there
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exists parameter space where Γτ(M1) > H(M1) but Γτ(M1) < ΓN1(M1). This scenario was
studied in [83].

3.2. The Effects on CP Asymmetry and Washout

The CP violation inNi decays can manifest itself in two ways [69]
(i) The leptons and antileptons are produced at different rates:

γi /= γi, (3.3)

where γi ≡ γ(Ni → 	iH) and γi ≡ γ(Ni → 	′iH
∗).

(ii) The leptons and antileptons produced are not CP conjugate states:

CP
(
	′i
)
= 	′i /= 	i, (3.4)

that is, due to loops effects they are slightly misaligned in flavour space.
We can rewrite the CP asymmetry forNi decays from (2.6) as follows:

εiα =
Piαγi − Piαγ i

γi + γi
=
Piα + Piα

2
εi +

Piα − Piα
2


 P 0
iαεi +

ΔPiα
2

, (3.5)

where terms of order O(εi ΔPiα) and higher have been neglected. Piα is the projector from
state 	i into flavour state 	α and ΔPiα = Piα − Piα. At tree level, clearly, Piα = Piα ≡ P 0

iα where
the tree level flavour projector is given by

P 0
iα =

YαiY
∗
αi

(Y †Y )ii
. (3.6)

From (3.5), we can identify the two types of CP violation, the first term being of type (i)
equation (3.3) while the second being of type (ii) equation (3.4). Since

∑
α Piα =

∑
α P iα = 1,

when summing over flavour indices α, the second term vanishes
∑

αΔPiα = 0. Note that the
lepton-flavour-violating but L-conserving terms in the second line of (2.9) are part of type
(ii). In fact, they come from d = 6 L-conserving operators which have nothing to do with
the unique d = 5L-violating operator (the Weinberg operator [92]) responsible for neutrino
masses. However, in some cases they can still dominate the CP asymmetries but, as we will
see in Section 3.4, lepton flavour equilibration effects [93] then impose important constraints
on their overall effects. Note also that due to flavour misalignment, the CP asymmetry in a
particular flavour direction εiα can be much larger and even of opposite sign from the total
CP asymmetry εi. In fact the relevance of CP violation of type (ii) in the flavour regimes is
what allows to evade the DI bound (2.28). As regards the washout of the lepton asymmetry
of flavour α, it is proportional to

Wiα ∝ Piαγi + Piαγ i 
 P 0
iαWi, (3.7)
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which results in a reduction of washout by a factor of P 0
iα ≤ 1 compared to unflavoured case.

As we will see next, the new CP-violating sources from flavour effects and the reduction in
the washout could result in great enhancement of the final lepton asymmetry, and, as was first
pointed out in [69], leptogenesis with a vanishing total CP asymmetry εi = 0 also becomes
possible.

3.3. Classical Flavoured Boltzmann Equations

Here again we only consider leptogenesis from the decays and inverse decays of N1. In
this approximation, the BE for YN1 is still given by (2.13) while the BE for YΔLα the lepton
asymmetry in the flavour α is given by (to study the transition between different flavour
regimes (from one to two or from two to three flavours), a density matrix formalism has to
be used [68, 84, 94]).

dYΔLα

dz
= ε1αD1

(
YN1 − Y eq

N1

)
− P 0

1αW1YΔLα . (3.8)

Notice that as long as L violation from sphalerons is neglected (see Section 4) the BEs for
YΔLα are independent of each other, and hence the solutions for the weak and strong washout
regimes are given, respectively, by (2.19) and (2.21), after replacing ε1 → ε1α and K1 →
K1α ≡ P 0

1αK1.
As an example let us assume that leptogenesis occurs around T ∼ 1010 GeV, that is,

in the two-flavour regime. Due to the fast τ Yukawa interactions 	1(	′1) gets projected onto
	τ(	′τ) and a coherent mixture of e + μ eigenstate 	e+μ(	′e+μ). For illustrative purpose, here
we consider a scenario in which lepton flavour effects are most prominent. We take both
K1τ ,K1e+μ � 1, so that both YΔLτ and YΔLe+μ are in the strong regime. From (2.21) we can
write down the solution:

YΔL(∞) = YΔLτ (∞) + YΔLe+μ(∞)

=
π2

6zfK1
Y

eq
N1

(0)

⎛

⎝ ε1τ

P 0
1τ

+
ε1e+μ

P 0
1e+μ

⎞

⎠


 π2

3zfK1
ε1Y

eq
N1

(0) +
π2

12zfK1
Y

eq
N1

(0)

⎛

⎝ΔP1τ
P 0
1τ

+
ΔP1e+μ
P 0
1e+μ

⎞

⎠,

(3.9)

where in the last line we have used (3.5). If P 0
1τ 
 P 0

1e+μ, then since ΔP1τ + ΔP1e+μ = 0, the
second term approximately cancels, and (3.9) reduces to

YΔL(∞) 
 π2

3zfK1
ε1Y

eq
N1

(0). (3.10)

We see that the final asymmetry is enhanced by a factor of 2 compared to the unflavoured
case. If there exists some hierarchy between the flavour projectors, then the second term in
(3.9) plays an important role and can further enhance the asymmetry. For example, we can
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have P 0
1τ > P 0

1e+μ while ΔP1τ � ΔP1e+μ. In this case, the second term can dominate over the
first term. Finally from (3.9) we also notice that leptogenesis with ε1 = 0, the so-called purely
flavoured leptogenesis (PFL) (this can also refer to the case where the total CP asymmetry is
negligible ε1 ≈ 0), can indeed proceed [69, 95–98]. In this scenario some symmetry has to
be imposed to realize the condition ε1 = 0, as, for example, an approximate global lepton
number U(1)L. In the limit of exact U(1)L the active neutrinos will be exactlymassless. Instead
of the seesaw mechanism, the small neutrino masses are explained by U(1)L which is slightly
broken by a small parameter μ (the “inverse seesaw”) [99] which is technically natural since
the Lagrangian exhibits an enhanced symmetry when μ → 0 [100]. In the next section, we
will discuss another aspect of flavour effects which are in particular crucial for PFL.

3.4. Lepton Flavour Equilibration

Another important effect is lepton flavour equilibration (LFE) [93]. LFE processes violate
lepton flavour but conserve total lepton number, for example, 	αH → 	βH, and can
proceed, for example, via off-shell exchange of N2,3. In thermal equilibrium, LFE processes
can quickly equilibrate the asymmetries generated in different flavours. In practice this would
be equivalent to a situation where all the flavour projector equations (3.6) are equal, in which
case the flavoured BE equation (3.8) can be summed up into a single BE:

dYΔL

dz
= ε1D1

(
YN1 − Y eq

N1

)
− P 0

1αW1YΔL, (3.11)

where P 0
1α = 1/2 (1/3) in the two- (three-) flavour regime. In this case the BE is just like the

unflavoured case but with a reduced washout which, in the strong washout regime, would
result in enhancement of a factor of 2 (3) in the two- (three-) flavour regime (c.f. (3.10)).
Clearly, LFE can make PFL with ε1 = 0 impotent [56, 93]. Since LFEN2,3 processes scale as T3

while the Universe expansion scales as T2, in spite of the fact that PFL evades the DI bound,
they eventually prevent the possibility of lowering too much the leptogenesis scale. A generic
study in PFL scenario taking into account LFE effects concluded that successful leptogenesis
still requiresM1 � 108 GeV [97]. A more accurate study in the same direction recently carried
out in [98] showed that in fact the leptogenesis scale can be lowered down toM1 ∼ 106 GeV.

4. Beyond the Basic Boltzmann Equations

Within factors of a few, the amount of baryon asymmetry that is generated via leptogenesis
inN1 decays is determined essentially by the size of the (flavoured) CP asymmetries and by
the rates of the (flavoured) washout reactions. However, to obtain more precise results (say,
within an O(1) uncertainty) several additional effects must be taken into account, and the
formalism must be extended well beyond the basic BE discussed in the previous sections. In
the following we review some of the most important sources of corrections, namely, spectator
processes (Section 4.1), scatterings with top quarks and gauge bosons (Section 4.2), thermal
effects (Section 4.3), contributions from heavier RH neutrinos (Section 4.4), and we also
discuss the role of quantum corrections evaluated in the quantum BE approach (Section 4.5).
Throughout this paper we use integrated BE; that is, we assume kinetic equilibrium for
all particle species, and thus we use particles densities instead than particles distribution
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functions. Corrections arising from using nonintegrated BE have been studied for example in
[101–104], and are generally subleading.

4.1. Spectator Processes

Reactions that without involving violation of B − L can still affect the final amount of baryon
asymmetry are classified as “spectator processes” [105, 106]. The basic way through which they
act is that of redistributing the asymmetry generated in the lepton doublets among the other
particle species. Since the density asymmetries of the lepton doublets are what weights the
rates of the washout processes, it can be expected that spectator processes would render the
washouts less effective and increase the efficiency of leptogenesis. However, in most cases
this is not true: proper inclusion of spectator processes implies accounting for all the particle
asymmetries and in particular also for the density asymmetry of the Higgs YΔH [106]. This
was omitted in Section 2 but in fact has to be added to the density asymmetry of the leptons
YΔ	 in weighting, for example, washouts from inverse decays. Equation (2.14) would then
become

dYΔL

dz
= ε1D1

(
YN1 − Y eq

N1

)
− 2 (YΔ	 + YΔH)W1, (4.1)

where the factor of two in front of the washout term counts the leptons and Higgs gauge
multiplicity. Clearly, in some regimes in which YΔ	 and YΔH are not sufficiently diluted by
interacting with other particles, this can have the effect of enhancing the washout rates and
suppressing the efficiency.

In the study of spectator processes it is fundamental to specify the range of
temperature in which leptogenesis occurs. This is because at each specific temperature T ,
particle reactions must be treated in a different way depending on if their characteristic time
scale τ (given by inverse of their thermally averaged rates) is [89, 107]

(1) much shorter than the age of the Universe: τ � tU(T);

(2) much larger than the age of the Universe: τ � tU(T);

(3) comparable with the Universe age: τ ∼ tU(T).
Spectator processes belong to the first type of reactions which occur very frequently

during one expansion time. Their effects can be accounted for by imposing on the
thermodynamic system the chemical equilibrium condition appropriate for each specific
reaction, that is,

∑
I μI =

∑
F μF , where μI denotes the chemical potential of an initial state

particle and μF that of a final state particle (the relation between chemical potentials and
particle density asymmetries is given in (5.3)). The numerical values of the parameters
that are responsible for these reactions only determine the precise temperature T when
chemical equilibrium is attained but, apart from this, have no other relevance and do not
appear explicitly in the formulation of the problem. Reactions of type (2) cannot have any
effect on the system, since they basically do not occur. All physical processes are blind
to the corresponding parameters, that can be set to zero in the effective Lagrangian. In
most cases this results in exact global symmetries corresponding to conserved charges, and
these conservation laws impose constraints on the particle chemical potentials. Reactions of
type (3) in general violate some symmetry and thus spoil the corresponding conservation
conditions, but are not fast enough to enforce chemical equilibrium. These are the only
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reactions that need to be studied by means of BE, and for which the precise value of the
parameters that control their rates is of utmost importance.

A simple case to illustrate how to include spectator processes is the one-flavour
regime at particularly high temperatures (say, T � 1013 GeV). The Universe expansion is
fast implying that except for processes induced by the large Yukawa coupling of the top and
for gauge interactions, all other B − L-conserving reactions fall in class (ii). Then there are
several conserved quantities as, for example, the total number density asymmetries of the
RH leptons as well as those of all the quarks except the top. Since electroweak sphalerons
are also out of equilibrium, B is conserved too (and vanishing, if we assume that there is no
preexisting asymmetry). B = 0 then translates in the condition:

2YΔQ3 + YΔt = 0, (4.2)

where YΔQ3 is the density asymmetries of one degree of freedom of the top SU(2)L doublet
and color triplet which, being gauge interactions in equilibrium, is the same for all the six
gauge components and YΔt is the density asymmetry of the SU(2)L singlet top. Hypercharge
is always conserved, yielding

YΔQ3 + 2YΔt − YΔ	 + YΔH = 0. (4.3)

Finally, in terms of density asymmetries chemical equilibrium for the top-Yukawa-related
reactions μQ3 + μH = μt translates into

YΔQ3 +
1
2
YΔH = YΔt. (4.4)

We have three conditions for four density asymmetries, which allows to express the Higgs
density asymmetry in terms of the density asymmetry of the leptons as YΔH = (2/3)YΔ	 .
Moreover, given that only the LH lepton degrees of freedom are populated, we have YΔL =
2YΔ	 so that the coefficient weightingW1 in (4.1) becomes 2 (YΔ	 + YΔH) = (5/3)YΔL and the
washout is accordingly stronger.

With decreasing temperatures, more reactions attain chemical equilibrium, and
accounting for spectator processes becomes accordingly more complicated. When the
temperature drops below T ∼ 1012 GeV, EW sphalerons are in equilibrium, and baryon
number is no more conserved. Then the condition (4.2) is no more satisfied, and, more
importantly, the BE equation (4.1) is no more valid since sphalerons violate also lepton
number within equilibrium rates. However, sphalerons conserve B−L, which is then violated
only by slow reactions of type (3), and we should then write down a BE for this quantity.
Better said, since at T � 1012 GeV all the third generation Yukawa reactions, including the
ones of the τ-lepton, are in equilibrium, the dynamical regime is that of two flavours in which
the relevant quasiconserved charges are Δτ = B/3 − Lτ and Δeμ = B/3 − Leμ. The fact that
only two charges are relevant is because there is always a direction in e-μ spacewhich remains
decoupled fromN1. The corresponding third charge Δ′

eμ is then exactly conserved, its value
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can be set to zero, and the corresponding BE dropped. In this regime, the BE corresponding
to (4.1) becomes

−dYΔα

dz
= εαD1

(
YN1 − Y eq

N1

)
− 2 (YΔ	α + YΔH)W1

(
α = τ, eμ

)
. (4.5)

To rewrite these equations in a solvable closed form, YΔ	τ , YΔ	eμ , and YΔH must be expressed
in terms of the two charge densities YΔτ and YΔeμ . This can be done by imposing the
hypercharge conservation condition (4.3) and the chemical equilibrium conditions that, in
addition to (4.4), are appropriate for the temperature regime we are considering. They are
[106] (1) QCD sphaleron equilibrium; (2) EW sphaleron equilibrium; (3) b-quark and τ-
lepton Yukawa equilibrium. The “rotation” from the particle density asymmetries YΔ	α and
YΔH to the charge densities YΔα can be expressed in terms of the Amatrix introduced in [67]
YΔ	α = A	

αβYΔβ(α, β = τ, eμ) and C-vector YΔH = CH
α YΔα introduced in [69]. For the present

case, with the ordering (eμ, τ) they are [69]

A	 =
1

460

(
196 −24
−9 156

)
, CH =

1
230

(41, 56). (4.6)

It is important to stress that in each temperature regime there are always enough constraints
(conservation laws and chemical equilibrium conditions) to allow to express all the relevant
particle density asymmetries in terms of the quasiconserved charges YΔα . This is because each
time a conservation law has to be dropped (like B conservation above), it gets replaced by a
chemical equilibrium condition (like EW sphalerons equilibrium), and each time the chemical
potential of a new particle species becomes relevant, it is precisely because a new reaction
involving that particle attains chemical equilibrium, enforcing the corresponding condition.
As regards the quantitative corrections ascribable to spectator processes, several numerical
studies have confirmed that they generally remain below order one. Thus, differently from
flavour effects, for order of magnitude estimates they can be neglected.

4.2. Scatterings and CP Violation in Scatterings

Scattering processes are relevant for the production of theN1 population, because decay and
inverse decay rates are suppressed by a time dilation factor ∝ M1/T . TheN1 = N1 particles
can be produced by scatterings with the top quark in s-channelH-exchange qtc → N	α and
qt
c → N	α, by t-channel H-exchange in q	α → Nt

c
, q	α → Ntc and by u-channel H-

exchange in 	αt
c → Nq, tc	α → Nq; see the diagrams (a) in Figure 2. Several scattering

channels with gauge bosons also contribute to the production of N1; the corresponding
diagrams are (b) and (c) in the same figure.

When the effects of scatterings in populating the N1 degree of freedom are included,
for consistency CP violation in scatterings must also be included. In doing so some care has to
be put in treating properly also all the processes of higher order in the couplings (h2t λ

4, g2λ4,
where g is a gauge coupling) with an on-shell intermediate stateN1 subtracted out. This can
be done by following the procedure adopted in [108], and we refer to that paper for details.

In the first approximation, the CP asymmetry in scattering processes is the same as
in decays and inverse decays [70, 109]. This result was first found in [75, 110, 111] for
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Figure 2: Diagrams for various 2 ↔ 2 scattering processes: (a) scatterings with the top quarks; (b) and (c)
scatterings with the gauge bosons (A = B,Wi with i = 1, 2, 3).

the case of resonant leptogenesis and was later derived in [70] for the case of hierarchical
Nj . A full calculation of the CP asymmetry in scatterings involving the top quark was
carried out in [108], and the validity of approximating it with the CP asymmetry in decays
was analyzed, finding that the approximation is generally good for sufficiently strong RH
neutrino hierarchies, for examlpe, M2/M1 � 10. Corrections up to several tens of percent
can appear around temperatures of order T ∼M2/10 and can be numerically relevant in case
of milder hierarchies.

Regarding the scattering processes with gauge bosons such as N	α → AH NH →
A	α or NA → 	αH, their effects in leptogenesis were estimated in [108] under the
assumption that it can also be factorized in terms of the decay CP asymmetry. However, with
respect to scatterings involving the top quark, there is a significant difference that now box
diagrams in which the gauge boson is attached to a lepton or Higgs in the loop of the vertex-
type diagrams are also present, leading to more complicated expressions that were explicitly
calculated in [112]. There it was shown that the presence of box diagrams implies that for
scatterings with gauge bosons the CP asymmetry is different from the decay CP asymmetry
even for hierarchical RH neutrinos. Still, this difference remains within a factor of two [112]
so that related effects are in any case not very large. In general, it turns out that CP asymmetry
in scatterings is more relevant at high temperatures (T > M1) when the scattering rates are
larger than the decay rate. Hence, it can be of some relevance to the final value of the baryon
asymmetry when some of the lepton flavours are weakly washed out, and some memory of
the asymmetries generated at high temperature is preserved in the final result.



Advances in High Energy Physics 19

4.3. Thermal Corrections

At the high temperatures at which leptogenesis occurs, the light particles involved in
the leptogenesis processes are in equilibrium with the hot plasma. Thermal effects give
corrections to several ingredients in the analysis: (i) coupling constants, (ii) particle
propagators (leptons, quarks, gauge bosons, and the Higgs), and (iii) CP-violating
asymmetries, which we briefly discuss later. A detailed study of thermal corrections can be
found in [49].

4.3.1. Coupling Constants

Renormalization of gauge and Yukawa couplings in a thermal plasma is studied in [113].
In practice, it is a good approximation to use the zero-temperature renormalization group
equations for the couplings, with a renormalization scale Λ ∼ 2πT [49]. The value Λ > T is
related to the fact that the average energy of the colliding particles in the plasma is larger
than the temperature.

The renormalization effects for the neutrino couplings are also well known [114, 115].
In the nonsupersymmetric case, to a good approximation these effects can be described by a
simple rescaling of the low energy neutrino mass matrixm(μ) = r ·m, where 1.2 � r � 1.3 for
108 GeV � μ � 1016 GeV [49], and therefore can be accounted for by increasing the values of
the neutrinomass parameters (e.g., m̃) asmeasured at low energy by ≈ 20%−30% (depending
on the leptogenesis scale). In the supersymmetric case one expects a milder enhancement, but
uncertainties related with the precise value of the top-Yukawa coupling can be rather large
(see Figure 3 in [49]).

4.3.2. Decays and Scatterings

In the thermal plasma, any particle with sizable couplings to the background acquires a
thermal mass which is proportional to the plasma temperature. Consequently, decay and
scattering rates get modified. Particle thermal masses have been thoroughly studied in
both the SM and the supersymmetric SM [91, 116–120]. The singlet neutrinos have no
gauge interactions, their Yukawa couplings are generally small, and, during the relevant
era, their bare masses are of the order of the temperature or larger. Consequently, to a good
approximation, corrections to their masses can be neglected. We thus need to account for
the thermal masses of the leptons and Higgs doublets and, when scatterings are included,
also of the third generation quarks and of the gauge bosons (and of their superpartners in
the supersymmetric case). For a qualitative discussion, it is enough to keep in mind that,
within the leptogenesis temperature range, we have mH(T) � mq3,t(T) � m	(T). The most
important effects are related to four classes of leptogenesis processes.

(i) Decays and inverse decays: since thermal corrections to the Higgs mass are partic-
ularly large (mH(T) ≈ 0.4 T), decays and inverse decays become kinematically
forbidden in the temperature range in which mH(T) − m	(T) < MN1 < mH(T) +
m	(T). For lower temperatures, the usual processesN1 ↔ 	H can occur. For higher
temperatures, the Higgs is heavy enough that it can decay: H ↔ 	N1. A rough
estimate of the kinematically forbidden region yields 2 � T/M1 � 5. The important
point is that these corrections are effective only at T > M1. In the parameter
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region m̃ > 10−3 eV, that is favoured by the measurements of the neutrino mass-
squared differences, the N1 number density and its L-violating reactions attain
thermal equilibrium at T ≈ M1 and erase quite efficiently any memory of the
specific conditions at higher temperatures. Consequently, in the strong washout
regime, these corrections have practically no effect on the final value of the baryon
asymmetry.

(ii) ΔL = 1 scatterings with top quark: a comparison between the corrected and
uncorrected rates of the top-quark scattering γ topHs

≡ γ(q3t ↔ 	N1) with the Higgs
exchanged in the s-channel and of the sum of the t- and u-channel scatterings
γ
top
Ht+u

≡ γ(q3N1 ↔ 	t) + γ(tN1 ↔ 	q3) shows that the only corrections appearing

at low temperatures, and thus more relevant, are for γ topHt+u
(see Figure 7.1 in [109]).

They reduce the scattering rates and suppress the related washouts. This peculiar
situation arises from the fact that in the zero temperature limit there is a large
enhancement ∼ ln(MN1/mH) from the quasimassless Higgs exchanged in the t-
and u-channels, which disappears when the Higgs thermal massmH(T) ∼ T ∼MN1

is included.

(iii) ΔL = 1 scatterings with the gauge bosons: here the inclusion of thermal masses
is required to avoid IR divergences that would arise when massless 	 (and H)
states are exchanged in the t- and u-channels. A naive use of some cutoff for the
phase space integrals to control the IR divergences can yield incorrect estimates
of the gauge bosons scattering rates [49] and would be particularly problematic
at low temperatures, where gauge bosons scatterings dominate over top-quark
scatterings.

4.3.3. CP Asymmetries

CP asymmetries arise from the interference of tree level and one-loop amplitudes when the
couplings involved have complex phases and the loop diagrams have an absorptive part.
This last requirement is satisfied whenever the loop diagram can be cut in such a way that
the particles in the cut lines can be produced on shell. For the CP asymmetry in decay (at zero
temperature) this is guaranteed by the fact that the Higgs and the lepton final states coincide
with the states circulating in the loops. However, in the hot plasma in whichN1 decays occur,
the Higgs and the lepton doublets are in thermal equilibrium and their interactions with the
background introduce in the CP asymmetries a dependence on the temperature ε → ε(T)
that arises from various effects

(i) Absorption and reemission of the loop particles by the medium require the use of
finite temperature propagators.

(ii) Stimulation of decays into bosons and blocking of decays into fermions in the dense
background require proper modification of the final states density distributions.

(iii) Thermal motion of the decaying N’s with respect to the background breaks the
Lorentz symmetry and affects the evaluation of the CP asymmetries.

(iv) Thermal masses should be included in the finite temperature resummed propa-
gators, and they also modify the fermion and boson dispersion relations. Their
inclusion yields the most significant modifications to the zero temperature results
for the CP asymmetries.
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The first three effects were investigated in [48] while the effects of thermal masses
were included in [49]. In principle, at finite temperature, there are additional effects related
to new cuts that involve the heavy N2,3 neutrino lines. These new cuts appear because the
heavy particles in the loops may absorb energy from the plasma and go onshell. However,
for hierarchical spectrum, M2,3 � M1, the related effects are Boltzmann suppressed by
exp(−M2,3/T) that at T ∼ M1 is a tiny factor. For a nonhierarchical spectrum, the effect of
these new cuts can however be sizable. A detailed study can be found in [121].

4.3.4. Propagators and Statistical Distributions

Particle propagators at finite temperature are computed in the real-time formalism of thermal
field theory [122, 123]. In this formalism, ghost fields dual to each of the physical fields have
to be introduced, and consequently the thermal propagators have 2× 2 matrix structures. For
the one-loop computations of the absorptive parts of the Feynman diagrams, the relevant
propagator components are just those of the physical lepton and Higgs fields. The usual zero
temperature propagators −iS0

	(p,m	) = (�p − m	 + i0+)−1 and −iD0
H(p,mH) = (p2 − m2

H +
i0+)−1 acquire an additive term that is proportional to the particle density distribution n	,H =
[exp(E	,H/T) ± 1]−1:

δS	(T) = − 2πn	
(
�p −m	

)
δ
(
p2 −m2

	

)
,

δDH(T) = + 2πnHδ
(
p2 −m2

H

)
.

(4.7)

For the fermionic thermal propagators, there are other higher order corrections (see [49]).
Unlike the case of bosons, the interactions of the fermions with the thermal bath lead to two
different types of excitations with different dispersion relations, that are generally referred
to as “particles” and “holes” [49]. The contributions of these two fermionic modes were
studied in [124–126] where it was argued that in the strong washout regime they could
give nonnegligible effects [126]. The leading effects in (i) are proportional to the factor
−n	 + nH − 2n	nH that vanishes when the final states thermal masses are neglected, because
the Bose-Einstein and Fermi-Dirac statistical distributions depend on the same argument,
E	 = EH = M1/2. As a consequence, the thermal corrections to the fermion and boson
propagators (n	 and nH) and the product of the two thermal corrections (n	nH) cancel
each other. This was interpreted as a complete compensation between stimulated emission
and Pauli blocking. As regards the effects in (ii), they lead to overall factors that cancel
between numerator and denominator in the expression for the CP asymmetry. (A similar
cancellation holds also in the supersymmetric case. However, because of the presence of the
superpartners 	̃, H̃ both as final states and in the loops, the cancellation is more subtle and
it involves a compensation between the two types of corrections (i) and (ii). We refer to [48]
for details.) More recently, on the basis of a first principle derivation of the CP asymmetry
within a quantum BE approach (see Section 4.5) it has been claimed that the statistical factor
induced by thermal loops is instead −n	 + nH , which does not vanish even in the massless
approximation. This would result in a further enhancement in the CP asymmetry from the
thermal effects [127].
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4.3.5. Particle Motion

Given that the decaying particleN1 is moving with respect to the background (with velocity
�β) the fermionic decay products are preferentially emitted in the direction antiparallel to the
plasma velocity (for which the thermal distribution is less occupied), while the bosonic ones
are emitted preferentially in the forward direction (for which stimulated emission is more
effective). Particle motion then induces an angular dependence in the decay distribution at
order O(β). In the total decay rate the O(β) anisotropy effect is integrated out, and only O(β2)
effects remain [48]. Therefore, while accounting for thermal motion does modify the zero
temperature results, these corrections are numerically small [48, 49] and generally negligible.

4.3.6. Thermal Masses

When the finite values of the light particle thermal masses are taken into account, the
arguments of the Bose-Einstein and Fermi-Dirac statistical distributions are different. It is
a good approximation [49] to use for the particle energies E	,H = M1/2 ∓ (m2

H −m2
	
)/2M1.

Since now E	 /=EH , the prefactor −n	 + nH − 2n	nH that multiplies the thermal corrections
does not vanish anymore, and sizable corrections become possible. The most relevant effect
is that the CP asymmetry vanishes when, as the temperature increases, the sum of the light
particles thermal masses approaches M1 [49]. This is not surprising, since the particles in
the final state coincide with the particles in the loop, and therefore when the decay becomes
kinematically forbidden, also the particles in the loop cannot go on the mass shell. When the
temperature is large enough that mH(T) > m	(T) +M1, the Higgs can decay, and then there
is a new source of lepton number asymmetry associated withH → 	N1. The CP asymmetry
in Higgs decays εH can be up to one order of magnitude larger than the CP asymmetry in
N1 decays [49]. While this could represent a dramatic enhancement of the CP asymmetry,
εH is nonvanishing only at temperatures T � TH ∼ 5M1, when the kinematic condition
for its decays is satisfied. Therefore, in the strong washout regime, no trace of this effect
survives. On the other hand, rather large couplings are required in order that Higgs decays
can occur before the phase space closes: the decay rate can attain thermal equilibrium only
when m̃ � (TH/M1)

2m∗ � m∗, and therefore, in the weak washout regime (m̃ � m∗), these
decays always remain strongly out of equilibrium. This means that only a small fraction of
the Higgs particles have actually time to decay, and the lepton asymmetry generated in this
way is accordingly suppressed.

In summary, while the corrections to the CP asymmetries can be significant at T � M1

(and quite large at T � M1 for Higgs decays), in the low temperature regime, where the
precise value of ε plays a fundamental role in determining the final value of the baryon
asymmetry, there are almost no effects, and the zero temperature results still give a reliable
approximation.

4.4. Decays of the Heavier Right-Handed Neutrinos

In leptogenesis studies, the effects of N2,3 are often neglected, which in many cases is not
a good approximation. This is obvious, for example, when N1 dynamics is irrelevant for
leptogenesis: ε1 � 10−6 cannot provide enough CP asymmetry to account for baryogenesis,
and m̃1 � m∗ implies that N1 washout effects are negligible. It is then clear that any
asymmetry generated in N2,3 decays can survive and becomes crucial for the success of
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leptogenesis. Another case in which it is intuitively clear that N2,3 effects can be important
is when the RH neutrino spectrum is compact, which means that M2,3 have values within
a factor of a few from M1. Then N1 and N2,3 contributions to leptogenesis can be equally
important and must be summed up. A model with compact RH neutrino spectrum in which
N2,3 dynamics is of crucial importance was recently discussed in [128].

It is less obvious thatN2,3 effects can also be important for a hierarchical RH spectrum
andwhenN1 is strongly coupled. This can happen because decoherence effects related toN1-
interactions can project the asymmetry generated inN2,3 decays onto a flavour direction that
remains protected againstN1 washouts [67, 129–131]. Let us illustrate this with an example.
Let us assume that a sizable asymmetry is generated inN2 decays, whileN1 leptogenesis is
inefficient and fails, that is:

m̃2 ��� m∗, m̃1 � m∗. (4.8)

Assuming also a strong hierarchy and that leptogenesis occurs thermally guarantees that
[131]

nN1(T ∼M2) ≈ 0, nN2(T ∼M1) ≈ 0. (4.9)

Thus, the dynamics of N2 and N1 are decoupled: there are neither N1-related washout
effects during N2 leptogenesis nor N2-related washout effects during N1 leptogenesis. The
N2 decays into a combination of lepton doublets that we denote by 	2:

|	2〉 =
(
Y †Y

)−1/2
22

∑

α

Yα2|	α〉. (4.10)

The second condition in (4.8) implies that already at T � M1 theN1-Yukawa interactions are
sufficiently fast to quickly destroy the coherence of 	2. Then a statistical mixture of 	1 and of
the state orthogonal to 	1 builds up, and it can be described by a suitable diagonal density
matrix. Let us consider the simple case where both N2 and N1 decay at T � 1012 GeV, so
that flavour effects are irrelevant. A convenient choice for an orthogonal basis for the lepton
doublets is (	1, 	0, 	′0) where, without loss of generality, 	′0 satisfies 〈	′0 | 	2〉 = 0. Then the
asymmetry ΔY	2 produced inN2 decays decomposes into two components:

ΔY	0 = c
2ΔY	2 , ΔY	1 = s

2ΔY	2 , (4.11)

where c2 ≡ |〈	0 | 	2〉|2 and s2 = 1 − c2. The crucial point here is that we expect, in general,
c2 /= 0 and, since 〈	0 | 	1〉 = 0, ΔY	0 is protected against N1 washout. Consequently, a finite
part of the asymmetry ΔY	2 from N2 decays survives through N1 leptogenesis. A more
detailed analysis [131] finds that ΔY	1 is not entirely washed out, resulting in the final lepton
asymmetry YΔL = (3/2)ΔY	0 = (3/2)c2ΔY	2 .

For 109 GeV � M1 � 1012 GeV, flavour issues modify the quantitative details, but
the qualitative picture, and in particular the survival of a finite part of ΔY	2 , still holds. In
contrast, forM1 � 109 GeV, the full flavour basis (	e, 	μ, 	τ) is resolved, and thus there are no
directions in flavour spacewhere an asymmetry is protected, so that Y	2 can be erased entirely.
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A dedicated study in which the various flavour regimes forN1,2,3 decays are considered can
be found in [132].

In conclusion N2,3 leptogenesis cannot be ignored, unless one of the following
conditions holds.

(1) The reheat temperature is belowM2.

(2) The asymmetries and/or the washout factors vanish, εN2η2 ≈ 0 and εN3η3 ≈ 0.

(3) N1-related washout is still significant at T � 109 GeV.

4.5. Quantum Boltzmann Equations

So far we have analyzed the leptogenesis dynamics by adopting the classical BE of motion.
An interesting question which has attracted some attention recently [85, 94, 121, 127, 133–
139] is under which circumstances the classical BE can be safely applied to get reliable results
and, conversely, when a more rigorous quantum approach is needed. Quantum BEs are
obtained starting from the nonequilibrium quantum field theory based on the closed time-
path (CTP) formulation [140]. Both, CP violation from wave function and vertex corrections
are incorporated. Unitarity issues are resolved, and an accurate account of all quantum-
statistical effects on the asymmetry is made. Moreover, the formulation in terms of Green
functions bears the potential of incorporating corrections from thermal field theory within
the CTP formalism.

In the CTP formalism, particle number densities are replaced by Green’s functions
obeying a set of equations which, under some assumptions, can be reduced to a set of
kinetic equations describing the evolution of the lepton asymmetry and the RH neutrinos.
These kinetic equations are nonMarkovian and present memory effects. In other words,
differently from the classical approach where every scattering in the plasma is independent
of the previous one, the particle abundances at a given time depend upon the history of the
system. The more familiar energy-conserving delta functions are replaced by retarded time
integrals of time-dependent kernels, and cosine functions whose arguments are the energy
involved in the various processes. Therefore, the nonMarkovian kinetic equations include the
contribution of coherent processes throughout the history of the kernels and the relaxation
times are expected to be typically longer than the one dictated by the classical approach.

If the time range of the kernels is shorter than the relaxation time of the particles
abundances, the solutions to the quantum and the classical BE differ only by terms of the
order of the ratio of the timescale of the kernel to the relaxation timescale of the distribution.
In thermal leptogenesis this is typically the case. However, there are situations where this
does not happen. For instance, in the case of resonant leptogenesis, two RH (s)neutrinosN1

andN2 are almost degenerate in mass, and the CP asymmetry from the decay of the first RH
neutrino N1 is resonantly enhanced if the mass difference ΔM = (M2 −M1) is of the order
of the decay rate of the second RH neutrino ΓN2 . The typical timescale to build up coherently
the CP asymmetry is of the order of 1/ΔM, which can be larger than the timescale ∼ 1/ΓN1

for the change of the abundance of theN1’s.
Since we need the time evolution of the particle asymmetries with definite initial

conditions and not simply the transition amplitude of particle reactions, the ordinary
equilibrium quantum field theory at finite temperature is not the appropriate tool. The most
appropriate extension of the field theory to deal with nonequilibrium phenomena amounts
to generalizing the time contour of integration to a closed time path. More precisely, the time
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integration contour is deformed to run from t0 to +∞ and back to t0. The CTP formalism is
a powerful Green’s function formulation for describing nonequilibrium phenomena in field
theory. It allows to describe phase-transition phenomena and to obtain a self-consistent set of
quantum BE. The formalism yields various quantum averages of operators evaluated in the
instate without specifying the out-state. On the contrary, the ordinary quantum field theory
yields quantum averages of the operators evaluatedwith an instate at one end and an outstate
at the other.

For example, because of the time-contour deformation, the partition function in the
in-in formalism for a complex scalar field is defined to be

Z
[
J, J†

]
= Tr

[
T
(
exp

[
i

∫

C

(
J(x)φ(x) + J†(x)φ†(x)

)
d4x

])
ρ

]

= Tr
[
T+

(
exp

[
i

∫ (
J+(x)φ+(x) + J

†
+(x)φ

†
+(x)

)
d4x

])

×T−

(
exp

[
−i
∫(

J−(x)φ−(x) + J
†
−(x)φ

†
−(x)

)
d4x

])
ρ

]
,

(4.12)

where C in the integral denotes that the time integration contour runs from t0 to plus infinity
and then back to t0 again. The symbol ρ represents the initial density matrix, and the fields
are in the Heisenberg picture and defined on this closed time contour (plus and minus
subscripts refer to the positive and negative directional branches of the time path, resp.). The
time-ordering operator along the path is the standard one (T+) on the positive branch, and
the antitime-ordering (T−) on the negative branch. As with the Euclidean-time formulation,
scalar (fermionic) fields φ are still periodic (antiperiodic) in time, but with φ(t, �x) = φ(t−iβ, �x),
β = 1/T . The temperature T appears due to boundary condition, and time is now explicitly
present in the integration contour.

We must now identify field variables with arguments on the positive or negative
directional branches of the time path. This doubling of field variables leads to six different
real-time propagators on the contour. These six propagators are not independent, but using
all of them simplifies the notation. For a generic charged scalar field φ they are defined as

G>
φ

(
x, y

)
= −G−+

φ

(
x, y

)
= −i

〈
φ(x)φ†(y

)〉
,

G<
φ

(
x, y

)
= −G+−

φ

(
x, y

)
= −i

〈
φ†(y

)
φ(x)

〉
,

Gt
φ

(
x, y

)
= G++

φ

(
x, y

)
= θ

(
x, y

)
G>
φ

(
x, y

)
+ θ

(
y, x

)
G<
φ

(
x, y

)
,

Gt
φ

(
x, y

)
= G−−

φ

(
x, y

)
= θ

(
y, x

)
G>
φ

(
x, y

)
+ θ

(
x, y

)
G<
φ

(
x, y

)
,

Gr
φ

(
x, y

)
= Gt

φ −G<
φ = G>

φ −Gt
φ, Ga

φ

(
x, y

)
= Gt

φ −G>
φ = G<

φ −Gt
φ,

(4.13)

where the last two Green’s functions are the retarded and advanced Green’s functions,
respectively, and θ(x, y) ≡ θ(tx − ty) is the step function.
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For a generic fermion field ψ the six different propagators are analogously defined as

G>
ψ

(
x, y

)
= −G−+

ψ

(
x, y

)
= −i〈ψ(x)ψ(y)〉,

G<
ψ

(
x, y

)
= −G+−

ψ

(
x, y

)
= +i

〈
ψ
(
y
)
ψ(x)

〉
,

Gt
ψ

(
x, y

)
= G++

ψ

(
x, y

)
= θ

(
x, y

)
G>
ψ

(
x, y

)
+ θ

(
y, x

)
G<
ψ

(
x, y

)
,

Gt
ψ

(
x, y

)
= G−−

ψ

(
x, y

)
= θ

(
y, x

)
G>
ψ

(
x, y

)
+ θ

(
x, y

)
G<
ψ

(
x, y

)
,

Gr
ψ

(
x, y

)
= Gt

ψ −G<
ψ = G>

ψ −Gt
ψ, Ga

ψ

(
x, y

)
= Gt

ψ −G>
ψ = G<

ψ −Gt
ψ.

(4.14)

From the definitions of the Green’s functions, one can see that the hermiticity properties

(
iγ0Gψ(x, y)

)†
= iγ0Gψ

(
y, x

)
,

(
iGφ(x, y)

)† = iGφ

(
y, x

)
(4.15)

are satisfied. For interacting systems, whether in equilibrium or not, one must define and
calculate self-energy functions. Again, there are six of them: Σt, Σt, Σ<, Σ>, Σr , and Σa. The
same relationships exist among them as for the Green’s functions in (4.13) and (4.14), such as

Σr = Σt − Σ< = Σ> − Σt, Σa = Σt − Σ> = Σ< − Σt. (4.16)

The self-energies are incorporated into the Green’s functions through the use of Dyson’s
equations. A useful notation may be introduced which expresses four of the six Green’s
functions as the elements of two-by-two matrices:

G̃ =

(
Gt ±G<

G> −Gt

)
, Σ̃ =

(
Σt ±Σ<

Σ> −Σt

)
, (4.17)

where the upper signs refer to the bosonic case and the lower signs to the fermionic case. For
systems either in equilibrium or in nonequilibrium, Dyson’s equation ismost easily expressed
by using the matrix notation:

G̃
(
x, y

)
= G̃0(x, y

)
+
∫
d4z1

∫
d4z2G̃

0(x, z1)Σ̃(z1, z2)G̃
(
z2, y

)
, (4.18)

where the superscript “0” on the Green’s functions means to use those for noninteracting
system. It is useful to notice that Dyson’s equation can be written in an alternative form,
instead of (4.18), with G̃0 on the right in the interaction terms:

G̃
(
x, y

)
= G̃0(x, y

)
+
∫
d4z3

∫
d4z4G̃(x, z3)Σ̃(z3, z4)G̃0(z4, y

)
. (4.19)

Equations (4.18) and (4.19) are the starting points to derive the quantum BE describing the
time evolution of the CP-violating particle density asymmetries.
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To proceed, one has to choose a form for the propagators. For a generic fermion ψ
(and similarly for scalars) one may adopt the real-time propagator in the form Gt

ψ(k, tx − ty)
in terms of the spectral function ρψ(k, k0)

Gt
ψ

(
k, tx − ty

)
=
∫+∞

−∞

dk0

2π
e−ik

0(tx−ty)ρψ
(
k, k0

)

×
{[

1 − fψ
(
k0
)]
θ
(
tx − ty

) − fψ
(
k0
)
θ
(
ty − tx

)}
,

(4.20)

where fψ(k0) represents the fermion distribution function. Again, particles must be
substituted by quasiparticles, dressed propagators are to be adopted, and self-energy
corrections to the propagator modify the dispersion relations by introducing a finite width
Γψ(k). For a fermion with chiral massmψ , one may safely choose

ρψ
(
k, k0

)
= i
(
�k +mψ

)
⎡

⎣ 1
(
k0 + iε + iΓψ

)2 −ω2
ψ(k)

− 1
(
k0 − iε − iΓψ

)2 −ω2
ψ(k)

⎤

⎦, (4.21)

where ω2
ψ(k) = k2 + M2

ψ(T) and Mψ(T) is the effective thermal mass of the fermion in the
plasma (not a chiral mass). Performing the integration over k0 and picking up the poles
of the spectral function (which is valid for quasiparticles in equilibrium or very close to
equilibrium), one gets

G>
ψ

(
k, tx − ty

)
= − i

2ωψ

{(
�k +mψ

)[
1 − fψ

(
ωψ − iΓψ

)]
e−i(ωψ−iΓψ)(tx−ty)

+γ0
(
�k −mψ

)
γ0fψ

(
ωψ + iΓψ

)
ei(ωψ+iΓψ)(tx−ty)

}
,

G<
ψ

(
k, ty − tx

)
=

i

2ωψ

{(
�k +mψ

)
fψ
(
ωψ + iΓψ

)
e−i(ωψ−iΓψ)(tx−ty)

+γ0
(
�k −mψ

)
γ0
[
1 − fψ

(
ωψ − iΓψ

)]
ei(ωψ+iΓψ)(tx−ty)

}
,

(4.22)

where k0 = ωψ and fψ, fψ denote the distribution function of the fermion particles and
antiparticles, respectively. The expressions (4.22) are valid for tx − ty > 0.

The above definitions hold for the lepton doublets (after inserting the chiral LH
projector PL), as well as for the Majorana RH neutrinos, for which one has to assume
identical particle and antiparticle distribution functions and insert the inverse of the charge
conjugation matrix C in the dispersion relation.

To elucidate further the impact of the CTP approach and to see under which conditions
one can obtain the classical BE from the quantum ones, one may consider the dynamics of the
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lightest RH neutrinoN1. To find its quantum BE we start from (4.18) for the Green’s function
G<
N1

of the RH neutrinoN1 :

(
i��∂x −M1

)
G<
N1

(
x, y

)
= −

∫
d4z

[
−Σt

N1
(x, z)G<

N1

(
z, y

)
+ Σ<

N1
(x, z)Gt

N1

(
z, y

)]

=
∫
d3z

∫ t

0
dtz

[
Σ>
N1

(x, z)G<
N1

(
z, y

) − Σ<
N1

(x, z)G>
N1

(
z, y

)]
.

(4.23)

Adopting the corresponding form for the RH neutrino propagator and the center-of-mass
coordinates

X ≡
(
t, �X

)
≡ 1

2
(
x + y

)
, (τ, �r) ≡ x − y, (4.24)

one ends up with the following equation:

∂fN1(k, t)
∂t

= − 2
∫ t

0
dtz

∫
d3p

(2π)3
1

2ω	(p)
1

2ωH(k − p)
1

ωN1(k)
|M(N1 → 	H)|2

× [fN1(k, t)
(
1 − f	(p, t)

)(
1 + fH(k − p, t)

)

−f	(p, t)fH(k − p, t)
(
1 − fN1(k, t)

)]

× cos[(ωN1(k) −ω	(p) −ωH(k − p))(t − tz)]


 − 2
∫ t

0
dtz

∫
d3p

(2π)3
1

2ω	(p)
1

2ωH(k − p)
1

ωN1(k)
|M(N1 → 	H)|2

×
(
fN1(k, t) − feq

	 (p)feq
H (k − p)

)

× cos[(ωN1(k) −ω	(p) −ωH(k − p))(t − tz)].

(4.25)

This equations holds under the assumption that the relaxation timescale for the distribution
functions is longer than the timescale of the nonlocal kernels so that they can be extracted
out of the time integral. This allows to think of the distributions as functions of the center-
of-mass time only. We have set to zero the damping rates of the particles in (4.22) and
retained only those cosines giving rise to energy delta functions that can be satisfied. Under
these assumptions, the distribution function may be taken out of the time integral, leading—
at large times—to the so-called Markovian description. The kinetic equation (4.25) has an
obvious interpretation in terms of gain minus loss processes, but the retarded time integral
and the cosine function replace the familiar energy-conserving delta functions. In the second
passage, we have also made the usual assumption that all distribution functions are smaller
than unity and that those of the Higgs and lepton doublets are in equilibrium and much
smaller than unity, f	fH 
 feq

	
f
eq
H . Elastic scatterings are typically fast enough to keep kinetic
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equilibrium. For any distribution function we may write f = (n/neq)feq, where n denotes the
total number density. Therefore, (4.25) can be rewritten as

∂nN1

∂t
= −〈ΓN1(t)〉nN1 +

〈
Γ̃N1(t)

〉
n
eq
N1
,

〈ΓN1(t)〉 =
∫ t

0
dtz

∫
d3k

(2π)3
f
eq
N1

n
eq
N1

ΓN1(t),

ΓN1(t) = 2
∫

d3p

(2π)3
|M(N1 → 	H)|2

2ω	2ωHωN1

cos[(ωN1 −ω	 −ωH)(t − tz)],

〈Γ̃N1(t)〉 =
∫ t

0
dtz

∫
d3k

(2π)3
f
eq
N1

n
eq
N1

Γ̃N1(t),

Γ̃N1(t) = 2
∫

d3p

(2π)3
f
eq
	 f

eq
H

f
eq
N1

|M(N1 → 	H)|2
2ω	2ωHωN1

cos[(ωN1 −ω	 −ωH)(t − tz)],

(4.26)

where 〈ΓN1(t)〉 is the time-dependent thermal average of the Lorentz-dilated decay width.
Integrating over large times, t → ∞, thereby replacing the cosines by energy-conserving
delta functions:

∫∞

0
dtz cos[(ωN1 −ω	 −ωH)(t − tz)] = πδ(ωN1 −ω	 −ωH), (4.27)

we find that the two averaged rates 〈ΓN1〉 and 〈Γ̃N1〉 coincide and we recover the usual
classical BE for the RH distribution function

∂nN1

∂t
= −〈ΓN1〉

(
nN1 − neqN1

)
,

〈ΓN1〉 =
∫

d3k

(2π)3
f
eq
N1

n
eq
N1

∫
d3p

(2π)3
|M(N1 → 	H)|2

2ω	2ωHωN1

(2π)δ(ωN1 −ω	 −ωH).

(4.28)

Taking the time interval to infinity, namely, implementing Fermi’s golden rule, results in
neglecting memory effects, which in turn results only in on-shell processes contributing to
the rate equation. The main difference between the classical and the quantum BE can be
traced to memory effects and to the fact that the time evolution of the distribution function is
nonMarkovian. The memory of the past time evolution translates into off-shell processes.

Similarly, one can show that the equation obeyed by the asymmetry reads

∂nΔLα(X)
∂t

= −
∫
d3z

∫ t

0
dtz Tr

[
Σ>
	α
(X, z)G<

	α
(z,X) −G>

	α
(X, z)Σ<

	α
(z,X)

+G<
	α
(X, z)Σ>

	α
(z,X) − Σ<

	α
(X, z)G>

	α
(z,X)

]
.

(4.29)
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Proceeding as for the RH neutrino equation one finds (including the moment only for the
1-loop wave contribution to the CP asymmetry εαw)

∂nΔLα
∂t

= εαw(t)〈ΓN1〉
(
nN1 − neqN1

)
,

εαw(t) = − 4
〈ΓN1〉

3∑

β=1

Im
(
Y1αY1βY

†
β2Y

†
α2

)

×
∫ t

0
dtz

∫ tz

0
dt2

∫ t2

0
dt1e

−ΓN2 (tz−t2)e−(Γ	β+ΓH)(t2−t1)
∫

d3k

(2π)3
f
eq
N1

n
eq
N1

×
∫

d3p

(2π)3
1 − feq

	β
(p) + feq

H (k − p)

2ω	β(p)2ωH(k − p)ωN1(k)

∫
d3q

(2π)3
1 − feq

	α
(q) + feq

H (k − q)

2ω	α(q)2ωH(k − q)ωN2(k)

× sin
(
ωN1(t − t1) +

(
ω	β +ωH

)
(t1 − t2) +ωN2(t2 − tz) + (ω	α +ωH)(tz − t)

)

× Tr
(
M1PL�pM2�q

)
,

(4.30)

where, to avoid double counting, we have not inserted the decay rates in the propagators of
the initial and final states and, for simplicity, we have assumed that the damping rates of the
lepton doublets and theHiggs field are constant in time. This should be a good approximation
as the damping rates are to be computed for momenta of order of the mass of the RH
neutrinos. As expected from first principles, we find that the CP asymmetry is a function
of time and its value at a given instant depends upon the previous history of the system.

Performing the time integrals and retaining only those pieces which eventually give
rise to energy-conserving delta functions in the Markovian limit, we obtain

εαw(t) = − 4
〈ΓN1〉

3∑

β=1

Im
(
Y1αY1βY

†
β2Y

†
α2

)

×
∫ t

0
dtz

cos[(ωN1 −ω	α −ωH)(t − tz)]
(
Γ2N2

+ (ωN2 −ωN1)
2
)((

Γ	β + ΓH
)2

+
(
ωN1 −ω	β −ωH

)2)

×
∫

d3k

(2π)3
f
eq
N1

n
eq
N1

(
Γ	β + ΓH

)

×
(
2(ωN2 −ωN1)sin

2
[
(ωN2 −ωN1)tz

2

]
− ΓN2 sin[(ωN2 −ωN1)tz]

)

×
∫

d3p

(2π)3
1 − feq

	β
(p) + feq

H (k − p)

2ω	β(p)2ωH(k − p)ωN1(k)

×
∫

d3q

(2π)3
1 − feq

	α
(q) + feq

H (k − q)

2ω	α(q)2ωH(k − q)ωN2(k)
Tr
(
M1PL�pM2�q

)
.

(4.31)
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From this expression it is already manifest that the typical timescale for the building up of
the coherent CP asymmetry depends crucially on the difference in energy of the two RH
neutrinos.

If we now let the upper limit of the time integral take large values, we neglect the
memory effects; the CP asymmetry picks contribution only from the on-shell processes.
Taking the damping rates of the lepton doublets equal for all the flavours and the RH
neutrinos nearly at rest with respect to the thermal bath, the CP asymmetry reads (now
summing over all flavour indices)

εw(t) 
 − Im
(
YY †)2

12

(YY †)11(YY †)22

M1

M2
ΓN2

1

(ΔM)2 + Γ2N2

×
(
2ΔMsin2

[
ΔMt

2

]
− ΓN2 sin[ΔMt]

)
,

(4.32)

where ΔM = (M2 −M1). The CP asymmetry (4.32) is resonantly enhanced when ΔM 
 ΓN2 ,
and at the resonance point it is given by

εw(t) 
 −1
2

Im
(
YY †)2

12

(YY †)11(YY †)22
(1 − sin[ΔMt] − cos[ΔMt]). (4.33)

The timescale for the building up of the CP asymmetry is ∼ 1/ΔM. The CP asymmetry grows
starting from a vanishing value, and, for t � (ΔM)−1, it averages to the constant standard
value. This is true if the timescale for the other processes relevant for leptogenesis is larger
than ∼ 1/ΔM. In other words, one may define an “average” CP asymmetry

〈εw〉 =
1
τp

∫ t

t−τp
dt′εWN1

(
t′
)
, (4.34)

where τp represents the typical timescale of the other processes relevant for leptogenesis, for
example, the ΔL = 1 scatterings. If τp � 1/ΔM ∼ Γ−1N2

, the oscillating functions in (4.33) are
averaged to zero and the average CP asymmetry is given by the value used in the literature.
However, the expression (4.32) should be used when τp � 1/ΔM ∼ Γ−1N2

.
The fact that the CP asymmetry is a function of time is particularly relevant in the

case in which the asymmetry is generated by the decays of two heavy states which are nearly
degenerate in mass and oscillate into one another with a timescale, given by the inverse of
the mass difference and has been studied in [86, 141]. From (4.32) it is manifest that the CP
asymmetry itself oscillates with the very same timescale and such a dependence may or may
not be neglected depending upon the rates of the other processes in the plasma. If ΓN1 � ΓN2 ,
the time dependence of the CP asymmetry may not be neglected. The expression (4.32) can
also be used, once it is divided by a factor 2 (because in the wave diagram also the charged
states of Higgs and lepton doublets may propagate) and the limitM2 � M1 is taken, for the
CP asymmetry contribution from the vertex diagram:

εv(t) 
 − Im
(
YY †)2

12

16π(YY †)11

M1

M2

(
2 sin2

[
M2t

2

]
− ΓN2

M2
sin[M2t]

)
. (4.35)
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In this case, the timescale for this CP asymmetry is ∼ M2 and much larger than any other
timescale in the dynamics. Therefore, one can safely average over many oscillations, getting
the expression present in the literature.

What has been discussed here provides only one example for which a quantum
Boltzmann approach is needed. In general, the lesson is that quantum BEs are relevant when
the typical timescale in a quantum physical process, such as the timescale for the unflavour-
to-flavour transition or the timescale to build up coherently the CP asymmetry (of the order
of 1/ΔM), is larger than the timescale for the change of the abundances.

5. Supersymmetric Leptogenesis

5.1. What’s New?

Supersymmetric leptogenesis constitutes a theoretically appealing generalization of lepto-
genesis for the following reason: while the SM equipped with the seesaw provides the
simplest way to realize leptogenesis, such a framework is plagued by an unpleasant fine-
tuning problem. For a nondegenerate spectrum of heavy Majorana neutrinos, successful
leptogenesis requires generically a scale for the singlet neutrino masses that is much
larger than the EW scale [61] but at the quantum level the gap between these two scales
becomes unstable. Low-energy supersymmetry (SUSY) can naturally stabilize the required
hierarchy, and this provides a sound motivation for studying leptogenesis in the framework
of the supersymmetrized version of the seesaw mechanism. Supersymmetric leptogenesis,
however, introduces a certain conflict between the gravitino bound on the reheat temperature
and the thermal production of the heavy singlets neutrinos [142–145]. In this section, we will
not be concerned with the gravitino problem, nor with its possible ways out but focus on the
new features SUSY brings in for leptogenesis.

The supersymmetric type-I seesaw model is described by the superpotential of the
minimal supersymmetric SM (MSSM) with the additional terms:

W =
1
2
MpqN

c
pN

c
q + λαpN

c
p	αHu, (5.1)

where p, q = 1, 2, . . . label the heavy singlet states in order of increasing mass and α = e, μ, τ
labels the lepton flavour. In (5.1) 	, Hu, and Nc are, respectively, the chiral superfields for
the lepton and the up-type Higgs SU(2)L doublets and for the heavy SU(2)L singlet neutrinos
defined according to usual conventions in terms of their LH Weyl spinor components (e.g.,
the Nc supermultiplet has scalar component Ñ∗ and fermion component Nc

L). Finally the
SU(2)L index contraction is defined as 	αHu = ερσ	

ρ
αH

σ
u with ε12 = +1.

Originally, the issue of MSSM leptogenesis was approached in conjunction with
SM leptogenesis [49, 51] as well as in dedicated studies [146, 147]. However in this first
analysis, several features that are specific of SUSY in the high temperature regime relevant for
leptogenesis, in which soft SUSY breaking parameters can be effectively set to zero, had been
overlooked. In that case, in spite of the large amount of new reactions, the differences between
SM and MSSM leptogenesis can be resumed by means of simple counting of a few numerical
factors [109, 130, 148], like, for example, the number of relativistic degrees of freedom in
the thermal bath, the number of loop diagrams contributing to the CP asymmetries, and the
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multiplicities of the final states in the decays of the heavy neutrinos and sneutrinos, and one
can estimate [109]

YΔB(∞)MSSM

YΔB(∞)SM
≈
{√

2
(
strong washout

)
,

2
√
2 (weak washout).

(5.2)

Recently it was pointed out in [89] that in fact MSSM leptogenesis is rich in new and
nontrivial features, and genuinely different from the simpler realization within the SM. The
two important effects are as follows.

(a) If the SUSY breaking scale does not exceed by much 1TeV, above T ∼ 5 × 107 GeV
the particle and superparticle density asymmetries do not equilibrate [149], and
it is mandatory to account in the BE for the differences in the number density
asymmetries of the boson and fermion degrees of freedom. This can be given in
terms of a nonvanishing gaugino chemical potential.

(b) When soft SUSY breaking parameters are neglected, additional anomalous global
symmetries that involve both SU(2)L and SU(3)C fermion representations emerge
[150]. As a consequence, the EW and QCD sphaleron equilibrium conditions are
modified with respect to the SM, and this yields a different pattern of sphaleron-
induced lepton-flavour mixing [67, 69, 70]. In addition, a new anomaly-free exactly
conserved R-symmetry provides an additional constraint that is not present in
the SM, and a careful counting reveals that four independent quantities, rather
than the three of the SM case, are required to give a complete description of the
various particle asymmetries in the thermal bath, with the additional quantity
corresponding to the number density asymmetry of the heavy scalar neutrinos.

Although the modifications above are interesting from the theoretical point of view, a
quantitative comparison with the results obtained when the new effects are ignored shows
that the corrections remain below O(1) [89]. (This modification would be important for
certain supersymmetric leptogenesis scenarios which contain new sources of CP violation
e.g. soft leptogenesis (see Section 6.2).) Finally, it should be pointed out that in the
supersymmetric case, the temperature in which the lepton flavour effects (see Section 3) come
into play is enhanced by a factor of (1+ tan2β) since the charged Yukawa couplings are given
by hα = mα/(vu cos β).

The purpose of the following sections is twofold.We describe the chemical equilibrium
conditions and conservation laws for MSSM in conjunction to SM. In Section 5.2 we list the
constraints that hold independently of assuming a regime in which particle and sparticle
chemical potentials equilibrate (superequilibration (SE) regime) or do not equilibrate
(nonsuperequilibration (NSE) regime). In Section 5.3 we list the constraints that hold only
in the SE regime and in Section 5.4 the ones that hold in NSE regime. The question of NSE
is irrelevant in the SM since there are no superparticles. Hence the parts relevant for the SM
are Sections 5.2 and 5.3, with the chemical potential of the gaugino set to zero, the chemical
potential of the down-type higgsino replaced by the minus of the uptype higgsino (see (5.11)
and (5.12)), and all the quantities related to superparticles replaced by the ones for particles.
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5.2. General Constraints

We first list in items (1), (2), and (3) the conditions that hold in the whole temperature range
MW = T � 1014 GeV. Conversely, some of the Yukawa coupling conditions given in items
(4) and (5) will have to be dropped as the temperature is increased and the corresponding
reactions go out of equilibrium. First we will relate the number density asymmetry of a
particle Δn ≡ n − n for which a chemical potential can be defined to its chemical potential.
For both bosons (b) and fermions (f) this relation acquires a particularly simple form in the
relativistic limitmb,f � T , and at first order in the chemical potential μb,f/T � 1:

Δnb =
gb
3
T2μb, Δnf =

gf

6
T2μf . (5.3)

For simplicity of notations, in the following we denote the chemical potentials with the same
notation that labels the corresponding field: φ ≡ μφ.

(1) At scales much higher than MW , gauge fields have vanishing chemical potential
W = B = g = 0 [57]. This also implies that all the particles belonging to the same
SU(2)L or SU(3)C multiplets have the same chemical potential. For example φ(I3 =
+(1/2)) = φ(I3 = −(1/2)) for a field φ that is a doublet of weak isospin �I, and
similarly for color.

(2) Denoting by W̃R, B̃R, and g̃R the RH winos, binos, and gluinos chemical potentials
and by 	,Q (	̃, Q̃) the chemical potentials of the (s)lepton and (s)quarks LH
doublets, the following reactions: Q̃ + g̃R → Q, Q̃ + W̃R → Q, 	̃ + W̃R → 	,
	̃+ B̃R → 	, imply that all gauginos have the same chemical potential: −g̃ = Q−Q̃ =
−W̃ = 	−	̃ = −B̃, where W̃ , B̃, and g̃ denote the chemical potentials of LH gauginos.
It follows that the chemical potentials of the SM particles are related to those of their
respective superpartners as

Q̃, 	̃ = Q, 	 + g̃,

Hu,d = H̃u,d + g̃,

ũ, d̃, ẽ = u, d, e − g̃.

(5.4)

The last relation, in which u, d, e ≡ uR, dR, eR denote the RH SU(2)L singlets,
follows, for example, from ũcL = ucL + g̃ for the corresponding LH fields, together
with ucL = −uR, and from the analogous relation for the SU(2)L singlet squarks.

(3) Before EW symmetry breaking hypercharge is an exactly conserved quantity, and
we can assume a vanishing total hypercharge for the Universe:

∑

i

(
YΔQi + 2YΔui − YΔdi

) −
∑

α

(YΔ	α + YΔeα) + YΔH̃u
− YΔH̃d

= 0. (5.5)

(4) When the reactions mediated by the lepton Yukawa couplings are faster than
the Universe expansion rate (see Section 3.1 for the temperature regime when
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lepton Yukawa interactions are in thermal equilibrium), the following chemical
equilibrium conditions are enforced:

	α − eα + H̃d + g̃ = 0,
(
α = e, μ, τ

)
. (5.6)

If the temperature is not too low lepton flavour equilibration (see Section 3.4)
induced by off-diagonal slepton soft masses will not occur. We assume that this
is the case, and thus we take the three 	α to be independent quantities.

(5) Reactions mediated by the quark Yukawa couplings enforce the following six
chemical equilibrium conditions:

Qi − ui + H̃u + g̃ = 0, (ui = u, c, t), (5.7)

Qi − di + H̃d + g̃ = 0, (di = d, s, b). (5.8)

The upquark Yukawa coupling maintains chemical equilibrium between the LH and RH
uptype quarks up to T ∼ 2 · 106 GeV. Note that when the Yukawa reactions of at least two
families of quarks are in equilibrium, the mass basis is fixed for all the quarks and squarks.
Intergeneration mixing then implies that family-changing charged-current transitions are
also in equilibrium: bL → cL and tL → sL imply Q2 = Q3; sL → uL and cL → dL
imply Q1 = Q2. Thus, up to temperatures T � 1011 GeV, that are of the order of the
equilibration temperature for the charm Yukawa coupling, the three quark doublets have
the same chemical potential:

Q ≡ Q3 = Q2 = Q1. (5.9)

At higher temperatures, when only the third family is in equilibrium, we have instead Q ≡
Q3 = Q2 /=Q1. Above T ∼ 1013 when (for moderate values of tan β) also b-quark (as well as the
τ-lepton) SU(2)L singlets decouple from their Yukawa reactions, all intergeneration mixing
becomes negligible and Q3 /=Q2 /=Q1.

5.3. Superequilibration Regime

At relatively low temperatures, additional conditions from reactions in chemical equilibrium
hold. Since the constraints below apply only in the SE regime, we number them including
this label.

6SE : Equilibration of the particle-sparticle chemical potentials μφ = μφ̃ [149] is ensured

when reactions like 	̃	̃ → 		 are faster than the Universe expansion rate. These
reactions are induced by gaugino interactions, but since they require a gaugino
chirality flip, they turn out to be proportional to its mass mg̃ and can be neglected
in the limitmg̃ → 0.

Furthermore, since the μ parameter of theHuHd superpotential term is expected to
be of the order of the soft gaugino masses, it is reasonable to consider in the same
temperature range also the effect of the higgsino mixing term, which implies that
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the sum of the up- and downhiggsino chemical potentials vanishes. The rates of the
corresponding reactions, given approximately by Γg̃ ∼ m2

g̃
/T and Γμ ∼ μ2/T , are

faster than the Universe expansion rate up to temperatures

T � 5 · 107
(

mg̃, μ

500GeV

)2/3

GeV. (5.10)

The corresponding chemical equilibrium relations enforce the conditions:

g̃ = 0, (5.11)

H̃u + H̃d = 0. (5.12)

7SE : Up to temperatures given by (5.10) the MSSM has the same global anomalies
than the SM, that are the EW SU(2)L-U(1)B+L mixed anomaly and the QCD chiral
anomaly. They generate the effective operators OEW = Πα(QQQ	α) [151] and
OQCD = Πi(QQucLid

c
Li) [151–153]. Above the EW phase transition reactions induced

by these operators are in thermal equilibrium, and the corresponding conditions
read

9Q +
∑

α

	α = 0, (5.13)

6Q −
∑

i

(ui + di) = 0, (5.14)

where we have used the same chemical potential for the three quark doublets (5.9),
which is always appropriate in the SE regime below the limit (5.10).

Equations (5.6), (5.7)–(5.9), together with the SE conditions (5.11)-(5.12), the two
anomaly conditions (5.13)-(5.14), and the hypercharge neutrality condition equation (5.5),
give 11 + 2 + 2 + 1 = 16 constraints for the 18 chemical potentials. Note however that there is
one redundant constraint, that we take to be the QCD sphaleron condition, since by summing
up (5.7) and (5.8) and taking into account (5.9), (5.11), and (5.12), we obtain precisely (5.14).
Therefore, like in the SM, we have three independent chemical potentials. We can define
three linear combinations of the chemical potentials corresponding to the SU(2)L anomaly
free flavour charges Δα ≡ B/3 − Lα that being anomaly-free and perturbatively conserved
by the low energy MSSM Lagrangian evolve slowly because the corresponding symmetries
are violated only by the heavy Majorana neutrino dynamics. Their evolution needs to be
computed by means of three independent BEs. In terms of the abundances (2.12) the density
of the Δα charges normalized to the entropy density can be written as

YΔα = 3

[
1
3

∑

i

(
2YΔQi + YΔui + YΔdi

) − (2YΔ	α + YΔeα) −
2
3
YΔg̃

]
. (5.15)

The expression above is completely general and holds in all temperature regimes, including
the NSE regime (see Section 5.4).
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The density asymmetries of the doublet leptons and higgsinos, that weight the
washout terms in the BE, can now be expressed in terms of the anomaly-free charges by
means of the Amatrix and C vectors introduced, respectively, in [67, 69] that are defined as:

YΔ	α = A
	
αβYΔβ , YΔH̃u,d

= CH̃u,d
α YΔα . (5.16)

Here and in the following we will give results for theA and Cmatrices for the fermion states.
We recall that in the SE regime the density asymmetry of a scalar boson that is in chemical
equilibriumwith its fermionic partner is given simply by YΔb = 2YΔf with the factor of 2 from
statistics.

5.3.1. First Generation Yukawa Reactions out of Equilibrium (SE Regime)

As an example let us now consider the temperatures T � 4 · 106(1 + tan2β)GeV, when the
d-quark Yukawa coupling can be set to zero (in order to remain within the SE regime we
assume tan β ∼ 1). In this case the equilibrium dynamics is symmetric under the exchange
u ↔ d (both chemical potentials enter only the QCD sphaleron condition equation (5.14)
with equal weights) and so must be any physical solution of the set of constraints. Thus, the
first condition in (5.8) can be replaced by the condition d = u, and again three independent
quantities suffice to determine all the particle density asymmetries. The corresponding result
is

A	 =
1

3 × 2148

⎛

⎝
−906 120 120
75 −688 28
75 28 −688

⎞

⎠, CH̃u = −CH̃d =
−1
2148

(37, 52, 52). (5.17)

Note that since in this regime the chemical potentials for the scalar and fermion degrees
of freedom of each chiral multiplet equilibrate, the analogous results for YΔ	α + YΔ	̃α

can be
obtained by simply multiplying the Amatrix in (5.17) by a factor of 3. This gives the same A
matrix obtained in the nonsupersymmetric case in the same regime (see, e.g., (4.12) in [69]).
The C matrix (multiplied by the same factor of 3) differs from the nonsupersymmetric result
by a factor 1/2. This is because after substituting H̃d = −H̃u (see (5.12)) all the chemical
potential conditions are formally the same than in the SM with H̃u identified with the
chemical potential of the scalar Higgs, but since C expresses the result for number densities,
in the SM, a factor of 2 from boson statistics appears for the SM Higgs. This agrees with the
analysis in [58] and is a general result that holds for SUSY within the SE regime.

5.4. Nonsuperequilibration Regime

At temperatures above the limit given in (5.10) the Universe expansion is fast enough that
reactions induced bymg̃ and μ do not occur. Setting to zero in the high temperature effective
theory these two parameters has the following consequences

(i) Condition equation (5.11) has to be dropped, and gauginos acquire a nonvanishing
chemical potential g̃ /= 0 (corresponding to the difference between the number of
LH and RH helicity states). The chemical potentials of the members of the same
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matter supermultiplets are no more equal (nonsuperequilibration) but related as in
(5.4).

(ii) Condition (5.12) also has to be dropped, and the chemical potentials of the up- and
downtype Higgs and higgsinos do not necessarily sum up to zero.

(iii) The MSSM gains two new global symmetries:mg̃ → 0 yields a global R-symmetry,
while μ → 0 corresponds to a global symmetry of the Peccei-Quinn (PQ) type.

5.4.1. Anomalous and Nonanomalous Symmetries

Two linear combinationsR2 andR3 ofR and PQ, having, respectively, only SU(2)L and SU(3)C
mixed anomalies, have been identified in [150]:

R2 = R − 2PQ, R3 = R − 3PQ. (5.18)

The authors of [150] have also constructed the effective multifermions operators generated
by the mixed anomalies:

ÕEW = Πα(QQQ	α)H̃uH̃dW̃
4, (5.19)

ÕQCD = Πi(QQucdc)ig̃
6. (5.20)

Given that three global symmetries B, L, and R2 have mixed SU(2)L anomalies (but are free of
SU(3)C anomalies)we can construct two anomaly-free combinations, the first one being B−L
which is only violated perturbatively by Nc	Hu and the second anomaly free combination
which is also an exact symmetry of the MSSM+seesaw in the NSE regime [89]:

R =
5
3
B − L + R2, (5.21)

and is exactly conserved. In the SU(3)C sector, besides the chiral anomaly we now have also
R3 mixed anomalies. Thus also in this case anomaly-free combinations can be constructed,
and in particular we can define one combination for each quark superfield. Assigning to the
LH supermultiplets chiral charge χ = −1 these combinations have the form [89]:

χqL + κqLR3, (5.22)

where, for example, κucL = κdcL = 1/3 and κQL = 2/3. Note that since R3 is perturbatively
conserved by the complete MSSM+seesaw Lagrangian, when the Yukawa coupling of one
quark is set to zero, the corresponding charge (5.22) will be exactly conserved.

5.4.2. Constraints in the Nonsuperequilibration Regime

In the NSE regime, the conditions listed in items 6SE and 7SE of the previous section have to
be dropped, but new conditions arise.
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6NSE: The conservation law for the R charge yields the following global neutrality
condition:

Rtot =
∑

f

ΔnfRf +
∑

b

ΔnbRb + ΔnÑ1
RÑ1

=
T2

6

(
∑

i

(2Qi − 5ui + 4di) + 2
∑

α

(	α + eα) + 5H̃d − H̃u + 31g̃

)
−ΔnÑ1

= 0.

(5.23)

The last terms in both lines of (5.23) correspond to the contribution to R-neutrality
from the lightest sneutrino asymmetry ΔnÑ1

= nÑ1
− nÑ∗

1
with charge RÑ1

=

−RNc = −1. Note that since in general Ñ1 is not in chemical equilibrium, no chemical
potential can be associated to it, and hence this constraint needs to be formulated
in terms of its number density asymmetry that has to be evaluated by solving a BE
for YΔÑ

≡ YÑ1
− YÑ∗

1
(see Section 5.5).

7NSE: The operators in (5.19) induce transitions that in the NSE regime are in chemical
equilibrium. This enforces the generalized EW and QCD sphaleron equilibrium
conditions [150]:

3
∑

i

Qi +
∑

α

	α + H̃u + H̃d + 4g̃ = 0,

2
∑

i

Qi −
∑

i

(ui + di) + 6g̃ = 0,
(5.24)

that replace (5.13) and (5.14).

8NSE: The chiral-R3 charges in (5.22) are anomaly-free, but clearly they are not conserved
by the quark Yukawa interactions. However, when a quark supermultiplet
decouples from its Yukawa interactions, an exact conservation law arises. (Note
that hu,d → 0 implies u and d decoupling, but Q1 decoupling is ensured only if
also hc,s → 0.) The conservation laws corresponding to these symmetries read

T2

6
[
3qR + 6

(
qR − g̃)] + 1

3
R3tot = 0, (5.25)

T2

6
2
[
3QL + 6

(
QL + g̃

)] − 2
3
R3tot = 0 (5.26)

and hold for qR = ui, di and QL = Qi in the regimes when the appropriate Yukawa
reactions are negligible. Note the factor of 2 for the QL chiral charge in front of
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the first square bracket in (5.26) that is due to SU(2)L gauge multiplicity. In terms
of chemical potentials and ΔnÑ1

, the total R3 charge in (5.25) and (5.26) reads

R3tot =
T2

6

(
82g̃ − 3

∑

i

(2Qi + 11ui − 4di)

+
∑

α

(16	α + 13eα) + 16H̃d − 14H̃u

)
+ ΔnÑ1

R3Ñ1
,

(5.27)

where R3Ñ1
= −1. As regards the leptons, since they do not couple to the QCD

anomaly, by setting he → 0, a symmetry under chiral supermultiplet rotations is
directly gained for the RH leptons implyingΔne+Δñe = 0 and giving the condition:

e − 2
3
g̃ = 0. (5.28)

No analogous condition arises for the lepton doublets relevant for leptogenesis,
since by assumption they remain coupled via Yukawa couplings to the heavyN’s.

In the NSE regime there are different flavour mixing matrices for the scalar and
fermion components of the leptons and Higgs supermultiplets. To express more concisely
all the results, it is convenient to introduce a new C vector to describe the gaugino number
density asymmetry per degree of freedom in terms of the relevant charges:

YΔg̃ = Cg̃
aYΔa , with Δa =

(
Δα,ΔÑ

)
. (5.29)

5.4.3. First Generation Yukawa Reactions out of Equilibrium (NSE Regime)

As an example, in the temperature range between 108 and 1011 GeV, and for moderate values
of tan β, all the first generation Yukawa couplings can be set to zero. Using for u, d conditions
equation (5.25) and for e condition equation (5.28) as implied by hu,d, he → 0 we obtain

A	 =
1

9 × 162332

⎛

⎝
−198117 33987 33987 −8253
26634 −147571 14761 −8055
26634 14761 −147571 −8055

⎞

⎠,

Cg̃ =
−11

162332
(163, 165, 165, −255),

CH̃u =
−1

162332
(3918, 4713, 4713, 95),

CH̃d =
1

3 × 162332
(5413, 9712, 9712, −252),

(5.30)

where the rows correspond to (YΔe , YΔμ , YΔτ , YΔÑ
). For completeness, in (5.30) we have also

given the results for CH̃d even if only the uptype Higgs density asymmetry is relevant for the
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leptogenesis processes. Note that neglecting the contribution of ΔnÑ1
to the global charges

Rtot in (5.23) and R3tot in (5.27) corresponds precisely to setting to zero the fourth column in
all the previous matrices. Then, analogously with the SE and SM cases, within this “3-column
approximation” all particle density asymmetries can be expressed just in terms of the three
YΔα charge densities.

5.5. Supersymmetric Boltzmann Equations

In order to illustrate how the new effects described above modify the structure of the BE, here
we write down a simpler expressions in which only decays and inverse decays are included:
(the complete set of BE including decays, inverse decays, and scatterings with top-quark is
given in the Appendix of [89].)

sHz
dYN1

dz
= −

(
YN1

Y
eq
N1

− 1

)
γN1 , (5.31)

sHz
dYÑ+

dz
= −

⎛

⎝YÑ+

Y
eq

Ñ1

− 2

⎞

⎠γÑ1
, (5.32)

sHz
dYΔÑ

dz
= −YΔÑ

Y
eq

Ñ1

γÑ1
− 3
2
γÑ1

∑

a

C
g̃
a
YΔa

Y
eq
	

+ · · · , (5.33)

sHz
dYΔα

dz
= − εα

⎡

⎣
(
YN1

Y
eq
N1

− 1

)
γN1 +

⎛

⎝YÑ+

Y
eq

Ñ1

− 2

⎞

⎠γÑ1

⎤

⎦

+ P 0
1α

(
γN1 +

1
2
γÑ1

)∑

a

(
A	
αa + C

H̃u
a + Cg̃

a

)YΔa

Y
eq
	

,

(5.34)

where γÑ1
is the corresponding thermally averaged decay rate for RH sneutrino Ñ1. In (5.32)

we have introduced the overall sneutrino abundance YÑ+
= YÑ1

+YÑ∗
1
, while YΔÑ

≡ YÑ1
−YÑ∗

1

in (5.33) is the sneutrino density asymmetry that was already introduced in Section 5.4.
In the washout terms we have normalized the charge densities YΔa = (YΔα , YΔÑ

) to the
equilibrium density of a fermionwith one degree of freedom Y

eq
	
. In (5.31) and (5.34)we have

also neglected for simplicity all finite temperature effects. Taking these effects into account
would imply, for example, that the CP asymmetry for Ñ decays into fermions is different
from the one for decays into scalars [49], while we describe both CP asymmetries with εα.
A few remarks regarding (5.33) are in order. In the SE regime g̃ = 0, and thus it would
seem that the sneutrino density asymmetry YΔÑ

vanishes. However, this only happens for
decays and inverse decays, and it is no more true when additional terms related to scattering
processes, that are represented in the equation by the dots, are also included (see [147]
and the Appendix of [89]). Therefore, also in the SE regime YÑ1

and YÑ∗
1
in general differ.

However, in this case recasting their equations in terms of two equations for YÑ+
and YΔÑ

is just a convenient parametrization. On the contrary, in the NSE regime this is mandatory,
because the sneutrinos carry a globally conserved R-charge and YΔÑ

is required to formulate
properly the corresponding conservation law. As we have seen, this eventually results in YΔÑ
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contributing to the expressions of the lepton flavour density asymmetries in terms of slowly
varying quantities.

In [89] a complete numerical analysis was carried out, and it was shown that
numerical corrections with respect to the case when NSE effects are neglected remain at the
O(1) level. This is because only spectator processes get affected, while the overall amount of
CP violation driving leptogenesis remains the same than in previous treatments.

6. Beyond Type-I Seesaw and Beyond the Seesaw

There exist many variants of leptogenesis models beyond the standard type-I seesaw. In this
section, we try to classify them into appropriate groups. Unavoidably there would be some
overlap; that is, a hybrid model of leptogenesis which can belong to more than one group,
for example, soft leptogenesis (Section 6.2) from resonantly enhanced CP asymmetry could
rightly fall under resonant leptogenesis (Section 6.1). However we try our best to categorize
them according to the main features of the model, and, when appropriate, they will be quoted
in more than one place. Clearly, the number of beyond type-I seesaw leptogenesis models is
quite large. We have not attempted in any way to be exhaustive, and we apologize in advance
for the unavoidable several omissions.

6.1. Resonant Leptogenesis

A resonant enhancement of the CP asymmetry inN1 decay occurs when the mass difference
between N1 and N2 is of the order of the decay widths. Such a scenario has been termed
“resonant leptogenesis,” and has benefited from many studies in different formalisms (see
[154] for a comparison of the different calculations) [50, 52, 75, 85–87, 110, 111, 155–168] (see
[169] for a recent review). The resonant effect is related to the self-energy contribution to the
CP asymmetry. Consider, for simplicity, the case where onlyN2 is quasidegenerate withN1.
Then, the self-energy contribution involving the intermediate N2 to the total CP asymmetry
(we neglect important flavour effects [75]) is given by

ε1
(
self − energy

)
= −M1

M2

ΓN2

M2

M2
2

(
M2

2 −M2
1

)

(
M2

2 −M2
1

)2 +M2
1Γ

2
N2

Im
[(
λ†λ

)2
12

]

(λ†λ)11(λ†λ)22
. (6.1)

The resonance condition reads

|M2 −M1| =
ΓN2

2
. (6.2)

In this case

|ε1(resonance)| 
 1
2

∣∣∣Im
[(
λ†λ

)2
12

]∣∣∣

(λ†λ)11(λ†λ)22
. (6.3)

Thus, in the resonant case, the asymmetry is suppressed by neither the smallness of the
light neutrino masses, nor the smallness of their mass splitting, nor small ratios between the
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singlet neutrino masses. Actually, the CP asymmetry could be of order one (more accurately,
|ε1| ≤ 1/2).

With resonant leptogenesis, the BEs are different. The densities of N1 and N2 are
followed, since both contribute to the asymmetry, and the relevant timescales are different.
For instance, the typical timescale to build up coherently the CP asymmetry is unusually
long, of order 1/ΔM. In particular, it can be larger than the timescale for the change of
the abundance of the sterile neutrinos. This situation implies that for resonant leptogenesis
quantum effects in the BE can be significant [85, 86, 141, 170] (see Section 4.5).

The fact that the asymmetry could be large, independently of the singlet neutrino
masses, opens up the possibility of low scale resonant leptogenesis. Models along these
lines have been constructed in [75, 156, 161, 171]. It is a theoretical challenge to construct
models where a mass splitting as small as the decay width is naturally achieved. For attempts
that utilize approximate flavour symmetries see, for example, [157, 158, 160, 164, 166, 172],
while studies of this issue in the framework of minimal flavour violation can be found in
[87, 162, 163]. The possibility of observing resonant CP violation due to heavy RH neutrinos
at the LHC was studied in [173, 174].

6.2. Soft Leptogenesis

The modifications to standard type-I leptogenesis due to SUSY have been discussed in
Section 5. The important parameters are the Yukawa couplings and the singlet neutrino
parameters, which appear in the superpotential equation (5.1). SUSY must, however, be
broken. In the framework of the MSSM extended to include singlet neutrinos (MSSM+N),
there are, in addition to the soft SUSY breaking terms of the MSSM, terms that involve
the singlet sneutrinos Ñi, in particular bilinear (B) and trilinear (A) scalar couplings. These
terms provide additional sources of lepton number violation and of CP violation. Scenarios
where these terms play a dominant role in leptogenesis have been termed “soft leptogenesis”
[102, 107, 175–196] (see also [54] for a recent review).

Soft leptogenesis can take place even with a single RH neutrino because the presence
of the B term implies that Ñ and Ñ† states mix to form two mass eigenstates with mass
splitting proportional to B itself. Furthermore when B ∼ ΓÑ , the CP asymmetry is resonantly
enhanced realizing the resonant leptogenesis scenario (see Section 6.1). In the following we
will consider a single generation MSSM+N. The relevant soft SUSY terms involving Ñ, the
SU(2)L gauginos λ̃±,02 , the U(1)Y gauginos λ̃1, and the three sleptons 	̃α in the basis in which
charged lepton Yukawa couplings are diagonal are given by

−Lsoft = M̃2Ñ∗Ñ +
(
AYαεabÑ	̃aαH

b
u +

1
2
BMÑÑ + h.c.

)

+
1
2

(
m2λ̃

±,0
2 PLλ̃

±,0
2 +m1λ̃1PLλ̃1 + h.c.

)
,

(6.4)

where for simplicity, proportionality of the bilinear and trilinear soft breaking terms to the
corresponding SUSY invariant couplings has been assumed: BM = BM and Aα = AYα.
The Lagrangian derived from (5.1) and (6.4) is characterized by only three independent
physical phases: φA ≡ arg(AB∗), φg2 ≡ (1/2) arg(Bm∗

2) and φgY ≡ (1/2) arg(Bm∗
1), which can

be assigned to A and to the gaugino coupling operators g2, gY , respectively. As mentioned
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earlier, a crucial role in soft leptogenesis is played by the Ñ − Ñ† mixing to form the mass
eigenstates

Ñ+ =
1√
2

(
eiΦ/2Ñ + e−iΦ/2Ñ∗

)
,

Ñ− = − i√
2

(
eiΦ/2Ñ − e−iΦ/2Ñ∗

)
,

(6.5)

where Φ ≡ arg(BM) and the corresponding mass eigenvalues are M2
± = M2 + M̃2 ± |BM|.

Without loss of generality, we can set Φ = 0, which is equivalent to assigning the phases only
to A and Yα.

It has been pointed out that the CP asymmetries for the decays of Ñ± into scalars
and fermions have opposite sign and cancel each other at the leading order [176, 177, 192],
resulting in a strongly suppressed total CP asymmetry ∼ O(m3

soft/M
3) where msoft is the

scale of soft SUSY breaking terms. There are two possibilities that can rescue leptogenesis.
Firstly, thermal effects which break SUSY can spoil this cancellation [176, 177, 192].
Secondly, nonsuperequilibration effects (see Section 5.4)which imply that lepton and slepton
asymmetries differ can also spoil this cancellation [107]. The CP asymmetries for the decays
of Ñ± into scalars and fermions are, respectively, given by

εsα(T) = εαΔs(T),

ε
f
α(T) = − εαΔf(T),

(6.6)

where εα is the temperature independent term of ∼O(msoft/M)which contains contributions
from the self-energy correction, vertex correction, and the interference between the two. In the
limit T → 0, we have Δs(T),Δf(T) → 1/2, and thus the inclusion of thermal effects and/or
nonsuperequilibration is mandatory to avoid the cancellation between the asymmetries into
scalars and fermions.

We can make a rough estimate of the scale relevant for soft leptogenesis by requiring
|ε| ∼ msoft/M � 10−6 which gives M � 109 GeV for msoft ∼ 1TeV. Hence soft leptogenesis
always happens in the temperature regime where lepton flavour effects are relevant [190]. In
general, the CP asymmetry from self-energy contribution requires B � msoft to be resonantly
enhanced. However it was shown in [195] that flavour effects can greatly enhance the
efficiency, and eventually B ∼ msoft is allowed. The nice feature of soft leptogenesis is that
the tension with the gravitino problem gets generically relaxed and, in the lower temperature
window, is completely avoided.

6.3. Dirac Leptogenesis

The extension of the SM with singlet neutrinos allows for two different ways for generating
tiny neutrinomasses. The first one is the seesawmechanismwhich has at least three attractive
features
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(i) No extra symmetries (and, in particular, no global symmetries) have to be imposed.

(ii) The extreme lightness of neutrino masses is linked to the existence of a high scale
of new physics, which is well motivated for various other reasons (e.g., gauge
unification).

(iii) Lepton number is violated, which opens the way to leptogenesis.

The second way is to impose lepton number and give to the neutrinos Dirac masses.
A priori, one might think that all three attractive features of the seesaw mechanism are
lost. Indeed, one must usually impose additional symmetries. But one can still construct
natural models where the tiny Yukawa couplings that are necessary for small Dirac masses
are related to a small breaking of a symmetry. What is perhaps most surprising is the fact
that leptogenesis could proceed successfully even if neutrinos are Dirac particles, and lepton
number is not (perturbatively) broken [197, 198]. Such scenarios have been termed “Dirac
leptogenesis” [198–207].

An implementation of the idea is the following. A CP-violating decay of a heavy
particle can result in a nonzero lepton number for LH particles and an equal and opposite
nonzero lepton number for RH particles, so that the total lepton number is zero. For the
charged fermions of the SM, the Yukawa interactions are fast enough that they quickly
equilibrate the LH and the RH particles, and the lepton number stored in each chirality goes
to zero. This is not true, however, for Dirac neutrinos. The size of their Yukawa couplings
is λ � 10−11, which means that equilibrium between the lepton numbers stored in LH and
RH neutrinos will not be reached until the temperature falls well below the electroweak
breaking scale. To see this, note that the rate of the Yukawa interactions, given by Γλ ∼ λ2T ,
becomes significant when it equals the expansion rate of the Universe,H ∼ T2/mpl. Thus, the
temperature of equilibration between LH and RH neutrinos is T ∼ λ2mpl ∼ (λ/10−11)2 MeV,
that is, well below the temperature when sphalerons, after having converted part of the LH
lepton asymmetry into a net baryon asymmetry, are switched off.

A specific example of a supersymmetric model where Dirac neutrinos arise naturally
is presented in [199]. The Majorana masses of the N-superfields are forbidden by U(1)L.
The neutrino Yukawa couplings are forbidden by a U(1)N symmetry where, among all the
MSSM+N fields, only theN superfields are charged. The symmetry is spontaneously broken
by the vacuum expectation value of a scalar field χ that can naturally be at the weak scale,
〈χ〉 ∼ vu. This breaking is communicated to theMSSM+Nvia extra, vector-like lepton doublet
fields, φ + φ, that have massesMφ much larger than vu. Consequently, the neutrino Yukawa
couplings are suppressed by the small ratio 〈χ〉/Mφ. The CP violation arises in the decays
of the vector-like leptons, whereby Γ(φ → NHc

u)/=Γ(φ → NcHu) and Γ(φ → Lχ)/=Γ(φ →
Lcχc). The resulting asymmetries inN and in L are equal in magnitude and opposite in sign.
Finally note that the main phenomenological implication of Dirac leptogenesis is the absence
of any signal in neutrinoless double beta decays.

6.4. Triplet Scalar (Type-II) Leptogenesis

One can generate seesaw masses for the light neutrinos by tree-level exchange of SU(2)L-
triplet scalars T [44, 208–211]. The relevant new terms in the Lagrangian are

LT = −M2
T |T |2 +

1
2

(
[λL]αβ 	α	βT +MTλφ φφT

∗ + h.c.
)
. (6.7)
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Here,MT is a real mass parameter, λL is a symmetric 3 × 3 matrix of dimensionless, complex
Yukawa couplings, and λφ is a dimensionless complex coupling. Since this mechanism
necessarily involves lepton number violation and allows for new CP-violating phases, it is
interesting to examine it in the light of leptogenesis [81, 180, 185, 212–233]. One obvious
problem in this scenario is that, unlike singlet fermions, the triplet scalars have gauge
interactions that keep them close to thermal equilibrium at temperatures T � 1015 GeV. It
turns out, however, that successful leptogenesis is possible even at amuch lower temperature.
This subsection is based in large part on [220] where further details and, in particular, an
explicit presentation of the relevant BE can be found.

The CP asymmetry that is induced by the triplet scalar decays is defined as follows:

εT ≡ 2
Γ
(
T −→ 		

)
− Γ

(
T −→ 	 	

)

ΓT + ΓT
, (6.8)

where the overall factor of 2 comes because the triplet scalar decay produces two
(anti)leptons.

To calculate εT , one should use the Lagrangian in (6.7). While a single triplet is enough
to produce three light massive neutrinos, there is a problem in leptogenesis if indeed this is
the only source of neutrinos masses. The asymmetry is generated only at higher loops and
is unacceptably small. It is still possible to produce the required lepton asymmetry from a
single triplet scalar decays if there are additional sources for neutrino masses, such as type
I, type III, or type II contributions from additional triplet scalars. Define mII (mI) as the part
of the light neutrino mass matrix that comes (does not come) from the contributions of the
triplet scalar responsible for εT :

m = mII +mI. (6.9)

Then, assuming that the particles exchanged to produce mI are all heavier than T , we obtain
the CP asymmetry

εT =
1
4π

MT

v2
u

√
BLBH

Im
[
Tr
(
m†

IImI

)]

Tr
(
m†

IImII

) , (6.10)

where BL(BH) is the tree-level branching ratio to leptons (Higgs doublets). If these are the
only decay modes, that is, BL + BH = 1, then BL/BH = Tr(λLλ

†
L)/(λHλ

†
H), and there is an

upper bound on the asymmetry

|εT | ≤ 1
4π

MT

v2
u

√
BLBH

∑

i

m2
νi . (6.11)

Note that, unlike the singlet fermion case, |εT | increases with largermνi .
As concerns the efficiency factor, it can be close to maximal, η ∼ 1, in spite of the

fact that the gauge interactions tend to maintain the triplet abundance very close to thermal
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equilibrium. There are two necessary conditions that have to be fulfilled by the decay rates
T → 	 	 and T → φφ in order that this will happen [220]

(1) One of the two decay rates is faster than the TT annihilation rate.

(2) The other decay mode is slower than the expansion rate of the Universe.

The first condition guarantees that gauge scatterings are ineffective: the triplets decay
before annihilating. The second condition guarantees that the fast decays do not wash out
strongly the lepton asymmetry: lepton number is violated only by the simultaneous presence
of T → 	 	 and T → φφ.

Combining a calculation of η with the upper bound on the CP asymmetry (6.11),
successful leptogenesis implies a lower bound on the triplet mass MT varying between
109 GeV and 1012 GeV, depending on the relative weight of mII and mI in the light neutrino
mass.

Interestingly, in the supersymmetric framework, “soft leptogenesis” (see Section 6.2)
can be successful even with the minimal set of extra fields—a single T + T—that generates
both neutrino masses and the lepton asymmetry [180, 185].

6.5. Triplet Fermion (Type-III) Leptogenesis

One can generate neutrino masses by the tree-level exchange of SU(2)L-triplet fermions Tai
[234–236] (i denotes a heavymass eigenstate while a is an SU(2)L index)with the Lagrangian

LTa = [λT ]αkτ
a
ρσ	

ρ
αφ

σTak − 1
2
MiT

a
i T

a
i + h.c. (6.12)

Here τa are the Pauli matrices, Mi are real mass parameters, and λT is a 3 × 3 matrix of
complex Yukawa couplings.

This mechanism necessarily involves lepton number violation and allows for new CP-
violating phases so we should examine it as a possible source of leptogenesis [228, 237–243].
This subsection is based in large part on [238] where further details and the relevant BE can
be found.

As concerns neutrino masses, all the qualitative features are very similar to the singlet
fermion case. As concerns leptogenesis there are, however, qualitative and quantitative
differences. With regard to the CP asymmetry from the lightest triplet fermion decay, the
relative sign between the vertex and self-energy loop contributions is opposite to that of the
singlet fermion case. Consequently, in the limit of strong hierarchy in the heavy fermion
masses, the asymmetry in triplet decays is three times smaller than in the decays of the
singlets. On the other hand, since the triplet has three components, the ratio between the
final baryon asymmetry and εη is three times bigger. The decay rate of the heavy fermion is
the same in both cases. This, however, means that the thermally averaged decay rate is three
times bigger for the triplet, as is the on-shell part of the ΔL = 2 scattering rate.

A significant qualitative difference arises from the fact that the triplet has gauge
interactions. The effect on the washout factor η is particularly significant for m̃� 10−3 eV, the
so-called weak washout regime (note that this name is inappropriate for triplet fermions).
The gauge interactions still drive the triplet abundance close to thermal equilibrium. A relic
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fraction of the triplet fermions survives. The decays of these relic triplets produce a baryon
asymmetry, with

η ≈M1/1013 GeV
(
for m̃� 10−3 eV

)
. (6.13)

The strong dependence onM1 results from the fact that the expansion rate of the Universe is
slower at lower temperatures. On the other hand, for m̃ � 10−3 eV, the Yukawa interactions
keep the heavy fermion abundance close to thermal equilibrium, so the difference in η
between the singlet and triplet case is only O(1). Ignoring flavour effects, and assuming
strong hierarchy between the heavy fermions, [216] obtained the lower bound

M1 � 1.5 × 1010 GeV. (6.14)

When the triplet fermion scenario is incorporated in a supersymmetric framework, and the
soft breaking terms do not play a significant role, the modifications to the previous analysis
are by factors of O(1).

7. Conclusions

During the last few decades, a large set of experiments involving solar, atmospheric, reactor,
and accelerator neutrinos have converged to establish that the neutrinos are massive. The
seesaw mechanism extends the Standard Model in a way that allows neutrino masses, and
it provides a nice explanation of the suppression of the neutrino masses with respect to the
electroweak breaking scale. Furthermore, without any addition or modification, it can also
account for the observed baryon asymmetry of the Universe. The possibility of giving an
explanation of two apparently unrelated experimental facts—neutrinomasses and the baryon
asymmetry—within a single framework that is a natural extension of the Standard Model,
together with the remarkable “coincidence” that the same neutrino mass scale suggested by
neutrino oscillation data is also optimal for leptogenesis, makes the idea that baryogenesis
occurs through leptogenesis a very attractive one.

Leptogenesis can be quantitatively successful without any fine tuning of the seesaw
parameters. Yet, in the nonsupersymmetric seesaw framework, a fine-tuning problem arises
due to the large corrections to the mass-squared parameter of the Higgs potential that are
proportional to the heavy Majorana neutrino masses. Supersymmetry can cure this problem,
avoiding the necessity of fine tuning; however, it brings in the gravitino problem [144] that
requires a low reheat temperature after inflation, in conflict with generic leptogenesis models.
Thus, constructing a fully satisfactory theoretical framework that implements leptogenesis
within the seesaw framework is not a straightforward task.

From the experimental side, the obvious question to ask is if it is possible to
test whether the baryon asymmetry has been really produced through leptogenesis.
Unfortunately it seems impossible that any direct test can be performed. To establish
leptogenesis experimentally, we need to produce the heavy Majorana neutrinos and measure
the CP asymmetry in their decays. However, in themost natural seesaw scenarios, these states
are simply too heavy to be produced, while if they are light, then their Yukawa couplings
must be very tiny, again preventing any chance of direct measurements.
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Lacking the possibility of a direct proof, experiments can still provide circumstantial
evidence in support of leptogenesis by establishing that (some of) the Sakharov conditions
for leptogenesis are realized in nature. Planned neutrinoless double beta decay (0νββ)
experiments (GERDA [244], MAJORANA [245], and CUORE [246]) aim at a sensitivity to
the effective 0νββ neutrino mass in the few ×10meV range. If they succeed in establishing the
Majorana nature of the light neutrinos, this will strengthen our confidence that the seesaw
mechanism is at the origin of the neutrino masses and, most importantly, will establish
that the first Sakharov condition for the dynamical generation of a lepton asymmetry (L
violation) is realized. Proposed SuperBeam facilities [247, 248] and second generation off-
axis SuperBeam experiments (T2HK [249] and NOνA [250]) can discover CP violation
in the leptonic sector. These experiments can only probe the Dirac phase of the neutrino
mixing matrix. They cannot probe the Majorana low energy or the high energy phases, but
the important point is that they can establish that the second Sakharov condition for the
dynamical generation of a lepton asymmetry is satisfied. As regards the third condition, that
is, that the heavy neutrino decays occurred out of thermal equilibrium, it might seem themost
difficult one to test experimentally. In reality the opposite is true, and in fact we already know
that an absolute neutrino mass scale of the order of the solar or atmospheric mass differences
is perfectly compatible with sufficiently out of equilibrium heavy neutrinos decays.

Given that we do not know how to prove that leptogenesis is the correct theory,
we might ask if there is any chance to falsify it. Indeed, future neutrino experiments
could weaken the case for leptogenesis, or even falsify it, mainly by establishing that the
seesaw mechanism is not responsible for the observed neutrino masses. By itself, failure in
revealing signals of 0νββ decays will not disprove leptogenesis. Indeed, with normal neutrino
mass hierarchy one expects that the rates of lepton-number-violating processes are below
experimental sensitivity. However, if neutrinos masses are quasidegenerate or inversely
hierarchical, and future measurements of the oscillation parameters will not fluctuate too
much away from the present best fit values, the most sensitive 0νββ decay experiments
scheduled for the near future should be able to detect a signal [251]. If instead the limit on
|mββ| is pushed below ∼10meV (a quite challenging task), this would suggest that either
the mass hierarchy is normal or neutrinos are not Majorana particles. The latter possibility
would disprove the seesawmodel and standard leptogenesis. Thus, determining the order of
the neutrino mass spectrum is extremely important to shed light on the connection between
0νββ decay experiments and leptogenesis. In summary, if it is established that the neutrino
mass hierarchy is inverted and at the same time no signal of 0νββ decays is detected at a level
|mee| � 10meV, one could conclude that the seesaw is not at the origin of the neutrino masses
and that (standard) leptogenesis is not the correct explanation of the baryon asymmetry. As
concerns CP violation, a failure in detecting leptonic CP violation will not weaken the case
for leptogenesis in a significant way. Instead, it would mean that the Dirac CP phase is small
enough to render L-conserving CP-violating effects unobservable.

Finally, the CERN LHC has the capability of providing information that is relevant
to leptogenesis, since it can play a fundamental role in establishing that the origin of the
neutrino masses is not due to the seesaw mechanism, thus leaving no strong motivation for
leptogenesis. This may happen in several different ways. For example (assuming that the
related new physics is discovered), the LHCwill be able to test if the detailed phenomenology
of any of the following models is compatible with an explanation of the observed pattern of
neutrino masses and mixing angles: supersymmetric R-parity violating couplings and/or L-
violating bilinear terms [252, 253]; leptoquarks [254, 255]; triplet Higgs [256, 257]; new scalar
particles of the type predicted in the Zee-Babu [258, 259] types of models [260–262]. It is
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conceivable that such discoveries can eventually exclude the seesaw mechanism and rule out
leptogenesis.
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[2] A. G. Cohen, A. De Rújula, and S. L. Glashow, “A matter-antimatter universe?” Astrophysical Journal
Letters, vol. 495, no. 2, pp. 539–549, 1998.

[3] A. D. Dolgov, “Non-GUT baryogenesis,” Physics Report, vol. 222, no. 6, pp. 309–386, 1992.
[4] F. Iocco, G. Mangano, G. Miele, O. Pisanti, and P. D. Serpico, “Primordial nucleosynthesis: from

precision cosmology to fundamental physics,” Physics Reports, vol. 472, no. 1–6, pp. 1–76, 2009.
[5] G. Steigman, “Primordial nucleosynthesis in the precision cosmology era,” Annual Review of Nuclear

and Particle Science, vol. 57, pp. 463–491, 2007.
[6] K. Nakamura et al., “Review of particle physics,” Journal of Physics G, vol. 37, no. 7, Article ID 075021,

2010.
[7] G. Steigman, “Primordial nucleosynthesis: successes and challenges,” International Journal of Modern

Physics E, vol. 15, no. 1, pp. 1–36, 2006.
[8] R. H. Cyburt, B. D. Fields, K. A. Olive, and E. Skillman, “New BBN limits on physics beyond the

standard model from 4He,” Astroparticle Physics, vol. 23, no. 3, pp. 313–323, 2005.
[9] K. A. Olive, G. Steigman, and T. P. Walker, “Primordial nucleosynthesis: theory and observations,”

Physics Report, vol. 333-334, no. 4–6, pp. 389–407, 2000.
[10] W. Hu and S. Dodelson, “Cosmic microwave background anisotropies,” Annual Review of Astronomy

and Astrophysics, vol. 40, pp. 171–216, 2002.
[11] S. Dodelson,Modern Cosmology, Academic Press, Amsterdam, Netherlands, 2003.
[12] D. Larson, J. Dunkley, G. Hinshaw et al., “Seven-year wilkinson microwave anisotropy probe

(WMAP) observations: power spectra and WMAP-derived parameters,” Astrophysical Journal,
Supplement Series, vol. 192, no. 2, article 16, 2011.

[13] A. D. Sakharov, “Violation of CP invariance, C asymmetry, and baryon asymmetry of the universe,”
Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki, vol. 5, pp. 32–35, 1967.

[14] G. Hooft, “Symmetry breaking through Bell-Jackiw anomalies,” Physical Review Letters, vol. 37, no.
1, pp. 8–11, 1976.

[15] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov, “On anomalous electroweak baryon-number
non-conservation in the early universe,” Physics Letters B, vol. 155, no. 1-2, pp. 36–42, 1985.

[16] M. Kobayashi and T. Maskawa, “CP violation in the renormalizable theory of weak interaction,”
Progress of Theoretical Physics, vol. 49, pp. 652–657, 1973.

[17] C. Jarlskog, “Commutator of the quark mass matrices in the standard electroweak model and a
measure of maximal CP nonconservation,” Physical Review Letters, vol. 55, no. 10, pp. 1039–1042,
1985.

[18] M. B. Gavela, M. Lozano, J. Orloff, and O. Pène, “Standard model CP-violation and baryon
asymmetry (I). Zero temperature,” Nuclear Physics B, vol. 430, no. 2, pp. 345–381, 1994.

[19] M. B. Gavela, P. Hernandez, J. Orloff, O. Pène, and C. Quimbay, “Standard model CP-violation and
baryon asymmetry (II). Finite temperature,” Nuclear Physics B, vol. 430, no. 2, pp. 382–426, 1994.

[20] P. Huet and E. Sather, “Electroweak baryogenesis and standard model CP violation,” Physical Review
D, vol. 51, no. 2, pp. 379–394, 1995.

[21] V. A. Rubakov and M. E. Shaposhnikov, “Electroweak baryon number non-conservation in the early
Universe and in high-energy collisions,” Uspekhi Fizicheskikh Nauk, vol. 166, no. 5, pp. 534–537, 1996.

[22] M. Trodden, “Electroweak baryogenesis,” Reviews of Modern Physics, vol. 71, no. 5, pp. 1463–1500,
1999.

[23] K. Kajantie, M. Laine, K. Rummukainen, and M. Shaposhnikov, “The electroweak phase transition:
a non-perturbative analysis,” Nuclear Physics B, vol. 466, no. 1-2, pp. 189–258, 1996.

[24] A. Y. Ignatiev, N. V. Krasnikov, V. A. Kuzmin, and A. N. Tavkhelidze, “Universal CP-noninvariant
superweak interaction and bayron asymmetry of the universe,” Physics Letters B, vol. 76, no. 4, pp.
436–438, 1978.



Advances in High Energy Physics 51

[25] M. Yoshimura, “Unified gauge theories and the baryon number of the universe,” Physical Review
Letters, vol. 41, no. 5, pp. 281–284, 1978.

[26] D. Toussaint, S. B. Treiman, F. Wilczek, and A. Zee, “Matter-antimatter accounting, thermodynamics,
and black-hole radiation,” Physical Review D, vol. 19, no. 4, pp. 1036–1045, 1979.

[27] S. Dimopoulos and L. Susskind, “Baryon number of the universe,” Physical Review D, vol. 18, no. 12,
pp. 4500–4509, 1978.

[28] J. R. Ellis, M. K. Gaillard, and D. V. Nanopoulos, “Baryon number generation in grand unified
theories,” Physics Letters B, vol. 80, no. 4-5, pp. 360–364, 1979.

[29] S. Weinberg, “Cosmological production of baryons,” Physical Review Letters, vol. 42, no. 13, pp. 850–
853, 1979.

[30] M. Yoshimura, “Origin of cosmological baryon asymmetry,” Physics Letters B, vol. 88, no. 3-4, pp.
294–298, 1979.
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[47] M. Plümacher, “Baryogenesis and lepton number violation,” Zeitschrift fur Physik C-Particles and

Fields, vol. 74, no. 3, pp. 549–559, 1997.
[48] L. Covi, N. Rius, E. Roulet, and F. Vissani, “Finite temperature effects on CP-violating asymmetries,”

Physical Review D, vol. 57, no. 1, pp. 93–99, 1998.
[49] G. F. Giudice, A. Notari, M. Raidal, A. Riotto, andA. Strumia, “Towards a complete theory of thermal

leptogenesis in the SM and MSSM,” Nuclear Physics B, vol. 685, no. 1–3, pp. 89–149, 2004.
[50] M. Flanz, E. A. Paschos, and U. Sarkar, “Baryogenesis from a lepton asymmetric universe,” Physics

Letters B, vol. 345, no. 3, pp. 248–252, 1995.
[51] L. Covi, E. Roulet, and F. Vissani, “CP violating decays in leptogenesis scenarios,” Physics Letters B,

vol. 384, no. 1–4, pp. 169–174, 1996.
[52] A. Pilaftsis, “CP violation and baryogenesis due to heavy Majorana neutrinos,” Physical Review D,

vol. 56, no. 9, pp. 5431–5451, 1997.
[53] E. W. Kolb and S. Wolfram, “Baryon number generation in the early universe,” Nuclear Physics, vol.

172, pp. 224–284, 1980.
[54] C. S. Fong, M. C. Gonzalez-Garcia, and E. Nardi, “Leptogenesis from soft supersymmetry breaking

(Soft Leptogenesis),” International Journal of Modern Physics A, vol. 26, pp. 3491–3604, 2011.



52 Advances in High Energy Physics
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According to the standardmodels of particle physics and cosmology, there should be a background
of cosmic neutrinos in the present Universe, similar to the cosmic microwave photon background.
Theweakness of theweak interactions renders this neutrino background undetectable with current
technology. The cosmic neutrino background can, however, be probed indirectly through its
cosmological effects on big bang nucleosynthesis (BBN) and the cosmic microwave background
(CMB) radiation. In this BBN review, focused on neutrinos and more generally on dark radiation,
the BBN constraints on the number of “equivalent neutrinos” (dark radiation), on the baryon
asymmetry (baryon density), and on a possible lepton asymmetry (neutrino degeneracy) are
reviewed and updated. The BBN constraints on dark radiation and on the baryon density following
from considerations of the primordial abundances of deuterium and helium-4 are in excellent
agreement with the complementary results from the CMB, providing a suggestive, but currently
inconclusive, hint of the presence of dark radiation, and they constrain any lepton asymmetry. For
all the cases considered here there is a “lithium problem”: the BBN-predicted lithium abundance
exceeds the observationally inferred primordial value by a factor of ∼ 3.

1. Introduction

According to the standard models of particle physics and cosmology, neutrinos (known and
hypothesized) are produced, thermalized and contribute to the total energy density in the
early, hot, dense Universe, regulating the early Universe expansion rate. Indeed, at the time
of big bang nucleosynthesis (BBN), the contributions to the energy density from baryons,
dark matter, and dark energy are all subdominant to those from the thermal populations of
photons, electrons (e± pairs), and neutrinos. Since the abundances of the elements formed
during the first few minutes of the evolution of the Universe depend on the competition
between the universal expansion rate and the nuclear and weak interaction rates, the very
good agreement between the BBN predictions and observations (see, e.g., [1–4] for reviews
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and further references) depends crucially on the early Universe thermalization of neutrinos
and places restrictions on the presence of too many (or too few) of them or of too much “dark
radiation.” At present, BBN and the cosmic microwave background (CMB) radiation provide
the only probes of the cosmic neutrino background. In addition to their contribution to the
total energy density, electron neutrinos and antineutrinos play a special role in regulating the
production of 4He, the secondmost abundance element in the Universe. An excess of electron
neutrinos over electron antineutrinos (lepton asymmetry; neutrino degeneracy) or vice versa
will change the neutron-to-proton ratio during BBN, modifying, mainly, the BBN-predicted
primordial helium abundance.

BBN provides a window on the early evolution of the Universe and a probe of particle
physics (neutrino physics and more) beyond the standard model (SM). The primordial
abundances of the elements produced in observationally accessible abundances by BBN
(primarily D, 3He, 4He, 7Li) depend on three fundamental parameters related to cosmology
and particle physics: the baryon abundance (related to the Universal baryon asymmetry),
the expansion rate of the Universe at BBN (a probe of dark radiation and the cosmic neutrino
background), and any neutrino degeneracy (lepton asymmetry).

1.1. Baryon Density Parameter

The most obvious of these parameters is related to the abundance of the reactants, the
baryons (nucleons). Although the very early Universe may have begun symmetric between
matter and antimatter (nB = nB), long before BBN some yet to be determined mechanism
involving the interplay between particle physics (violation of the conservation of baryon
number, violation of C and CP symmetries) and cosmology (out of equilibrium evolution)
led to a small but crucial local asymmetry between the amount of matter and antimatter
in the Universe. After nucleon-antinucleon annihilation, the excess (nucleons, by definition)
survives (nB−nB → nB ≡ nN) and the number of nucleons in a comoving volume is preserved
up to the present epoch (and far into the future as well). Since the nuclear reaction rates
depend on the nucleon density, which decreases as the Universe expands, it is convenient
to normalize the nucleon density to the photon density. After e± annihilation, the ratio of
the nucleon number density to the photon number density is unchanged as the Universe
expands and cools. Since the number of nucleons in a comoving volume is conserved and,
since entropy conservation guarantees that after e± annihilation, the number of photons in
a comoving volume is also conserved, after e± annihilation the ratio of the nucleon number
density to the photon number density is unchanged as the Universe expands and cools. BBN
depends on the baryon density parameter η10, defined by

η10 ≡ 1010ηB ≡ 1010
(
nB
nγ

)
. (1.1)

The present value (t = t0, when the photon (CMB) temperature is T0 = 2.725K) of the baryon
density is often measured by comparing the nucleon mass density to the critical mass density
(ΩB ≡ (ρB/ρcrit)0) and the critical mass density depends on the present value of the Hubble
parameter, the Hubble constant (H0 ≡ 100hkm s−1 Mpc−1) [5],

ΩBh
2 =

η10
273.9

. (1.2)
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Predicting the baryon asymmetry of the Universe is one of the key challenges
confronting the search for new physics beyond the standard model. BBN constraints on ηB
can help to identify potentially successful models of new physics.

1.2. Expansion Rate Parameter

The scale factor, a = a(t), describes the evolution of the expansion of the Universe. During
the early evolution of the Universe the expansion rate, as measured by the Hubble parameter,
H ≡ (1/a)da/dt, is determined by the total energy density which, during those epochs, is
dominated by the contributions from massless or extremely relativistic particles, “radiation”
(R):

H2 =
8πGρ

3
, (1.3)

where G is Newton’s gravitational constant and ρ = ρR. New physics may lead to ρR → ρ′R
(dark radiation) or to a modification of the cosmology (general relativity) G → G′, replacing
the SM expansion rate with H → H ′ ≡ SH. The expansion rate factor, S, quantifies any
departure from the standard models of particle physics and/or cosmology.

Prior to the start of BBN and prior to e± annihilation (e.g., me � T � mμ) the
only relativistic SM particles present are the photons (with gγ = 2 degrees of freedom or
helicities), the e± pairs (ge = 4), and the Nν = 3, left-handed neutrinos and their right-handed
antineutrinos (gν = 2Nν), so that ρR = ργ +ρe+ρν. The evolution of the Universe can be scaled
out by comparing the total energy density to the energy density in the CMB photons. Prior
to e± annihilation, Tγ = Te = Tν, so that accounting for the different contributions to ρR from
relativistic fermions and bosons,

ρR
ργ

= 1 +
ρe
ργ

+Nν

(
ρν
ργ

)
= 1 +

7
8

[(
4
2

)
+
(
3 × 2
2

)]
=

43
8
, (1.4)

for Nν = 3. The contribution from possible dark radiation (e.g., sterile neutrinos) may be
expressed in terms of an equivalent number of SM neutrinos,ΔNν [6]. At BBN, which begins
prior to e± annihilation, Nν = 3 + ΔNν. In this case

ρ′R ≡ ρR + ΔNνρν, (1.5)

or

ρ′R
ργ

=
43
8

+
7
8
ΔNν =

43
8

(
1 +

7ΔNν

43

)
. (1.6)

Allowing for dark radiation, the expansion rate factor, S, is directly related to ΔNν,

S ≡ H′

H
=

(
ρ′R
ρR

)1/2

=
(
1 +

7ΔNν

43

)1/2

. (1.7)
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It should be kept in mind that new physics (SBBN /= 1)may manifest itself as GBBN /=G0

instead of ΔNν /= 0. In this case, comparing GBBN when T � me to its present value,

GBBN

G0
= S2

BBN = 1 + 0.163ΔNν. (1.8)

After e± annihilation the only relativistic SM particles present are the photons and
the neutrinos. The SM neutrinos decouple prior to e± annihilation, when T ∼ 2-3MeV, so
that when the e± pairs annihilate, the photons are heated relative to the neutrinos. On the
assumption that the neutrinos are fully decoupled at e± annihilation, Tν/Tγ = (4/11)1/3 and,
for the SM (ΔNν = 0),

ρR
ργ

= 1 +

(
ρν
ργ

)
= 1 +

21
8

(
Tν
Tγ

)4/3

= 1 +
21
8

(
4
11

)4/3

= 1.681. (1.9)

However, in the presence of dark radiation or “equivalent neutrinos” (decoupled, with T =
Tν /= Tγ),

S2 =
ρ′R
ρR

= 1 +
(

1
1.681

)
7
8

(
4
11

)4/3

ΔNν = 1 + 0.135ΔNν. (1.10)

Since the SM neutrinos are not fully decoupled at e± annihilation, they do share some of the
energy (entropy)when the e± pairs annihilate [7]. This has the effect of increasing the relative
contribution of the neutrinos to the total radiation density so that, after e± annihilation, Nν =
3 + ΔNν → Neff = 3.046 + ΔNν. As a result, later in the evolution of the Universe (e.g., at
recombination), ρR/ργ → 1.692 and ρ′R/ργ → 1.692 + 0.227ΔNν, so that for T � me,

S2 =
ρ′R
ρR

= 1 +
(

1
1.692

)
7
8

(
4
11

)4/3

ΔNν = 1 + 0.134ΔNν. (1.11)

Of course, this post-BBN relation between the expansion rate (S) and the equivalent number
of neutrinos (ΔNν) is only relevant for those epochs when the Universe is radiation-
dominated.

BBN codes track the evolution of S from T � me, prior to e± annihilation, to T � me,
well after e± annihilation has ended. Since it is important for BBN to follow the evolution of
the neutron to proton ratio beginning when T � few MeV, prior to e± annihilation,

SBBN ≡
(
1 +

7ΔNν

43

)1/2

= (1 + 0.163ΔNν)
1/2. (1.12)

A BBN constraint on S is equivalent to one on ΔNν (or, on the ratio of GBBN to its
present value, G0) and, later in the evolution of the Universe, Neff = 3.046 + ΔNν. A BBN
determination that ΔNν differs from zero at a significant level of confidence can provide
evidence for new physics (dark radiation) such as the existence of one, or more, sterile
neutrinos (thermally populated) or a modification of the equations describing the expansion
rate of the early Universe (SBBN /= 1).
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1.3. Neutrino Degeneracy Parameter

Since the charge neutrality of the Universe ensures that any electron excess is tied to the
proton excess (the baryon asymmetry), a non zero lepton asymmetry much larger than the
baryon asymmetry (ηB � 10−9)must be hidden in the neutrino sector. An excess of neutrinos
over antineutrinos (or, vice-versa) requires a non zero neutrino chemical potential, μν. The
dimensionless degeneracy parameter is the ratio of the neutrino chemical potential to the
neutrino temperature, ξν ≡ μν/Tν; ξν is preserved as the Universe expands and cools. In
analogy with the parameterization of the baryon asymmetry by ηB ≡ (nB − nB)/nγ → nB/nγ ,
a lepton (neutrino) asymmetry may be parameterized by

ηL = ην = Σα
(nν − nν)α

nγ
=

π3

12ζ(3)
Σα

[(
ξα
π

)
+
(
ξα
π

)3
]
, (1.13)

where the sum is over the three SM neutrino flavors (α = e, μ, τ). Generally, mixing among
the SM neutrinos ensures that the three chemical potentials are equilibrated [7, 8]. In the
following it is assumed that ξ ≡ ξe = ξμ = ξτ . In this case,

ηL = ην =
π3

4ζ(3)

(
ξ

π

)[
1 +

(
ξ

π

)2
]
. (1.14)

An asymmetry between electron neutrinos and electron antineutrinos has a direct
effect on BBN through the charged current weak interactions which regulate the neutron-
to-proton ratio (p + e− ↔ n + νe, n + e+ ↔ p + νe, n ↔ p + e− + νe) (see, e.g., [9–15] and
further references therein). Since the relic abundance of 4He depends directly on the neutron-
to-proton ratio when BBN begins (and during BBN), it provides a sensitive probe of any
lepton asymmetry. The abundances of the other light nuclides produced during BBN are less
sensitive to ξ.

A subdominant effect (usually) of a nonnegligible neutrino degeneracy (ηL � ηB) is
to enhance the contribution of the neutrinos to the early Universe energy density. This is
equivalent to a contribution to ΔNν where, for ξe = ξμ = ξτ ≡ ξ,

ΔNν(ξ) =
90
7

(
ξ

π

)2
[
1 +

1
2

(
ξ

π

)2
]
. (1.15)

Note that, for |ξ| � 0.1, ΔNν(ξ) � 0.013, which is likely small compared with anticipated
uncertainties in ΔNν inferred from BBN or the CMB.

At present and, likely for the foreseeable future, BBN provides the only window to a
universal lepton asymmetry.

2. The BBN-Predicted Abundances

For BBNwithin the context of the standardmodels of particle physics and cosmology (SBBN),
alongwith somewell-defined extensions of them, only the light elements D, 3He, 4He, and 7Li
are produced in observationally interesting abundances. The BBN-predicted relic abundances
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of these light nuclides depend on the three fundamental parameters introduced in Section 1
[1, 2, 11, 13–16]. Over limited, but interesting, ranges of these parameters, the results for the
abundances of these nuclides extracted from numerical BBN codes are well fit (within the
quoted errors) by [1, 2, 14, 15]

yDP ≡ 105
(
D
H

)

P
= 2.60(1 ± 0.06)

(
6
ηD

)1.6

= 45.7(1 ± 0.06)η−1.6D , (2.1)

YP = 0.2477 ± 0.0006 + 0.0016
(
ηHe − 6

)
= 0.2381 ± 0.0006 + 0.0016ηHe, (2.2)

yLiP ≡ 1010
(
Li
H

)

P
= 4.82(1 ± 0.10)

(
ηLi
6

)2

, A(Li) ≡ 12 + log
(
Li
H

)

P
, (2.3)

where

ηD = η10 − 6(S − 1) +
5ξ
4
, (2.4)

ηHe = η10 + 100(S − 1) − 575ξ
4

, (2.5)

ηLi = η10 − 3(S − 1) − 7ξ
4
. (2.6)

The relation of ηHe to ξ in (2.5) is the one that appears in Kneller and Steigman [14]. An
inadvertent typo in Steigman [1] was propagated in Simha and Steigman [2]. The very
small difference this typo generated, 575 versus 574, has no effect on the quantitative results
presented in those papers. In the above equations, (D/H)P and (Li/H)P are the ratios by
number of deuterium and of lithium (7Li) to hydrogen, respectively, and YP is the 4He mass
fraction.

There are some small but interesting changes in the numerical values in (2.1)–(2.3)
from earlier versions of these relations [1, 2, 14, 15]; equations (2.4)–(2.6) are unchanged.
In a recent paper, Nollett and Holder [4] called attention to the tension between the
experimental and theoretical determinations of the d(p, γ)3He cross section, important for
predicting the BBN deuterium abundance. Nollett and Holder argue for preferring the
theoretical calculation over the experimental result which, they suggest, may be affected by
a normalization error. Adoption of the theoretical calculation results in a ∼ 6% reduction
in the BBN-predicted D abundance. I have preferred to “split the difference,” reducing the
previously predicted abundance by 3% but, doubling the error uncertainty (the error in
the BBN-predicted value of D/H for a fixed value of ηD) from 3% to 6%, resulting in the
numerical values shown in (2.1).

Given the role of the neutron-to-proton ratio at BBN on the predicted relic abundance
of 4He, YP depends, albeit weakly, on the value of the neutron lifetime (mean life). Quite
recently, the Particle Data Group [17], in response to discrepant experimental data, decided
to change its recommended value for the neutron lifetime from τn = 885.7 ± 0.8 s to τn =
881.5 ± 1.5 s. This change results in a small but noticeable reduction in the predicted value
of YP by 0.0008 and a very small increase in the associated uncertainty in the predicted value
of YP, 0.0005 → 0.0006. Also incorporated into (2.2) is the Mangano et al. [7] correction
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to the helium abundance resulting from the incomplete decoupling of the neutrinos at e±

annihilation.
The intense interest in recent years in the “lithium problem(s)” has led to an extensive

reevaluation of the relevant nuclear reaction rates [18–20], leading to an increase in the BBN-
predicted abundance by ∼ 12% from the result presented in Steigman 2007 [1], further
exacerbating the lithium problem to be discussed below. This is reflected in (2.3). The
d(p, γ)3He rate which plays a role in the primordial deuterium abundance also impacts the
BBN-predicted lithium abundance [4] (K. Nollett, Private Communication). This is taken into
account in our error estimate.

It should be emphasized that these fits are not analytic approximations to the results
from a numerical BBN code. Rather, they are fits to the results from such a code which are
primarily simple, involving a minimal number of numerical values, chosen to only one or
two significant figures. For limited but interesting ranges of the parameters (5.5 � η10 � 6.5,
0.85 � S � 1.15 (−1.7 � ΔNν � 2.0), −0.1 � ξ � 0.1) these fits agree with the numerical
results from this and other codes within the quoted uncertainties.

It is worth noting that the BBN-predicted abundances of D and 7Li are mainly sensitive
to the baryon abundance while that of 4He is more sensitive to nonstandard physics (ΔNν

and/or ξ). However, both D and 7Li are weakly dependent on ΔNν and/or ξ, and 4He is
weakly dependent on ηB.

3. The Observationally Inferred Primordial Abundances

Any conclusions about new physics (e.g., ΔNν /= 0?, ξ /= 0?) based on BBN depend on
the adopted primordial abundances. The relic abundances of D and 4He are key to the
conclusions reviewed and updated here. It may have been noticed that 3He failed to be
included in the discussion in the previous section. The reason is that 3He is only observed in
the interstellar medium of our galaxy, which consists of gas that has been processed through
many generations of stars. The large and uncertain corrections for post-BBN stellar processing
make it difficult to infer the primordial abundance of 3He using the current data (see, e.g., [21]
for discussion and further references). In addition, the observationally inferred abundances
of lithium in the oldest, most metal-poor stars in the Galaxy are systematically lower, by
factors of ∼ 3-4, than the BBN-predicted values (the lithium problem or one of several lithium
problems). Whether this discrepancy results from poorly understood corrections for stellar
structure and/or evolution or is a hint of new physics remains unclear at present. In the
confrontation of the BBN predictions with the observational data only D and 4He will be
used to constrain various combinations of η10,ΔNν, ξ, and the results will be used to predict
the primordial lithium abundance which will then be compared to the observations. For a
much more detailed, albeit not entirely up to date, discussion of the observational data and,
in particular, the problems (real and potential) associated with them, see my recent reviews
[1, 3].

3.1. Primordial Deuterium

In the post-BBN Universe, as gas is cycled through successive generations of stars, deuterium
is destroyed, not produced [22]. The post-BBN evolution of deuterium is simple and
monotonic (decreasing abundance). As a result, observations of deuterium at high redshifts
(z) and/or of gas at low metallicity (Z), where very little of the primordial gas has been
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cycled through stars, should provide a view of very nearly primordial deuterium. While
interesting on their own, observations of deuterium in the chemically evolved Galaxy or
the solar system are of relatively little use in constraining the relic deuterium abundance.
Observations of D at high-z and low-Z are provided by the QSO absorption-line systems
(QSOALS) [24–28]. Since deuterium is observed by absorption of background QSO light
in the wings of the much larger hydrogen absorption, exquisite velocity information about
the absorbing gas is crucial to a meaningful determination of the D/H ratio. This and other
contributors to potential systematic errors have limited the number of “robust” D abundance
determinations from high-z, low-Z, QSOALS. In Figure 1 are shown 12 high-z, low-Z D/H
determinations as a function of the absorbing redshift (a), of the metallicity (b), and of
the H I column density (c). The open symbols reflect a subjective judgment of abundance
determinations which may be more uncertain than indicated by their error bars (perhaps all
the data should be plotted with open symbols).

For all 12 D abundance determinations, the weighted mean abundance is 〈log yD〉 =
0.42. However, it is clear (by eye) that there is an excessively large dispersion among the
individual abundance determinations (e.g., the reduced χ2 for 11 degrees of freedom is
χ2/dof = 4). It is also clear from the three panels in Figure 1 that the spread in abundances
does not correlate with either redshift, metallicity, or H I column density. The absence of any
correlations suggests that it is unlikely that the spread in the observed deuterium abundances
results from post-BBN evolution. Lacking a well-motivated understanding of the cause(s)
of the observed dispersion, various statistical approaches have been adopted for estimating
the uncertainty when identifying the weighted mean abundance from the observations with
the primordial deuterium abundance. Consistent with these more sophisticated approaches,
if the quoted errors for each of the data points are simply doubled (lowering the reduced
χ2/dof from 4 to 1), it leads to the following estimate of the relic abundance:

log yDP = 0.42 ± 0.02
(
yDP ≡ 105

(
D
H

)

P
= 2.63 ± 0.12

)
. (3.1)

This result is consistent with that quoted in Pettini and Cooke [28], who used a slightly
different set of D/H observations. Adopting this estimate for the primordial D abundance,
(2.1) results in

ηD = 5.96 ± 0.28. (3.2)

For their new, most precise individual deuterium abundance determination, Pettini and
Cooke [28] find yD = 2.53 ± 0.05 which, if identified with the primordial deuterium
abundance, corresponds to ηD = 6.10 ± 0.24.

3.2. Primordial Helium

As was the case for deuterium, the post-BBN evolution of helium (4He) is simple and
monotonic. As gas is cycled through stars, hydrogen is burned to helium (and beyond), and
the helium abundance increases with time and with metallicity. The strategy, therefore, is to
concentrate on determining the helium abundance in the most nearly primordial regions of
low metallicity which, as with deuterium, lie outside of the Galaxy. In H II regions, regions of
hot, ionized gas, recombinations of hydrogen and helium result in observable emission lines
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Figure 1: The log of the deuterium abundances (yD ≡ 105(D/H)), and their 1σ uncertainties, inferred from
12 low-Z, high-zQSOALS. In (a) yD is shown as a function of the redshift. In (b) yD is shown as a function
of the metallicity (squares for silicon and triangles for oxygen). In (c) yD is shown as a function of the
neutral hydrogen column density. The filled symbols reflect a subjective determination of the more robust
determinations of D/H compared to the open symbols. The blue solar symbol in (b) is the solar system
(presolar nebula) D abundance [23].
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which can be used, along with models of the H II regions and a knowledge of the associated
atomic physics, to infer the helium abundance. The current inventory of helium abundance
determinations from relatively low metallicity, extragalactic H II regions approaches ∼ 100
(Izotov and Thuan 2010 (IT) [29]). These data for the inferred helium mass fraction (Y) as a
function of the corresponding oxygen abundance (O/H by number) are shown in Figure 2.
The sheer size of this data set leads to relatively small, formal statistical errors, magnifying the
importance of taking proper account of the many possible sources of systematic errors. While
some have employed a posteriori selected subsets of the IT data for more detailed analyses,
the sources and magnitudes of systematic errors have rarely been addressed. As a result,
the uncertainty in the inferred primordial helium mass fraction is currently dominated by
systematic errors (both the known unknowns and the unknown unknowns). As a result,
estimating the size of the true uncertainty in the observational determination of YP is largely
guesswork. From a linear fit to their Y-O/H data, IT find the intercept, providing an estimate
of the primordial helium abundance,

YP = 0.2565 ± 0.0010 (stat) ± 0.0050
(
syst

)
. (3.3)

In the analysis presented here the statistical and systematic errors are, arbitrarily,
combined linearly, leading to the estimate of the primordial abundance adopted here,

YP = 0.2565 ± 0.0060. (3.4)

This estimate of the relic 4He abundance is consistent with other, recent estimates based on
analyses involving limited subsets of the IT data. In some of those other analyses, a linear
Y versus O/H fit is forced on data which is consistent with no correlation between Y and
O/H. Not surprisingly, the result of such analyses is a slope which is consistent with zero at
less than 1σ. However, the large uncertainty in the slope inferred from such fits leads to an
estimate of the intercept (YP) with excessively large errors, which have nothing to do with
either the statistical or systematic errors. The errors simply reflect the uncertainty in the slope
for uncorrelated data. Even worse, since these fits are consistent with an unphysical, negative
Y-O/H slope at � 1σ, they lead to an unphysical upper bound to YP.

In combination with (2.2), the relic abundance adopted here results in

ηHe = 11.50 ± 3.77. (3.5)

3.3. Primordial Lithium

Compared to the post-BBN evolution of D and 4He, the evolution of lithium is more
complicated and uncertain, similar to that of 3He. As gas is cycled through stars, most of
the prestellar lithium is destroyed. However, some lithium may avoid nuclear burning if it
remains in the cooler, surface regions of the coolest, lowest mass stars. Observations suggest
that some stars (the “super-lithium rich” red giants), during some part of their evolution, are
net producers of lithium, although it is not entirely clear if such stellar produced lithium
is returned to the interstellar gas before being destroyed. Finally, it is well known that
collisions in the interstellar medium between cosmic rays, mainly protons and alpha particles,
and interstellar gas nuclei, primarily CNO nuclei, break up those nuclei producing lithium



Advances in High Energy Physics 11

Y

100 200 300 4000

0.24

0.22

0.26

0.3

0.28

106(O/H)

Figure 2: Helium abundance (mass fractions, Y) determinations from the sample of extragalactic H II
regions studied by Izotov and Thuan (2010) [29] as a function of the corresponding oxygen abundances
(O/H by number). The solid line is the Izotov and Thuan best fit to a linear Y versus O/H correlation.

(7Li, along with 6Li, and isotopes of Be and B). The net effect of post-BBN production,
destruction, and survival is difficult to model precisely. However, there is observational
evidence supporting a lithium abundance which increases along with the heavy element
abundance (metallicity), suggesting an overall increase of the lithium abundance with time.

As we are interested in samples of the most nearly primordial material, the best (only)
targets for determining the relic lithium abundance are the oldest, most metal poor stars
in the Galaxy. If the metallicity is sufficiently small, so that the material in these stars has
suffered very little processing, observations should find a “lithium plateau.” That is, for such
metal poor stars the lithium abundance should be uncorrelated with metallicity, revealing
the primordial lithium abundance. Since the observationally inferred lithium abundance
(relative to hydrogen) is so small (by number, Li/H ∼ 10−10–10−9), it is common to measure
it on a logarithmic scale by the quantity A(Li) ≡ 12 + log(Li/H). The metallicity is usually
quantified by comparing, also on a logarithmic scale, the iron abundance (Fe/H) to that in
the Sun: [Fe/H] ≡ log(Fe/H)− log(Fe/H)�. Observations of stars with −2.5 � [Fe/H] � −1.0
(those with ∼ 0.3% to ∼ 1% of the metallicity of the Sun) do appear to lie on a plateau, the
“Spite plateau” [30], at a level of A(Li) ≈ 2.2 ± 0.1. Recently, Nissen and Schuster [31] have
suggested that stars with −1.5 � [Fe/H] � −0.7 were formed with a lithium abundance
close to primordial, which they estimate as A(Li) = 2.58 ± 0.04 (stat) ± 0.10 (syst), much
closer to the BBN-predicted abundances discussed below. They attribute the lower observed
abundances to lithium depletion in the stellar atmospheres. As will be seen below, all of the
BBN predictions are close to A(Li) ≈ 2.7 or a factor of ∼ 3 higher than that suggested by the
observations [32–34]. This is one of the lithium problems. However, as recent observations
of even more metal poor stars (−3.5 � [Fe/H] � −2.5) have accumulated, the lithium
plateau appears to be transforming into a “lithium cliff” with, for some stars, lower lithium
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abundances (A(Li) ≈ 2.1 ± 0.1) correlating with lower metallicities [32–35]. This trend is
puzzling and not understood at present, another lithium problem. Since this second lithium
problem is currently unresolved, it is not clear if the lower abundances are too be interpreted
as suggesting an even lower value for the primordial lithium abundance, further exacerbating
the original lithium problem or, if they are telling us something about the evolution of the
oldest, most metal poor stars in the Galaxy which will require us to reevaluate both lithium
problems, alongwith the observationally inferred value of the primordial lithium abundance.

For these reasons (the lithium problems), lithium does not provide a useful probe of
BBN at present. For a recent review of the current lithium data and possible resolution of the
lithium problem(s), see Fields 2011 [36] and the recent overview of Spite et al. 2012 [37]. In
the following, BBN, possibly in combination with the CMB, will constrain the key parameters
using the observationally inferred primordial D and 4He abundances, and those parameter
combinations will be used to predict the BBN abundance of lithium (reinforcing the problem
of the low observed abundances).

4. BBN Constraints on the Fundamental Parameters

The BBN-predicted primordial abundances depend on all three parameters: η10,ΔNν, ξ.
Because of the uncertainty of if, or how, to use lithium (7Li), here we limit ourselves to
employing only the D and 4He abundances. Then, without recourse to additional, non-BBN
data, only two of these parameters can be constrained at a time. Here, we will consider
constraints on the baryon density (η10) from BBN (using D as our primary baryometer) and
on the parameter pairs {η10,ΔNν} and {η10, ξ} (using D and 4He in combination) and, we will
comment on the result of using complementary data on η10 or ΔNν from the CMB in order to
constrain all three parameters simultaneously.

4.1. BBN Constraint on the Standard Model Baryon Density (ΔNν = 0 = ξ)

Before entertaining the possibility of new physics (dark radiation and/or lepton asymmetry),
the D abundance may be used to provide a standard model BBN (SBBN) constraint on the
baryon density; the SBBN-predicted D abundance is much more sensitive to the baryon
density than is the helium abundance. Assuming that ΔNν = 0 = ξ, ηD = η10 = 5.96 ± 0.28
(ΩBh

2 = 0.0218 ± 0.0010), in excellent agreement with the value found from the CMB (e.g.,
fromWMAP [38]).

This SBBN-inferred value of the baryon density may be used to predict the primordial
abundances of the other light nuclides, 3He, 4He, and 7Li. There is good agreement between
the SBBN-predicted value of the 3He abundance and an upper bound to it inferred from
observations stellar-processed gas in the Galaxy [21]. For SBBN the relic 4He mass fraction
is predicted to be YP = 0.2476 ± 0.0007, a value smaller than the observationally inferred
abundance adopted here but within ∼ 1.5 σ of it (see Section 3.2). The problem for SBBN
is lithium. For the above value of the baryon density and for ΔNν = 0 = ξ, the predicted
primordial lithium abundance is A(Li) = 2.68 ± 0.06. This is higher, by a factor of ∼ 3-4, than
the values inferred from observations of the most metal poor (most nearly primordial) stars
in the Galaxy. This is (one of) the lithium problem(s).
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Figure 3: Contours of constant values of ΔNν (red) and η10 (blue) in the YP-yDP plane. From bottom to
top the red curves correspond to ΔNν = 0, 1, 2. From left to right the blue curves correspond to η10 =
7.0, 6.5, 6.0, 5.5. Also shown (filled circle and error bars) are the adopted primordial abundances of D
and 4He and their 1σ uncertainties.

4.2. BBN Constraints on the Baryon Density (η10) and Dark Radiation (ΔNν)

If it is assumed that there is no lepton asymmetry, ξ = 0, (2.4) and (2.5)may be solved for η10
and S (ΔNν) in terms of ηD and ηHe:

106(S − 1) = ηHe − ηD = 5.54 ± 3.78,

106η10 = 100ηD + 6ηHe = 665 ± 36.
(4.1)

In Figure 3 are shown contours of constant values of η10 and ΔNν in the YP-yDP plane, along
with the observationally inferred values of yDP and YP and their 1σ error bars. Measurements
of yDP and YP constrain η10 and ΔNν. From BBN, using D and 4He, it is found that η10 =
6.27 ± 0.34 (ΩBh

2 = 0.0229 ± 0.0012) and ΔNν = 0.66+0.47−0.45 (Neff = 3.71+0.47−0.45). Figure 4 shows the
68% and 95% confidence contours corresponding to these results. While ΔNν ≈ 1 (a sterile
neutrino?) is somewhat favored, this result is also consistent with no dark radiation (ΔNν =
0)within 95% confidence. However, as may be seen from Figure 4, the presence of two sterile
neutrinos, thermalized by mixing with the standard model neutrinos, is disfavored at �95%
confidence.

The observationally inferred values of ηD and ηHe may be used to predict the
primordial abundance of lithium synthesized during BBN:

106ηLi = 103ηD + 3ηHe = 648 ± 31. (4.2)
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Figure 4: The BBN-inferred 68% (solid) and 95% (dashed) contours in the ΔNν-η10 plane derived from D
and 4He assuming that ξ = 0.

This leads to the prediction that A(Li) = 2.70 ± 0.06, far in excess of the lithium abundances
inferred from the observations of the most metal-poor stars in the Galaxy, reinforcing the
SBBN result of a lithium problem (see Section 4.1).

4.3. BBN Constraints on the Baryon Density (η10) and Lepton Asymmetry (ξ)

If it is assumed that there is no dark radiation (ΔNν = 0), the observationally inferred
abundances of D and 4He may be used to constrain the baryon density and any lepton
asymmetry:

145ξ = ηD − ηHe = −5.54 ± 3.78,

116η10 = 115ηD + ηHe = 697 ± 32.
(4.3)

In Figure 5 are shown contours of constant values of η10 and ξ in the YP-yDP plane, along
with the adopted values of yDP and YP and their 1σ error bars. Measurements of yDP and
YP constrain η10 and ξ. From BBN using the adopted primordial D and 4He abundances it
is found in this case that η10 = 6.01 ± 0.28 (ΩBh

2 = 0.0219 ± 0.0010) and ξ = −0.038 ± 0.026.
The latter result is consistent with ξ = 0 at ∼ 1.5σ. At 2σ, this result provides an upper bound
to the magnitude of the neutrino degeneracy parameter (|ξ| � 0.090) which can be used to
constrain the contribution to ΔNν resulting from the presence of the “extra” energy density
associated with an excess of neutrinos over antineutrinos or vice versa: ΔNν(ξ) � 0.011 at
∼ 2σ. Figure 6 shows the 68% and 95% confidence contours corresponding to these results.
This result is consistent with no lepton asymmetry to better than 95% confidence.
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the red curves correspond to ΔNν = 0,−0.05,−0.10. From left to right the blue curves correspond to η10 =
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and their 1σ uncertainties.

5 5.5

0.05

0

0.1

6 6.5 7
η10

−0.15

−0.1

−0.05

ξ

Figure 6: The BBN-inferred 68% (solid) and 95% (dashed) contours in the ξ-η10 plane derived from D and
4He assuming that ΔNν = 0.
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As before (see Section 4.2) the observationally inferred values of ηD and ηHe may be
used to predict the BBN lithium abundance

145ηLi = 142ηD + 3ηHe = 881 ± 41. (4.4)

This leads to the prediction that A(Li) = 2.69 ± 0.06, in almost exact agreement with the
corresponding prediction in the presence of dark radiation (assuming that ξ = 0), reinforcing,
once again, the lithium problem.

5. Discussion

The simplest (least interesting?) assumption is that of no new physics, the standard model
with no dark radiation (e.g., no sterile neutrinos) or a significant lepton asymmetry (ηB �
ηL � 1). In this case the SBBN-predicted baryon abundance (see Section 4.1), ΩBh

2 =
0.0218 ± 0.0010, is in excellent agreement with the more precise value found from the CMB,
ΩBh

2 = 0.0226 ± 0.0004 [38]. For this value of the baryon density (and ΔNν = ξ = 0) the
SBBN-predicted abundance of 3He is consistent with the primordial value inferred from
Galactic observations, and the relic abundance of 4He agrees with the observationally inferred
value adopted here, within ∼ 1.5σ. As is by now well established, the predicted relic lithium
abundance exceeds the values of the lithium abundance inferred from observations of the
most metal-poor stars in the Galaxy by factor of ∼ 3-4.

Setting aside for the moment the possibility of a large neutrino degeneracy (ην � ηB)
but allowing for the presence of dark radiation (ΔNν /= 0), BBN along with the adopted
primordial abundances of D and 4He may be used to constrain ΔNν and ΩBh

2. In this case
(see Section 4.2) it is found that ΔNν = 0.66+0.47−0.45 (Neff = 3.71+0.47−0.45) and ΩBh

2 = 0.0229 ± 0.0012,
in excellent agreement with the values of these parameters inferred from various CMB
observations [38–41]. When derived from the CMB, the errors on Neff = 3.046 + ΔNν are
larger (typically by a factor of ∼ 1.5–2) and those on ΩBh

2 smaller (typically by a factor of
∼ 3) than the corresponding BBN uncertainties. This is likely to change when the PLANCK
collaboration analyzes its CMB data. The PLANCK constraint on ΔNν is expected to be more
precise compared to the BBN value by a factor of ∼ 2.5, while that on the baryon density
parameter should be more precise than the BBN value by an order of magnitude [42, 43].
The BBN-predicted relic lithium abundance when ΔNν /= 0 is hardly changed from the SBBN
case, reinforcing the lithium problem. As may be seen from Figure 4, while the result forΔNν

(Neff) is closer to ΔNν = 1 than to ΔNν = 0, offering some support for the existence of one
sterile neutrino, it is consistent withΔNν = 0 at ∼ 1.5σ. In contrast, the existence of two sterile
neutrinos is disfavored by the BBN data at �95% confidence.

In Figure 7 the BBN constraints on ΔNν and ΩBh
2 are compared with those from

recent CMB analyses. Here, too, it appears that current data have a preference for one sterile
neutrino while being slightly inconsistent with two sterile neutrinos (e.g., BBN and SPT in
Figure 7) or with no dark radiation (e.g., WMAP7 and ACT in Figure 7).

Unlike the CMB, BBN has the potential to probe a nonzero (albeit relatively
large) lepton asymmetry (neutrino degeneracy). Current data, driven by the adopted
4He abundance, are consistent with a small, negative value for the neutrino degeneracy
parameter, ξ = −0.038 ± 0.026 which, however, is only ∼ 1.5σ from zero. A more precise
result will only come when (if) there is a reduction in the error of the observationally inferred
value of YP, whose uncertainty is dominated by systematics.



Advances in High Energy Physics 17

0.02 0.022 0.024 0.026
2

3

4

5

6

N
eff

ΩBh
2

Figure 7: Comparing the BBN predictions of Neff and ΩBh
2 with those from various CMB determinations:

BBN D + 4He (red-filled triangle), BBN D + WMAP7 [38] ΩBh
2 (red open triangle), WMAP7 [38] (blue

filled square), ACT [39] (green-filled pentagon), SPT [40] (purple filled circle), SPT + Clusters [40] (purple
open circle), and WMAP7 + ACBAR + ACT + SPT [41] (black-filled hexagon).

5.1. Sensitivity of ΔNν and ξ to Primordial Helium and Its Uncertainty

The BBN-predicted helium abundance is sensitive to the early Universe expansion rate
(S or, dark radiation ΔNν) and to a lepton asymmetry (ξ) and very insensitive to the
baryon density (ηB). The results which have been presented here for ΔNν and ξ are mainly
driven by the adopted value for the primordial helium abundance and its uncertainty.
But the observationally inferred helium abundance, YP, is a quantity which has changed
dramatically over time as more and better data have been acquired andmore careful analyses
of the data have been performed. In Figure 8(a) is shown a chronology, over the past ∼ 20
years, of the published observational determinations of the primordial helium mass fraction,
revealing a nearly monotonic increase of YP with time. In Figure 8(b) the chronology of the
corresponding BBN-predicted values of ΔNν is shown, mirroring the increase in YP. Notice
that only very recently, within the past few years, do the data begin to favor ΔNν > 0. This
is largely the result of new (revised) atomic physics data [55, 56] required to derive the H II
region helium abundances from the observational data, an unanticipated systematic effect.
A similar trend may be seen in the chronology of the BBN-predicted values of the lepton
asymmetry.

5.2. Constraints on ΔNν from BBN D and the CMB-Inferred Baryon Density

The extreme sensitivity of the BBN-inferred estimates of ΔNν to the adopted helium
abundance (and its large errors) is responsible for the relatively large error in the BBN-
inferred value of ΔNν. An alternate approach avoiding 4He has been suggested by Nollett
and Holder [4] (see, also, Pettini and Cooke [28]).
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Figure 8: (a) shows a history of the primordial helium mass fraction (YP) determinations as a function of
time. The same symbols/colors correspond to determinations from collaborations involving many of the
same participants and/or the same observational data (blue circle [44], blue squares [45–48], red triangles
[49–51], purple circles [52, 53], and purple pentagon [54]). (b) shows the corresponding chronology of
ΔNν , determined from BBN using the current best estimate of the primordial deuterium abundance. The
dashed line shows the SM result, ΔNν = 0.

In the best of all worlds the BBN-inferred parameter values should be compared
with those inferred, independently, from the CMB, complemented when necessary to break
degeneracies among the parameters by other astrophysical data from, for example, large-
scale structure, supernovae, and the Hubble constant. In the presence of possible new
physics, this would enable a probe of the constancy (or not) of these parameters in the
early Universe epochs from BBN until recombination. However, if it is assumed that ΔNν

and η10 are unchanged from BBN to recombination, the information provided by BBN
using the helium abundance may be replaced with that from the CMB-determined baryon
density: η10(CMB) = 6.190 ± 0.115 [38]. Using this value in combination with deuterium,
ηD = η10 − 6(S − 1) = 5.96 ± 0.28 (for ξ = 0), leads to a smaller estimate of ΔNν but with a
larger uncertainty resulting from themuchweaker dependence of ηD onΔNν:ΔNν = 0.48+0.66−0.63
(Neff = 3.53+0.66−0.63). The 68% and 95% contours for these results are shown in Figure 9.
For the single, most precise deuterium abundance was found by Pettini and Cooke [28],
ηD = 6.10 ± 0.24. If this abundance is identified with the primordial deuterium abundance,
ΔNν = 0.18 ± 0.55 (Neff = 3.22 ± 0.55). While this provides some support, once again, for
the presence of one sterile neutrino, the absence of dark radiation (ΔNν = 0) is consistent
with these results at the ∼ 68% confidence level. For these values of ηD and η10 the BBN-
predicted helium abundance is YP = 0.2541 ± 0.0081, very close to (well within the errors
of) the observationally inferred value adopted here. Once again, the BBN-predicted lithium
abundance is a problem: A(Li) = 2.69 ± 0.05.

This approach, replacing 4He with the CMB determined baryon density parameter,
could also be used to constrain a lepton asymmetry. The corresponding constraint on
the neutrino degeneracy, ξ = −0.18 ± 0.24, while entirely consistent with ξ = 0, has an
uninterestingly large uncertainty resulting from the very weak dependence of ηD on ξ.
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Figure 9: The 68% (solid) and 95% (dashed) contours in the ΔNν-η10 plane derived from BBN deuterium
and the CMB constraint on the baryon density [38].

5.3. Supplementing BBN with the CMB to Constrain ξ /= 0 and ΔNν /= 0

The BBN-predicted primordial light element abundances depend on all three of the key
parameters {η10,ΔNν, ξ}. However, the uncertainty in the observationally inferred relic
abundance of 3He, along with the lithium problem(s), leaves only two, relatively well-
constrained primordial abundances, those for D and 4He. From BBN alone and these
abundances, all three parameters cannot be determined independently but one of them can
be eliminated resulting in a relation (degeneracy) between the remaining two. For example,
ηD and ηHe may be used to eliminate η10, leading to ξ = ξ(ΔNν; yDP,YP), where

145ξ = 106(S − 1) + ηD − ηHe. (5.1)

This constraint on ξ versus ΔNν is shown by the red band in Figure 10. Without an
independent constraint onΔNν, the degeneracy between ξ andΔNν seen in Figure 10 cannot
be broken. The CMB provides such a constraint. If BBN, using the observationally inferred
D and 4He abundances, is now supplemented with an independent constraint on ΔNν

from the CMB, then a combined constraint, allowing for both dark radiation and lepton
asymmetry, may be found. Using the CMB results from WMAP7 [38], ACT [39], and the
SPT [40, 41], along with complementary constraints from large scale structure, the Hubble
constant, supernovae, and galaxy clusters, Joudaki [57] finds Neff = 3.87±0.42, corresponding
to S = 1.065±0.032. Using this result in (5.1) leads to ξ = 0.009±0.035, entirely consistent with
ξ = 0. The 2σ upper bound to |ξ| is 0.079, corresponding to an upper bound toΔNν(ξ) = 0.008.
Once again, the BBN-predicted lithium abundance is high, A(Li) = 2.70±0.06, reinforcing the
lithium problem.
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Figure 10: The ±1σ band (red) in the ξ-ΔNν plane from BBN using the D and 4He constraints. The blue
band is the ±1σ range for ΔNν from Joudaki [57].

A similar approach may be used to eliminate ΔNν instead of η10 to find ξ =
ξ(η10;yDP,YP) and to use the CMB for a constraint on η10. But this approach, which is also
consistent with ξ = 0, leads to a less precise constraint: ξ = −0.012 ± 0.052.

6. Summary and Anticipation of Future Results

The BBN results presented here provide modest support for the presence of dark radiation
(ΔNν � 0 at ∼ 1.5σ), to go along with the more robust evidence for dark matter and dark
energy. The current observational data (D and 4He), while allowing for the presence of a
sterile neutrino (ΔNν = 1 at � 1σ), disfavors the presence of two sterile neutrinos (ΔNν = 2
at ∼ 2.8σ). If, instead, it is assumed that ΔNν = 0, a small, but non zero lepton asymmetry is
favored, also at the ∼ 1.5σ confidence level. In contrast, if bothΔNν and ξ are allowed to vary
freely and if BBN (D and 4He) is supplemented by a CMB constraint on ΔNν, a vanishing
lepton asymmetry (ξ = 0.009 ± 0.035) is favored.

Currently, as may be seen from Figure 7, there is very good agreement between the
BBN and CMB constraints on the baryon density and dark radiation (the CMB is insensitive
to a small or modest lepton asymmetry). For many years BBN provided the best constraints
on the baryon density (η10 or ΩBh

2) and on dark radiation (ΔNν or S), as well as the only
constraint on lepton asymmetry. With WMAP7 [38] and other CMB datasets [39–41] the
best constraints on the baryon density now are from the CMB, which allow for a factor of
∼ 2-3 more precise determination of η10. However, in the present, pre-PLANCK era, BBN still
provides the best dark radiation constraint, albeit with an uncertainty smaller than that from
the CMB by only a factor of ∼ 1.5–2. It is expected that with the publication of the PLANCK
data the dark radiation torch will pass to the CMB. Depending on what PLANCK finds, it
may be possible to establish the presence of dark radiation (a sterile neutrino?) at the ∼ 5σ
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level if, for example, PLANCK should find ΔNν = 1 ± 0.2. If, however, PLANCK should find
(the best or worst of all worlds?) ΔNν = 0.5 ± 0.2, the presence dark radiation will be favored
but that of a sterile neutrino will be somewhat disfavored. It is perhaps worth recalling that
the contribution of a light, thermalized scalar corresponds to ΔNν = 4/7 = 0.57.

For all the possibilities considered here (ΔNν = ξ = 0; ξ = 0, ΔNν /= 0; ΔNν = 0, ξ /= 0;
ΔNν /= 0, ξ /= 0), the BBN-predicted lithium abundance hardly changed at all (2.68 ± 0.06 ≤
A(Li) ≤ 2.70 ± 0.06). This insensitivity is easy to understand since the BBN-predicted lithium
and deuterium abundances are strongly correlated:

ηLi = ηD + 3[(S − 1) − ξ]. (6.1)

Because the values of 3(S−1) and 3ξ are almost always small compared to ηD, the corrections
to a perfect lithium-deuterium correlation are generally at only the few percent level. A
solution to the lithium problem is not to be found with dark radiation or a lepton asymmetry.

6.1. Anticipating the Future

The future for the key parameters related to the baryon abundance (ηB) and the presence, or
not, of dark radiation (ΔNν) lies with the CMB and the anticipated results from the PLANCK
mission. While it is impossible to predict the central values PLANCK will find for ηB or ΔNν,
it is possible to forecast the precision to be expected from the PLANCK data and analyses
[42, 43]. Such forecasts suggest that the uncertainty in the baryon abundance determination
will be of order σ(η10) ≈ 0.03, nearly an order of magnitude better than the current BBN
precision. The same forecasts suggest thatΔNν will be constrained to σ(ΔNν) ≈ 0.2, or better.
This would result in an improvement over the current BBN precision by a factor of ∼ 2.5.

If it is assumed that the PLANCK values of the key parameters are identical to those
at BBN, ignoring their possible evolution from the epoch of BBN until recombination, then
these values may be used in combination with BBN to predict the relic abundances. This is in
contrast with the current approach of using BBN in concert with the observationally inferred
relic abundances to predict the values of the key parameters. For example, for deuterium, it
is anticipated that PLANCK will constrain ηD with a precision of σ(ηD) ≈ 0.1 or, to � 2%
for ηD ≈ 6. The largest uncertainty in the BBN-predicted deuterium abundance at present
and in this anticipated future arises from uncertain nuclear reaction rates [4]. It can be hoped
that this uncertainty may be reduced by new laboratory data, reducing the error in the BBN-
predicted value of yDP by perhaps a factor of ∼ 2. This would lead to a reduction in the error
in the inferred value of ηD by nearly a factor of two, σ(ηD) ≈ 0.3 → 0.15.

For helium, PLANCK may constrain ηHe to σ(ηHe) ≈ 1.6 which, while still large, is a
factor ∼ 2.3 smaller than the current BBN uncertainties. This suggests that using the CMB
determined values of η10 and ΔNν, the BBN-predicted primordial helium mass fraction will
be known to σ(YP) � 0.003, a precision anticipated to also be attainable in an independent
determination of YP from the CMB [42, 43].

For lithium, PLANCK may constrain ηLi to σ(ηLi) ≈ 0.06 or to better than ∼ 1% for
ηLi ≈ 6. However, as for deuterium, the precision of the BBN-predicted primordial lithium
abundance is limited by the nuclear physics uncertainties (∼ 10%). Nonetheless, it will
be very interesting to see if the PLANCK data support or, possibly eliminate, the lithium
problem(s).
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Although the CMB is insensitive to a lepton asymmetry, as may be seen from (5.1),
a combination of BBN and CMB constraints on ΔNν, yDP, and YP can constrain a neutrino
degeneracy, provided that the lepton asymmetry is very large compared to the baryon
asymmetry. For example, for the anticipated CMB constraints on σ(ΔNν) ≈ 0.2 and on the
primordial helium abundance, σ(YP) ≈ 0.003, along with a BBN constraint on yDP, σξ ≈ 0.018
or, σηL ≈ (π2/4ζ(3))σξ ≈ 0.036 ≈ 6 × 107ηB.

6.2. Summary

This paper finds itself on the cusp of potentially great changes. Current BBN and CMB data
provide strong support for the presence of (at least) three SM neutrinos, thermally populated
during the early evolution of the Universe. This provides indirect support for the so far
invisible, relic neutrino background. The new CMB and large-scale structure data have the
potential to constrain the baryon asymmetry and the presence, or not, of dark radiation to
new levels of precision, testing BBN and the current estimates of the relic abundances of the
light elements. It will be of great interest to compare and contrast the current BBN results
with those from the new data and to see what we may learn about new physics, including
neutrino physics, beyond the standard models of particle physics and cosmology.
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Recent experimental results and developments in the theoretical treatment of neutrino-nucleus
interactions in the energy range of 1–10GeV are discussed. Difficulties in extracting neutrino-
nucleon cross sections from neutrino-nucleus scattering data are explained and significance of
understanding nuclear effects for neutrino oscillation experiments is stressed. Detailed discussions
of the status of two-body current contribution in the kinematic region dominated by quasielastic
scattering and specific features of partonic nuclear effects in weak DIS scattering are presented.

1. Introduction

Recent interest in neutrino interactions in the few GeV energy region comes from neutrino
oscillation experiments and their need to reduce systematic errors. Neutrino fluxes used in
contemporary long and short baseline experiments (K2K, T2K,MINOS, NOvA,MiniBooNE)
are peaked in the 1–5GeV energy domain and during the last ∼10 years there has been
considerable theoretical and experimental activity in the investigation of neutrino cross
sections in this domain with reference [1] being a good summary of the lower-energy
situation. Several new cross section measurements have been performed by neutrino
oscillation collaborations and there are two dedicated cross section experiments (SciBooNE
and MINERvA) which have been launched at Fermilab.

Even with this degree of activity, the precision with which the basic neutrino-nucleon
cross sections are known is still not better than 20–30%. There are two main reasons for
this: the poor knowledge of neutrino fluxes and the fact that all the recent cross section
measurements have been performed on nuclear targets. It is important to recall that what
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current neutrino experiments are measuring are events that are a convolution of energy-
dependent neutrino flux ⊗ energy-dependent cross section ⊗ energy-dependent nuclear
effects. The experiments have, for example, then measured an effective neutrino-carbon cross
section and to extract a neutrino-nucleon cross section from these measurements requires
separation of nuclear physics effects that can be done with only limited precision. For many
oscillation experiments, using the same nuclear targets for their near and far detectors is a
good start. However, even with the same nuclear target in both the near and far detectors,
there is no automatic cancellation of effects between detectors. This is attributable to the
different effective neutrino energy distributions, due to oscillations, entering the near and
far detectors. With different energy spectra, the convolution of flux ⊗ cross section ⊗ nuclear
effects is different near and far and there is no automatic cancellation. For a thorough
comparison of measured neutrino-nucleon cross sections with theoretical models, these
convoluted effects have to be understood.

Some of the new cross section measurements raised doubts in the areas which seemed
to bewell understood. The list of new puzzles is quite long and seems to be expanding.What is
the value of the quasielastic axial mass? How large is the two-body current contribution that
can mimic genuine quasielastic interactions? How large is CC (charged current) coherent
pion production at a few GeV neutrino energies? What is behind the large discrepancy
between MiniBooNE pion production measurements and theoretical model predictions? It
can be seen as a paradox that the more than 30-year old ANL and BNL low statistics
deuterium pion production data, with its minimal nuclear corrections, is still used as the
best source of information about the nucleon-Δ transition matrix element.

Analysis of neutrino scattering data is certainly more complicated than the analysis of
electron scattering data. In the electron case, one knows exactly the initial electron energy and
so also the values of energy—and momentum—transfer. It is then possible to explicitly study
separate interesting kinematical regions like QE (quasielastic) peak or the Δ peak. Neutrino
scattering data is always flux (often wide band!) integrated. Interacting neutrino energymust
be evaluated based on kinematics of particles in the final state, taking into account detector
acceptance and measurement accuracy.

For neutrino-nucleon interactions one can distinguish: charged current quasielastic
(CCQE), neutral current elastic (NCEl), resonance production (RES), and more inelastic
reactions up to the deep-inelastic (a rather misleading “DIS” term is often used to describe all
the interactions which are neither CCQE/NCEl nor RES) domain. Quite different theoretical
tools are used to model each of them. The simplest neutrino hadronic reaction is the
charge current quasielastic (CCQE) interaction: ν� + n → �− + p with two particles:
charged lepton and proton in the final state. One would like to extend this definition to
the neutrino-nucleus interaction occurring on bound neutrons. The obvious question arises:
what is the experimental signature of CCQE on a nuclear target? The ejected proton is not
necessarily seen in a detector because quite often its momentum is below the acceptance
threshold. However, events with a single reconstructed charged lepton track can result
from a variety of initial interactions, for example, from a two-body current interaction or
from real pion production and its subsequent absorption. Similar problems arise in other
type of interactions. It is becoming clear that interpretation of neutrino-nucleus interaction
must rely on a careful data/Monte Carlo (MC) comparison done with reliable MC neutrino
event generators. This is why we decided to include in the paper some information about
development of MC event generators.

From the experimental point of view it is natural to speak about events with
no pions in the final state, with only one pion, and so forth. In fact, in several recent
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Figure 1: Breakdown of the inclusive CC muon neutrino cross section on free isoscalar target to QE, RES,
and DIS contributions, as viewed by NuWro MC event generator.

experimental measurements that investigated quantities defined in this way, the dependence
on assumptions of Monte Carlo event generators were minimal. To compare with the
experimental data given in this format one must add contributions from various dynamical
mechanisms and also to model FSI effects. Several ingredients of the theoretical models are
verified simultaneously. It is clear that in order to validate a model one needs many samples
of precise neutrino-nucleus scattering measurements on a variety of nuclear targets with
various neutrino fluxes.

Our paper is organized as follows, we review recent inclusive measurements in the
lower E region and then concentrate on exclusive states in increasing W , the mass of the
hadronic system. Due to the limited length of this paper, we do have to limit our coverage to
only the most recent developments.

2. Neutrino-Charged Current and Neutral Current Inclusive Reactions

2.1. Recent Measurements

There are four recent CC inclusive neutrino and antineutrino cross section measurements
in the Eν ≤ 10GeV energy region [2–5], see Figure 1. We notice a mild tension between
SciBooNE and T2K measurements. In the following sections QE, RES, and DIS contributions
will be discussed separately.

2.2. Theory: General Formulae—Outgoing Lepton Differential Cross Sections

In this paper, we will discuss the neutrino CC or NC (neutral current) inclusive reaction:

ν�(k) +AZ −→ �
(
k′
)
+X. (2.1)
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The generalization of the expressions to antineutrino-induced reactions is straightforward. In
the equation above, the outgoing lepton could be either a negatively charged lepton, �−, of
flavor � or a neutrino ν� , for CC or NC processes, respectively.

The double differential cross section, with respect to the outgoing lepton kinematical
variables, for the process of (2.1) is given in the Laboratory (LAB) frame by

d2σν��

dΩ
(
k̂′
)
dE′

�

=

∣∣∣�k′
∣∣∣

∣∣∣�k
∣∣∣

G2
F

4π2η
L
(ν)
μσW

μσ, (2.2)

with �k and �k′ the LAB lepton momenta, E′
� = (�k

′2 +m2
�)

1/2 and m� the energy and the mass
of the outgoing lepton, GF = 1.1664 × 10−11 MeV−2 the Fermi constant, and L and W the
leptonic and hadronic tensors, respectively. Besides, η takes the values 1 or 4 for CC or NC
processes, respectively. The leptonic tensor is given by (in this convention, ε0123 = +1 and the
metric is gμν = (+,−,−,−)):

L
(ν)
μσ = Lsμσ + iL

a
μσ = k′μkσ + k

′
σkμ − gμσk · k′ + iεμσαβk

′αkβ. (2.3)

The hadronic tensor includes a collection of nonleptonic vertices and corresponds to the
charged or neutral electroweak transitions of the target nucleon or nucleus, i, to all possible
final states. It is thus given by

Wμσ =
1

2Mi

∑

f

(2π)3δ4
(
P ′
f − P − q

)〈
f
∣∣∣jμCC+,NC(0)

∣∣∣i
〉〈

f
∣∣∣jσCC+,NC(0)

∣∣∣i
〉∗
, (2.4)

with Pμ the four momentum of the initial target,M2
i = P

2 the target mass square, P ′
f the total

four momentum of the hadronic state f , and q = k − k′ the four momentum transferred to the
hadronic system. The bar over the sum denotes the average over initial spins.

The hadronic tensor is completely determined by six independent, Lorentz scalar and
real, structure functionsWi(q2, q · P),

Wμν

2Mi
= − gμνW1 +

PμPν

M2
i

W2 + i
εμνγδPγqδ

2M2
i

W3 +
qμqν

M2
i

W4

+
Pμqν + Pνqμ

2M2
i

W5 + i
Pμqν − Pνqμ

2M2
i

W6.

(2.5)

Taking �q in the z direction and Pμ = (Mi, �0), it is straightforward to find the six structure
functions in terms of the W00,Wxx = Wyy,Wzz,Wxy, and W0z components of the hadronic
tensor. After contracting with the leptonic tensor, one obtains that for massless leptons only
three of them are relevant, namely,

d2σν��
dxdy

=
G2
FMEν

ηπ

{(
1 − y − Mxy

2Eν

)
Fν2 + xy2Fν1 + y

(
1 − y

2

)
xFν3

}
, (2.6)
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with Eν the incoming neutrino energy, M the nucleon mass, x = −q2/2Mq0, y = q0/Eν,
while the nuclear structure functions Fν1,2,3 are given by, Fν1 = 2MMiW1, Fν2 = 2(q · P)W2 and
Fν3/M = −2(q · P)W3/Mi. The cross section for the CC antineutrino-induced nuclear reaction
is easily obtained by (i) changing the sign of the parity-violating term, proportional to F3, in
the differential cross section (this is because L(ν)

μσ = L(ν)
σμ .), (2.6), and (ii) using jμCC− = jμ†CC+ in the

definition/computation of the hadron tensor in (2.4)). In the case of antineutrino NC-driven
processes, it is only needed to flip the sign of the term proportional to F3 in the differential
cross section, since the hadron NC is not affected.

The hadronic tensor is determined by the W or Z gauge boson self energy, Πμρ

W,Z(q),
in the nuclear medium. To evaluate this latter object requires a theoretical scheme, where the
relevant degrees of freedom and nuclear effects could be taken into account.

In the next two sections we will discuss CCQE and pion production reactions. The
general formalism described above will be used in the section devoted to DIS.

3. Charged Current Quasielastic

As discussed in the Introduction, we define CCQE as either the reaction on a free nucleon or
on a quasi-free nucleon inside a nucleus yielding a muon and nucleon. In the case of neutrino
nucleus scattering we also use the term CCQE-like reaction defined as one in which there
are no pions in the final state. It then includes events with real pion production followed by
absorption. Such a definition may seem awkward but as will be seen, it is close to what was
experimentally measured by the MiniBooNE collaboration.

A theoretical description of the free nucleon target CCQE reaction is based on
the conserved vector current (CVC) and the partially conserved axial current (PCAC)
hypotheses. The only unknown quantity is the nucleon axial form-factor GA(Q2) for which
one typically assumes a dipole form GA(0)(1 +Q2/M2

A)
−2 with one free parameter, the axial

massMA. The nondipole axial form factor was investigated, for example, in [6].
In the past, several measurements of MA were performed on a deuterium target for

which most of nuclear physics complications are minimal and it seemed that the results
converged to a value of the order of 1.03GeV [7]. There is an additional argument in favor
of a similar value of MA coming from the weak pion-production at low Q2. PCAC-based
evaluation gives an axial mass value of 1.077 ± 0.039GeV [8]. On the other hand, all of the
more recent high statistics measurements ofMA, with the exception of the NOMAD higher-
energy experiment, reported larger values: K2K (oxygen, Q2 > 0.2GeV2) → 1.2 ± 0.12 [9];
K2K (carbon,Q2 > 0.2GeV2) → 1.14 ± 0.11 [10]; MINOS (iron,Q2 > 0GeV2) → 1.19 ± 0.17;
MINOS (iron, Q2 > 0.3GeV2) → 1.26 ± 0.17 [11]; MiniBooNE (carbon, Q2 > 0GeV2)
→ 1.35 ± 0.17 [12]; MiniBooNE (carbon, Q2 > 0.25GeV2) → 1.27 ± 0.14 (for completness:
NOMAD (carbon, Q2 > 0GeV2) → 1.07 ± 0.07 [13]).

The difference between MiniBooNE and NOMAD measurements could come from
different definitions of the CCQE signal. In the case of MiniBooNE a sample of 2 subevents
(Cherenkov light from muon and from decay electron) is analyzed and ejected protons are
not detected. In the case of NOMAD 1-track (muon) and 2-tracks (muon and proton) samples
of events are analyzed simultaneuosly. With a suitable chosen value of the formation zone
parameter τ0 values of MA extracted separately from both data samples are approximately
the same, see [13, Table 9]. We note that the procedures in which the formation zone concept
is applied to nucleons that already exist may seem little controversial. We would like to
mention also the CCQE data not yet published in peer review journals. MINOS tried to
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evaluate better the pion production background [14]. A function of Q2 which corrects
Monte Carlo (NEUGEN) RES predictions was proposed. The shape of the curve is similar
to MiniBooNE’s DATA/MC correction function (see below) but in the case of MiniBooNE for
Q2 > 0.1GeV2 the correction factor is >1. The new MINOS best fit value of MA is 1.16GeV
and the error was reduced by a factor of 3 with respect to [11]. SciBooNE showed partial
results of the CCQE analysis [15]. Results are given in terms of fits for CCQE cross-section
DATA/MC multiplicative factors aj (j label true neutrino energy bins) and a scaling factor
FN . The obtained best fit values in the neutrino energy region Eν ∈ (0.6, 1.6)GeV are between
1.00 and 1.09 which with FN = 1.02 and the value of the axial mass used in the NEUT Monte
Carlo generator (1.2GeV) should translate to the axial mass value MA ∼ 1.25–1.3GeV. In
the SciBooNE analysis there are some instabilities in the wider region of Eν [16, Figure 11.2].
A use of the universal background scaling factor abcg for three different event samples is
perhaps not sufficient (its best fit value is as large as 1.37GeV).

An important antineutrino CCQEmeasurement was reported byMiniBooNE [17]. The
DATA/MC average cross-section ratio was reported to be 1.21 ± 0.12 which is a surprising
result because in the NUANCE carbon CCQE computations the MA value was set to
be 1.35GeV. In the experimental analysis, it was important to evaluate correctly neutrino
contamination in the antineutrino flux. Three independent measurements indicate that the
νμ flux in the antineutrino beam should be scaled down by a factor of ∼0.8 with an obvious
important impact on the final results.

Themost recentMINERvA preliminary results for CCQE antineutrino reaction are still
subject to large flux normalization uncertainties but they seem to be consistent with MA =
0.99GeV [18].

3.1. MiniBooNE Data
In recent discussions of the CCQE, MiniBooNE measurement plays a special role. For the
first time the data was presented in the form of double differential cross section in muon
scattering angle and kinetic energy. Such data is the actual observable for the MiniBooNE
experiment and more complete than a distribution of events in Q2 which is calculated
assuming an obviously incorrect nuclear model (the nucleon is assumed to be at rest). The
signal events form a subset of events with no pions in the final state. MiniBooNE subtracted
as a background, events with real pion production and subsequent absorption and also a
contribution from pionless Δ decays implemented in the NUANCE MC [19] as constant
fractions of Δ++ and Δ+ decays, following the approach of [20]. The background estimate,
based on MC predictions, was later corrected by a Q2 dependent function, which accounts
for a data/MC discrepancy in the sample of events containing one π+ in the final state. The
shape of the correction function is not well understood [21] but it has an important impact
on the extracted value of MA. The function quantifies a lack of understanding of processes
like pion absorption and can have a significant effect on the understanding of both samples
of events.

MiniBooNE also provided data for the CCQE signal plus background together as the
measurement of the cross section of the process in which there are no pions in the final state,
the observable which is maximally independent of MC assumptions.

3.2. Theoretical Approaches to CCQE Generalities
Several approaches have been followed/derived to compute the relevant gauge boson
absorption modes (self-energy) to describe the CCQE process. For moderate and interme-
diate neutrino energies, in the few GeV region, the most relevant ones are the absorption
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Figure 2: Diagrammatic representation of some diagrams contributing to theW+-self energy.

by one nucleon, or a pair of nucleons or even three nucleon mechanisms, real and virtual
meson (π, ρ, . . .) production, excitation of Δ of higher resonance degrees of freedom, and
so forth (e.g., some absorption modes are depicted in Figure 2 for the case of neutrino CC
processes). A review of theoretical model results can be found in [22]. Almost all approaches,
used at intermediate neutrino energies, deal with hadron, instead of quarks and gluons,
degrees of freedom. In addition they consider several nuclear effects such as RPA or short
range correlations (SRC). The free space couplings between hadrons and/or the weak W
and Z bosons are parametrized in terms of form factors, which are fitted to the available
data on electroweak scattering off free nucleons. In the few GeV energy region, theoretical
models rely on the impulse approximation (IA) and neutrino-nucleus CCQE interactions
are viewed as a two-step process: primary interaction and final state interactions (FSI),
propagation of resulting hadrons through the nucleus. The validity of the IA is usually related
to typical values of the momentum transfer q. Experience from the electron scattering tells
us that for q > 300–500MeV/c IA-based models are able to reproduce the data well. Thus,
the expectations is that for a few GeV neutrino interactions IA is an acceptable approach
and if necessary simpler nuclear model computations can be supplemented with RPA
corrections for lower momentum transfers (see below). In the neutrino nucleus cross section
measurements a goal is to learn about neutrino free nucleon target scattering parameters
(an obvious exception is coherent pion production). Effective parameters like sometimes
discussed quasielastic axial mass Meff

A are of little use as their values can depend on the
neutrino flux, target, and perhaps also on the detection technique/acceptance.

The definition of neutrino-nucleus CCQE scattering can be made more rigorous in the
language of many body field theory. CCQE process originates from a first step mechanism
where the gauge boson is being absorbed by just one nucleon. This corresponds to the first of
the selfenergy diagrams depicted in Figure 2 (contribution (a)). This contribution, that from
now on we will call genuine QE, has been computed within different theoretical models and
used to predict the corresponding outgoing lepton differential cross section.

The simplest model, commonly used in Monte Carlo event generators, is the
relativistic Fermi gas (RFG) model proposed by Smith and Moniz more than 35 years ago
[23, 24] corresponding to only one many body Feynman diagram. The model combines
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the bare nucleon physics with a model to account for Fermi motion and nucleon binding
within the specific nucleus. The model can be made more realistic in many ways (when
the axial mass and electromagnetic form factors are kept unchanged, the inclusion of more
sophisticated nuclear effects makes the cross section generally smaller with respect to the
RFG (relativistic Femi gas)model) to achieve better agreement with a broad range of electron
scattering data. For example, the inclusion of a realistic joint distribution of target nucleon
momenta and binding energies based on short range correlation effects leads to the spectral
function (SF) approach. Spectral functions for nuclei, ranging from carbon (A = 12) to iron
(A = 56) have been modeled using the local density approximation (LDA) [25], in which the
experimental information obtained from nucleon knock-out measurements is combined with
the results of theoretical calculations in nuclear matter at different densities, and they have
been extensively validated with electron scattering data. Calculations by Benhar and Meloni
[26] and Ankowski and Sobczyk [27] show that the SF effects moderately modify the muon
neutrino differential cross sections, and they lead to reductions of the order of 15% in the total
cross sections. This is corroborated by the results obtained within the semiphenomenological
model (density dependent mean-field potential in which the nucleons are bound) [28]
employed within the GiBUU model to account for these effects.

Inclusion of nucleon-nucleon long-range correlations leads to RPA (random phase
approximation) which improves predictions at lower momentum transfers (and also low
Q2). RPA corrections have been discussed by many authors in the past and recently included
in computations of three groups (IFIC, Lyon, and Aligarh (the Aligarh group uses a similar
approach to that derived in [29, 30], but with some simplifications that though well suited to
study the related process of muon capture in nuclei, might not be totally appropriate for the
case of larger energies and momenta being transferred to the nucleus (see the discussion
in [29, 30])) in [29–34], respectively. When the electroweak interactions take place in
nuclei, the strengths of electroweak couplings may change from their free nucleon values
due to the presence of strongly interacting nucleons. Indeed, since the nuclear experiments
on β decay in the early 1970s [35, 36], the quenching of axial current is a well-established
phenomenon. The RPA resummation accounts for the medium polarization effects in the
1p1h contribution (Figure 2(a)) to the W and Z selfenergy by substituting it by a collective
response as shown diagrammatically in Figure 3(a). Evaluating these effects, requires an in-
medium baryon-baryon effective force, which in both sets (IFIC and Lyon) of calculations
was successfully used/tested in previous works on inclusive nuclear electron scattering. RPA
effects are important as can be appreciated in Figure 3(b). In this plot, we show results from
both IFIC and Lyon models, presented in [37, 38], respectively, for the CC quasielastic νμ−12C
double differential cross sections convoluted with the MiniBooNE flux [39]. There, we also
see that predictions of both groups for these genuine QE contribution, with and without RPA
effects, turn out to be in a quite good agreement. Finally, it is important to stress also that
RPA corrections strongly decrease as the neutrino energy increases, while its effects should
account for a low Q2 deficit of CCQE events reported by several experimental groups (see
Figures 3(c) and 3(d)). Continuum RPA (CRPA) computations for neutrino scattering were
performed by the Ghent group [40].

3.2.1. Other Theoretical Developments

In [41–43] the bound-state wave functions are described as self-consistent Dirac-Hartree
solutions, derived within a relativistic mean field approach by using a Lagrangian containing
σ and ωmesons [44]. This scheme also accounts for some SF effects. Moreover, these models
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Figure 3: (a) Set of irreducible diagrams responsible for the polarization (RPA) effects in the 1p1h
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neutrino energy (c) and q2 (d), obtained from the relativistic model of [29, 30]. In all casesMA ∼ 1.05GeV.

also incorporate the FSI between the ejected nucleon and the residual nucleus. The final
nucleon is described either, as a scattering solution of the Dirac equation [42, 43] in the
presence of the same relativistic nuclear mean field potential applied to the initial nucleon, or
adopting a relativistic multiple-scattering Glauber approach [41].

The relativistic Green’s function model [45] would be also appropriate to account for
FSI effects between the ejected nucleon and the residual nucleus for the inclusive scattering,
where only the outgoing lepton is detected. There, final-state channels are included, and the
flux lost in each channel is recovered in the other channels just by the imaginary part of an
empirical optical potential and the total flux is thus conserved.
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Another interesting approach starts with a phenomenological model for the neutrino
interactions with nuclei that is based on the superscaling behavior of electron scattering
data. Analysis of inclusive (e, e′) data have demonstrated that for momentum transfers
q >∼ 500MeV/c at energy transfers below the QE peak superscaling is fulfilled rather well
[46, 47]. The general procedure consists on dividing the experimental (e, e′) cross section
by an appropriate single-nucleon cross section to obtain the experimental scaling function,
which is then plotted as a function of a certain scaling variable for several kinematics and
for several nuclei. If the results do not depend on the momentum transfer q, then scaling
of the first kind occurs, if there is no dependence on the nuclear species, one has scaling of
the second kind. The simultaneous occurrence of scaling of both kinds is called superscaling.
The superscaling property is exact in the RFG models, and it has been tested in more realistic
models of the (e, e′) reaction. The superscaling approach (SuSA) is based on the assumed
universality of the scaling function for electromagnetic and weak interactions [48]. The
scaling function thus determined from (e, e′) data is then directly taken over to neutrino
interactions [48, 49]. There are no RPA correlations or SF corrections explicitly taken into
account, but they may be contained in the scaling function. Nevertheless, such approach is
far from being microscopic. Moreover, it is difficult to estimate its theoretical uncertainties, as
for example to what extent the quenching of the axial current, that is due to RPA corrections,
is accounted for by means of scaling functions determined in (e, e′) experiments, which are
driven by the vector current.

3.2.2. Theoretical Models versus MiniBooNE 2D Data

The MiniBooNE data [12] have been quite surprising. Firstly, the absolute values of the cross
section are too large as compared to the consensus of theoretical models [22, 50]. Actually,
the cross section per nucleon on 12C is clearly larger than for free nucleons. Secondly, their
fit to the shape (excluding normalization) of the Q2 distribution done within the RFG model
leads to the axial mass,MA = 1.35 ± 0.17GeV, much larger than the previous world average
(≈1.03GeV) [8, 13]. Similar results have been later obtained analyzing MiniBooNE data with
more sophisticated treatments of the nuclear effects that work well in the study of electron
scattering. For instance, [51, 52] using the impulse approximationwith state of the art spectral
functions for the nucleons fail to reproduce data with standard values of MA. Large axial
mass values have also been obtained in [53] where the 2D differential cross section was
analyzed for the first time using RFG model and spectral function. Similar results were
obtained in [54], where the data have been analyzed in a relativistic distorted-wave impulse
approximation supplemented with a RFG model.

3.3. Multinucleon Mechanisms

A plausible solution to the large axial mass puzzle was firstly pointed out by Martini et al.
[32, 33] (the papers of Martini et al. are based on the older investigation by Marteau [55].
The relevant features of the model were known already at the end of 1990s and at that
time the goal was to understand better SuperKamiokande atmospheric neutrino oscillation
signal), and later corroborated by the IFIC group [37, 56]. In the MiniBooNE measurement
of [12], QE is related to processes in which only a muon is detected in the final state. As was
already discussed above, besides genuine QE events, this definition includes multinucleon
processes (Figure 2(e) (note that the intermediate pion in this term is virtual and it is part
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of the ΔN → NN interaction inside of the nucleus. Indeed, one should consider a full
interaction model for the in medium baryon-baryon interaction), where the gauge boson is
being absorbed by two or more nucleons, and others like real pion production followed by
absorption (Figures 2(c) and 2(d)). The MiniBooNE analysis of the data attempts to correct
(through aMonte Carlo estimate) for some of these latter effects, such as real pion production
that escapes detection through reabsorption in the nucleus leading to multinucleon emission.
But, it seems clear that to describe the data of [12], it is necessary to consider, at least, the sum
of the selfenergy diagrams depicted in Figures 2(a) and 2(e). Those correspond to the genuine
QE (absorption by just one nucleon), and the multinucleon contributions, respectively. These
two mechanisims contribute to the CCQE-like cross section (also for simplicity, we will
often refer to the multinucleon mechanism contributions, though they include effects beyond
gauge boson absorption by a nucleon pair, as 2p2h (two-particle hole) effects).

The inclusion of the 2p2h contributions enables [37, 38] the double differential cross
section d2σ/dEμd cos θμ and the integrated flux unfolded cross section (we should warn the
reader here, because of themultinucleonmechanism effects, the algorithm used to reconstruct
the neutrino energy is not adequate when dealing with quasielastic-like events, a distortion
of the total flux unfolded cross section shape could be produced. We will address this point
in Section 3.5) measured by MiniBooNE, to be described with values of MA (nucleon axial
mass) around 1.03 ± 0.02GeV [8, 13]. This is reassuring from the theoretical point of view
and more satisfactory than the situation envisaged by some other works that described the
MiniBooNE data in terms of a larger value ofMA of around 1.3–1.4GeV, as mentioned above.

3.3.1. Similarites and Differences between Multinucleon Ejection Models

As shown in Figures 3(a) and 3(b), the IFIC group predictions [37, 56] for QE cross sections
agree quite well with those obtained in [32, 33, 38] (Lyon group). However, both above
presented approaches considerably differ (about a factor of two) in their estimation of the
size of the multinucleon effects, as can be appreciated in Figure 4. IFIC predictions, when
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the 2p2h contribution is included, favor a global normalization scale of about 0.9 (see [37]).
This is consistent with the MiniBooNE estimate of a total normalization error as 10.7%. The
IFIC evaluation in [37, 56], of multinucleon emission contributions to the cross section is fully
microscopical and it contains terms, which were either not considered or only approximately
taken into account in [32, 33, 38]. Indeed, the results of these latter works rely on some
computation of the 2p2h mechanisms for the (e, e′) inclusive reaction [57], which results are
simply used for neutrino-induced processes without modification. Thus, it is clear that these
latter calculations do not contain any information on axial or axial-vector contributions (the
evaluation of the nuclear response induced by these 2p2h mechanisms carried out in [32]
is approximated, as acknowledge there. Only, the contributions in [32] that can be cast as
a Δ-selfenergy diagram should be quite similar to those derived in [56] by the IFIC group,
since in both cases the results of [20] for the Δ-selfenergy are used). For antineutrinos the
IFIC model predicts, contrary to the results of the Lyon group, also a sizeable effect of 2p2h
excitations.

Another microscopic approach to 2p2h excitations was proposed by Amaro et al.
These authors have used the empirical (e, e′) SuSA scaling function to describe the CCQE
MinibooNE data, including some 2p2h contributions due to MEC (meson exchange currents)
[58, 59]. The approach, used in these latter works, to evaluate the 2p2h effects, though
fully relativistic, does not contain the axial contributions. The authors of [58, 59] also
find an increase of the inclusive cross section for neutrinos; at forward muon angles the
calculations come close to the data, but the MEC contributions die out fast with increasing
angle so that the cross section is significantly underestimated at backward angles. As a
consequence, the energy-separated (flux unfolded) cross section obtained for the MiniBooNE
experiment, while being higher than that obtained from SuSA alone still, underestimates the
experimental result even when 2p2h contributions are added. Recently, a strong difference
between neutrino and antineutrino cross sections has been obtained within this model, with
the 2p2h effects being significantly larger for antineutrinos than for neutrinos [59].

Two other effective models to account for MEC/2p2h effects have been proposed by
Bodek et al. [60] (transverse enhancement model (TEM)) and Lalakulich et al. [61]. The TEM
can easily be implemented in MC event generators [62]. It assumes that it is sufficient to
describe properly an enhancement of the transverse electron QE response function keeping
all other ingredients as in the free nucleon target case. Thus, some effective proton and
neutron magnetic form factors are fitted to electron-nucleus data and later they are used,
together with the free nucleon axial current, to study CCQE processes. It is to say, the TEM
assumes that there are no nuclear medium effects (RPA, 2p2h mechanisms, etc. . .) affecting
those nuclear response functions induced by the nucleon axial-vector current. Despite of a
certain phenomenological success to describe the MiniBooNE data [60, 62], such assumption
seems quite unjustified.

In the model of [61], the multinucleon mechanism contributions are parametrized as
phase space multiplied by a constant which is fitted to the difference of the energy-separated
MiniBooNE data and the calculated QE cross section. RPA effects are not taken into account
in [61]. Since these tend to lower the cross section in particular at forward muon angles,
the model of [61] underestimates the contributions of 2p2h effects there. Indeed, the authors
of this reference find that the shape and over-all size of the 2p2h contribution turns out to
be rather independent of the muon angle. This is in sharp contrast with the microscopical
results obtainedwithin the IFIC [37, 56] and SuSamodels [59], that find the 2p2h contribution
becomes significantly less important as the muon scattering angle increases.
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3.3.2. Perspectives to Measure the MEC/2p2h Contribution

The unambiguous experimental measurement of the MEC contribution to the CC inclusive
cross section can be made by detecting hadrons in the final state. All the microscopic
models provide up to now only the MEC/2p2h contribution to the muon inclusive 2D
differential cross section: d2σν��/dΩ(k̂′)dE′

� . Such models cannot describe detailed exclusive
cross sections (looking into the nucleon side), as explicit FSI effects, that modify the
outgoing nucleon spectra, have not been addressed yet in these microscopical models. It is
reasonable to assume that at the level of the primary reaction mechanism, they produce only
slight changes in d2σν��/dΩ(k̂′)dE′

�
, leaving almost unchanged the integrated cross sections

[26, 27].
A model to describe hadrons in the final state was proposed in [62]. It was

implemented in theNuWroMC event generators and its predictions were used in the analysis
of recent MINERvA antineutrino CCQE data.

In the papers [61, 62] various observables are discussed which can be used to detect
MEC contribution. One option is to look at proton pairs in the final state. Another possibility
is to investigate the distribution of visible energy which allows to include contributions from
protons below reconstruction threshold. The basic intuition from the electron scattering is that
MEC events populate the region between QE and Δ peaks. Typically, to have an MEC event
more energy must be transferred to the hadronic system than for a CCQE one. However, it
should be stressed that the precisionwithwhich FSI effects are currently handled inMC codes
can make such a measurement difficult. During the last few years FSI studies were focused
on pions only [63] aiming at understanding recent pion production data on nuclear targets
[64]. Nucleons in the final state were never studied with a similar precision so there is less
data to benchmark nucleon FSI effects.

3.4. Monte Carlo Event Generators

Monte Carlo codes (GENIE, NuWro, Neut, Nuance, etc.) describe CCQE events using a
simple RFG model, with FSI effects implemented by means of a semiclassical intranuclear
cascade. NuWro offers also a possibility to run simulations with spectral function and an
effective momentum-dependent nuclear potential. It is also by now the only MC generator
with implementation of MEC dynamics. Since the primary interaction and the final state
effects are effectively decoupled, FSI do not change the total and outgoing lepton differential
cross sections.

3.5. Neutrino Energy Reconstruction

Neutrino oscillation probabilities depend on the neutrino energy, unknown for broad fluxes
and often estimated from the measured angle and energy of the outgoing charged lepton
� only. This is the situation of the experiments with Cherenkov detectors where protons in
the final state are usually below the Cherenkov threshold. Then, it is common to define a
reconstructed neutrino energy Erec (neglecting binding energy and the difference of proton
and neutron masses) as follows:

Erec =
ME� −m2

�
/2

M − E� +
∣∣�p�

∣∣ cos θ�
, (3.1)



14 Advances in High Energy Physics

which would correspond to the energy of a neutrino that emits a lepton, of energy E� and
three-momentum �p� , with a gauge bosonW being absorbed by a free nucleon of massM at
rest in a CCQE event. Each event contributing to the flux averaged double-differential cross
section dσ/dE�d cos θ� defines unambiguously a value of Erec. The actual (“true”) energy,
E, of the neutrino that has produced the event will not be exactly Erec. Actually, for each
Erec, there exists a distribution of true neutrino energies that give rise to events whose
muon kinematics would lead to the given value of Erec. In the case of genuine QE events,
this distribution is sufficiently peaked (the Fermi motion broadens the peak and binding
energy shifts it a little) around the true neutrino energy to make the algorithm in (3.1)
accurate enough to study the neutrino oscillation phenomenon [65] or to extract neutrino
flux unfolded CCQE cross sections from data (assuming that the neutrino flux spectrum is
known) [66, 67]. The effect of this assumption on the much more demanding measurement
of CP-violation effects is currently being evaluated.

However, and due to presence of multinucleon events, there is a long tail in the
distribution of true energies associated to each Erec that makes the use of (3.1) unreliable.
The effects of the inclusion of multinucleon processes on the energy reconstruction have been
noticed in [62] and investigated in [66], within the Lyon 2p2h model and also estimated in
[68], using the simplifiedmodel of [61] for the multinucleonmechanisms. This issue has been
more recently also addressed in the context of the IFIC 2p2h model in [67], finding results in
a qualitative agreement with those of [66, 68].

In [67] it is also studied in detail the 12C unfolded cross section published in [12]. It
is shown there that the unfolding procedure is model dependent. Moreover, it is also shown
that the MiniBooNE published CCQE cross section as a function of neutrino energy differs
from the real one. This is because the MiniBooNE analysis assumes that all the events are QE.
The authors of [67] finally conclude that the MiniBooNE unfolded cross section exhibits an
excess (deficit) of low (high) energy neutrinos, which is mostly an artifact of the unfolding
process that ignores multinucleon mechanisms.

3.6. NC Elastic

MiniBooNE has also measured flux integrated NC elastic reaction cross section [69]. Using
these data, the best fit value of the axial mass was found te be MA = 1.39 ± 0.11GeV.
The measurement was possible because the MiniBooNE Cherenkov detector can observe
also scintillation light from low momentum nucleons. An attempt was done to measure the
nucleon strange quark component using the proton enriched sample of events with a result
consistent with zero: Δs = 0.08 ± 0.26.

3.6.1. Theoretical Considerations

The MiniBooNE NCEl data were analyzed in [70]. The fit was done to the Q2 distribution of
events with the best fit value of MA equal to 1.28 ± 0.05GeV. Moreover the authors of [71]
concluded that axial mass as large as 1.6GeV is still too small to reproduce the MiniBooNE
NCEl data. Critical discussion of this statement can be found in [72].

4. The Resonance Region

In the RES region the degrees of freedom are hadronic resonances, with the most important
being the Δ(1232). Typical final states are those with a single pion. During the last five
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years several new pion production measurements have been performed. In all of them
the targets were nuclei (most often carbon) and interpretation of the data in terms of the
neutrino-nucleon cross section needed to account for nuclear effects, impossible to do in a
model independent manner. Because of that it has become a standard that the published
data include nuclear effects with most uncertain FSI. Perhaps not surprisingly, in several
papers old deuterium ANL and BNL pion production data were reanalyzed aiming to better
understand the pion production reaction on free nucleons. Theoretical models became more
sophisticated and the major improvement was a development of well justified mechanisms
for the nonresonant contribution in the Δ region. Some papers addressed the problem of
higher resonances, a topic which will be investigated experimentally with future MINERvA
results. On the other hand, there has been a lot of activity in the area of the coherent pion
production and this subject will be discussed separately.

4.1. Experimental Results

4.1.1. NCπ0

Neutral current π0 production (NCπ0) is a background to νe appearance oscillation signal.
One is interested in a π0 leaving the nucleus and recent experimental data are given in this
format with all the FSI effects included. Signal events originate mostly from: NC1π0 primary
interaction with a π0 not being affected by FSI and NC1π+ primary interaction with the
π+ being transformed into π0 in a charge exchange FSI reaction. An additional difficulty
in interpreting the NCπ0 production comes from a coherent (COH) contribution. In the case
of MiniBooNE flux neutrino-carbon reactions (〈Eν〉 ∼ 1GeV) it is estimated to account for
∼20% of signal events [73].

Four recent measurements of NCπ0 production (K2K [74], MiniBooNE neutrinos,
MiniBooNE antineutrinos [75], SciBooNE [76]) are complementary. They use three different
fluxes: (K2K, Fermilab Booster neutrinos, and antineutrinos) and three targets: H2O (K2K),
CH2 (MiniBooNE), and C8H8 (SciBooNE). MiniBooNE presented the results in the form
of absolutely normalized cross section while K2K and SciBooNE reported only the ratios
σ(NC1π0)/σ(CC). There is an important difference in what was actually measured: K2K and
MiniBooNE present their results as measurements of final states with only one π0 and no
other mesons. SciBooNE defines the signal as states with at least one π0 in the final state
so that a contamination from 1π01π±, 2π0, and > 2π (with >1π0) final states is included
and its fraction can be estimated to be 17% [64]. Final results are presented as flux averaged
distributions of events as a function of the π0 momentum, and in the case of MiniBooNE and
SciBooNE also as a function of the π0 production angle.

4.1.2. CCπ+

MiniBooNE measured CC1π+ production cross sections, where the signal is defined as
exactly one π+ in the final state with no other mesons [77]. A variety of flux integrated
differential cross sections, often double differential were reported in Q2 and final state
particles momenta. Also absolute π+ production cross sections as a function of neutrino
energy are provided in [77]. The cross section results are much larger than NUANCE
MC predictions and the difference is on average 23%. In Figure 5(a) GiBUU and NuWro
predictions for CCπ+ are compared to the MiniBooNE data.
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Figure 5: (a) Differential cross section for CC1π+ production in the final state (all the FSI effects are
included). MiniBooNE measurement [77] is compared to GiBUU [78] and NuWro computations. (b) The
same for CCπ0 production, but only GIBUU results are shown.

4.1.3. CCπ0

MiniBooNE measured also CC1π0 production cross sections. As before, the signal is defined
as exactly oneπ0 in the final state [79]. Various differential distributions are available. There is
a dramatic discrepancy between the measured CC1π0 production cross section as a function
of neutrino energy and NUANCEMC predictions in the region of lower energies. On average
the data is larger by 56 ± 20%, but for Eν < 1GeV the disagreement is as large as a factor of 2.
In Figure 5(b) GiBUU predictions for CCπ+ are compared to the MiniBooNE data.
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4.1.4. Ratio σ(CC1π+)/σ(CCQE)

Another useful MiniBooNE measurement was the ratio σ(CC1π+)/σ(CCQE) [80]. The ratio
of CC1π+-like (one pion in the final state) to CCQE-like cross sections on CH2 as a function
of neutrino energy was measured with an accuracy of ∼10% in bins with highest statistics.
This measurement puts constraints on the theoretical models which include QE,Δ excitation,
and MEC/2p2h dynamics. But still, in order to compare with theoretical model predictions
to these data, FSI effects must be included. In order to make such a comparison easier,
MiniBooNE provided also FSI-corrected data representing the ratio of CC1π+/CCQE cross
sections at the primary interaction. The corrected results are biased by MC assumptions and
in particular they neglect most of the MEC/2p2h contributions which is contained in the QE-
like sample of events. Finally, MiniBooNE rescaled their results in order to get data points for
an isoscalar target and enable comparison to old ANL and also more recent K2K data [81].
K2K measured ratio of cross sections on bound nucleons inside the nucleus corrected for FSI
effects. CC1π+ events were not identified on an event-by-event basis.

4.1.5. Phenomenological Considerations

Due to nuclear effects a comparison to the new data is possible only for MC event generators,
sophisticated computation tools like GiBUU and also a few theoretical groups which are able
to evaluate FSI effects.

Most of the interesting work was done within GiBUU. It turned out to be very difficult
reproduce the MiniBooNE CC1π+ and CC1π0 results: the measured cross section is much
larger than theoretical computations. In the case of CC1π+ production the discrepancy is as
large as 100%. It was also noted that the reported shape of the distribution of π+ kinetic
energies is different from theoretical calculations and does not show a strong decrease at
Tπ+ > 120MeV located in the region of maximal probability for pion absorption.

The authors of [78] mention three possible reasons for the data/GiBUU predictions
discrepancy: (i) the fact that Δ excitation axial form factor was chosen to agree with the
ANL data only, neglecting the larger cross section BNLmeasurements; (ii) hypothetical 2p2h-
1π pion production contribution analogous to 2p2h discussed in the Section 3.3; (iii) flux
underestimation in the MiniBooNE experiment. For the last point, the argument gets support
from the better data/theory agreement found for the ratio, as discussed below.

In the case of NCπ0 production, a systematical comparison was done with NuWroMC
predictions with an updated FSI model for pions [64]. The overall agreement is satisfactory.
Shapes of the distributions of final state π0’s are affected by an interplay between pion FSI
such as absorption and formation time effects, understood here as an effect of a finite Δ life-
time. It is argued that NCπ0 production data can be very useful for benchmarking neutrino
MC event generators.

Because of the apparent data/MC normalization discrepancy for the CCπ+ produc-
tion, the interesting data is that for the ratio σ(CC1π+-like)/σ(CCQE-like). This observable
is free from the overall flux normalization uncertainty. However, it is not a direct observable
quantity because in the experimental analysis it is necessary to reconstruct the neutrino
energy and the procedures applied for the denominator and numerator are different. Three
theoretical predictions for the ratio were published. The Giessen group compared to the
MiniBooNE ratio data using the model described in [82] with the FSI effects modeled by
the GiBUU code [83]. There is a significant discrepancy between the model and the data
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points: the calculated ratio is smaller. For the K2K data, the GiBUU model computations are
consistent with the experimental results.

The σ(CC1π+)/σ(CCQE) ratio was also analyzed in [84]. In this analysis many
nuclear effects were included: the in medium Δ self-energy (both real and imaginary parts),
FSI effects within the cascade model of [85], RPA corrections for the CCQE. . .. Computations
did not include contributions from the nonresonant background and from higher resonances.
The contribution from the coherent pion production evaluated with the model of [86] (about
5% of the π+ signal, a surprisingly large fraction) was also included in computations. The
model predictions agree with MiniBooNE measurement for Eν < 1GeV and are below
MiniBooNE data for larger neutrino energies.

Finally, NuWroMC results for the ratio given in [87] are slightly below the data points
for larger neutrino energies.

4.2. Theoretical Analyses

It has been known since ANL and BNL pion production measurements that although being
a dominant mechanism, Δ excitation alone cannot reproduce the data and that nonresonant
background terms must be included in the theoretical models. There were many attempts in
the past to develop suitable models but usually they were not very well justified from the
theoretical point of view.

4.2.1. Nonresonant Background

A general scheme to analyze weak pion production in the Δ region based on the chiral
symmetry was proposed a few years ago in [88]. The model is supposed to work well in
the kinematical regionW < 1.3–1.4GeV that is, in theΔ region. The background contribution
is particularly important at the pion production threshold, for values of W near M + mπ .
Vector form factors are taken from the electroproduction data and fits to helicity amplitudes
[89]. Although particulary important for the channels ν�n → �−pπ0 and ν�n → �−nπ+ the
background terms contribute also to the channel ν�p → �−pπ+ changing the fitted values
of the nucleon-Δ transition matrix elements. A comparison to existing NC pion production
data was done as well and a good agreement was also found. An interesting question raised
by the authors of [88] is that of unitarity. Their approach does not satisfy requirements of the
Watson theorem and this can have some consequences for example, worse agreement with
the antineutrino pion production data.

Themodel of the nonresonant backgroundwas used by the Giessen groupwhichmade
several qualitative comparisons to both the ANL and BNL pion production data in the region
W < 1.4GeV neglecting deuterium effects [90]. In the case of neutron channels the model
predictions are much below the BNL data points and this is because the axial form factor
parameters were optimized to the ANL data only. This choice goes back to the paper [89]
where the authors came to the conclusion that the ANL and BNL data for the Δ++ excitation
are not compatible.

4.2.2. Reanalysis of Old Bubble Chamber Data

The issue of nucleon-Δ transition matrix element was discussed also in other papers. The
questions are what is the value of the CA

5 (0)? How relevant are deuterium nuclear effects in
dealing with ANL and BNL data? How much tension is there between both data samples?
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In [88] a fit was done to the ANL data in theΔ++ channel only with the results:CA
5 (0) =

0.867 ± 0.075 and MAΔ = 0.985 ± 0.082GeV. The obtained value of CA
5 (0) was very different

from what follows from off-diagonal Goldberger-Treiman relations (CA
5 (0) ≈ 1.15).

The authors of [87] made a fit to both ANL and BNL data including in the χ2, terms
with the overall flux normalization uncertainties, separate for ANL and BNL. In the fit the
deuterium nuclear effects were included as correction factors to theQ2 distributions of events,
using the results of [91]. The main conclusion was that ANL and BNL data are in fact
consistent. This statement was verified in a rigorous way using parameter goodness of fit
method [92]. In the dipole parameterization of the CA

5 (Q
2) form factor the best fit values

were found to be CA
5 (0) = 1.14 ± 0.08 andMA = 0.95 ± 0.04. Only Δ++ channel was analyzed

and like in [75] non-resonant background contributions was not included.
So far the most complete analysis of both ANL and BNL data was performed in [93]:

a nonresonant background was included and also deuterium effects were taken into account
in the systematic way. The authors made several fits with various assumptions and in the fit
IV they obtained C5

A(0) = 1.00 ± 0.11.

4.2.3. Other Theoretical Approaches

In [94] the dynamical pion cloud effects are imposed on bare quarkN − Δ transition matrix
elements. The model is able to reproduce both ANL and BNL weak pion production data.

The authors of [95] focus on the consistent use of the Δ propagator. They show that
the computations relying on the standard Rarita-Schwinger propagator could lead to an
underestimation of the weak pion production cross section.

4.3. Coherent Pion Production

In coherent pion production (COH) the target nucleus remains in the ground state. There
are four possible channels, for CC and NC reactions, neutrinos, and antineutrinos. A clear
experimental signal for the COH reaction for high energies was observed and the aim of
recent measurements was to fill a gap in the knowledge of a region around ∼1GeV COH
cross-sections. At larger neutrino energies a recent measurement was done by MINOS which
reported a NC reaction cross section at 〈Eν〉 = 4.9GeV to be consistent with the predictions
of the Berger-Sehgal model (see below).

4.3.1. Experimental Results

In the case of the NC reaction, MiniBooNE [73] and SciBooNE [96] searched for the COH
component. SciBooNE [96] evaluated the ratio of the COH NCπ0 production to the total CC
cross section as (1.16 ± 0.24)%.

For the NC reaction MiniBooNE evaluated the COH component (plus possible
hydrogen diffractive contribution about which little is known) in the NCπ0 production as
19.5% (at 〈Eν〉 ∼ 1GeV) and then the overall flux averaged overall NC1π0 cross section
as (4.76 ± 0.05 ± 0.76) · 10−40 cm2/nucleon. Unfortunately, it is difficult to translate both
measurements into the absolutely normalized value of the NC COH cross section because of
strong dependence on the NUANCE MC generator used in the data analysis. In NUANCE,
RES, COH, and BGR (nonresonance background) NCπ0 reactions are defined according to
primary interaction and COH pions are also subject to FSI. In the MiniBooNE analysis the fit
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is done for the composition of the sample of NCπ0 events in terms of three components, and
the COH fraction is defined as xCOH/(xCOH + xRES).

In the case of the CC reaction, K2K [97] and SciBooNE [98] reported no evidence for
the COH component. For the K2K analysis, the 90% confidence limit upper bound for the
COH cross sections on carbon was estimated to be 0.6% of the inclusive CC cross section. The
SciBooNE upper limits (also for the carbon target) are 0.67% at 〈Eν〉 ∼ 1.1GeV, and 1.36% at
〈Eν〉 ∼ 2.2GeV. SciBooNE reported also the measurement of the ratio of CC COH π+ to NC
COH π0 production and estimated it as 0.14+0.30−0.28. This is a surprisingly low value, which
disagrees with results from the theoretical models which at SciBooNE energies typically
predict values somehow smaller 2. For massless charged leptons isospin symmetry implies
the value of 2 for this ratio and the finite mass corrections make the predicted ratio smaller.

4.3.2. Theoretical Developments

Higher neutrino energy (〈Eν〉 ≥ 2GeV) COH production data (including recent NOMAD
measurement) were successfully explained with a PCAC based model [99]. Adler’s theorem
relates σCOH(ν+X → ν+X+π0) atQ2 → 0 to σ(π0 +X → π0 +X). Subsequently, the model
for the CC reaction, has been upgraded [100] to include lepton mass effects important for low
Eν studies. The new model predicts the σCOH(π+)/σCOH(π0) ratio at Eν = 1GeV to be 1.45
rather than 2. Another important improvement was to use a better model for dσ(π + 12C →
π + 12C)/dt in the region of pion kinematical energy 100MeV < Tπ < 900MeV. As a result,
the predicted COH cross section from the model became reduced by a factor of 2-3 [101]. The
PCAC-based approach was also discussed in [102] and critically rederived in [103].

At lower energies the microscopic Δ dominance models for the COH reaction [104–
108] are believed to be more reliable. Within microscopic models there are still various
approaches, for example, due to differences in the treatment of the nonresonant background.
The absolute normalization of the predicted cross section depends on the adopted value of
theN → Δ form factor CA

5 (0) because σCOH ∼ (CA
5 (0))

2.

4.4. MC Generators

Almost all MC events generators rely on the old Rein-Sehgal resonance model for pion
resonance production [109]. The model is based on the quark resonance model and includes
contributions from 18 resonances covering the region W < 2GeV. The model is easily
implementable in MC generators and it has only one set of vector and axial form factors.
In the original model, the charged lepton is assumed to be massless and prescriptions to cope
with this problem were proposed in [100, 110]. It was also realized that the RS model can be
improved in the Δ region by modifying both vector and axial form factors using either old
deuterium or new MiniBooNE pion production data [21, 111, 112].

As for coherent pion production, all the MCs use the Rein-Sehgal COH model [99].
The analysis of MC event generators and theoretical models done in [22] show that in the
1-2GeV energy region, the Rein Sehgal COH model predictions disagree significantly with
all the recent theoretical computations and experimental results.

A crucial element of MC is the FSI model. These are typically semiclassical intra-
nuclear cascade models. The topic of FSI goes far beyond the scope of this paper and we
only note that the progress in understanding the experimental data requires more reliable
FSI models. The existing models should be systematically benchmarked with electro- and
photoproduction data as it was done in the case of GIBUU.
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4.5. Duality

Bridging the region between RES and DIS (where with a good approximation interactions
occur on quarks) dynamics is a practical problem which must be resolved in all MC event
generators. In MC event generators “DIS” is defined as “anything but QE and RES,” what
is usually expressed as a condition on the invariant hadronic mass of the type W > 1.6GeV
or W > 2GeV or so. Notice however that such a definition of “DIS” contains a contribution
from the kinematical region Q2 < 1GeV2 which is beyond the applicability of the genuine
DIS formalism. RES/DIS transition region is not only a matter of an arbitrary choice but is
closely connected with the hypothesis of quark-hadron duality.

Investigation of structure functions introduced in the formalism of the inclusive
electron-nucleon scattering led Bloom and Gilman to the observation that the average
over resonances is approximately equal to the leading twist contribution measured in the
completely different DIS region. One can distinguish two aspects of duality: (i) resonant
structure functions oscillate around a DIS scaling curve; (ii) the resonant structure functions
for varying values of Q2 slide along the DIS curve evaluated at fixed Q2

DIS.
In order to quantify the degree in which the duality is satisfied one defines the ratio of

integrals over structure functions from RES and DIS:

R
(
Q2, Q2

DIS

)
=

∫ ξmax

ξmin
dξFj

(
ξ,Q2)

∫ ξmax

ξmin
dξFj

(
ξ,Q2

DIS

) . (4.1)

The integrals are in the Nachtmann variable ξ(x,Q2) = 2x/(1 +
√
1 + 4x2M2/Q2) and the

integration region is defined as Wmin < W < Wmax. Typically Wmin = M + mπ and Wmax =
1.6, . . . , 2.0GeV. In the case of DIS, the value of Q2

DIS is much larger and as a consequence the
integral over ξ runs over a quite different region inW .

Neutrino-nucleon scattering duality studies are theoretical in their nature because the
precise data in the resonance region are still missing. The duality was studied in three papers:
[94, 113, 114]. For neutrino interactions the duality can be satisfied only for the isospin
average target. This is because the RES structure functions for proton are much larger than
for neutron and in the case of DIS structure functions the situation is opposite.

Theoretical studies were done with a model which contains resonances from the first
and second resonance region but not the background contribution and with the Rein-Sehgal
model which is commonly used in MC event generators. If the resonance region is confined
toW < 1.6GeV the duality as defined in (4.1) is satisfied at the 75–80% level. If the resonance
region is extended to W < 2GeV the value of the integral in (4.1) is only about 50%. These
results are to some extent model dependent but a general tendency is that for largerW , DIS
structure functions are much larger than the resonance contribution, as clearly seen from
Figure 3 in [113] and Figure 7 in [114]. As shown in [114] there is also a 5% uncertainty
coming from an arbitrary choice of Q2

DIS.
Two component duality hypothesis states that resonance contribution is dual to the

valence quarks and the nonresonant background to the sea. Investigation done within the
Rein Sehgal model withW < 2GeV revealed no signature of two component duality. Quark-
hadron duality was also investigated in the case of neutrino nucleus interactions [115].

As a practical procedure for addressing this region, Bodek and Yang [116] have
introduced and refined a model that is used by many contemporary neutrino event
generators such as NEUGEN and its successor GENIE to bridge the kinematic region between
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the Delta and full DIS. The model has been developed for both neutrino- and electron-
nucleon inelastic scattering cross sections using leading order parton distribution functions
and introducing a new scaling variable they call ξw.

Nonperturbative effects that are prevalent in the kinematic region bridging the
resonance and DIS regimes are described using the ξw scaling variable, in combination
with multiplicative K factors at low Q2. The model is successful in describing inelastic
charged lepton-nucleon scattering, including resonance production, from high-to-low Q2. In
particular, the model describes existing inelastic neutrino-nucleon scattering measurements.

Their proposed scaling variable, ξw is derived using energy momentum conservation
and assumptions about the initial/final quark mass and PT . Parameters are built into the
derivation of ξw to account (on average) for the higher order QCD terms and dynamic higher
twist that is covered by an enhanced target mass term.

At the juncture with the DIS region, the Bodek-Yang model incorporates the GRV98
[117] LO parton distribution functions replacing the variable x with ξw. They introduce “K-
factors”, different for sea and valence quarks, to multiply the PDFs so that they are correct
at the low Q2 photo-production limit. A possible criticism of the model is the requirement of
using the rather dated GRV98 parton distribution functions in the DIS region so the bridge to
the lowerW kinematic region is seamless.

5. ν-A Deep-Inelastic Scattering: Introduction

Although deep-inelastic scattering (DIS) is normally considered to be a topic for much higher
energy neutrinos, wide-band beams such as the Fermilab NuMI and the planned LBNE
beams do have real contributions from DIS that are particularly important in feed down
to the background that must be carefully considered. In addition, there are x-dependent
nuclear effects that should be taken into account when comparing results from detectors with
different nuclei and even when comparing results from “identical” near and far detectors
when the neutrino spectra entering the near and far detectors are different.

For this paper, the definition of deep-inelastic scattering (DIS) is the kinematic-based
definition with W ≥ 2.0GeV and Q2 ≥ 1.0GeV. This is mostly out of the resonance
production region and allows a fit to parton distribution functions. As said in Introduction,
this is unfortunately not the definition used by several modern Monte Carlo generators that
do not differentiate between simply “inelastic” interactions and deep-inelastic interactions
calling everything beyond the Delta simply DIS. This is an unfortunate confusing use of
nomenclature by the generators.

In general, deep-inelastic scattering offers an opportunity to probe the partonic
structure of the nucleon both in its free state and when the nucleon is bound in a nucleus.
Description of the partonic structure can include parton distribution functions (PDFs) giving
the longitudinal, transverse, and spin distributions of quarks within the nucleon as well as,
for example, the hadron formation zone giving the time/length it takes for a struck quark to
fully hadronize into a strong-interacting hadron.

Neutrino scattering can play an important role in extraction of these fundamental
parton distribution functions (PDFs) since only neutrinos via the weak interaction can
resolve the flavor of the nucleon’s constituents: ν interacts with d, s, u and c while the ν
interacts with u, c, d and s. The weak current’s unique ability to “taste” only particular
quark flavors significantly enhances the study of parton distribution functions. High-statistics
measurement of the nucleon’s partonic structure, using neutrinos, could complement studies
with electromagnetic probes.
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In the pursuit of precision measurements of neutrino oscillation parameters,
large data samples and dedicated effort to minimize systematic errors could allow
neutrino experiments to independently isolate all SIX of the weak structure functions
FνN1 (x,Q2), FνN1 (x,Q2), FνN2 (x,Q2), FνN2 (x,Q2), xFνN3 (x,Q2), and xFνN3 (x,Q2) for the first
time. Then, by taking differences and sums of these structure functions, specific parton
distribution functions in a given (x,Q2) bin can in turn be better isolated. Extracting this
full set of structure functions will rely on the y-variation of the structure function coefficients
in the expression for the cross-section. In the helicity representation, for example:

d2σν

dxdQ2
=

G2
F

2πx

[
1
2

(
Fν2

(
x,Q2

)
+ xFν3

(
x,Q2

))

+

(
1 − y)2

2

(
Fν2

(
x,Q2

)
− xFν3

(
x,Q2

))
− 2y2FνL

(
x,Q2

)]
,

(5.1)

where FL is the longitudinal structure function representing the absorption of longitudinally
polarized Intermediate Vector Boson.

By analyzing the data as a function of (1 − y)2 in a given (x,Q2) bin for both ν and ν,
all six structure functions could be extracted.

Somewhat less demanding in statistics and control of systematics, the “average”
structure functions F2(x,Q2) and xF3(x,Q2) can be determined from fits to combinations
of the neutrino and antineutrino differential cross sections and several assumptions. The sum
of the ν and ν differential cross sections, yielding F2 then can be expressed as follows:

d2σν

dxdy
+
d2σν

dxdy
=
G2
FME

π

[
2

(
1 − y − Mxy

2E
+
y2

2
1 + 4M2x2/Q2

1 + RL

)
F2 + y

(
1 − y

2

)
ΔxF3

]
,

(5.2)

where RL is equal to σL/σT and now F2 is the average of Fν2 and Fν2 and the last term is
proportional to the difference in xF3 for neutrino and antineutrino probes,ΔxF3 = xFν3 −xFν3 .
In terms of the strange and charm parton distribution function s and c, at leading order,
assuming symmetric s and c seas, this is 4x(s − c).

The cross sections are also corrected for the excess of neutrons over protons in the
target (e.g., the Fe correction is 5.67%) so that the presented structure functions are for an
isoscalar target. A significant step in the determination of F2(x,Q2) in this manner that affects
the low-x values is the assumedΔxF3 andRL(x,Q2). Recent analyses use, for example, a NLO
QCDmodel as input (TRVFS [118, 119]) and assumes an input value of RL(x,Q2) that comes
from a fit to the world’s charged-lepton measurements [120]. This could be an additional
problem since, as will be suggested, RL(x,Q2) can be different for neutrino as opposed to
charged-lepton scattering.

The structure function xF3 can be determined in a similar manner by taking the
difference in ν and ν differential cross sections.
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5.1. The Physics of Deep-Inelastic Scattering

There have been very few recent developments in the theory of deep-inelastic scattering.
The theory has been well established for years. The most recent developments in neutrino
DIS scattering involve the experimental determination of parton distribution functions of
nucleons within a nucleus, so-called nuclear parton distribution functions (nPDF). The more
contemporary study of ν nucleus deep-inelastic scattering using high-statistics experimental
results with careful attention to multiple systematic errors began with the CDHSW,
CCFR/NuTeV ν Fe, the NOMAD ν C, and the CHORUS ν Pb experiments. Whereas NuTeV
[121] and CHORUS [122] Collaborations have published their full data sets, NOMAD [123]
has not yet done so. This short summary of DIS physics will concentrate on nuclear/nucleon
parton distribution functions.

5.1.1. Low-and-High Q2 Structure Functions: Longitudinal and Transverse

Since the current and future neutrino beams designed for neutrino oscillation experiments
will be concentrating on lower energy neutrinos (1–5GeV), many of the interactions will be at
the lower-Q edge of DIS or even in the “soft” DIS region, namely,W ≥ 2.0GeV however, with
Q2 ≤ 1.0GeV2. Understanding the physics of this kinematic region is therefore important.

Since both the vector and axial-vector part of the transverse structure function FT
go to 0 at Q2 = 0 (similar to �± charged-lepton vector current scattering), the low-Q2

region ν and ν cross sections are dominated by the longitudinal structure function FL. The
longitudinal structure function is composed of a vector and axial-vector component FVC

L

and FAC
L and the low-Q2 behavior of these components is not the same as in the transverse

case. The conservation of the vector current (CVC) suggests that FVC
L behaves as the vector

current in charged-lepton scattering and vanishes at low Q2. However, the axial-vector
current is not conserved and is related to the pion field via PCAC, so there is a surviving
low Q2 contribution from this component [124] and FAC

L dominates the low Q2 behavior.
Consequently, the ratio R = FL/FT is divergent for neutrino interactions. This is substantially
different from the scattering of charged leptons for which R is vanishing as Q2 and using
measurement of R from charged lepton scattering to determine F2 for neutrino scattering
is obviously wrong for lower Q. In addition, this non-vanishing and dominant longitudinal
structure function could be important for the interpretation of low-Q2 nuclear effects with
neutrinos to be described shortly.

5.1.2. Low-and-High Q2 Structure Functions: 1/Q2 Corrections

Using a notation similar to that of [125], the total structure function can be expressed in a
phenomenological form:

Fi
(
x,Q2

)
= FLT

i

(
x,Q2

)(
1 +

C4(x)
Q2

)
, (5.3)

where i = 1, 2, 3 refers to the type of the structure function. Using i = 2 as an example,
then FLT

2 is the leading twist component that has already included target mass corrections
(TMC) and C4 is the coefficient of the twist-4 term, the first higher-twist term proportional
to (1/Q2). There are, of course, further higher-twist terms H(T = 6)

i (x)/Q4 + · · · proportional
to ever increasing powers of 1/Q2 however, for most phenomenological fits, the dominant
leading twist plus twist-4 term are sufficient to describe the data. The target mass corrections
are kinematic in origin and involve terms suppressed by powers ofM2/Q2 while the higher



Advances in High Energy Physics 25

twist terms are dynamical in origin and are suppressed as mentioned by powers of 1/Q2.
These higher-twist terms are associated with multiquark or quark and gluon fields and it is
difficult to evaluate their magnitude and shape from first principles. As with the kinematic
target mass corrections, these must be taken into account in analyses of data at low Q2 and
especially at large x. At higherQ2 the contribution of the HT terms is negligible and there are
various global fits [126, 127] to the structure functions (among various scattering input) to
determine the parton distribution functions (PDFs) that do not include any HT terms.

The analysis of nuclear PDFs to be described shortly uses data from a TeVatron
neutrino experiment at very high neutrino energies and thus is one of the analyses that
does not need to be concerned with higher-twist corrections. However, the current neutrino-
oscillation oriented beam-lines are not high-energy and the analyses of this data may indeed
need to consider both target mass corrections and higher-twist. If indeed inclusion of higher-
twist in these analyses becomes necessary, the authors of [125] stress the importance of
explicitly including both the target mass corrections and the higher twist corrections, even
though they have very different physical origin and can have very different x dependence. It
is important to note, as mentioned, that there are both nucleon and nuclear PDFs depending
on the target. The relation between them, called nuclear correction factors, are currently being
studied for both ν-A and �±A. There are early indications that the nuclear correction factors
for these two processes may not be the same.

6. Recent DIS Measurements: Neutrino Iron Scattering Results

The difficulty, of course, is that modern neutrino oscillation experiments demand high
statistics which means that the neutrinos need massive nuclear targets to acquire these
statistics. This, in turn, complicates the extraction of free nucleon PDFs and demands nuclear
correction factors that scale the results on a massive target to the corresponding result on a
nucleon target. The results of the latest study of QCD using neutrino scattering comes from
the NuTeV experiment [121]. The NuTeV experiment was a direct followup of the CCFR
experiment using nearly the same detector as CCFR but with a different neutrino beam. The
NuTeV experiment accumulated over 3 million ν and ν events in the energy range of 20 to
400GeV off a manly Fe target. A comparison of the NuTeV results with those of CCFR and
the predictions of the major PDF-fitting collaborations (CTEQ andMRST [126, 127]) is shown
in Figure 6.

The main points are that the NuTeV F2 agrees with CCFR for values of xBj ≤ 0.4 but
is systematically higher for larger values of xBj culminating at xBj = 0.65 where the NuTeV
result is 20% higher than the CCFR result. NuTeV agrees with charged lepton data for xBj ≤
0.5 but there is increasing disagreement for higher values. Although NuTeV F2 and xF3 agree
with theory for medium x, they find a differentQ2 behavior at small x and are systematically
higher than theory at high x. These results can be summarized in four main questions to ask
subsequent neutrino experiments.

(i) At high x, what is the behavior of the valence quarks as x → 1.0?

(ii) At all x andQ2, what is yet to be learned if we can measure all six ν and ν structure
functions to yield maximal information on the parton distribution functions?

(iii) At all x, how do nuclear effects with incoming neutrinos differ from nuclear effects
with incoming charged leptons?
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Figure 6: A comparison of the measurements of the F2 structure function by NuTeV and CCFR and the
predictions from the global PDF fits of the MRST and CTEQ collaboration [128] that does not use the
NuTeV data points as input to their fit. The model predictions have already been corrected for target mass
and, most significantly, nuclear effects assuming these corrections are the same for charge-lepton and neutrino
interactions.

This last item highlights an overriding question when trying to get a global view
of structure functions from both neutrino and charged-lepton scattering data. How do we
compare data off nuclear targets with data off nucleons and, the associated question, how
do we scale nuclear target data to the comparable nucleon data. In most PDF analyses, the
nuclear correction factors were taken from �±-nucleus scattering and used for both charged-
lepton and neutrino scattering. Recent studies by a CTEQ-Grenoble-Karlsruhe collaboration
(called nCTEQ) [129] have shown that theremay indeed be a difference between the charged-
lepton and neutrino correction factors.

The data from the high-statistics ν-DIS experiment, NuTeV summarized above, was
used to perform a dedicated PDF fit to neutrino-iron data [130]. The methodology for this
fit is parallel to that of the previous global analysis [131] but with the difference that only Fe
data has been used and no nuclear corrections have been applied to the analyzed data; hence,
the resulting PDFs are for a proton in an iron nucleus-nuclear parton distribution functions
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Figure 7:Nuclear correction factorR for the average F2 structure function in charged current νFe scattering
atQ2 = 1.2, 2.0, 3.2, and 5.0GeV2 compared to the measured NuTeV points. The green dashed curve shows
the result of the nCTEQ analysis of νA (CHORUS, CCFR, and NuTeV) differential cross sections plotted
in terms of the average FFe

2 divided by the results obtained with the reference fit (free proton) PDFs. For
comparison, the nCTEQ fit to the charged-lepton data is shown by the solid blue curve.

(for more details of the fitting techniques and resulting comparisons with charged-lepton
scattering see Part II of [132]).

By comparing these iron PDFs with the free-proton PDFs (appropriately scaled) a
neutrino-specific heavy target nuclear correction factor R can be obtained which should be
applied to relate these two quantities. It is also of course possible to combine these fitted
nPDFs to form the individual values of the average of F2(νA) and F2(νA) for a given x,Q2 to
compare directly with the NuTeV published values of this quantity. This was recently done
and the nCTEQ preliminary results [133] for low-Q2 are shown in Figure 7. Although the
neutrino fit has general features in common with the charged-lepton parameterization, the
magnitude of the effects and the x-region where they apply are quite different. The present
results are noticeably flatter than the charged-lepton curves, especially at low- and moderate-
x where the differences are significant. The comparison between the nCTEQ fit, that passes
through the NuTeV measured points, and the charged-lepton fit is very different in the
lowest-x, lowest-Q2 region and gradually approaches the charged-lepton fit with increasing
Q2. However, the slope of the fit approaching the shadowing region from higher x where
the NuTeV measured points and the nCTEQ fit are consistently below the charged-lepton A
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fit, make it difficult to reach the degree of shadowing evidenced in charged-lepton nucleus
scattering at even higher Q2.

The general trend is that the antishadowing region is shifted to smaller x values, and
any turn-over at low x is minimal given the PDF uncertainties. More specifically, there is no
indication of “shadowing” in the NuTeV neutrino results at low-Q2. In general, these plots
suggest that the size of the nuclear corrections extracted from the NuTeV data are smaller
than those obtained from charged lepton scattering.

6.1. Comparison of the �±A and νA Nuclear Correction Factors

For the nCTEQ analysis, the contrast between the charged-lepton (�±A) case and the
neutrino (νA) case is striking. While the nCTEQ fit to charged-lepton and Drell-Yan data
generally align with the other charged-lepton determinations, the neutrino results clearly
yield different behavior as a function of x, particularly in the shadowing/antishadowing
region. In the ν case, these differences are smaller but persist in the low-x shadowing region.
The nCTEQ collaboration emphasize that both the charged-lepton and neutrino results come
directly from global fits to the data, there is no model involved. They further suggest that
this difference between the results in charged-lepton and neutrino DIS is reflective of the
long-standing “tension” between the light-target charged-lepton data and the heavy-target
neutrino data in the historical global PDF fits [134, 135]. Their latest results suggest that the
tension is not only between charged-lepton light-target data and neutrino heavy-target data,
but also between neutrino and charged-lepton heavy-target data. In other words a difference
between charged-lepton (�±A) and the neutrino (νA) when comparing the same A.

Concentrating on this interesting difference found by the nCTEQ group, if the nuclear
corrections for the �±A and νA processes are indeed different there are several far-reaching
consequences. Considering this, the nCTEQ group has performed a unified global analysis
[129] of the �±A, DY, and νA data (accounting for appropriate systematic and statistical
errors) to determine if it is possible to obtain a “compromise” solution including both �±A
and νA data. Using a hypothesis-testing criterion based on the χ2 distribution that can be
applied to both the total χ2 as well as to the χ2 of individual data sets, they found it was not
possible to accommodate the data from νA and �±A DIS by an acceptable combined fit.

That is, when investigating the results in detail, the tension between the �±Fe and νFe
data sets permits no possible compromise fit which adequately describes the neutrino DIS data
along with the charged-lepton data and, consequently, �±Fe and νFe based on the NuTeV
results, have different nuclear correction factors.

A compromise solution between νA and �±A data can be found only if the full
correlated systematic errors of the νA data are not used and the statistical and all systematic
errors are combined in quadrature thereby neglecting the information contained in the
correlation matrix. In other words the larger errors resulting from combining statistical and
all systematic errors in quadrature reduces the discriminatory power of the fit such that the
difference between νA and �±A data are no longer evident. This conclusion underscores the
fundamental difference [129] of the nCTEQ analysis with other contemporary analyses.

On the other hand, a difference between νA and �±A is not completely unexpected,
particularly in the shadowing region, and has previously been discussed in the literature
[136, 137]. The charged-lepton processes occur (dominantly) via γ-exchange, while the
neutrino-nucleon processes occur via W±-exchange. The different nuclear corrections could
simply be a consequence of the differing propagation of the hadronic fluctuations of the
intermediate bosons (photon, W) through dense nuclear matter. Furthermore, since the
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structure functions in neutrino DIS and charged lepton DIS are distinct observables with
different parton model expressions, it is clear that the nuclear correction factors will not
be exactly the same. What is, however, unexpected is the degree to which the R factors
differ between the structure functions FνFe2 and F�Fe2 . In particular the lack of evidence for
shadowing in neutrino scattering at low Q2 down to x ∼ 0.02 is quite surprising.

Should subsequent experimental results confirm the rather substantial difference
between charged-lepton and neutrino scattering in the shadowing region at low-Q2 it is
interesting to speculate on the possible cause of the difference. A recent study of EMC,
BCDMS and NMC data by a Hampton University, Jefferson Laboratory collaboration [138]
suggests that anti-shadowing in charged-lepton nucleus scattering may be dominated by
the longitudinal structure function FL. As a by-product of this study, their figures hint that
shadowing in the data of EMC, BCDMS, and NMC μA scattering was being led by the
transverse cross section with the longitudinal component crossing over into the shadowing
region at lower x compared to the transverse.

As summarized earlier, in the low-Q2 region, the neutrino cross section is dominated
by the longitudinal structure function FL via axial-current interactions since FT vanishes
as Q2 as Q2 → 0 similar to the behavior of charged lepton scattering. If the results of the
NuTeV analysis are verified, one contribution to the different behavior of shadowing at low-
Q2 demonstrated by νA and �A, in addition to the different hadronic fluctuations in the two
interactions, could be due to the different mix of longitudinal and transverse contributions to
the cross section of the two processes in this kinematic region.

Another hypothesis of what is causing the difference between neutrino and charged-
lepton shadowing results comes from Guzey et al. [139]who speculates that at low x, low-Q2

the value of y is close to unity and the neutrino interactions primarily probe the down and
strange quarks. This is very different than the situation with charged-lepton scattering where
the contribution from down and strange quarks are suppressed by a factor of 1/4 compared
to the up and charm. Therefore, the discrepancy between the observed nuclear shadowing in
lepton-nucleus total cross section at small x and shadowing in total neutrino-nucleus cross
section could be caused by the absence of nuclear shadowing in the nuclear strange quark
distributions as extracted from the neutrino-nucleus data or even the poor knowledge of the
strange-quark distribution in the free-nucleon that affects the neutrino-nucleus ratio more
than the charged-lepton ratio.
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Neutrinos from supernovae constitute important probes of both the currently unknown supernova
mechanisms and of neutrino properties. Reliable information about the nuclear responses to
supernova neutrinos is therefore crucial. In this work, we compute the cross sections for the
charged-current neutrino-nucleus scattering off the even-even molybdenum isotopes. The nuclear
responses to supernova neutrinos are subsequently calculated by folding the cross sections with a
Fermi-Dirac distribution.

1. Introduction

Studies of neutrino-nucleus interactions with neutrinos of low and intermediate incoming
energies (i.e., neutrino energies in the range up to a few hundred MeV) are of great
importance for the disentanglement of various unresolved questions in astrophysics, particle
physics, and nuclear physics [1, 2]. Supernovae (type II) constitute the inevitable deaths of
very massive stars initiated by the collapse of their iron cores. For the details of supernova
physics, see for example, [3–5]. In a supernova event, about 99% of the explosion energy is
emitted as neutrinos of all flavors. A future detection of neutrinos from a coming supernova
would therefore provide a wealth of valuable information both on the currently unknown
supernova mechanisms and the associated nucleosynthesis of heavy elements. A high-
statistics observation of the neutrino signal from the next nearby supernova could in addition
provide important information on unknown neutrino properties (see e.g., [6]). It has for
example, been shown by simulations [7] that the signal produced by supernova neutrinos
in a large-scale detector such as the IceCube [8] probably could be used to disentangle the
important question of normal-or-inverted neutrino-mass hierarchy. As has been proposed by
Volpe [9, 10], charged-current neutrino-nucleus scattering with neutrinos from low-energy
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neutrino beams could in the future be exploited for spectroscopy of the virtual states involved
in neutrinoless double-beta decay (see e.g., [11]) and consequently constrain theoretical
predictions for the associated nuclear matrix elements.

Neutrinos from astrophysical sources can be detected by Earth-bound detectors by
using charged-current and/or neutral-current interactions in nuclei [12]. For a recent review
on experimental methods for detection of supernova neutrinos, see [13]. One planned
possibility for measurements of astrophysical neutrinos (solar and supernova neutrinos) is
the MOON (Mo Observatory Of Neutrinos) experiment [14].

In this paper, we perform theoretical calculations of the cross sections for the charged-
current neutrino-nucleus scattering off the stable even-even molybdenum isotopes for
neutrino energies, which are relevant for supernova neutrinos. We also present results for the
averaged cross sections obtained by folding the cross sectionswith a Fermi-Dirac distribution.
The calculations are based on the general theory for the treatment of semileptonic processes
in nuclei, which was first introduced by O’Connell et al. [15]. This theory is discussed
comprehensively in [16]. In the present calculations, the initial and final nuclear states
are constructed by using the proton-neutron quasiparticle random-phase approximation
(pnQRPA, see e.g., [17]).

The nuclear-structure dependence of the ν-nucleus cross sections is contained in
the reduced nuclear matrix elements of various one-body operators, which depend on the
momentum transfer. With an increasing number of nuclear final states, the calculations of
these matrix elements are obviously increasingly time consuming. Therefore, in [18] we
introduced a fast method for the calculation of the involved matrix elements, which is based
on the barycentric Lagrange interpolation [19]. This method is adopted in this work and it is
shown that the obtained results are in very good agreement with exact calculations.

This paper is organized as follows. In Section 2 we outline the theoretical framework
for calculations of charged-current neutrino-nucleus cross sections. First the pnQRPA is
introduced. We then briefly summarize the formalism for computations of charged-current
neutrino-nucleus scattering off nuclei. Then, in Section 3 we present our results. Finally, in
Section 4 we draw the conclusions.

2. Theory

2.1. pnQRPA

In this work, the proton-neutron quasiparticle random-phase approximation (pnQRPA) is
adopted to construct the nuclear final and initial states. In this section, we therefore briefly
summarize the formalism of the pnQRPA. For a more detailed treatment, the reader is refer-
red to [17, 20].

The nuclear Hamiltonian for a general two-body residual interaction V can be
expressed in the form

H =
∑

α

εac
†
αcα +

1
4

∑

αβγδ

vαβγβc
†
αc

†
β
cδcγ , (2.1)

where the index a contains the single-particle quantum numbers na, la, and ja and α holds in
addition the magnetic quantum number mα. Here c†α is the particle creation operator and
cα denotes the corresponding particle annihilation operator. In (2.1) εa are single-particle
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energies and the antisymmetric two-body matrix elements are defined as vαβγβ = 〈αβ|V |γδ〉−
〈αβ|V |δγ〉.

The pairing correlations in this work are taken into account by adopting the BCS
(Bardeen-Cooper-Schrieffer) theory. The starting point in the BCS approach is the variational
ansatz for the BCS vacuum

|BCS〉 =
∏

α>0

(
ua − vac†αc̃†α

)
|HF〉, (2.2)

where |HF〉 is the Hartree-Fock vacuum and c̃α denotes the time-reversed particle anni-
hilation operator, which is defined as c̃α = (−1)ja+mαc−α where −α = (a,−mα). The variational
parameters ua and va in (2.2) are obtained by solving the BCS equations [17].

The quasiparticles subsequently are defined via the Bogoliubov-Valatin transforma-
tion

a†α = uac
†
α + vac̃α,

ãα = uac̃α − uac†α.
(2.3)

By using this transformation the nuclear Hamiltonian (2.1) can be cast into the form

H = H11 +H02 +H20 +H13 +H31 +H04 +H40, (2.4)

where the term Hij is proportional to a normal ordered product of i quasiparticle creation
operators and j quasiparticle annihilation operators.

In practice, the parameters of the BCS calculation are adjusted to reproduce the
experimental pairing gaps for the reference even-even nucleus under consideration. In this
work, the empirical pairing gaps have been deduced from the three-point formulae (see e.g.,
[17])

Δp =
1
4
(−1)Z+1[Sp(A + 1, Z + 1) − 2Sp(A,Z) + Sp(A − 1, Z − 1)

]
,

Δn =
1
4
(−1)A−Z+1[Sn(A + 1, Z) − 2Sn(A,Z) + Sn(A − 1, Z)],

(2.5)

where Sp(A,Z) (Sn(A,Z)) is the proton (neutron) separation energy for the nucleus (A,Z)
having mass number A and proton number Z.

In the pnQRPA, the states of the odd-odd nucleus subsequently are constructed by
coupling two-quasiparticle operators to good angular momentum Jω and parity πω. The state
vector corresponding to the excitation ω = (Jω, πω, kω) then is defined by

|ω〉 = Q†
ω

∣∣pnQRPA
〉
, (2.6)
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where |pnQRPA〉 denotes the pnQRPA vacuum and the additional quantum number kω
enumerates the states with the same angular momentum and parity. Here the pnQRPA
creation operator Q†

ω is given by

Q†
ω =
∑

pn

(
Xω
pn

[
a†pa

†
n

]

JωMω

+ Yω
pn

[
ãpãn

]
JωMω

)
, (2.7)

where the sum runs over all possible proton-neutron configurations in the adopted valence
space. The pnQRPA equations can then be written in the matrix form [17]

(
A B
−B∗ −A∗

)(
Xω

Yω

)
= Eω

(
Xω

Yω

)
, (2.8)

where Eω denotes the pnQRPA energy of the phonon ω. In (2.8) A is the well-known
pnQTDAmatrix and the matrix B contains the induced ground-state correlations. MatricesA
and B contain both a particle-particle and a particle-hole channel of the proton-neutron two-
body interaction. As is customary [11] also in this work the particle-particle and particle-hole
channels are scaled by phenomenological constants gpp and gph, respectively. This is done for
eachmultipole Jπ separately. For more details on the scaling of the pnQRPAHamiltonian, see
[20, 21]. In the present computations, these parameters are tuned for the 1+ multipole only
by using experimental observables such as beta-decay rates, the energy of the giant Gamow-
Teller resonance, and experimental energies of the low-lying states in the odd-odd nucleus
under consideration.

2.2. Charged-Current Neutrino-Nucleus Scattering

In this work, we consider charged-current neutrino and antineutrino scatterings off a nucleus
(A,Z) with mass number A and proton number Z, that is, neutrino-induced reactions of
either the form

νl + (A,Z) −→ (A,Z + 1) + l−, (2.9)

or

νl + (A,Z) −→ (A,Z − 1) + l+, (2.10)

for the lepton flavors l = e, μ, τ . The Feynman diagram for the ν-nucleus scattering that
proceed, via an exchange of aW+ boson is shown in Figure 1. In the figure kμ, (k′μ) represents
the four-momentum of the incoming (outgoing), lepton and pμ and p′μ are the four-momenta
of the initial and final nuclei. The antineutrino reaction (2.10), which is mediated by a W−

boson, can be obtained via charge-conjugation operation on Figure 1 and therefore is not
displayed here.

In this work, we employ conventions that are similar to the ones used in [22]. We
consequently define the covariant and contravariant four-vectors as aμ = (a0,−a) and aμ =
gμνaν = (a0, a), respectively, with the metric gμν = gμν = diag(1,−1,−1,−1). We thus write
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Lepton current j lept
μ

l−

k′
μ

kμ
νl

pμ

(A,Z)

p′
μ

(A,Z + 1)
qμ

W+ Hadron current Jμ

Figure 1: Charged-current neutrino scattering off a nucleus (A,Z) via the exchange of a W+ boson. The
transferred four momentum is qμ = k′μ − kμ = pμ − p′μ.

kμ = (Ek,−k) and k′μ = (Ek′ ,−k′), where Ek and Ek′ are the energies and k and k′ denote the
three-momenta of the incoming and outgoing leptons. The four-momenta of the initial and
final nuclear states take similarly the forms pμ = (Ep,−p) and p′μ = (Ep′ ,−p′), respectively.

For low-energy neutrinos, such as the supernova neutrinos that are considered in this
work, the transferred four momentum is small compared to the mass of the gauge boson
(W+ and W− resp.), that is, Q2 = −qμqμ � M2

W . The process in Figure 1 can consequently
be treated in lowest order in the coupling constant G. The effective Hamiltonian density can
then be written for the neutrino-induced reaction (2.9) in the current-current form

Hν
eff(r) =

G√
2
j
(−),lept
μ (r)J(+),μ(r), r =

(
x, y, z

)
, (2.11)

where j(−),leptμ (r) represents the charged-current lepton current and J(+),μ(r) is the hadron
current. For charge-changing interactions, the coupling constant G is given by G = GF cos θC
where GF = 1.1644× 10−5, GeV denotes the Fermi constant, and θC ≈ 13◦ is the Cabibbo angle.
For the antineutrino scattering, the effective Hamiltonian density similarly is given by

Hν
eff(r) =

G√
2
j
(+),lept
μ (r)J(−),μ(r), (2.12)

where j(+),lept(r) = (j(−)(r),lept(r))† and J(−),μ(r) = (J(+),μ(r))†. The nuclear matrix elements for
both the considered processes then take the form

〈
f
∣∣∣Hν/ν

eff

∣∣∣i
〉
=

G√
2

∫
d3r
〈
fl
∣∣∣j leptμ (r)

∣∣∣fνl
〉〈
f |Jμ(r)|i〉

=
G√
2

∫
d3re−iq·rlμ

〈
f |Jμ(r)|i〉

=
G√
2

∫
d3re−iq·r

[
l0
〈
f |J0|i

〉 − l · 〈f |J(r)|i〉],

(2.13)

where fl = l− (l+) and fνl = νl (νl) for neutrino (antineutrino) scattering. We have here
defined Jμ(r) = (J0(r), J(r)) = J(±),μ(r), and j

lept
μ (r) = j(±),μ(r). This should be understood

such that the appropriate hadron and lepton currents for the process under consideration are
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combined according to (2.11) and (2.12), respectively. In (2.13)we have moreover introduced
the lepton matrix element

lμ = eiq·r
〈
fl
∣∣∣j leptμ (r)

∣∣∣fν
〉
. (2.14)

Here the hadron currents J(±),μ(r) can be decomposed into vector (V) and axial-vector (A)
pieces according to

J(±),μ(r) = J(±),V,μ(r) − J(±),A,μ(r). (2.15)

At the origin (r = 0), the single-nucleon matrix elements of the currents J(+),V,μ and J(+),A,μ

are given by

p

〈
p′σ ′
∣∣∣J(+),v,μ(0)

∣∣∣pσ
〉

n
=
u(p′, σ ′)

V

[
FCC
1

(
Q2
)
γμ − i

FCC
2

(
Q2)

2mN
σμνqν

]
u(p, σ),

p

〈
p′σ ′
∣∣∣J(+),A,μ(0)

∣∣∣pσ
〉

n
=
u(p′, σ ′)

V

[
FCC
A

(
Q2
)
γ5γ

μ − FCC
P

(
Q2
)
γ5q

ν
]
u(p, σ),

(2.16)

where |pσ〉p(n) denotes the state vector of a proton (neutron) having the three momentum
p and spin projection σ and mN is the nucleon mass. The corresponding one-nucleon matrix
elements for the nuclear currentJ(−),μ(r) are related to the ones ofJ(+),μ(r) through the charge
symmetries [23]

n

〈
p′σ ′
∣∣∣J(−),v,μ(0)

∣∣∣pσ
〉

p = p

〈
p′σ ′
∣∣∣J(+),v,μ(0)

∣∣∣pσ
〉

n
,

n

〈
p′σ ′
∣∣∣J(−),A,μ(0)

∣∣∣pσ
〉

p = p

〈
p′σ ′
∣∣∣J(+),A,μ(0)

∣∣∣pσ
〉

n
.

(2.17)

By the conservation of the vector current (CVC), the vector form factors FCC
1,2 (Q

2)
in (2.16) can be written in terms of the proton and neutron electromagnetic form factors
F
EM;p
1,2 (Q2) and FEM;n

1,2 (Q2) as (see e.g., [23])

FCC
1,2

(
Q2
)
= FEM;p

1,2

(
Q2
)
− FEM;n

1,2

(
Q2
)
. (2.18)

In the present work, we use the electromagnetic form factors of [22]. The axial-vector form
factor FCC

A (Q2) in (2.16) is assumed to be of dipole form with the quenched static value
FCC
A (0) = −1.0. Moreover, the pseudoscalar form factor FCC

P (Q2) in (2.16) is obtained from
the Goldberger-Treiman relation (see e.g., [16])

FCC
P

(
Q2
)
≈ 2mN

m2
π +Q2

FCC
A

(
Q2
)
, (2.19)

wheremπ = 139.57MeV [5] represents the mass of the charged pion.
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We assume in this work that the final and initial nuclear states have well-defined
angular momenta Jf and Ji and parities πf and πi, respectively. The double-differential cross
section for the charged-current neutrino-nucleus scattering with transition from an initial
nuclear state i to a final nuclear state f can then be written in the form (see e.g., [24])

(
d2σi→ f

dΩdEexc

)

ν/ν

=
G2F
(±Zf , Ek′

)|k′|Ek′

π(2Ji + 1)

(
∑

J

σ
J
CL +

∑

J≥1
σ
J
T

)
, (2.20)

where

σ
J
CL = (1 + a cos θ)

∣∣(Jf
∥∥MJ(q)

∥∥Ji)
∣∣2

+
(
1 + a cos θ − 2b sin2θ

)∣∣(Jf
∥∥LJ

(
q
)∥∥Ji
)∣∣2

+
Eexc

q
((1 + a cos θ) + c)2Re

[(
Jf
∥∥LJ

(
q
)∥∥Ji
)(
Jf
∥∥MJ

(
q
)∥∥Ji
)∗]

,

(2.21)

σ
J
T =
(
1 − a cos θ + b sin2θ

)[∣∣∣
(
Jf
∥∥∥Tmag

J

(
q
)∥∥∥Ji
)∣∣∣

2
+
∣∣∣
(
Jf
∥∥∥Tel

J

(
q
)∥∥∥Ji
)∣∣∣

2
]

∓ (Ek + Ek′)
q

[((1 − a cos θ) − c)]2Re
[(
Jf
∥∥∥Tmag

J

(
q
)∥∥∥Ji
)(
Jf
∥∥∥Tel

J (q)
∥∥∥Ji
)∗]

.

(2.22)

Here the excitation energy Eexc of the final nuclear state is defined with respect to the initial
nuclear state, that is, Eexc = Ep′ − Ep. In the above expressions, we have introduced

a =

√√√√1 −
m2
f

E2
k′
,

b =
a2EkEk′

q2
,

c =
m2
f

qEk′
,

(2.23)

where the magnitude of the three-momentum transfer q is given by

q = |q| =
√
a2E2

k′ + E2
k − a cos θ(2EkEk′) (2.24)

andmf denotes the rest mass of the outgoing lepton. In (2.20), the function F(±Zf, Ek′), where
Zf is the proton number of the final nucleus, takes into account the distortion of the outgoing
lepton wave function due to the interaction with the (final) nucleus and the + (−) sign is
used in the case of neutrinos (antineutrinos). Furthermore, in (2.22) the minus sign is used
for neutrinos and the plus sign for antineutrinos.
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For the treatment of final-state interactions, we use the method introduced by Engel
in [25]. Consequently, we define the effective momentum of the outgoing lepton within the
nucleus as

keff =
√
Eeff −m2

l , (2.25)

where the effective energy is given by

Eeff = Ek′ − VC(0). (2.26)

Here VC(0) is the value at the origin of the Coulomb potential produced by the final nucleus.
In this work, we approximate the Coulomb field with that of a uniformly charged sphere and
therefore VC(0) = −αZ(3/2R) where Z = Zf for leptons and Z = −Zf for antileptons and R
denotes the nuclear radius. In the region where keff is small, that is, keffR� 1, one can, just as
in beta-decay calculations, adopt a Fermi function of the form [26]

F(Z,Ek′) = 2
(
1 + γ0

)(
2|k′|R)−2(1−γ0)eπν

∣∣Γ(γ0 + iν)
∣∣2

Γ
(
2γ0 + 1

)2 , (2.27)

where

γ0 =
√
1 − Z2α, ν =

ZαEk′

|k′| . (2.28)

For larger values of the energy Ek′ of the final lepton, we employ in the present work the
so-called modified effective momentum approximation (EMA) introduced in [25]. In this
approximation, the absolute value of the three momentum and the energy of the outgoing
lepton are replaced by the effective values given by (2.25) and (2.26), respectively. The effec-
tive energy and momentum are also used in the calculation of the three-momentum trans-
fer q defined by (2.24).

Guided by [10, 25], we adopt in the present calculations for the neutrino interaction
(2.9) the Coulomb treatment which, gives the smallest cross section. For the antineutrino
reaction (2.10), the final-state interactions decrease the cross section. Therefore, we choose in
this case the Coulomb treatment (Fermi function or modified EMA), which gives the largest
cross section.

3. Results and Discussion

In this section, we adopt the formalism presented in Section 2 to compute the cross sections
for the charged-current neutrino and antineutrino scatterings off the even-even molybdenum
isotopes.

The initial and final nuclear states are first constructed by using the pnQRPA
(proton-neutron quasiparticle random-phase approximation) discussed in Section 2.1. In the
calculations, the single-particle energies were generated by using the Coulomb-corrected
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Table 1: Cross sections for the charged-current neutrino-nucleus scattering off the even molybdenum
nuclei in units of 10−42 cm2. Exponents are shown in parenthesis. In the last column, we also show for
comparison the results for 100Mo calculated in [10].

Ek/MeV 92Mo 94Mo 96Mo 98Mo 100Mo 100Mo [10]
5.0 — 3.16 (−2) 4.00 (−1) 1.02 (0) 2.83 (0) —
10.0 9.43 (−2) 1.97 (0) 4.45 (0) 7.51 (0) 1.38 (1) 0.68 (1)
15.0 8.96 (0) 1.89 (1) 2.98 (1) 4.21 (1) 5.91 (1) 4.60 (1)
20.0 4.75 (1) 8.13 (1) 1.19 (2) 1.59 (2) 2.13 (2) 2.09 (2)
25.0 1.54 (2) 2.28 (2) 3.04 (2) 3.78 (2) 4.84 (2) 5.01 (2)
30.0 3.27 (2) 4.48 (2) 5.70 (2) 6.73 (2) 8.57 (2) 9.04 (2)
40.0 8.20 (2) 1.04 (3) 1.25 (3) 1.39 (3) 1.75 (3) 1.96 (3)
50.0 1.58 (3) 1.94 (3) 2.25 (3) 2.43 (3) 3.02 (3) 3.02 (3)
60.0 2.61 (3) 3.07 (3) 3.47 (3) 3.73 (3) 4.48 (3) 4.67 (3)
70.0 3.78 (3) 4.33 (3) 4.82 (3) 5.15 (3) 6.04 (3) 6.80 (3)
80.0 4.99 (3) 5.63 (4) 6.21 (4) 6.60 (3) 7.63 (3) 9.36 (3)

Table 2: Cross sections for the charged-current antineutrino scattering off the even molybdenum nuclei in
units of 10−42 cm2. Exponents are shown in parenthesis.

Ek/MeV 92Mo 94Mo 96Mo 98Mo 100Mo
5.0 2.57 (−1) 4.95 (−2) 1.30 (−2) — —
10.0 1.41 (0) 6.30 (−1) 3.33 (−1) 6.12 (−2) 9.88 (−3)
15.0 3.82 (0) 2.14 (0) 1.32 (0) 4.08 (−1) 1.33 (−1)
20.0 8.21 (0) 5.14 (0) 3.51 (0) 1.53 (0) 6.91 (−1)
25.0 1.56 (1) 1.05 (1) 7.73 (0) 4.18 (0) 2.22 (0)
30.0 2.68 (1) 1.92 (1) 1.49 (1) 9.22 (0) 5.43 (0)
40.0 6.52 (1) 4.97 (1) 4.14 (1) 2.97 (1) 2.01 (1)
50.0 1.33 (2) 1.05 (2) 9.04 (1) 6.94 (1) 5.10 (1)
60.0 2.44 (2) 1.97 (2) 1.75 (2) 1.39 (2) 1.07 (2)
70.0 4.00 (2) 3.34 (2) 3.02 (2) 2.50 (2) 2.00 (2)
80.0 5.95 (2) 5.09 (2) 4.67 (2) 3.99 (2) 3.33 (2)

Woods-Saxon potential with the parameters of [27]. For the 100Mo nucleus, some of the single-
particle energies close to the respective Fermi surfaces were then adjusted according to [28].

We employ the formalism discussed in Section 2.2 to calculate the double-differential
cross sections (2.20) for all the final nuclear states f separately. The total cross section σ(Ek)
as a function of the energy of the impinging neutrino Ek then is computed by integrating
over the scattering angle θ and adding up all the individual contributions coming from the
final states. For the calculations of the involved nuclear matrix elements, we use the efficient
method introduced in [18]. For more details, we refer to [29, 30].

In Table 1, we show our calculated cross sections σ(Ek) for the charged-current
neutrino-nucleus scattering off the even molybdenum isotopes as functions of the energy
Ek of the incoming neutrino. In the table, the cross sections are tabulated for a large set of
neutrino energies which, are relevant for supernova neutrinos, that is, Ek � 80MeV. The
results for the antineutrino-induced reactions are similarly shown in Table 2. As is seen in
the tables, both the neutrino and antineutrino cross sections increase strongly with increasing
neutrino energy. We can also conclude that the neutrino cross sections increase significantly
with increasing neutron number N. For low energies of the incoming neutrino, the ν cross
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sections are dominated by Gamow-Teller-like transitions mediated by the operator j0(qr)στ+

and Fermi-like ones, which proceed via the operator j0(qr)τ+. At zero momentum transfer
(q = 0), these operators reduce to the usual Gamow-Teller (στ+) and Fermi (τ+) operators. It
is well known that the Gamow-Teller operator obeys the Ikeda sum rule [31]

S1+
(
β−
) − S1+

(
β+
)
= 3(N − Z), (3.1)

where S1+(β−) (S1+(β+)) is the total Gamow-Teller strength for the β− (β+) channel. The
nuclei in this work have large neutron excess and hence the β+ branch is small and therefore
S1+(β−) ≈ 3(N−Z). Similarly, for the transitions to 0+ final states one has that S0+(β−) ≈N−Z.
Furthermore, the energy threshold, QEC, is decreasing from 7.870MeV (92Mo) to 0.168 MeV
(100Mo). This explains the increase of the neutrino cross sections with increasing neutron
number at low neutrino energies. Contrary to this, the antineutrino cross sections decrease
with increasingN. This is explained by the fact that theQβ− values are increasing significantly
with increasing neutron number.

In the last column of Table 1, we compare our results for 100Mo with those of [10]. It
is seen in the table that our results agree well with the ones published in the aforementioned
reference. Our computed neutrino cross sections for 100Mo are also in qualitative agreement
with the results displayed in Figure 1 of [14].

As already mentioned above, we use in the present calculations the method of
barycentric Lagrange interpolation for the computations of the required nuclear matrix
elements. Therefore, in Figure 2 we compare the cross sections computed with this method
with exact calculations in the case of the neutrino scattering off 100Mo. The results for the
antineutrino reaction are similarly shown in Figure 3. It is seen in the figures that the results
computed by the approximate method (based on numerical interpolation) are accurate to 4-5
significant digits. Consequently, the numerical errors are very small compared to the errors
coming from, for example, uncertainties in the nuclear wave functions. The results for the
other isotopes are similar and are thus not shown here.

From the experimental point-of-view, an interesting quantity is the flux-averaged cross
section 〈σ〉, which is obtained by folding the cross sections σ(Ek)with an appropriate energy
profile of the incoming neutrinos. In this work, we adopt a two-parameter Fermi-Dirac
distribution

nFD(Ek) =
1

T3
νF2(αν)

E2
k

exp(Ek/Tν − αν) + 1
, (3.2)

where Tν denotes the effective neutrino temperature and αν is the so-called pinching para-
meter. Here the constant F2(αν) normalizes the total flux to unity.

Because of interactions with the matter, the neutrinos undergo flavor conversions
when they propagate through the star (see e.g., [32]). Consequently, the energy profiles of
the neutrinos (or antineutrinos) which arrive at the Earth-bound detector are different from
the initial ones. For simplicity, we assume in this work that the oscillations occur in the
outer layers of the star. Furthermore, we neglect collective neutrino-neutrino interactions.
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Figure 2: Numerical errors in the cross section for the charged-current neutrino-nucleus scattering off
100Mo due to the use of barycentric Lagrange interpolation. The errors are shown for various energies
Eν of the incoming neutrino. In the figure, Δσ(Eν) = σapprox(Eν) − σexact(Eν).

The neutrino profiles for the neutrinos, which reach the detector can then be written in the
forms [32]

Fνe =

{
sin2θ13F

0
νe + cos2θ13F0

νx Normal hierarchy,
sin2θ12F

0
νe + cos2θ12F0

νx Inverted hierarchy,
(3.3)

Fνe =

{
cos2θ12F0

νe
+ sin2θ12F

0
νx

Normal hierarchy,

sin2θ13F
0
νe
+ cos2θ13F0

νx
Inverted hierarchy,

(3.4)

for neutrinos and antineutrinos, respectively. Here F0
νe (F

0
νx) is the energy profile of electron

neutrinos (non-electron neutrinos) and correspondingly for the antineutrinos. We also point
out that due to the large rest masses of the muon and tau (and their antiparticles), only
supernova νe and νe can be detected by charged-current neutrino-nucleus scattering.

In Table 3 are shown the computed averaged cross sections for the supernova ν
and ν induced scatterings off 100Mo. In the table, νe (νe) represents nonoscillating electron
neutrinos (electron antineutrinos). We moreover denote with νNH

ex (νNH
ex ) and νIHex (νIHex )

the oscillating electron neutrinos (electron antineutrinos) for the normal and inverted
hierarchies, respectively. According to (3.3) (see (3.4)), these neutrinos have energy profiles
that are altered with respect to the initial ones by the flavor conversions νx → νe. Here
results are shown for the two sets of neutrino parameters shown in Table 4. Averaged cross
sections for other energy profiles of the incoming neutrinos (antineutrinos) can be easily
computed by using the original cross sections tabulated in Table 1 (Table 2). We conclude
from Table 3 that the flavor transformations significantly increase the averaged cross sections
both for neutrinos and antineutrinos. The antineutrino cross sections are also much smaller
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Figure 3: Same as Figure 2 for the charged-current antineutrino scattering off 100Mo.

Table 3: Averaged cross sections for the charged-current neutrino and antineutrino scatterings off 100Mo
in units of 10−41 cm2 calculated for the two sets of neutrino parameters (I and II) displayed in Table 4. In
the table, we also show for comparison the results computed in [33].

νe νNH
ex νIHex νe νNH

ex νIHex
pnQRPA (I) 5.80 24.1 18.7 0.048 0.093 0.189
pnQRPA (II) 6.79 77.9 56.7 0.177 0.492 1.182
Ejiri et al. [33] 5.84 76.5

than the corresponding ones for neutrinos. This is explained by the large neutron excess for
100Mo (N − Z = 16) since then the antineutrino-induced reactions are suppressed because
of Pauli blocking. In the table, we also compare our results with the ones of [33] for the
parameter set II of Table 4. The numbers computed in the aforementioned reference have
here been transformed to take into account the oscillation effect (3.3)with the updated value
of sin2θ13 = 0.025 [34] adopted in the present calculations. The discrepancy between the two
calculations for νe is about 16% and for the flavor converted neutrinos in the normal hierarchy
the results are almost exactly the same. Here it should be noted that in the aforementioned
reference the measured 0−, 1+, and 2− strength distributions of [35] were adopted instead of
those calculated by the use of the pnQRPA. We therefore conclude that the results are in very
good agreement with each other despite the rather differentmethods used in the calculations.

The proposed MOON detector can be realized by either using enriched 100Mo or
natural molybdenum [33, 36]. Consequently, accurate estimates of the nuclear responses
for all the stable molybdenum isotopes are important. Therefore, we show in Table 5 our
calculated averaged cross sections for all the stable even-even (A = 92, 94, 96, 98, 100) Mo
nuclei. It is seen in the table that the values of the neutrino cross sections are increasing
significantly with increasing neutron number, while for the antineutrino reaction (2.10) the
trend is opposite. We also conclude again that the cross sections for the neutrino scattering are
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Table 4: Average neutrino energies and values of the parameter α for the two sets of neutrino parameters
adopted in the present calculations. In the table, x denotes the nonelectron flavors, that is, x = μ, τ .

Parameter set (〈Eνe〉, ανe) (〈Eνe〉, ανe) (〈Eνx〉, ανx ) (〈Eνx〉, ανx )
I (11.5, 3.0) (13.6, 3.0) (16.3, 0.0) (16.3, 0.0)
II (11.0, 0.0) (16.0, 0.0) (25.0, 0.0) (25.0, 0.0)

Table 5: Averaged cross sections for the charged-current neutrino-nucleus scattering from the even Mo
isotopes in units of 10−41 cm2 computed with the neutrino parameters corresponding to set I of Table 4.

Nucleus νe νNH
ex νIHex νe νNH

ex νIHex
92Mo 1.30 8.74 6.54 0.457 0.606 0.934
94Mo 2.19 12.2 9.18 0.283 0.396 0.645
96Mo 3.16 15.6 11.9 0.196 0.290 0.495
98Mo 4.20 18.6 14.8 0.094 0.160 0.304
100Mo 6.41 25.7 20.0 0.048 0.093 0.189

notably larger than the ones for the antineutrino channel. Computations of the cross sections
of the charged-current neutrino-nucleus scattering off the odd isotopes, 95Mo and 97Mo, are
still in progress and the results will be published elsewhere.

4. Conclusions

In this work, we have computed the cross sections for the charged-current neutrino and
antineutrino scatterings off the stable molybdenum isotopes for neutrino energies, which are
relevant for supernova neutrinos. In the calculations, the initial and final nuclear states have
been constructed by using the pnQRPA. We have tabulated the cross sections for an exten-
sive set of neutrino energies. The nuclear responses for the aforementioned nuclei have sub-
sequently been calculated by using a two-parameter Fermi-Dirac distribution. However,
averaged cross sections for other energy profiles of the incoming neutrino (or antineutrino)
can be easily computed by using the cross sections given in this paper.

Our results for the neutrino-nucleus scattering off 100Mo agree well with previously
published results. We have found for the studied chain of nuclei that the neutrino-scattering
cross sections increase significantly with the neutron number N. Contrary to this, the cross
sections for the antineutrino scattering decrease notably with increasing neutron number.
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Neutrinos can play an important role in the evolution of the universe, modifying some of the
cosmological observables. In this contribution we summarize the main aspects of cosmological
relic neutrinos, and we describe how the precision of present cosmological data can be used to
learn about neutrino properties, in particular their mass, providing complementary information to
beta decay and neutrinoless double-beta decay experiments. We show how the analysis of current
cosmological observations, such as the anisotropies of the cosmic microwave background or the
distribution of large-scale structure, provides an upper bound on the sum of neutrino masses of
order 1 eV or less, with very good perspectives from future cosmological measurements which are
expected to be sensitive to neutrino masses well into the sub-eV range.

1. Introduction

The subject of this contribution is the role of neutrinos in cosmology, one of the best
examples of the very close ties that have developed between nuclear physics, particle physics,
astrophysics, and cosmology. Here we focus on themost interesting aspects related to the case
ofmassive (and light) relic neutrinos, butmany others that were left out can be found in [1, 2].

We begin with a description of the properties and evolution of the background of relic
neutrinos that fills the universe. Then we review the possible effects of neutrino oscillations
on cosmology. The topic of neutrinos and Big Bang Nucleosynthesis is reviewed in a different
contribution to this special issue [3]. The largest part of this contribution is devoted to the
impact of massive neutrinos on cosmological observables that can be used to extract bounds
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on neutrino masses from present data. Finally we discuss the sensitivities on neutrino masses
from future cosmological experiments.

Note that massive neutrinos could also play a role in the generation of the baryon
asymmetry of the universe from a previously created lepton asymmetry. In these leptogenesis
scenarios, one can also obtain quite restrictive bounds on light neutrino masses, which are,
however, strongly model dependent. We do not discuss this subject here, it is covered in other
contribution to this special issue [4].

For further details, the reader is referred to recent reviews on neutrino cosmology such
as [5–7] and in particular [8]. A more general review on the connection between particle
physics and cosmology can be found in [9].

2. The Cosmic Neutrino Background

The existence of a relic sea of neutrinos is a generic feature of the standard hot big bangmodel,
in number only slightly below that of relic photons that constitute the cosmic microwave
background (CMB). This cosmic neutrino background (CNB) has not been detected yet, but
its presence is indirectly established by the accurate agreement between the calculated and
observed primordial abundances of light elements, as well as from the analysis of the power
spectrum of CMB anisotropies and other cosmological observables. In this section we will
summarize the evolution and main properties of the CNB.

2.1. Relic Neutrino Production and Decoupling

Produced at large temperatures by frequent weak interactions, cosmic neutrinos of any
flavour (νe,μ,τ)were kept in equilibrium until these processes became ineffective in the course
of the expansion of the early universe. While coupled to the rest of the primeval plasma
(relativistic particles such as electrons, positrons, and photons), neutrinos had a momentum
spectrum with an equilibrium Fermi-Dirac form with temperature T ,

feq
(
p, T

)
=
[
exp

(
p − μν
T

)
+ 1

]−1
, (2.1)

which is just one example of the general case of particles in equilibrium (fermions or
bosons, relativistic or nonrelativistic), as shown for example, in [10]. In the previous equation
we have included a neutrino chemical potential μν that would exist in the presence of a
neutrino-antineutrino asymmetry, but we will see later in Section 4.1 that even if it exists
its contribution cannot be very relevant.

As the universe cools, the weak interaction rate Γν falls below the expansion rate
and one says that neutrinos decouple from the rest of the plasma. An estimate of the
decoupling temperature Tdec can be found by equating the thermally averaged value of the
weak interaction rate

Γν = 〈σνnν〉, (2.2)
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where σν ∝ G2
F is the cross section of the electron-neutrino processes with GF the Fermi

constant and nν is the neutrino number density, with the expansion rate given by the Hubble
parameterH

H2 =
8πρ

3M2
P

. (2.3)

Here ρ ∝ T4 is the total energy density, dominated by relativistic particles, andMP = 1/G1/2

is the Planck mass. If we approximate the numerical factors to unity, with Γν ≈ G2
FT

5 and
H ≈ T2/MP , we obtain the rough estimate Tdec ≈ 1MeV. More accurate calculations give
slightly higher values of Tdec which are flavour dependent because electron neutrinos and
antineutrinos are in closer contact with electrons and positrons, as shown for example, in [1].

Although neutrino decoupling is not described by a unique Tdec, it can be approxi-
mated as an instantaneous process. The standard picture of instantaneous neutrino decoupling
is very simple (see e.g., [10] or [11]) and reasonably accurate. In this approximation,
the spectrum in (2.1) is preserved after decoupling, because both neutrino momenta and
temperature redshift identically with the expansion of the universe. In other words, the
number density of noninteracting neutrinos remains constant in a comoving volume since the
decoupling epoch. We will see later that active neutrinos cannot possess masses much larger
than 1 eV, so they were ultrarelativistic at decoupling. This is the reason why the momentum
distribution in (2.1) does not depend on the neutrino masses, even after decoupling, that is,
there is no neutrino energy in the exponential of feq(p).

When calculating quantities related to relic neutrinos, one must consider the various
possible degrees of freedom per flavour. If neutrinos are massless or Majorana particles,
there are two degrees of freedom for each flavour, one for neutrinos (one negative helicity
state) and one for antineutrinos (one positive helicity state). Instead, for Dirac neutrinos
there are in principle twice more degrees of freedom, corresponding to the two helicity
states. However, the extra degrees of freedom should be included in the computation only
if they are populated and brought into equilibrium before the time of neutrino decoupling.
In practice, the Dirac neutrinos with the “wrong-helicity” states do not interact with the
plasma at temperatures of the MeV order and have a vanishingly small density with respect
to the usual left-handed neutrinos (unless neutrinos have masses close to the keV range, as
explained in section 6.4 of [1], but such a large mass is excluded for active neutrinos). Thus
the relic density of active neutrinos does not depend on their nature, either Dirac or Majorana
particles.

Shortly after neutrino decoupling the temperature drops below the electron mass,
favouring e± annihilations that heat the photons. If one assumes that this entropy transfer
did not affect the neutrinos because they were already completely decoupled, it is easy to
calculate the change in the photon temperature before any e± annihilation and after the
electron-positron pairs disappear by assuming entropy conservation of the electromagnetic
plasma. The result is

Tafter
γ

Tbefore
γ

=
(
11
4

)1/3

� 1.40102, (2.4)

which is also the ratio between the temperatures of relic photons and neutrinos Tγ/Tν =
(11/4)1/3. The evolution of this ratio during the process of e± annihilations is shown in the
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Figure 1: Photon and neutrino temperatures during the process of e± annihilations: evolution of their ratio
(a) and their decrease with the expansion of the universe (b).

left panel of Figure 1(a), while one can see in Figure 1(b) how in this epoch the photon
temperature decreases with the expansion less than the inverse of the scale factor a. Instead
the temperature of the decoupled neutrinos always falls as 1/a.

It turns out that the standard picture of neutrino decoupling described above is
slightly modified: the processes of neutrino decoupling and e± annihilations are sufficiently
close in time so that some relic interactions between e± and neutrinos exist. These relic
processes are more efficient for larger neutrino energies, leading to nonthermal distortions
in the neutrino spectra at the percent level and a slightly smaller increase of the comoving
photon temperature, as noted in a series of works listed in [1, 2]. A proper calculation
of the process of noninstantaneous neutrino decoupling demands solving the momentum-
dependent Boltzmann equations for the neutrino spectra, a set of integrodifferential kinetic
equations that are difficult to solve numerically. This problem was considered in [12]
including the effect of flavour neutrino oscillations on the neutrino decoupling process.
One finds an increase in the neutrino energy densities with respect to the instantaneous
decoupling approximation (0.73% and 0.52% for νe’s and νμ,τ ’s, resp.) and a value of the
comoving photon temperature after e± annihilations which is a factor 1.3978 larger, instead
of 1.40102. These changes modify the contribution of relativistic relic neutrinos to the total
energy density which is taken into account using Neff � 3.046, as defined later in (3.1). In
practice, the distortions calculated in [12] only have small consequences on the evolution of
cosmological perturbations, and for many purposes they can be safely neglected.

Any quantity related to relic neutrinos can be calculated after decoupling with the
spectrum in (2.1) and Tν. For instance, the number density per flavour is fixed by the
temperature,

nν =
3
11
nγ =

6ζ(3)
11π2

T3
γ , (2.5)
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which leads to a present value of 113 neutrinos and antineutrinos of each flavour per
cm3. Instead, the energy density for massive neutrinos should in principle be calculated
numerically, with two well-defined analytical limits,

ρν(mν � Tν) =
7π2

120

(
4
11

)4/3

T4
γ ,

ρν(mν � Tν) = mνnν.

(2.6)

2.2. Background Evolution

Let us discuss the evolution of the CNB after decoupling in the expanding universe, which is
described by the Friedmann-Robertson-Walker metric [11]

ds2 = dt2 − a(t)2δijdxidxj , (2.7)

where we assumed negligible spatial curvature. Here a(t) is the scale factor usually
normalized to unity now (a(t0) = 1) and related to the redshift z as a = 1/(1 + z). General
relativity tells us the relation between the metric and the matter and energy in the universe
via the Einstein equations, whose time-time component is the Friedmann equation

(
ȧ

a

)2

= H2 =
8πG
3

ρ = H2
0
ρ

ρ0c
(2.8)

that gives the Hubble rate in terms of the total energy density ρ. At any time, the critical
density ρc is defined as ρc = 3H2/8πG, and the current value H0 of the Hubble parameter
gives the critical density today

ρ0c = 1.8788 × 10−29h2 g cm−3, (2.9)

where h ≡ H0/(100 kms−1 Mpc−1). The different contributions to the total energy density are

ρ = ργ + ρcdm + ρb + ρν + ρΛ, (2.10)

and the evolution of each component is given by the energy conservation law in an expanding
universe ρ̇ = −3H(ρ + p), where p is the pressure. Thus the homogeneous density of photons
ργ scales like a−4, that of nonrelativistic matter (ρcdm for cold dark matter and ρb for baryons)
like a−3, and the cosmological constant density ρΛ is of course time-independent. Instead,
the energy density of neutrinos contributes to the radiation density at early times, but they
behave as matter after the nonrelativistic transition.

The evolution of all densities is depicted in Figure 2, starting at MeV temperatures
until now. The various density fractions Ωi ≡ ρi/ρc are shown in this figure, where it is easy
to see which of the universe components is dominant, fixing its expansion rate: first radiation
in the form of photons and neutrinos (radiation domination or RD), then matter which can be
CDM, baryons, and massive neutrinos at late times (matter domination or MD), and finally
the cosmological constant density takes over at low redshift (typically z < 0.5).
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Figure 2: Evolution of the background energy densities in terms of the fractions Ωi, from the time when
Tν = 1MeV until now, for each component of a flat universe with h = 0.7 and current density fractions
ΩΛ = 0.70, Ωb = 0.05, and Ωcdm = 1 −ΩΛ −Ωb −Ων . The three neutrino masses are m1 = 0, m2 = 0.009 eV,
andm3 = 0.05 eV.

Massive neutrinos are the only particles that present the transition from radiation to
matter, when their density is clearly enhanced (upper solid lines in Figure 2). Obviously
the contribution of massive neutrinos to the energy density in the nonrelativistic limit is a
function of the mass (or the sum of all masses for which mi � Tν), and the present value Ων

could be of order unity for eV masses (see Section 5).
Shortly after neutrino decoupling, the CNB plays an interesting role in Big Bang

Nucleosynthesis (BBN), the period of the universe when the primordial abundances of light
elements are created. This subject is described in the contribution [3] (for a recent review,
see [13]). Here we just summarize the two main effects of relic neutrinos at BBN. The first
one is that they contribute to the relativistic energy density of the universe (if mν � Tν),
thus fixing the expansion rate. This is why BBN gave the first allowed range of the number
of neutrino species before accelerators (see the next section). On the other hand, BBN is
the last cosmological epoch sensitive to neutrino flavour, because electron neutrinos and
antineutrinos play a direct role in the weak processes. We will see some examples of BBN
bounds on neutrinos (effective number or oscillations) in the following sections.

3. Extra Radiation and the Effective Number of Neutrinos

Together with photons, in the standard case neutrinos fix the expansion rate during the
cosmological era when the universe is dominated by radiation. Their contribution to the total
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radiation content can be parametrized in terms of the effective number of neutrinos Neff,
through the relation

ρr = ργ + ρν =

[
1 +

7
8

(
4
11

)4/3

Neff

]
ργ , (3.1)

where we have normalized ρr to the photon energy density because its value today is
known from the measurement of the CMB temperature. This equation is valid when neutrino
decoupling is complete and holds as long as all neutrinos are relativistic.

We know that the number of light neutrinos sensitive to weak interactions (flavour
or active neutrinos) equals three from the analysis of the invisible Z-boson width at LEP,
Nν = 2.9840 ± 0.0082 [14], and we saw in a previous section from the analysis of neutrino
decoupling that they contribute as Neff � 3.046. Any departure of Neff from this last value
would be due to nonstandard neutrino features or to the contribution of other relativistic
relics. For instance, the energy density of a hypothetical scalar particle φ in equilibrium with
the same temperature as neutrinos would be ρφ = (π/30)T4

ν , leading to a departure of Neff

from the standard value of 4/7. A detailed discussion of cosmological scenarios where Neff

is not fixed to three can be found in [1, 2, 15].
The expansion rate during BBN fixes the produced abundances of light elements and

in particular that of 4He. Thus the value ofNeff can be constrained at the BBN epoch from the
comparison of theoretical predictions and experimental data on the primordial abundances
of light elements [3, 13]. In addition, a value of Neff different from the standard one would
modify the transition epoch from a radiation dominated to a matter dominated universe,
which has some consequences on some cosmological observables such as the power spectrum
of CMB anisotropies, leading to independent bounds on the radiation content. These are two
complementary ways of constrainingNeff at very different epochs.

A recent analysis of the BBN constraints onNeff can be found in [16] (see the references
therein for a list of recent works). The authors have discussed a new and more conservative
approach to derive BBN constraints onNeff, motivated by growing concerns on the reliability
of astrophysical determinations of primordial 4He. According to [16], the extra radiation at
the BBN epoch is limited to ΔNeff ≤ 1 at 95%C.L. On the other hand, recent analyses of
late cosmological observables seem to favor Neff > 3, with best-fit values of order 4.3-4.4,
althoughwith large errorbars as shown for instance in [17]. The considered data include CMB
temperature anisotropies and polarization, combined with other data such as measurements
of the present value of the Hubble parameter (H0), the power spectrum of Luminous Red
Galaxies (LRG), or distance measurements from the baryon acoustic oscillations (BAO) in
the distribution of galaxies. The allowed regions at 95%C.L. from [17] are 2.8 < Neff <
5.9 (WMAP + BAO + H0) and 2.7 < Neff < 6.2 (WMAP + LRG + H0). Other recent
analyses of Neff bounds from cosmological data can be found in [18–20]. These ranges are
in reasonable agreement with the standard prediction of Neff � 3.046, although they show a
marginal preference for extra relativistic degrees of freedomwhose robustness is still unclear.
Moreover, they show that there exists an allowed region of Neff values that is common at
early (BBN) and more recent epochs, although with large error bars. The upcoming CMB
measurements by the PLANCK satellite will soon pin down the radiation content of the
universe, clarifying whether one really needs new physics leading to relativistic degrees of
freedom beyond the contribution of flavour neutrinos.
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4. Neutrino Oscillations in the Early Universe

Nowadays there exist compelling evidences for flavour neutrino oscillations from a variety
of experimental data on solar, atmospheric, reactor, and accelerator neutrinos. These are
very important results, because the existence of flavour change implies that neutrinos mix
and have nonzero masses, which in turn requires particle physics beyond the standard
model. Thus it is interesting to check whether neutrino oscillations can modify any of the
cosmological observables. More on neutrino oscillations and their implications can be found
in other contributions to this special issue or any of the existing reviews such as [21–23], to
which we refer the reader for more details.

It turns out that in the standard cosmological picture all flavour neutrinos were
produced with the same energy spectrum, as we saw in Section 2.1, so we do not expect
any effect from the oscillations among these three states. This is true up to the small
spectral distortion caused by the heating of neutrinos from e+e− annihilations [12], as
described before. In this section wewill briefly consider two cases where neutrino oscillations
could have cosmological consequences: flavour oscillations with nonzero relic neutrino
asymmetries and active-sterile neutrino oscillations.

4.1. Active-Active Neutrino Oscillations: Relic Neutrino Asymmetries

A nonzero relic neutrino asymmetry exists when the number densities of neutrinos and
antineutrinos of a given flavour are different and can be parameterized by the ratio
ηνα = (nνα − nνα)/nγ . Such a putative asymmetry, that could have been produced by some
mechanism well before the thermal decoupling epoch, is expected to be of the same order of
the cosmological baryon number ηB, that is, a few times 10−10, from the equilibration of lepton
and baryon numbers by sphalerons in the very early universe. In such a case, cosmological
neutrino asymmetries would be too small to have any observable consequence. However,
values for these parameters which are orders of magnitude larger than ηB are not excluded
by observations. Actually, large ηνα are predicted in theoretical models where the generation
of lepton asymmetry took place after the electroweak phase transition or the electroweak
washing out of preexisting asymmetries is not effective.

Neutrino asymmetries can be quantified assuming that a given flavour is characterized
by a Fermi-Dirac distribution as in (2.1)with a nonzero chemical potential μν or equivalently
with the dimensionless degeneracy parameter ξν ≡ μν/T (for antineutrinos, ξν = −ξν). In
such a case, sometimes one says that the relic neutrinos are degenerate (but not in the sense
of equal masses). Degenerate electron neutrinos have a direct effect on BBN: any change
in the νe/νe spectra modifies the primordial neutron-to-proton ratio, which in this case is
n/p ∝ exp(−ξνe). Therefore, a positive ξνe decreases the primordial 4He mass fraction, while a
negative ξνe increases it [24], leading to an allowed range

−0.01 < ξνe < 0.07, (4.1)

compatible with ξνe = 0 and very restrictive for negative values. In addition a nonzero relic
neutrino asymmetry always enhances the contribution of the CNB to the relativistic energy
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density, because for any ξν one has a departure from the standard value of the effective
number of neutrinosNeff given, if the neutrino spectra follow an equilibrium form, by

ΔNeff =
15
7

[
2
(
ξν
π

)2

+
(
ξν
π

)4
]
. (4.2)

We have seen that this increased radiation modifies the outcome of BBN and that bounds
on Neff can be obtained. In addition, another consequence of the extra radiation density
is that it postpones the epoch of matter-radiation equality, producing observable effects
on the spectrum of CMB anisotropies and the distribution of cosmic large-scale structures
(LSS). Both independent bounds on the radiation content can be translated into flavour-
independent limits on ξν.

Altogether these cosmological limits on the neutrino chemical potentials or relic
neutrino asymmetries are not very restrictive, because at least for BBN their effect in the νμ
or ντ sector can be compensated by a positive ξνe . For example, an analysis of the combined
effect of a nonzero neutrino asymmetry on BBN and CMB/LSS yields the allowed regions
[25]

−0.01 < ξνe < 0.22,
∣∣∣ξνμ,τ

∣∣∣ < 2.6, (4.3)

in agreement with similar but more updated bounds as cited in [8]. These limits allow for
a very significant radiation contribution of degenerate neutrinos, leading many authors to
discuss the implications of a large neutrino asymmetry in different physical situations (see
e.g., [1]).

It is obvious that the limits in (4.3) would be modified if neutrino flavour oscillations
were effective before BBN, changing the initial distribution of flavour asymmetries. Actually,
it was shown in [26–28] that this is the case for the neutrino mixing parameters in the
region favoured by present data. This result is obtained only after the proper inclusion of the
refractive terms produced by the background neutrinos, which synchronize the oscillations
of neutrinos with different momenta (which would evolve independently without them).
If flavour equilibrium is reached before BBN and the momentum distributions of neutrinos
keep a Fermi-Dirac form as in (2.1), the restrictive limits on ξνe in (4.1) apply to all flavours.
The bounds on the common value of the neutrino degeneracy parameter ξν ≡ μν/T would be
−0.05 < ξν < 0.07 at 2σ [29].

More recent analyses [30, 31] have shown that this conclusion does not always hold.
For the present measured values of neutrino mixing parameters, the degree of flavour
equilibration depends on the value of the mixing angle θ13, which fixes the onset of flavour
oscillations involving νe’s. This in turn determines whether neutrinos interact enough with
electrons and positrons to transfer the excess of energy density due to the initial ηνα to the
electromagnetic plasma.

In [31] the BBN bounds on the total neutrino asymmetry (cosmological lepton
number) were found for a range of initial flavour neutrino asymmetries. An example of
this analysis is shown in Figure 3, taken from [32]. From this plot one can easily see the
effect of flavour oscillations on the BBN constraints on the total neutrino asymmetry. With no
neutrino mixing the value of ηνe is severely constrained by 4He data, while the asymmetry for
other neutrino flavours could be much larger. On the other hand, flavour oscillations imply
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Figure 3: BBN contours at 95%C.L. in the ην-ηinνe plane for several values of sin
2θ13: 0 (solid line), 0.04 and

normal mass hierarchy (NH) (almost vertical solid line), 0.04 and inverted mass hierarchy (IH) (dotted
line) [32].

that an initially large ηinνe can be compensated by an asymmetry in the other flavours with
opposite sign. The most restrictive BBN bound on ηνe applies then to the total asymmetry,
an effect that can be seen graphically in Figure 3 as a rotation of the allowed region from
a quasi-horizontal one for zero mixing to an almost vertical region for sin2θ13 = 0.04, in
particular for the inverted mass hierarchy. In all cases depicted in Figure 3 the allowed values
of the asymmetries are fixed by both deuterium and 4He, the latter imposing that the value
of ηνe at BBN must be very close to zero. Finally, in [33] it has been shown that 4He data
still fix the bounds on ην when CMB results and other cosmological parameters such as
neutrino masses are included in the analysis, and only for future CMB data the bounds on the
asymmetry could be improved. At the same time the contribution of neutrino asymmetries to
an enhancement of radiation is limited toNeff � 3.1-3.2 for values of θ13 in the region allowed
by oscillation data.

4.2. Active-Sterile Neutrino Oscillations

In addition to the flavour or active neutrinos (three species as we saw from accelerator
data), there could also exist extra massive neutrino states that are sterile, that is, singlets
of the Standard Model gauge group and thus insensitive to weak interactions. Most of the
current data on neutrino oscillations can be perfectly explained with only the three active
species, but there exist a few experimental results, sometimes called anomalies, that cannot be
explained in this framework. If neutrino oscillations are responsible for all the experimental
data, a solution might require additional, sterile, neutrino species. These kinds of particles
are predicted by many theoretical models beyond the SM, being neutral leptons insensitive
to weak interactions whose only interaction is gravitational. Their masses are usually heavy,
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while lighter sterile neutrinos are rarer but possible. Here we will briefly summarize these
anomalies observed in neutrino experiments, whereas an updated review of this subject is
given in [34].

The long-standing evidence (more than 3σ) for νμ → νe oscillations comes from the
LSND experiment. Its results pointed out a Δm2 ∼ 1 eV2, much larger than those required
from a three-neutrino analysis, as shown later in (5.3). At the same time, the KARMEN
experiment, very similar but not identical to LSND, provided no support for such evidence,
while a recent data release of theMiniBooNE experiment, designed to check the LSND results
with larger distance L and energy E but similar ratio L/E, is still consistent with the LSND
signal. In addition, an unexplained excess of electron-like events is observed in MiniBooNE
at low energies. The simultaneous interpretation of LSND (antineutrino) and MiniBooNE
(neutrino and antineutrino) results in terms of sterile neutrino oscillations requires CP-
violation or some other exotic scenarios, as reviewed in [34].

A new anomaly supporting oscillations with sterile neutrinos appeared from a
revaluation of reactor antineutrino fluxes, which found a 3% increase relative to previous flux
calculations. As a result, data from reactor neutrino experiments at very short distances can
be interpreted as an apparent deficit of νe. This is known as the reactor antineutrino anomaly
and is again compatible with sterile neutrinos having a Δm2 > 1 eV2. Finally, an independent
experimental evidence for νe disappearance at very short baselines exists from the Gallium
radioactive source experiments GALLEX and SAGE.

The existence of all these experimental hints for sterile neutrinos and a mass scale at
the eV is intriguing, but so far a fully consistent picture has not emerged. Many analyses
have been performed trying to explain all experimental data with 1 or 2 additional sterile
neutrinos, known as the 3 + 1 or 3 + 2 schemes, with the corresponding additional mixing
parameters. It seems that none of these schemes does describe well all data, as explained in
detail in [34], but for the topics of this paper the potential existence of oscillations into sterile
neutrinos would lead to important cosmological consequences, such as extra radiation from
fully or partly thermalized sterile neutrinos or a larger Hot or WarmDarkMatter component.
The required values of neutrino masses in these 3 + 1 or 3 + 2 scenarios are, as we will see in
Section 7, in tension with the current cosmological bounds.

In any case, it is interesting to consider the main effects of additional sterile neutrino
species in cosmology. Because sterile neutrinos are insensitive to weak interactions, they do
not follow the behaviour of active neutrinos and are not expected to be present in the early
universe atMeV temperatures. Even if they could interact through other kinds of interactions,
significantly weaker than the standard weak ones, as predicted by extended particle physics
models, they would have a thermal spectrum at very high temperatures, but their density
would have been strongly diluted by many subsequent particle-antiparticle annihilations.
Therefore, barring the nonthermal production from additional physics beyond the SM, the
main way of obtaining a significant abundance of sterile neutrinos is through their mixing
with the active ones.

In principle, the cosmological evolution of the active-sterile neutrino system should
be found solving the corresponding Boltzmann kinetic equations for the density matrices.
There exists a vast literature on this subject, where different analyses considered several
approximations. For a list of references, see for instance [1, 2]. Although in general one
should consider, at least, a 4 × 4 mixing of three active neutrinos and one sterile species
(with 4 masses, 6 mixing angles, and 3 CP-violating phases), let us first assume an admixture
of one sterile state to electron neutrinos. In the early universe one expects that neutrino
oscillations could be effective when the vacuum oscillation term becomes larger than the
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main matter potential term from charged leptons at a temperature Tc. The evolution of the
active-sterile neutrino system depends on the sign of Δm2. For negative values there could
be resonant oscillations (or resonant production, RP). Instead, for Δm2 > 0 one has the so-
called nonresonant production of sterile neutrinos (NRP). Comparing the value of Tc with
the decoupling temperature of active neutrinos TνD ∼ 2MeV, one obtains that for values:

Δm2 � 1.3 × 10−7 eV2 (4.4)

active-sterile oscillations are effective after neutrino decoupling. In such a case, the total
comoving number density of active and sterile neutrinos will be constant because active
neutrinos are no longer interacting with the rest of the primeval plasma. Correspondingly,
distortions in the momentum spectra of neutrinos are expected which directly affect the
production of 4He at BBN when the active neutrinos are of the electron flavour (see e.g.,
[35], also for the case of nonzero initial νs abundance). Instead, for much larger values
of Δm2 oscillations are effective before neutrino decoupling, when weak interactions are
frequent. In this case the actual growth of the sterile neutrino population depends on the
interplay between oscillations and interactions, while the energy spectrum of the active ones
will be kept in equilibrium. Their combined contribution to radiation can be as large as
Neff = 2, depending on the specific value of the mixing angle and on the sign of Δm2. This
“thermalization” of the sterile neutrinos is a well-known phenomenon that is very difficult to
avoid unless the cosmological scenario is drastically modified.

In the NRP case, it was shown in [36] that the production probability of sterile
neutrinos is

Γs =
〈
sin22θmsin2(ωosct)Γa

〉
, (4.5)

where θm is the mixing angle in matter and ωosc the frequency of oscillations in the medium.
Here Γa is the production rate of active neutrinos in the plasma, and the averaging is made
over the thermal background. If the oscillation frequency is very high one can substitute
sin2(ωosct) � 1/2, and if θm is small one obtains

Γs ≈ θ2mΓa (4.6)

for a small number density of νs and active neutrinos close to equilibrium. Therefore, a
thermal or close to thermal population of sterile neutrinos is expected provided that such
a production rate of νs is larger than the expansion rate of the universe, a condition that
holds unless either Δm2 or θ is very small.

For RP of sterile neutrinos at temperatures below Tc the resonance propagates from
small to large values of the neutrino comoving momentum, covering the whole momentum
distribution while the active neutrinos are repopulated by interactions. The thermalization of
νs is thus significantly enhanced, even for quite small values of the mixing angle.

In order to illustrate this discussion with an actual calculation of the active-sterile
system with the kinetic equations in the two-flavour approximation, among the many
published analyses we have chosen a recent one [37]. Their results for the final extra
contribution of sterile neutrinos to radiation, in the case of zero initial lepton asymmetry, are
shown as isocontours of ΔNeff in Figure 4 as a function of the mixing parameters δm2

s ≡ Δm2
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Figure 4: Isocontours of the final value of ΔNeff in the sin22θs-δm2
s plane for vanishing lepton asymmetry

and δm2
s > 0 (a) and δm2

s < 0 (b). The star denotes the best-fit mixing parameters as in the 3 + 1 global fit
in [41]: (δm2

s, sin
22θs) = (0.9 eV2, 0.089). Adapted from [37].

(in eV2 units) and sin22θs ≡ sin22θ. In the NRP case (Figure 4(a)) one can clearly see that the
same finalNeff corresponds to constant values of sin42θΔm2. For RP νs’s are more efficiently
brought into equilibrium, even for quite small values of the mixing angle. All calculations
described so far correspond to the two-neutrino limit of one active and one sterile states,
but a proper calculation should also include the unavoidable presence of mixing among the
active neutrinos. A full four-flavour calculation has not been performed, but a few analyses
did solve simplified kinetic equations taking into account active neutrino mixing, such as
[38–40].

We note that for the active-sterile parameters needed to solve the oscillation anomalies
described at the beginning of this section, the thermalization of sterile neutrinos is achieved,
that is, Neff = 4. An example of the best-fit values of a particular calculation in the 3 + 1
neutrino model is indicated in the plot. Therefore, it seems that such an extra radiation is
guaranteed in these situations unless oscillations are suppressed, as in the case of a nonzero
initial lepton asymmetry ην much larger than ηB [42, 43].

5. Massive Neutrinos as Dark Matter

Nowadays the existence of Dark Matter (DM), the dominant nonbaryonic component of the
matter density in the universe, is well established. A priori, massive neutrinos are excellent
DM candidates, in particular because we are certain that they exist, in contrast with other
candidate particles. Together with CMB photons, relic neutrinos can be found anywhere in
the universe with a number density given by the present value of (2.5) of 339 neutrinos and
antineutrinos per cm3, and their energy density in units of the critical value of the energy
density (see (2.9)) is

Ων =
ρν

ρ0c
=

∑
i mi

93.14h2 eV
. (5.1)
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Here
∑

i mi includes all masses of the neutrino states which are nonrelativistic today. It is also
useful to define the neutrino density fraction fν with respect to the total matter density

fν ≡
ρν(

ρcdm + ρb + ρν
) =

Ων

Ωm
. (5.2)

In order to check whether relic neutrinos can have a contribution of order unity to
the present values of Ων or fν, we should consider which neutrino masses are allowed by
noncosmological data. Oscillation experiments measure the differences of squared neutrino
masses Δm2

21 = m2
2 − m2

1 and Δm2
31 = m2

3 − m2
1, the relevant ones for solar, and atmospheric

neutrinos, respectively. As a reference, we take the following 3σ ranges of mixing parameters
from [44] (see also [45, 46]):

Δm2
21

(
10−5 eV2

)
= 7.62+0.58−0.50

Δm2
31

(
10−3 eV2

)
= 2.55+0.19−0.24

(
−2.43+0.21−0.22

)

s212 = 0.32 ± 0.05

s223 ∈ [0.36, 0.68]([0.37, 0.67])

s213 = 0.0246+0.0084−0.0076(0.025 ± 0.008).

(5.3)

Here s2ij = sin2θij , where θij (ij = 12, 23 or 13) are the three mixing angles. Unfortunately
oscillation experiments are insensitive to the absolute scale of neutrino masses, because the
knowledge of Δm2

21 > 0 and |Δm2
31| leads to the two possible schemes shown in figure 1 of

[8], but leaves one neutrino mass unconstrained. These two schemes are known as normal
(NH) and inverted (IH) mass hierarchies, characterized by the sign of Δm2

31, positive and
negative, respectively. In the above equation the values in parentheses correspond to the IH,
otherwise the mixing parameters present the same allowed regions for both hierarchies. For
small values of the lightest neutrino mass m0, that is, m1 (m3) for NH (IH), the mass states
follow a hierarchical scenario, while for masses much larger than the differences all neutrinos
share in practice the same mass and then we say that they are degenerate. In general, the
relation between the individual masses and the total neutrino mass can be found numerically,
as shown in Figure 5.

There are two types of laboratory experiments searching for the absolute scale of
neutrino masses, a crucial piece of information for constructing models of neutrino masses
andmixings. The neutrinoless double beta decay (Z,A) → (Z+2, A)+2e− (in short 0ν2β) is a
rare nuclear processes where lepton number is violated and whose observation would mean
that neutrinos are Majorana particles. If the 0ν2β process is mediated by a light neutrino, the
results from neutrinoless double beta decay experiments are converted into an upper bound
or a measurement of the effective massmββ

mββ =
∣∣∣c212c

2
13m1 + s212c

2
13m2e

iφ2 + s213m3e
iφ3

∣∣∣, (5.4)
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where φ1,2 are the twoMajorana phases that appear in lepton-number-violating processes. An
important issue for 0ν2β results is related to the uncertainties on the corresponding nuclear
matrix elements. For more details and the current experimental results, see [47].

Beta decay experiments, which involve only the kinematics of electrons, are in
principle the best strategy for measuring directly the neutrino mass [48]. The current limits
from tritium beta decay apply only to the range of degenerate neutrino masses, so that
mβ � m0, where

mβ =
(
c212c

2
13m

2
1 + s

2
12c

2
13m

2
2 + s

2
13m

2
3

)1/2
(5.5)

is the relevant parameter for beta decay experiments. The bound at 95% CL is m0 <
2.05–2.3 eV from the Troitsk andMainz experiments, respectively. This value is expected to be
improved by the KATRIN project to reach a discovery potential for 0.3–0.35 eV masses (or a
sensitivity of 0.2 eV at 90%CL). Taking into account this upper bound and theminimal values
of the total neutrino mass in the normal (inverted) hierarchy, the sum of neutrino masses is
restricted to the approximate range

0.06(0.1) eV �
∑

i

mi � 6 eV. (5.6)
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As we discuss in the next sections, cosmology is at first order sensitive to the total
neutrino mass

∑ ≡ ∑
i mi if all states have the same number density, providing information

onm0 but blind to neutrino mixing angles or possible CP violating phases. Thus cosmological
results are complementary to terrestrial experiments. The interested reader can find the
allowed regions in the parameter space defined by any pair of parameters (

∑
, mββ,mβ) in

[21, 49, 50]. The two cases involving
∑

are shown in Figure 6.
Now we can find the possible present values of Ων in agreement the approximate

bounds of (5.6). Note that even if the three neutrinos are nondegenerate in mass, (5.1) can
be safely applied, because we know from neutrino oscillation data that at least two of the
neutrino states are nonrelativistic today, because both (Δm2

31)
1/2 � 0.05 eV and (Δm2

21)
1/2 �

0.009 eV are larger than the temperature Tν � 1.96K � 1.7 × 10−4 eV. If the third neutrino
state is very light and still relativistic, its relative contribution to Ων is negligible and (5.1)
remains an excellent approximation of the total density. One finds that Ων is restricted to the
approximate range

0.0013(0.0022) � Ων � 0.13, (5.7)

where we already included that h ≈ 0.7. This applies only to the standard case of three light
active neutrinos, while in general a cosmological upper bound on Ων has been used since
the 1970s to constrain the possible values of neutrino masses. For instance, if we demand
that neutrinos should not be heavy enough to overclose the universe (Ων < 1), we obtain an
upper bound

∑ � 45 eV (again fixing h = 0.7). Moreover, because from present analyses
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of cosmological data we know that the approximate contribution of matter is Ωm � 0.3, the
neutrino masses should obey the stronger bound

∑ � 15 eV. We see that with this simple
argument one obtains a bound which is roughly only a factor 2 worse than the bound from
tritium beta decay but of course with the caveats that apply to any cosmological analysis. In
the three-neutrino case, these bounds should be understood in terms ofm0 =

∑
/3.

Dark matter particles with a large velocity dispersion such as that of neutrinos are
called hot dark matter (HDM). The role of neutrinos as HDM particles has been widely
discussed since the 1970s, and the reader can find a historical review in [51]. It was realized
in the mid 1980s that HDM affects the evolution of cosmological perturbations in a particular
way: it erases the density contrasts on wavelengths smaller than a mass-dependent free-
streaming scale. In a universe dominated by HDM, this suppression is in contradiction with
various observations. For instance, large objects such as superclusters of galaxies form first,
while smaller structures like clusters and galaxies form via a fragmentation process. This
top-down scenario is at odds with the fact that galaxies seem older than clusters.

Given the failure of HDM-dominated scenarios, the attention then turned to cold dark
matter (CDM) candidates, that is, particles which were nonrelativistic at the epoch when the
universe became matter dominated, which provided a better agreement with observations.
Still in the mid 1990s it appeared that a small mixture of HDM in a universe dominated by
CDM fitted better the observational data on density fluctuations at small scales than a pure
CDMmodel. However, within the presently favoured ΛCDMmodel dominated at late times
by a cosmological constant (or some form of dark energy) there is no need for a significant
contribution of HDM. Instead, one can use the available cosmological data to find how large
the neutrino contribution can be, as we will see later.

Before concluding this section, we would like to mention the case of a sterile neutrino
with a mass of the order of a few keV’s and a very small mixing with the flavour
neutrinos. Such “heavy” neutrinos could be produced by active-sterile oscillations but not
fully thermalized, so that they could play the role of dark matter and replace the usual
CDM component. But due to their large thermal velocity (slightly smaller than that of active
neutrinos), they would behave as Warm Dark Matter and erase small-scale cosmological
structures. Their mass can be bounded from below using Lyman-α forest data from quasar
spectra and from above using X-ray observations. The viability of this scenario is currently
under careful examination (see e.g., [52]).

6. Effects of Neutrino Masses on Cosmology

In this section we will briefly describe the main cosmological observables and the effects that
neutrinomasses cause on them. Amore detailed discussion of the effects of massive neutrinos
on the evolution of cosmological perturbations can be found in Sections 4.5 and 4.6 of [8].

6.1. Brief Description of Cosmological Observables

Although there exist many different types of cosmological measurements, here we will
restrict the discussion to those that are at present the more important for obtaining an upper
bound or eventually a measurement of neutrino masses.
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First of all, we have the CMB temperature anisotropy power spectrum, defined as the
angular two-point correlation function of CMBmaps δT/T(n̂) (n̂ being a direction in the sky).
This function is usually expanded in Legendre multipoles

〈
δT

T
(n̂)

δT

T

(
n̂′
)〉

=
∞∑

l=0

(2l + 1)
4π

ClPl
(
n̂ · n̂′), (6.1)

where Pl(x) are the Legendre polynomials. For Gaussian fluctuations, all the information
is encoded in the multipoles Cl which probe correlations on angular scales θ = π/l. We
have seen that each neutrino state can only have a mass of the order of 1 eV, so that the
transition of relic neutrinos to the nonrelativistic regime is expected to take place after the
time of recombination between electrons and nucleons, that is, after photon decoupling.
Because the shape of the CMB spectrum is related mainly to the physical evolution before
recombination, it will only be marginally affected by the neutrino mass, except through a
modified background evolution and some secondary anisotropy corrections. There exists
interesting complementary information to the temperature power spectrum if the CMB
polarization is measured, and currently we have some less precise data on the temperature ×
E-polarization (TE) correlation function and the E-polarization self-correlation spectrum
(EE).

The current Large Scale Structure (LSS) of the universe is probed by the matter
power spectrum, observed with various techniques described in the next section (directly
or indirectly, today or in the near past at redshift z). It is defined as the two-point correlation
function of nonrelativistic matter fluctuations in Fourier space

P(k, z) =
〈
|δm(k, z)|2

〉
, (6.2)

where δm = δρm/ρm. Usually P(k) refers to the matter power spectrum evaluated today (at
z = 0). In the case of several fluids (e.g., CDM, baryons, and nonrelativistic neutrinos), the
total matter perturbation can be expanded as

δm =
∑

i ρiδi∑
i ρi

. (6.3)

Because the energy density is related to the mass density of nonrelativistic matter through
E = mc2, δm represents indifferently the energy or mass power spectrum. The shape of the
matter power spectrum is affected in a scale-dependent way by the free-streaming caused by
small neutrino masses of O(eV), and thus it is the key observable for constraining mν with
cosmological methods.

6.2. Neutrino Free Streaming

After thermal decoupling, relic neutrinos constitute a collisionless fluid, where the individual
particles free stream with a characteristic velocity that, in average, is the thermal velocity vth.
It is possible to define a horizon as the typical distance on which particles travel between
time ti and t. When the universe was dominated by radiation or matter t� ti, this horizon is,
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as usual, asymptotically equal to vth/H, up to a numerical factor of order one. Similar to the
definition of the Jeans length (see section 4.4 in [8]), we can define the neutrino free-streaming
wavenumber and length as

kFS(t) =

(
4πGρ(t)a2(t)

v2
th(t)

)1/2

,

λFS(t) = 2π
a(t)
kFS(t)

= 2π

√
2
3
vth(t)
H(t)

.

(6.4)

As long as neutrinos are relativistic, they travel at the speed of light and their free-streaming
length is simply equal to the Hubble radius. When they become nonrelativistic, their thermal
velocity decays like

vth ≡
〈
p
〉

m
� 3.15Tν

m
=

3.15T0
ν

m

(a0
a

)
� 158(1 + z)

(
1 eV
m

)
kms−1, (6.5)

where we used for the present neutrino temperature T0
ν � (4/11)1/3T0

γ and T0
γ � 2.726K. This

gives for the free-streaming wavelength and wavenumber during matter or Λ domination

kFS(t) = 0.8

√
ΩΛ + Ωm(1 + z)3

(1 + z)2

(
m

1 eV

)
h Mpc−1,

λFS(t) = 8
1 + z

√
ΩΛ + Ωm(1 + z)3

(
1 eV
m

)
h−1 Mpc,

(6.6)

where ΩΛ and Ωm are the cosmological constant and matter density fractions, respectively,
evaluated today. After the nonrelativistic transition and during matter domination, the free-
streaming length continues to increase, but only like (aH)−1 ∝ t1/3, that is, more slowly
than the scale factor a ∝ t2/3. Therefore, the comoving free-streaming length λFS/a actually
decreases like (a2H)−1 ∝ t−1/3. As a consequence, for neutrinos becoming nonrelativistic
during matter domination, the comoving free-streaming wavenumber passes through a
minimum knr at the time of the transition, that is, whenm = 〈p〉 = 3.15Tν and a0/a = (1+z) =
2.0 × 103(m/1 eV). This minimum value is found to be

knr � 0.018Ω1/2
m

(
m

1 eV

)1/2

h Mpc−1. (6.7)

The physical effect of free streaming is to damp small-scale neutrino density fluctuations:
neutrinos cannot be confined into (or kept outside of) regions smaller than the free-streaming
length, because their velocity is greater than the escape velocity from gravitational potential
wells on those scales. Instead, on scales much larger than the free-streaming scale, the
neutrino velocity can be effectively considered as vanishing, and after the nonrelativistic
transition the neutrino perturbations behave like CDM perturbations. In particular, modes
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with k < knr are never affected by free streaming and evolve like being in a pure ΛCDM
model.

6.3. Impact of Massive Neutrinos on the Matter Power Spectrum

The small initial cosmological perturbations evolve within the linear regime at early times.
During matter domination, the smallest cosmological scales start evolving nonlinearly,
leading to the formation of the structures we see today. In the recent universe, the largest
observable scales are still related to the linear evolution, while other scales can only be
understood using nonlinear N-body simulations. We will not review here all the details of
this complicated evolution (see [2, 7, 8] and references therein), but we will emphasize the
main effects caused by massive neutrinos on linear scales in the framework of the standard
cosmological scenario: a Λ Mixed Dark Matter (ΛMDM) model, where mixed refers to the
inclusion of some HDM component.

On large scales (that is, on wave numbers smaller than the value knr defined in the
previous subsection), neutrino free streaming can be ignored, and neutrino perturbations
are indistinguishable from CDM perturbations. On those scales, the matter power spectrum
P(k, z) can be shown to depend only on the matter density fraction today (including
neutrinos), Ωm, and on the primordial perturbation spectrum. If the neutrino mass is varied
with Ωm fixed, the large-scale power spectrum remains invariant.

On small scales such that k > knr, the matter power spectrum is affected by neutrino
masses for essentially the three following reasons.

(1) Massive neutrinos do not cluster on those scales. The matter power spectrum can
be expanded as a function of the three nonrelativistic species,

P(k, z) =

〈∣∣∣∣
δρcdm + δρb + δρν
ρcdm + ρb + ρν

∣∣∣∣
2
〉

= Ω−2
m

〈
|Ωcdmδcdm + Ωbδb + Ωνδν|2

〉
. (6.8)

On scales of interest and in the recent universe, baryon and CDM fluctuations are
equal to each other, while δν � δcdm. Hence, even if the evolution of δcdm was not affected
by neutrino masses (which is not the case, see the remaining two points below), the power
spectrum would be reduced by a factor (1 − fν)2 with

fν ≡ Ων

Ωm
. (6.9)

(2) The redshift of radiation-to-matter equality zeq or the baryon-to-CDM ratio
ωb/ωcdm might be slightly affected by neutrino masses, with a potential impact on the
small-scale matter power spectrum. This depends very much on which other parameters
are kept fixed when the neutrino mass varies. If neutrino masses are smaller than roughly
0.5 eV, they are still relativistic at the time of radiation-to-matter equality, and the redshift of
equality depends on (ωb + ωcdm), not on ωm. It is possible to increaseMν and ωm with fixed
parameters Ωm, ωb, ωcdm (provided that the Hubble parameter also increases like the square
root of ωm). In that case, there is no significant impact of massive neutrinos on the matter
power spectrum through background effects, that is, through a change in the homogeneous
cosmological evolution. However, there are some important perturbation effects that we will
now summarize.
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(3) The growth rate of cold dark matter perturbations is reduced through an absence
of gravitational back-reaction effects from free-streaming neutrinos. This growth rate is set by
an equation of the type

δ′′cdm +
a′

a
δcdm = −k2ψ, (6.10)

where δcdm stands for the CDM relative density perturbation in Fourier space and ψ for the
metric perturbation playing the role of the Newtonian potential inside the Hubble radius.
There is a similar equation for decoupled baryons, and very soon after baryon decoupling
we can identify δb = δcdm on scales of interest. On the right-hand side, we neglected time
derivatives of metric fluctuations playing only a minor role. The right-hand side represents
gravitational clustering and is given by the Poisson equation as a function of the total density
fluctuation. The second term on the left-hand side represents Hubble friction, that is, the
fact that the cosmological expansion enhances distances, reduces gravitational forces, and
slows down gravitational clustering. The coefficient a′/a is given by the Friedmann equation
as a function of the total background density. In a universe such that all species present in
the Friedmann equation do cluster, as it is the case in a matter-dominated universe with
δρtotal � δρcdm + δρb and ρtotal = ρcdm + ρb, the solution is simply given by δcdm ∝ a: the so-
called linear growth factor is proportional to the scale factor. But whenever one of the species
contributing to the background expansion does not cluster efficiently, it can be neglected in
the Poisson equation. In that case, the term on the right-hand side becomes smaller with
respect to the Hubble friction term, and CDM (as well as baryons) clusters at a slower rate.
This is the case in presence of massive neutrinos and for k � knr: the linear growth rate
during matter domination is then equal to a1−3/5fν . During Λ domination, this effect sums
up with that of the cosmological constant (or of any nonclustering dark energy), which also
tends to reduce the growth rate for the very same reason.

In summary, the small-scale matter power spectrum P(k ≥ knr) is reduced in presence
of massive neutrinos for at least two reason: by the absence of neutrino perturbations in
the total matter power spectrum and by a slower growth rate of CDM/baryon perturbations
at late times. The third effect has the largest amplitude. At low redhsift z � 0, the step-like
suppression of P(k) starts at k ≥ knr and saturates at k ∼ 1h/Mpc with a constant amplitude
ΔP(k)/P(k) � −8fν. This result was obtained by fitting numerical simulations [53], but a
more accurate approximation can be derived analytically [2, 8]. As mentioned in the second
item above, neutrino masses can have additional indirect effects through a change in the
background evolution, depending on which cosmological parameters are kept fixed when
Mν varies.

When fitting data, one can use analytical approximations to the full MDM or
ΛMDM matter power spectrum, valid for arbitrary scales and redshifts, as listed in [8].
However, nowadays the analyses are performed using the matter power spectra calculated
by Boltzmann codes such as CAMB [54] or CLASS [55] that solve numerically the evolution
of the cosmological perturbations. The step-like suppression of the matter power spectrum
induced by various values of fν is shown in Figure 7.

Is it possible to mimic the effect of massive neutrinos on the matter power spectrum
with some combination of other cosmological parameters? If so, one would say that a
parameter degeneracy exists, reducing the sensitivity to neutrino masses. This possibility
depends on the intervals [kmin, kmax] and [zmin, zmax] in which P(k, z) can be accurately
measured. Ideally, if we could have kmin ≤ 10−2h Mpc−1 and kmax ≥ 1h Mpc−1, the effect
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Figure 7: Ratio of the matter power spectrum including three degenerate massive neutrinos with density
fraction fν to that with three massless neutrinos. The parameters (ωm,ΩΛ) = (0.147, 0.70) are kept fixed,
and from top to bottom the curves correspond to fν = 0.01, 0.02, 0.03, . . . , 0.10. The individual masses mν

range from 0.046 to 0.46 eV, and the scale knr from 2.1 × 10−3hMpc−1 to 6.7 × 10−3hMpc−1 as shown on the
top of the figure, from [8].

of the neutrino mass would be nondegenerate, because of its very characteristic step-like
effect. Moreover, because neutrinos render the linear growth factor scale dependent, with
δm(k, z) proportional to a (resp., or a1−3/5fν) for k < knr (resp., k � knr), the amplitude of the
step-like suppression is redshift dependent. Using for example, weak lensing techniques or
Lyman-α forest data, one could get accurate measurements of the matter spectrum at several
redshifts in the range 0 < z < 3. This will offer an opportunity to test the “time dependence”
of the neutrino mass effect, and to distinguish it, for instance, from an equivalent step-like
suppression in the primordial spectrum that would still imply a scale-independent growth
factor.

The problem is that usually the matter power spectrum can only be accurately
measured in the intermediate region where the mass effect is neither null nor maximal: in
other words, many experiments only have access to the transition region in the step-like
transfer function. In this region, the neutrino mass affects the slope of the matter power
spectrum in a way which can be easily confused with the effect of other cosmological
parameters. Because of these parameter degeneracies, the current LSS data alone cannot
provide significant constraints on the neutrino mass, and it is necessary to combine them
with other cosmological data, in particular the CMB anisotropy spectrum, which could lift
most of the degeneracies. Still, for exotic models with for example, extrarelativistic degrees
of freedom, a constant equation-of-state parameter of the dark energy different from −1, or
a nonpower-law primordial spectrum, the neutrino mass bound can become significantly
weaker.

The value of kmax is not limited by observational sensitivities but by the range in which
we trust predictions from linear theory. Beyond the scale of nonlinearity (of the order of
kmax = 0.15h Mpc −1 at z = 0), the data is only useful provided that one is able to make
accurate predictions not only for the nonlinear power spectrum, but also for redshift-space
distortions (coming from the fact that we observe the redshift of objects, not their distance
away from us) and finally for the scale dependence of the light-to-mass bias (relating the
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power spectrum of a given category of observed compact objects to the underlying total
matter power spectrum). Spectacular progresses are being carried on these three fronts,
thanks to better N-body simulations and analytical techniques. Including massive neutrinos
in such calculations is particularly difficult, but successful attempts were presented for
example, in [56–58]. The neutrino mass impact on the nonlinear matter power spectrum is
now modeled with rather good precision, at least within one decade above kmax in wave-
number space. It appears that the step-like suppression is enhanced by nonlinear effects up to
roughly ΔP(k)/P(k) � −10fν (at redshift zero and k ∼ 1h Mpc −1) and is reduced above this
scale. Hence, nonlinear corrections render the neutrino mass effect even more characteristic
than in the linear theory and may help to increase the sensitivity of future experiments.

Until this point, we reduced the neutrino mass effect to that of the parameter fν orMν.
In principle, the mass splitting between the three different families for a common total mass is
visible in the matter power spectrum. The time at which each species becomes nonrelativistic
depends on individual massesmi. Hence, both the scale of the step-like suppression induced
by each neutrino and the amount of suppression in the small-scale power spectrum have
a small dependence on individual masses. The differences between the power spectrum
of various models with the same total mass and different mass splittings were computed
numerically in [59] for the linear spectrum and [58] for the nonlinear spectrum. At the
moment, it seems that even the most ambitious future surveys will not be able to distinguish
these mass splitting effects with a reasonable significance [60, 61].

6.4. Impact of Massive Neutrinos on the CMB Anisotropy Spectrum

For neutrino masses of the order of 1 eV (about fν ≤ 0.1) the three neutrino species are still
relativistic at the time of photon decoupling, and the direct effect of free-streaming neutrinos
on the evolution of the baryon-photon acoustic oscillations is the same in the ΛCDM and
ΛMDM cases. Therefore, the effect of the mass can only appear at two levels that of the
background evolution and that of secondary CMB anisotropies, related to the behavior of
photon perturbations after decoupling. Both levels are potentially affected by the evolution
of neutrinos after the time of their nonrelativistic transition. If neutrinos were heavier than
a few eV, they would already be nonrelativistic at decoupling, and they could trigger more
direct effects in the CMB, as described in [62]. However, we will see later that this situation
is disfavoured by current upper bounds on the neutrino mass.

Let us first review the background effects of massive neutrinos on the CMB. Because
the temperature and polarization spectrum shape are the result of several intricate effects, one
cannot discuss the neutrino mass impact without specifying which other parameters are kept
fixed. Neutrinos with a mass in the range from 10−3 eV to 1 eV should be counted as radiation
at the time of equality and as nonrelativistic matter today: the total nonrelativistic density,
parametrized by ωm = Ωmh

2, depends on the total neutrino massMν =
∑

i mi. Hence, when
Mν is varied, there must be a variation either in the redshift of matter-to-radiation equality
zeq or in the matter density today ωm.

This can potentially impact the CMB in three ways. A shift in the redshift of equality
affects the position and amplitude of the peaks. A change in the nonrelativistic matter density
at late times can impact both the angular diameter distance to the last scattering surface
dA(zdec), controlling the overall position of CMB spectrum features in multipole space, and
the slope of the low-l tail of the CMB spectrum, due to the late Integrated Sachs-Wolfe
(ISW) effect. Out of these three effects (changes in zeq, in dA and in the late ISW), only two
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Figure 8: CMB temperature spectrum with different neutrino masses. Some of the parameters of the
ΛMDM model have been varied together with Mν in order to keep fixed the redshift of equality and
the angular diameter distance to last scattering.

can be cancelled by a simultaneous variation of the total neutrino mass and of other free
parameters in the ΛMDM model. Hence, the CMB spectrum is sensitive to the background
effect of the total neutrinomass. In practice, however, the late ISW effect is difficult tomeasure
due to cosmic variance and CMB data alone cannot provide a useful information on sub-eV
neutrino masses. If one considers extensions of the ΛMDM, this becomes even more clear:
by playing with the spatial curvature, one can neutralize all three effects simultaneously. But
as soon as CMB data is used in combination with other background cosmology observations
(constraining for instance the Hubble parameter, the cosmological constant value, or the BAO
scale), some bounds can be derived onMν.

There exists another effect of massive neutrinos on the CMB at the level of secondary
anisotropies: when neutrinos become nonrelativistic, they reduce the time variation of the
gravitational potential inside the Hubble radius. This affects the photon temperature through
the early ISW effect and leads to a depletion in the temperature spectrum of the order of
(ΔCl/Cl) ∼ −(Mν/0.1 eV)% on multipoles 20 < l < 500, with a dependence of the maximum
depletion scale on individual masses mi. This effect is roughly ten times smaller than the
depletion in the small-scale matter power spectrum, ΔP(k)/P(k) ∼ −(Mν/0.01 eV)%.

We show in Figure 8 the effect on the CMB temperature spectrum of increasing the
neutrino mass while keeping zeq and dA fixed: the only observed differences are then for
2 < l < 50 (late ISW effect due to neutrino background evolution) and for 50 < l < 200 (early
ISW effect due to neutrino perturbations).

We conclude that the CMB alone is not a very powerful tool for constraining sub-
eV neutrino masses and should be used in combination with homogeneous cosmology
constraints and/or measurements of the LSS power spectrum, for instance from galaxy
clustering, galaxy lensing, or CMB lensing (see Section 8).
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7. Current Bounds on Neutrino Masses

In this section we review how the available cosmological data are used to get information
on the absolute scale of neutrino masses, complementary to laboratory experiments. Note
that the bounds in the next subsections are all based on the Bayesian inference method, and
the upper bounds on the sum of neutrino masses are given at 95%C.L. after marginalization
over all free cosmological parameters. We refer the reader to Section 5.1 of [8] for a detailed
discussion on this statistical method, as well as for most of the references for the experimental
data or parameter analysis.

7.1. CMB Anisotropy Bounds

The experimental situation of the measurement of the CMB anisotropies is dominated by
the seven-year release of WMAP data [17], which improved the already precise TT and TE
angular power spectra of the previous releases and included a detection of the E-polarization
self-correlation spectrum (EE). On similar or smaller angular scales than WMAP, we have
results from experiments that are either ground based or balloon borne (ACT, SPT, etc.).

We saw in the previous section that the CMB spectrum has a small sensitivity to
neutrino masses even when each mass is below 0.5 eV, and all nonrelativistic transitions take
place after photon decoupling [63]. This sensitivity is due to background effects (mainly
the late ISW effect if all other ΛMDM parameters are left free) plus perturbation effects
(mainly the early ISW effect). Therefore, it is possible to constrain neutrinomasses using CMB
experiments only, down to the level at which these small effects are masked by instrumental
noise, by cosmic variance, or by parameter degeneracies in the case of some cosmological
models beyond the minimal Λ Mixed Dark matter framework. WMAP alone is able to set a
limit Mν < 1.3-1.4 eV depending on whether the dark energy component is a cosmological
constant or not [17]. Because the neutrino mass effects in the CMB are visible mainly at
l < 500, combining WMAP data with other CMB datasets (from e.g., ACT or SPT) does
not improve this bound. On the contrary, adding more information to the background
cosmological evolution is very useful, because it helps removing degeneracies between the
various parameters: in that case, the CMB data can better probe neutrino masses through
their background effects. For instance, the bound from WMAP combined with BAO scale
measurements and a direct determination of H0 by the Hubble space telescope Key Project
[64] is significantly stronger:Mν < 0.58 eV (95% CL) [17], while the combination of WMAP
with a differentH0 determination at various redshift from early-type galaxy evolution gives
Mν < 0.48 eV (95% CL) [65]. These are important results, because they do not depend on the
uncertainties from LSS data discussed next.

7.2. Large-Scale Structure Observations

The matter power spectrum can be probed with various methods on different scales and
redshifts. Let us review here the major techniques which have led so far to relevant neutrino
mass bounds.
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7.2.1. Galaxy Power Spectrum

Galaxy maps (or, similarly, cluster maps) can be smoothed over small scales and Fourier
transformed in order to provide a power spectrum. Relating such a spectrum to the total
matter power spectrum is a tricky exercise, especially on small scales (corresponding towave-
numbers k > 0.1h Mpc−1), because it is difficult to make accurate predictions for nonlinear
corrections, redshift-space distortions, and the light-to-mass bias. Current bounds are based
on the analysis of linear scales only, for which the assumption of a scale-independent bias
is well motivated. This bias is, however, left as a free parameter, in such way that galaxy
spectrum data give indications on the shape but not on the global amplitude of P(k, z). In
the next subsection, we will report constraints from the halo power spectrum of Large Red
Galaxies (denoted later as Gal-LRG), measured by [66], the spectrum of the MegaZ catalogue
(Gal-MegaZ), used by [67], and the WiggleZ Dark Energy Survey (Gal-WiggleZ), used by
[68]. The first two data sets are actually extracted from the same big survey, the Sloan Digital
Sky Survey (SDSS).

For sufficiently deep galaxy surveys, it is possible to separate galaxies into redshift
bins and compute different correlation functions at different redshifts. This technique, called
tomography, can be very useful for constraining the scale-dependent growth factor induced
by neutrino masses. In that case, the data can be reduced to a set of two-dimension power
spectra in different shells, each of them related to P(k, z) in a narrow redshift range. Recently,
such a tomographic analysis was used by [69] for constraining neutrinos, using galaxies from
the Canada-France-Hawaii-Telescope Legacy Survey (CFHTLS), split in three redshift bins
covering the ranges 0.5 < z < 0.6, 0.6 < z < 0.8 and 0.8 < z < 1.0 (this dataset will be denoted
as Gal-CFHTLS).

7.2.2. Cluster Mass Function

Instead of probing directly the matter power spectrum P(k, z) from the spatial distribution
of objects, it is possible to constrain integrated quantities of the type

∫
dkP(k)W(k), where

W(k) stands for a given window function. One such quantity is related to the histogram
of cluster masses. If the mass of a significant number of galaxy clusters within a given
redshift bin is known, this histogram gives an estimate of the so-called cluster mass function,
dn(M,z)/dM, with dn being the number of clusters of redshift approximately equal to z, and
with a mass in the range [M,M + dM]. This function is related to σ2(M,z), the variance of
the density in spheres enclosing a massM, itself derived from the convolution of the power
spectrum P(k, z) with an appropriate window function. In the next subsection we will refer
to bounds derived from cluster abundances probed by X-ray observations from the ROSAT
survey, presented by [70] (denoted later as Clus-ROSAT) and by optical observations from
the MaxBCG catalogue, presented by [71] (denoted later as Clus-MaxBCG).

7.2.3. Galaxy Weak Lensing

The image of observed galaxies is distorted by gravitational lensing effects, caused by density
fluctuations along the line of sight. One of these effects is called cosmic shear. It corresponds
to the squeezing of an image in one direction in the sky and its stretching in the orthogonal
direction. Because such distortions are coherent over the angular size of the lensing potential
wells responsible for lensing, they tend to align slightly the apparent major axis of galaxies in
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a given patch of the sky. Hence the average cosmic shear in a given direction can be estimated
statistically by averaging over major axis orientations. The analysis of a catalogue of images
leads to a map of the lensing potential, itself related to the matter power spectrum P(k, z)
through the Poisson equation. If the number of source galaxies is sufficient, it is possible to
split the catalogue in several redshift bins and to obtain a three-dimensional reconstruction
of the gravitational potential in our past-line cone and of P(k, z) at various redshifts. Cosmic
shear tomography is particularly useful for measuring neutrino masses, because it can probe
the scale-dependent growth factor induced by neutrino masses over an extended range of
redshifts. Current cosmic shear surveys already allow to put bounds on neutrino parameters:
wewill refer later to results from the CFHTLS presented by [72] and denoted asWL-CFHTLS.

7.2.4. Lyman Alpha Forests

The most luminous and distant compact objects that we can observe are quasars. Some of
the photons emitted by quasars interact along the line-of-sight. In particular, a fraction of
photons are absorbed at the Lyman alpha wavelength by hydrogen atoms located in the
Interstellar Galactic Medium (IGM). The absorbed fraction in a given point of the photon
trajectory is proportional to the local density of neutral hydrogen. Because photons are
continuously redshifted, absorption in a given point is seen by the observer as a depletion
of the spectrum at a given frequency. Hence, inside a limited range called the Lyman alpha
forest, the frequency dependence of quasar spectra is a tracer of the spatial fluctuations of
the hydrogen density along the line of sight. Lyman alpha forests in quasar spectra offer an
opportunity to reconstruct the hydrogen density fluctuation along several line-of-sights in
a given redshift range. After Fourier expanding each spectrum and averaging over many
spectra, one gets an estimate of the so-called flux power spectrum PF(z, k) that can be related
to the total matter power spectrum P(k, z). Unfortunately, the flux power spectrum does
not probe linear scales but mildly nonlinear scales. In order to relate PF(z, k) to P(k), it
is necessary to perform N-body simulations with a hydrodynamical treatment of baryons,
accounting for the complicated thermodynamical evolution of the IGM (which depends on
star formation). Also, a limitation of this technique comes from the fact that the emitted
quasar spectra already have a nontrivial frequency dependence and that photons are affected
by several other effects than Lyman alpha absorption along the line-of-sight. Nevertheless,
a careful modeling of all relevant effects allows to obtain interesting constraints. The fact
that Lyman alpha forests probe mildly nonlinear scales rather than strongly nonlinear ones
is of course crucial for keeping systematic errors under control. Lyman alpha observations
typically constrain the matter power spectrum in the wavenumber range 0.3 < k < 3h/Mpc
and in the redshift range 2 < z < 5. We mention below some neutrino mass bounds inferred
from quasar spectra obtained by the SDSS and presented in [73], denoted as Ly-α-SDSS.

7.3. Large-Scale Structure Bounds

Using LSS observations in combination with CMB data offers an opportunity to observe (or
to bound) the step-like suppression of the matter power spectrum in presence of neutrino
masses, as explained in Section 6.3 and illustrated in Figure 7. The use of CMB data is crucial
in order to constrain parameters like the baryon density, the primordial spectrum amplitude,
the tilt, and a combination of ωM and h. Without such constraints, there would be too much
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Table 1: 95% CL upper bounds on the total neutrino mass Mν in eV, for various combinations of
CMB, homogeneous cosmology, and LSS data sets. The first seven lines refer to galaxy power spectrum
measurements, the next two lines to cluster mass function measurements, the last line to a weak lensing
survey. WMAP5 or 7 stands for WMAP 5 or 7-year data. H0 refers to the direct measurement by the HST
Key Project [64] and BAO to estimates of the scale of Baryon Acoustic Oscillations at various redshifts.
Other acronyms refer to various Large-Scale Structure dataset referred in Section 7.2. In the last column,
the cosmological constant was replaced by a Dark Energy component with arbitrary equation-of-state
parameter w.

Cosmological data Reference w = −1 w/= − 1
WMAP7 + Gal-LRG +H0 [17] 0.44 0.76
WMAP5 + Gal-MegaZ + BAO + SNIa [67] 0.325 0.491
WMAP5 + Gal-MegaZ + BAO + SNIa +H0 [67] 0.281 0.471
WMAP7 + Gal-WiggleZ [68] 0.60 —
WMAP7 + Gal-WiggleZ + BAO +H0 [68] 0.29 —
WMAP7 + Gal-CFHTLS [69] 0.64 (0.44) —
WMAP7 + Gal-CFHTLS +H0 [69] 0.41 (0.29) —
WMAP5 + BAO + SNIa + Clus-ROSAT [70] 0.33 0.43
WMAP5 +H0 + Clus-MaxBCG [71] 0.40 0.47
WMAP5 + BAO + SNIa +WL-CFHTLS [72] 0.53 —

freedom in the matter power spectrum fitted to LSS data for identifying a smooth step-like
suppression.

We summarize in Table 1 the main constraints onMν available at the time of writing,
obtained from combinations of CMB plus homogeneous cosmology data, galaxy power
spectrum data, and cluster abundance data. Current data set are far from reaching the
sensitivity required to probe the mass splitting of the total mass Mν =

∑
i mνi between

different species. The constraints mentioned below have been derived in the case of three
degenerate neutrinos with mass mν = Mν/3, but they roughly apply to the total mass of
any scenario. Also, the bounds shown in the first column of Table 1 have been obtained
under the assumption of a minimal ΛCDM model with massive neutrinos, featuring seven
free parameters. More conservative bounds are sometimes derived for basic extensions of
this model, with one or two more parameters. The constraints do not change significantly
when assuming, for instance, a primordial spectrum with a running of the tilt [d lnns/d ln k]
or a significant contribution to the CMB of primordial gravitational waves [71]. Parameters
known to be slightly degenerate with neutrino masses and leading to weaker bounds are w,
the equation-of-state parameter of a Dark Energy component (substituting the cosmological
constant), andNeff, the effective number of neutrinos discussed in Section 3. The degeneracy
with w, explained in [74], is illustrated by the last column in Table 1. We did not include in
this table current limits from Lyman alpha forest data: this is a delicate matter for the reasons
mentioned previously, and a careful modeling of all systematic effects leads to rather weak
neutrino mass bounds. The conservative analysis of [73], based on Ly-α-SDSS, gives a bound
Mν < 0.9 eV (95%CL) from Ly-α-SDSS data alone.

In conclusion, the combination of available data sets consistently indicates that the
total neutrino mass is below 0.3 eV at the 95%CL (0.5 eV if we allow for Dark Energy with
arbitraryw). This means that the “degenerate scenario” in which all neutrinos share roughly
the same mass is almost excluded. The data is about to probe the region in which masses are
different from each other and are ranked according to the NH or IH scenario. Other recent
summaries of existing bounds have been recently presented in [6, 17, 50, 71, 75].
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8. Future Sensitivities on Neutrino Masses from Cosmology

Future CMB observations will have increasing sensitivity to neutrino masses, not only
thanks to smaller error bars on the temperature and polarization spectra. They will make it
possible to probe the large-scale structure of the universe with a new technique: CMB lensing
extraction. The weak lensing of the last scattering surface by nearby galaxy clusters induces
specific non-Gaussian patterns in CMB maps that can be extracted using some nonlinear
estimators. This method allows to measure the lensing potential up to z ∼ 3 and to infer
constraints on P(k, z) at such high redshifts.

In the very close future, significant improvements on the neutrino mass bounds will
be triggered by the Planck CMB satellite. The forecasts presented in [76] predict a neutrino
mass sensitivity of σ(Mν) ∼ 0.1 eV from Planck alone, using the lensing extraction technique
of [77]. This would be twice better than without lensing extraction.

Several galaxy surveys with better sensitivity and larger volume are about to
release data or have been planned over the next decades, including the Baryon Oscil-
lation Spectroscopic Survey (http://cosmology.lbl.gov/BOSS/) (BOSS), the Dark Energy
Survey (http://www.darkenergysurvey.org/) (DES), the Large Synoptic Survey Telescope
(http://www.lsst.org/) (LSST), or the Euclid satellite (http://sci.esa.int/euclid). Also, in
[78] it was pointed out that in the future accurate measurements could be inferred from
cluster surveys. Because clusters are more luminous than galaxies, they can be mapped up to
higher redshift. Concerning cosmic shear surveys, spectacular improvements are expected
from Pan-STARRS (http://pan-starrs.ifa.hawaii.edu/) or the DES, LSST, and the Euclid
surveys already mentioned above.

In a near future, the prediction of [79] is that the combination of Planck (with lensing
extraction) with BAO scale information from BOSS could lower the error down to σ(Mν) ∼
0.06 eV. In addition, the authors of [80] find that adding Lyman alpha data from BOSS should
lead to comparable sensitivities, and even better results might be expected from the addition
of galaxy power spectrum data from the same survey.

With better tomographic data (for either galaxy clustering or cosmic shear), it will
become possible to probe the scale dependence of the growth factor induced by neutrino
masses (or in other words, the fact that the step-like suppression has an amplitude increasing
with time) and to reach spectacular sensitivities. We present below the typical sensitivities
expected for a collection of planned surveys (not all approved). These numbers should be
taken with care because forecasts are based on an idealization of each experiment, as well as
on several assumptions like the underlying cosmological model or even the fiducial value of
the neutrino mass itself.

In [81] it was found that the measurement of the galaxy harmonic power spectrum
in seven redshift bins by the DES should lead to a sensitivity of σ(Mν) ∼ 0.06 eV when
combined with Planck data (without lensing extraction). Similar bounds were derived in
[82] for another combination of comparable experiments. This shows that at the horizon of
2014 or 2015, a total neutrino mass close to Mν � 0.1 eV could be marginally detected at the
2-σ level by cosmological observations. Because this value coincides with the lowest possible
total mass in the inverted hierarchy scenario, the latter could start to be marginally ruled out
in case the data still prefersMν = 0.

The sensitivity of cosmic shear data from a satellite experiment comparable to Euclid
was calculated in [83], where it was found that it would shrink to σ(Mν) ∼ 0.03 eV in
combination with Planck data (without lensing extraction). The forecast of [84] based on
galaxy clustering data also from Euclid (completed at small redhsift by similar data from
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BOSS) gives comparable numbers. Constraints based on the ground-based Large Synoptic
Survey Telescope should be slightly weaker [85]. Hence, in the early 2020’s, we expect that a
combination of cosmological data sets could detect the total neutrino mass of the normal
hierarchy scenario, Mν � 0.05 eV, at the 2-σ level. If the total mass is instead close to
Mν � 0.1 eV, it will be detected at the 4-σ level. However, in that case, available experiments
would not have enough sensitivity for making the difference between an inverted and normal
hierarchy scenario with the sameMν.

Even more progress could be provided by the promising technique of 21-cm surveys.
Instead of mapping the distribution of hydrogen atoms trough the absorption rate of photons
traveling from quasars, it should be possible to observe directly the photons emitted by
these atoms at a wavelength λ � 21 cm from the transition from one hyperfine level to the
other. While travelling towards the observer, these photons are redshifted, and seen with a
wavelength indicating the position of the emitting atoms in redshift space. Recent theoretical
progresses in this field show that using this technique, future dedicated experiments should
be able to map hydrogen and hence baryonic fluctuations at very high redshift (typically
6 < z < 12) and to probe the matter power spectrum deep inside the matter-dominated
regime on linear scales [86]. This field is still in its infancy, and the forecasts presented
so far have to be taken with care, due to the difficulty to make a realistic estimate of
systematic errors in future data sets. A sensitivity of σ(Mν) ∼ 0.075 eV for the combination of
Planck with the Square Kilometer Array (SKA) project, or σ(Mν) ∼ 0.0075 eV with the Fast
Fourier Transform Telescope (FFTT), was found in [61]. However, the authors show that such
impressive experiments would still fail in discriminating between the NH and IH scenario.

An eventual post-Planck CMB satellite or post-Euclid survey would also have a great
potential. The forecast analysis in [87] shows that for a CMB satellite of next generation one
could get σ(Mν) ∼ 0.03 eV alone, thanks to a very precise reconstruction of the CMB lensing
potential, while [78] discusses the potential of cluster surveys. Finally, the authors of [60]
show how far the characteristics of an hypothetical galaxy or cosmic shear survey should be
pushed in order to discriminate between two allowed NH and IH scenarios with the same
total mass.

9. Conclusions

Neutrinos, despite the weakness of their interactions and their small masses, can play
an important role in cosmology that we have reviewed in this contribution. In addition,
cosmological data can be used to constrain neutrino properties, providing information on
these elusive particles that complements the efforts of laboratory experiments. In particular,
the data on cosmological observables have been used to bound the radiation content of the
Universe via the effective number of neutrinos, including a potential extra contribution from
other relativistic particles.

But probably the most important contribution of Cosmology to our knowledge of
neutrino properties is the information it can provide on the absolute scale of neutrino
masses. We have seen that the analysis of cosmological data can lead to either a bound or a
measurement of the sum of neutrinomasses, an important result complementary to terrestrial
experiments such as tritium-beta decay and neutrinoless double-beta decay experiments. In
the next future, thanks to the data from new cosmological experiments we could even hope to
test the minimal values of neutrino masses guaranteed by the present evidences for flavour
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neutrino oscillations. For this and many other reasons, we expect that neutrino cosmology
will remain an active research field in the next years.
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This paper introduces the neutrinoless double-beta decay (the rarest nuclear weak process) and
describes the status of the research for this transition, both from the point of view of theoretical
nuclear physics and in terms of the present and future experimental scenarios. Implications of this
phenomenon on crucial aspects of particle physics are briefly discussed. The calculations of the
nuclear matrix elements in case of mass mechanisms are reviewed, and a range for these quantities
is proposed for the most appealing candidates. After introducing general experimental concepts—
such as the choice of the best candidates, the different proposed technological approaches, and the
sensitivity—we make the point on the experimental situation. Searches running or in preparation
are described, providing an organic presentation which picks up similarities and differences. A
critical comparison of the adopted technologies and of their physics reach (in terms of sensitivity
to the effective Majorana neutrino mass) is performed. As a conclusion, we try to envisage what
we expect round the corner and at a longer time scale.

1. Introduction

The double-beta decay is the rarest nuclear weak process. It takes place between two even-
even isobars, when the decay to the intermediate nucleus is energetically forbidden due
to the pairing interaction, which shifts the even-even and the odd-odd mass parabolas in
a given isobaric chain; therefore, only due to the pairing interaction can the double-beta
decay be observed. This is seen clearly in Figure 1. The two-neutrino decay conserves the
lepton number and was originally proposed by Goeppert-Mayer in 1935 [1]. It is a second-
order weak process, this is the reason of its low rate, and the first direct laboratory detection
was only achieved as recently as 1987 [2]. Since then, it has been measured for a dozen of
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Figure 1: Representation of the energies of the A = 76 isobars. The single-beta decay (β)—green arrows—
between 76Ge and 76Se is energetically forbidden, hence leaving double beta (ββ)—pink arrow—as the
only decay channel. The two mass parabolas exist because of the pairing interaction that lowers the energy
of even Z—even N nuclei with respect to odd Z—odd N nuclei. For odd A nuclei there is a single mass
parabola, and all single-beta transitions are energetically allowed (taken from J. Menendez’s PhD thesis).

nuclei [3], with lifetimes in the range 1018–1022 y. The alternative is the neutrinoless double-
beta decay (0νββ), proposed by Furry [4] after the Majorana theory of the neutrino [5]. The
neutrinoless decay 0νββ can only take place if the neutrino is a massive Majorana particle
and demands an extension of the standard model of the electroweak interactions, because
it violates the lepton number conservation. Therefore, the observation of the double-beta
decay without emission of neutrinos will sign the Majorana character of the neutrino. The
corresponding nuclear reactions are the following:

A
ZXN−→A

Z+2XN−2 + 2e− + 2νe,

A
ZXN−→A

Z+2XN−2 + 2e−.
(1.1)

Currently, there is a number of experiments either taking place or expected for the
near future—see, for example, [6, 7] and Section 7.3.—devoted to detect this process and to
set up firmly the nature of neutrinos. Most stringent limits on the lifetime are of the order of
1025 y. A discussed claim for the existence of 0νββ decay in the isotope 76Ge (see Section 7.1)
declares that the half-life is about 2.2×1025 y [8]. Furthermore, the 0νββ decay is also sensitive
to the absolute scale of the neutrino masses (if the process is mediated by the so-called mass
mechanism), and hence to themass hierarchy (see Section 2). Since the half-life of the decay is
determined, together with the effective Majorana neutrino mass (defined later in Section 2),
by the nuclear matrix elements for the process NME, its knowledge is essential to predict the
most favorable decays and, once detection is achieved, to settle the neutrino mass scale and
hierarchy.

Another process of interest is the resonant double-electron capture which could
have lifetimes competitive with the neutrinoless double-beta decay ones only if there is a
degeneracy of the atomic mass of the initial and final states at the eV level [9]. For the
moment, high-precision mass measurements have discarded all the proposed candidates
(see [10] for a recent update of the subject). As in the neutrinoless double-beta decay,
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the decay rate depends on the effective Majorana neutrino mass and the NME defined in
Section 3.

2. Neutrinoless Double-Beta Decay and New Physics

The main feature of 0νββ decay is just the violation of the lepton number. In the modern
(standard model) perspective, this is as important as the violation of the baryon number.
In a very general context, we can imagine this process as a mechanism capable to create
electrons in a nuclear transition. It is pretty evident and well known that this transition is
not necessarily due the exchange of Majorana neutrinos (mass mechanism) as a leading
contribution, although its observation would prove that neutrinos are self-conjugate particles
[11]. Many extensions of the standard model generate Majorana neutrino masses and
offer a plethora of 0νββ decay mechanisms, like the exchange of right-handed W-bosons,
SUSY superpartners with R-parity violating, leptoquarks, or Kaluza-Klein excitations, among
others, which have been discussed in the literature. Possibilities to disentangle at least some
of the possible mechanisms (e.g., that related to the existence of right-handed currents) rely
on the analysis of angular correlations between the emitted electrons (possible only in one of
the future proposed searches), the study of the branching ratios of 0νββ decays to ground and
excited states, a comparative study of the 0νββ decay and neutrinoless electron capture with
the emission of a positron, and analysis of possible links with other lepton-flavor violating
processes.

However, after the discovery of neutrino flavor oscillations (which prove that
neutrinos are massive particles), the mass mechanism occupies a special place. It relates
neatly the 0νββ decay to important parameters of the neutrino physics, fixes clear
experimental targets, and provides a clue to compare on equal footing experiments which
present considerable differences from the methodological and technological points of view.
In fact, as extensively discussed in Section 3, the lifetime of the 0νββ decay is related to the
so-called effective Majorana neutrino mass, defined by the following equation:

〈mν〉 =

∣∣∣∣∣
∑

k

U2
ekmk

∣∣∣∣∣ =

∣∣∣∣∣
∑

k

|Uek|2mke
iαk

∣∣∣∣∣. (2.1)

This crucial parameter contains the three neutrino massesmk, the elements of the first
row of the neutrino mixing matrix Uek, and the unknown CP-violating Majorana phases αk

(only two of them have a physical meaning), whichmake cancellation of terms possible: 〈mν〉
could be smaller than any of the mk. Thanks to the information we have from oscillations, it
is useful to express 〈mν〉 in terms of three unknown quantities: the mass scale, represented
by the mass of the lightest neutrinommin, and the two Majorana phases. It is then common to
distinguish three mass patterns: normal hierarchy, where m1 < m2 < m3, inverted hierarchy,
where m3 < m1 < m2, and the quasidegenerate spectrum, where the differences between
the masses are small with respect to their absolute values. We ignore Nature’s choice about
the neutrino mass ordering at the moment, and the 0νββ decay has the potential to provide
this essential information. In fact, if it can be experimentally established that 〈mν〉 ≥ 50meV,
one can conclude that the quasidegenerate pattern is the correct one and extract an allowed
range of mmin values. On the other hand, if 〈mν〉 lies in the range 20–50meV, the pattern
is likely inverted hierarchy, although the normal hierarchy cannot be excluded if the lightest
neutrinomass sits on the far right of the allowed band. Eventually, if one could determine that
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〈mν〉 < 20meV but nonvanishing, the conclusion would be that the normal-hierarchy pattern
holds. It turns out therefore that 0νββ is important over two fronts: the comprehension of
fundamental aspects of elementary particle physics and the contribution to the solution of
hot astroparticle and cosmological problems, related to the neutrino mass scale and nature.

3. Formalism

The starting point for the description of the 0νββ decay in the mass mode is the weak
Hamiltonian:

HW =
G√
2

(
jLμJ

μ†
L

)
+ h.c., (3.1)

where jLμ is the leptonic current, and the hadronic—nuclear—counterpart is given in the
impulse approximation by

J
μ†
L = Ψτ+

(
gV
(
q2
)
γμ − igM

(
q2
) σμν

2Mp
− gA

(
q2
)
γμγ5 + gP

(
q2
)
qμγ5

)
Ψ, (3.2)

with qμ the momentum transferred from hadrons to leptons, this is, qμ = p
μ
neutron − p

μ
proton.

In the nonrelativistic case, and discarding energy transfers between nucleons, we have

J
μ†
L (x) =

A∑

n=1

τ−n
(
gμ0J0

(
q2
)
+ gμkJkn

(
q2
))

δ(x − rn), (3.3)

where

J0
(
q2
)
= gV

(
q2
)
,

Jn
(
q2
)
= igM

(
q2
)σn × q

2Mp
+ gA

(
q2
)
σn − gP

(
q2
)q(qσn)

2Mp
.

(3.4)

The parameterization of the couplings by the standard dipole form factor—to take into
account the finite nuclear size (FNS)—and the use of the CVC and PCAC hypotheses—for
the magnetic and pseudoscalar couplings gM and gP—are those described in [12]. We take as
values of the bare couplings gV (0) = 1 and gA(0) = 1.25.

Due to the high momentum of the virtual neutrino in the nucleus—≈100MeV—we can
replace the intermediate state energy by an average value and then use the closure relation
to sum over all the intermediate states. This approximation is correct to better than 90% [13].
We also limit our study to transitions to 0+ final states and assume electrons to be emitted in s
wave. Corrections to these approximations are of the order of 1% at most, due to the fact that
in the other cases effective nuclear operators of higher orders are needed to couple the initial
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and final states. With these considerations, the expression for the half-life of the 0νββ decay
can be written as [14, 15]

(
T
0νββ
1/2 (0+ → 0+)

)−1
= G01

∣∣∣M0νββ
∣∣∣
2
(〈mν〉

me

)2

, (3.5)

where 〈mν〉, the effective Majorana neutrino mass, was introduced in (2.1), and G01 is a
kinematic factor (known also as phase-space factor)—dependent on the charge, mass, and
available energy of the process, in the following denoted also as Q-value or simply Q. M0νββ

is the NME object of study in this section. As already discussed, the neutrino mass scale
is directly related to the decay rate. The kinematic factor G01 depends on the value of the
coupling constant gA. Therefore, the NMEs obtained with different gA values cannot be
directly compared. If we redefine the NME as:

M
′0νββ =

(
gA
1.25

)2

M0νββ, (3.6)

the new NMEs M
′0νββ’s are directly comparable no matter which was the value of gA

employed in their calculation, since they share a commonG01 factor—the one calculated with
gA = 1.25. In this sense, the translation of M

′0νββ’s into half-lives is transparent.
The NME is obtained from the effective transition operator resulting of the product of

the nuclear currents:

Ω
(
q
)
= −hF(q

)
+ hGT(q

)
σnσm − hT(q

)
Sq
nm, (3.7)

where Sq
nm = 3(q̂σnq̂σm) − σnσm is the tensor operator. The functions h(q) can be labeled

according to the current terms from which they come:

hF(q
)
= hF

vv

(
q
)
,

hGT(q
)
= hGT

aa

(
q
)
+ hGT

ap

(
q
)
+ hGT

pp

(
q
)
+ hGT

mm

(
q
)
,

hT(q
)
= hT

ap

(
q
)
+ hT

pp

(
q
)
+ hT

mm

(
q
)
,

(3.8)

whose explicit form can be found in [12].
Till recently, only haa and hvv terms were considered. However, rough estimates of the

value of these terms taking q ≈ 100MeV give haa ≈ hvv ≈ 1, hap ≈ 0.20, hpp ≈ 0.04, and
hmm ≈ 0.02. Therefore, according to the figures, certainly hap cannot be neglected. Since the
Gamow-Teller contribution will be the dominant one, and both the hpp and hmm have the
same sign and opposite to hap, it seems sensible to keep all these terms in the calculation.
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Integrating over q, we get the corresponding operators in position space, which are
called the neutrino potentials. Before radial integration, they look like

V F/GT
x (r) =

2
π

R

g2
A(0)

∫∞

0
j0
(
qr
)hF/GT

x

(
q
)

(
q + μ

) qdq,

V T
x (r) =

2
π

R

g2
A(0)

∫∞

0
−j2
(
qr
) hT

x

(
q
)

(
q + μ

)qdq,

(3.9)

where jn(x) are the spherical Bessel functions, r is the distance between nucleons, and R,
which makes the result dimensionless, is taken as R = r0A

1/3, with r0 = 1.2 fm.
Finally, the NME reads

M0νββ = −
(
gV (0)
gA(0)

)2

MF +MGT −MT

=

〈
0+f

∣∣∣∣∣
∑

n,m

τ−n τ
−
m

(
−V F(r) + V GT(r)σnσm − V T (r)Sr

nm

)∣∣∣∣∣0
+
i

〉
.

(3.10)

Until very recently, the short-range correlations were taken into account in the
calculation of the NME using the Jastrow prescription of [16, 17] as follows:

〈0+f |V (r)|0+i 〉src = 〈0+ff(r)|V (r)|f(r)0+i 〉

=
〈
0+f
∣∣∣f(r)2V (r)

∣∣∣0+i
〉
,

(3.11)

with f(r) = 1 − e−ar
2
(1 − br2), where a = 1.1 fm−2 and b = 0.68 fm−2.

However, there has been recent proposals [18] suggesting to use a more microscopic
method—namely, the unitary correlation operator method (UCOM) [19]—to estimate the
SRC, which leads to a much softer correction. A fully consistent calculation of the short-range
effects made in [20], which regularizes the 0νββ operator using the same prescription as that
for the bare interaction, concludes that the effect of the short-range correlations is negligible
if the nucleon dipole form factors are taken into account properly.

In summary, there is a broad consensus in the community about the form of the
transition operator in the mass mode, which must include the higher-order terms in the
nuclear current that we have discussed, and the proper nucleon form factors. The consensus
extends to the validity of the closure approximation for the calculation of the NMEs and to
the use of soft (or no) short-range corrections. The situation is less clear concerning the use
of bare or quenched values of gA, and we will discuss this specific point later on.

4. The Nuclear Part of the NMEs

Once the main issues related to the transition operator are settled, we are left with the
purely nuclear ingredient of the neutrinoless double-beta decay NMEs, the wave functions
of the initial and final states of the process. Two different methods were traditionally used
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to calculate the NMEs for 0νββ decays, the quasiparticle random-phase approximation, and
the shell model in large valence spaces (ISM). The QRPA has produced results for most of
the possible emitters since long [21–23]. In this method, the pairing correlations are treated in
the BCS approximation and the multipole ones at the RPA level. This is an important aspect
because as we will show in what follows the pairing structure of the nuclear wave functions
plays a prominent role in the size of the NMEs. The ISM, that was applied only to a few cases
till recently, can nowadays describe (or will do it shortly) all the experimentally relevant
decays but one, the decay of 150Nd [24]. Other approaches sharing a common prescription
for the transition operator (including higher order corrections to the nuclear current), for the
treatment of the short-range correlations (SRCs) and the finite size effects, are the Interacting
Boson Model [25], the Generator Coordinate Method with the Gogny force [26], and the
Projected Hartree-Fock-Bogoliubov method [27].

The ISM calculations are performed in different valence spaces and utilize well-tuned
effective interactions which make it possible to describe with great accuracy many different
observables in many different nuclei. All the details of the modern ISM approach can be
found in the review of [28]. For instance, in the decay of 48Ca, we employ the KB3 interaction
in the pf major shell. For the case of 76Ge and 82Se, the valence space consists of the 1p3/2,
0f5/2, 1p1/2, and 0g9/2 orbits, and the interaction is the GCN28.50. Finally the 0g7/2, 1d 3/2,
1d5/2, 2s1/2, and 0h11/2 valence space and the GCN50.82 interaction are used in the decays
of 124Sn, 128Te, 130Te, and 136Xe. Notice that in these calculations, all the possible states of the
valence particles in the valence states are taken into account, which leads to basis containing
up to O(1010) M = 0 Slater determinants. QRPA valence spaces comprise typically two
major oscillator shells. But only a minor fraction of the possible configurations are taken
into account. The effect of the orbits excluded in the ISM calculations in comparison with
the QRPA spaces was evaluated in [29], in the particular cases of A = 82 and A = 136, and
the effect was to increase the NMEs by less than 25%.

Figure 2 shows the most recent results of the different methods. We can see that in
most cases the results of the ISM calculations are the smallest ones, while the largest ones
may come from the IBM, QRPA, or GCM.

The difficulty is to decide upon the merit of the different approaches because of our
limited understanding of the physical content of the two-body transition operator (and,
indeed, the absence of any experimental anchorage). The situation is very different in the
2ν mode; the decay proceeds via the sum of virtual Gamow-Teller transitions from the initial
nucleus to the 1+ states of the intermediate odd-odd nucleus followed by another one to the
final one. The matrix element is the sum over all the intermediate states of the products of the
two Gamow-Teller amplitudes with an energy denominator (see (4.1) below):

M2ν =
∑

m

〈
0+f |
σt−|m

〉〈
m|
σt+|0−i

〉

Em − (Mi +Mf

)
/2

. (4.1)

Even without any experimental result, one could judge the validity of the predictions of
the different nuclear models comparing their predictions for the β−/+ strength functions as
measured in charge exchange reactions [32], the excitation energies of the 1+ states of the
intermediate nucleus, and so forth. Indeed, the ISM predictions of these observables are quite
successful (see [33]) and we will come back to this issue later. In the 0ν decay, we lack of
direct referents of this sort and the evaluation of the adequacy of the different methods is
inevitably more ambiguous. A key point is therefore to understand better the peculiarities of
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Figure 2: The neutrinoless double-beta decay; ”state-of-the-art” NMEs: QRPA [30] (red bars) and [21, 22]
(diamonds), ISM [31] (squares), IBM [25] (circles), and GCM [26] (triangles).

the 0ν operator to learn which are the properties of the initial and final nuclei to which it is
more sensitive.

4.1. The Role of the Pair Structure of Wave Functions in the NMEs

The two-body decay operator can be written in the Fock space representation as follows:

M̂(0ν) =
∑

J

⎛

⎝
∑

i,j,k,l

M
J
i,j,k,l

((
a†
i a

†
j

)J
(akal)J

)0
⎞

⎠, (4.2)

where the indices i, j, k, and l run over the single-particle orbits of the spherical nuclear mean
field. Applying the techniques of [34], we can factorize the operators as follows:

M̂(0ν) =
∑

Jπ
P̂ †
Jπ P̂Jπ . (4.3)

The operators P̂Jπ annihilate pairs of neutrons coupled to Jπ in the parent nucleus, and
the operators P̂ †

Jπ substitute them by pairs of protons coupled to the same Jπ . The overlap
of the resulting state with the ground state of the grand daughter nucleus gives the Jπ -
contribution to the NME. The—a priori complicated—internal structure of these exchanged
pairs is dictated by the double-beta decay operators.

In order to explore the structure of the 0νββ two-body transition operators, we have
plotted in Figure 3 the contributions to the 0ν GT matrix element as a function of the Jπ

of the decaying pair in the A = 82 and A = 130 cases. The results are very suggestive,
because the dominant contribution corresponds to the decay of J = 0 pairs, whereas the
contributions of the pairs with J > 0 are either negligible or have opposite sign to the leading
one. This behavior is common to all the cases that we have studied and is also present in
the QRPA calculations, in whose context they had been discussed in [23, 35]. To grasp better
this mechanism, we shall work in a basis of generalized seniority s (s counts the number of
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Figure 3: (Color online) Contributions to the Gamow-Teller matrix element of the 82Se → 82Kr and 130Te
→ 130Xe decays as a function of the Jπ of the transformed pair.

Table 1: Decomposition of the wave function of the ground state of 66Ge according to its seniority
components, in percentage, for different values of the deformation β.

β s = 0 s = 4 s = 6 s = 8 s = 10
0.15 78 20 1 1 0
0.20 39 43 7 10 1
0.25 20 43 14 20 3
0.30 6 32 21 31 10

unpaired nucleons in the nucleus). If the two nuclei in the process had generalized seniority
zero, only the J = 0 pairs would contribute to the NME, which therefore would have a large
value. This is better seen in Figure 4 where we plot the evolution of the values of the NMEs as
a function of the maximum seniority which we allow in the wave functions of the decaying
and stable nuclei.

It is clearly seen that truncations in seniority tend to overestimate the value of the
NMEs. And this can give us a handle to evaluate the different descriptions in terms of their
ability to describe properly the correlations which tend to break the nuclear Cooper pairs.
High-seniority components are strongly connected to quadrupole correlations and indeed
to nuclear deformation. As an example, we show in Table 1 the decomposition of the wave
function of the nucleus 66Ge—that would exhibit a fictitious 0νββ decay to its mirror 66Se—for
different deformations, obtained by adding a variable extra quadrupole-quadrupole term to
the interaction. It so happen that as the nucleus becomes more deformed, the high-seniority
components become more important.

The next finding of this exercise is even more interesting because it gives us another
clue on what is relevant in the nuclear wave functions from the NMEs point of view. We
have plotted in Figure 5 the value of the NME as a function of the difference in deformation
that we induce by adding the extra quadrupole-quadrupole term to the interaction only for
the final nucleus 66Se. Notice in the first place that with the initial interaction both nuclei
are mildly deformed (and their wave functions are identical after the exchange of neutrons
and protons) with β ∼ 0.2. In spite of that, the NME is a factor of two larger than the values
obtained for the A = 76 and A = 82 decays in the same valence space and with the same
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Figure 4: (Color online) The neutrinoless double-beta decay NMEs as a function of the maximum seniority
allowed in the wave functions.

interaction. Hence, even if the two A = 66 partners are deformed, the fact that their wave
functions are identical enhances the decay (the fact that they aremirror nuclei also contributes
to this enhancement mainly because of the Fermi contribution, which is enhanced due to
the isospin selection rules). Nevertheless, the NME is still far from its expected value in the
superfluid limit (NME∼7). The figure shows that the reduction of the NME as the difference
in deformation increases is very pronounced, and for Δβ = 0.1, the NME is one-third of the
initial one. If we increase the deformation of the two mirror nuclei by the same amount, the
NME decreases as well, but less rapidly, for instance, if we deform both nuclei till β = 0.3, the
value of the NME is reduced just by 25%.

This behavior of the NMEs with respect to the difference of deformation between
parent and grand daughter is common to all the transitions between mirror nuclei that we
have studied (A = 50,A = 110) and to more realistic cases like theA = 82 decay that we have
examined in detail in [36]. Therefore, we can submit that this is a robust result, that can be of
importance for the only case which is for the moment out of reach of the ISM description; the
decay of 150Nd that SNO+ will try to measure soon, because 150Sm is much more deformed
than 150Nd. We have also shown in [36] that the reason for this quenching of the NME is the
mismatch in seniority between the initial and final nuclei. Therefore, all the models which
tend to smooth these differences and/or to overestimate the low-seniority components of the
wave functions are bound to predict too large NMEs.

In Figure 6, the QRPA NMEs are compared with the ISM ones without truncation
and truncated at seniority s = 4. The comparison is very telling, because the agreement of
the truncated ISM results with the QRPA is surprisingly good. Hence, it is apparent that
the QRPA results (and the IBM and GCM ones) fall short in capturing in full the multipole
correlations in the cases where they are important, and because of this, they produce NMEs
which are larger than the ISM ones.
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Figure 6: The QRPA results of Figure 2 compared with the ISM ones truncated at seniority s = 4

4.2. Other Benchmarks of the Nuclear Wave Functions

Even if we do not have access to observables that are unambiguously related to the
neutrinoless NME, there is a plethora of experimental data which can be used to benchmark
the wave functions of the participant nuclei, produced by the different nuclear models. We
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Table 2: The GT NMEs of the A = 48 decay in the generalized seniority basis.

48Ti s = 0 (59%) s = 4 (36%) s = 6 (4%) s = 8 (1%)
48Ca s = 0 (97%) 3.95 −3.68 — —
48Ca s = 4 (3%) 0.00 −0.26 0.08 −0.02

shall discuss the single β decays (and charge exchange data) together with the 2ν results in
the context of the value of gA which should be used in the calculations in the next section. We
are aware of the fact that the different benchmarks are not independent.

(i) Shell and subshell closures: these are very prominent properties in the nuclear
dynamics which should manifest in the NMEs. Indeed they do, because in this case the
variations in the seniority structure between the initial and final nuclei are very abrupt,
leading to very large cancelations of their NME. This is particularly acute in the decay of
48Ca, which is the only doubly magic nucleus candidate to neutrinoless double-beta decay
and the one which has the smallest NME.

In Table 2, we show the seniority structures of 48Ca and 48Ti, and we can see that they
are very different. We then compute the matrix elements 〈νf(β)|OGT|νi(α)〉, and we find the
values listed in the same table. There are only two large matrix elements; one diagonal and
another off-diagonal (Δs = 4) of the same size and opposite sign. If the two nuclei were
dominated by the seniority zero components, one should obtain MGT ∼ 4. If 48Ti were a bit
more deformed, MGT will be essentially zero. The value produced by the KB3 interaction is
0.75, which represents more than a factor five reduction with respect to the seniority zero
limit. Earlier work on double-beta decays in a basis of generalized seniority (limited to s = 0
and s = 4 components) showing also this kind of cancellations can be found in [35].

Among the favored potential emitters, we have also a few cases of semimagic nuclei
in which these effects are less dramatic; however, one should be aware of the fact that if a
calculation overemphasizes a subshell closure, its NMEs are bound to be too small. This is
possibly the situation in some calculations of the decay of 96Zr. Thus, all these spectroscopic
issues should be verified with extreme care before trusting a NME.

(ii) Occupation numbers: another piece of information which is very relevant is
provided by the analysis of the experimental spectroscopic factors of stripping and pick-up
reactions that lead to the extraction of the occupation numbers of the orbits close to the Fermi
level. This has been recently done for neutrons and protons in 76Ge and 76Se in a series of
very careful experiments in [37, 38]. Its impact on the different calculations has been uneven;
the experimental occupancies were in reasonable agreement with the ISM ones [39], while
completely at odds with the QRPA ones [40, 41]. When the QRPA calculations were modified
to reproduce these data, their NMEs came closer to the ISM one. There are experiments in
progress for 130Te and 130Xe, but for the moment the information is limited to the neutron
occupancies [42] (which by the way are not very different from the ISM ones).

(iii) Pair transfer amplitudes: in view of the important cancelations between the
contributions to the NMEs coming from the transmutation of pairs of neutrons with J = 0+

and J /= 0+, the knowledge of the pair transfer amplitudes from and to the neighboring nuclei
can be a very strict test of the nuclear wave functions. Reference [42] contains a review of the
subject and a list of planned experiments.

(iv) Energy spectra and electromagnetic transitions: these are data which are
traditionally the labels of the nuclear shapes and reflect the degree of multipole collectivity,
superfluidity, shell closures, and so forth. We have seen that the difference in structure
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between the initial and final nuclei is the major reason for the depletion of the NMEs and
thus the importance of describing these properties accurately.

4.3. The Gamow-Teller Operator: To Quench or Not to Quench

It is a well-known fact that in order to explain the experimental transition probabilities of
the Gamow-Teller decays, the predictions of any model which does not take into account
explicitly the short-range correlations must be affected by a reduction factor. Quenching
factors of 0.77 in the sd-shell, [43] and 0.74 in the pf-shell [44] have been extracted from fits
to the experimental data in the ISM framework. The value tends asymptotically to 0.7. These
results are consistent with those of a large series of charge exchange reactions, in which only
about one half of the strength predicted by the Ikeda sum rule S−(GT) − S+(GT) = 3(N − Z)
[45] was actually measured. The quenching factor can be interpreted as a kind of effective
charge for the Gamow-Teller operator 
σt± due to the highly repulsive core of the nucleon-
nucleon bare interaction [46]. In principle, ”ab initio” calculations should be free of these
limitations, but the results of the first attempts are not conclusive yet [47]. All the nuclear
models that we are discussing in this paper share the need of using an effective Gamow-Teller
operator for the description of the single β decays. And, once taken into account, they should
be able to reproduce the experimental data, which so provide another important benchmark.
Indeed, the ISM calculations perform quite well in this respect.

The main QRPA practitioners have had their Scylla and Charybdis with this issue,
because when adjusting one of the key parameters in their calculations, the strength of the
interaction in the particle-particle channel, gpp, they had to sacrifice either the reproduction of
the single-beta decays or the two neutrino double-beta decay transition probabilities. Finally,
they have given up the single-beta decays and fixed their gpp’s to the experimental half-lives
of the 2ν decays. In some cases, the calculations weremade bothwith quenched andwith bare
operators. In our opinion, the only consistent way of doing it is with the effective operator. In
any case, as they fix the interaction case by case to the experimental data of the 2ν decays, we
cannot judge on the merit of their approach in this respect.

The ISM description of the two neutrino double-beta mode started with the 48Ca decay
in the full pf-shell, several years in advance of the experimental measure [48]. The prediction
turned out to be quite accurate. For the other decays the situation is less favorable, because the
ISM valence spaces are not complete in the sense of comprising all the spin orbit partners. In
these spaces, we have made local fits to the single-beta decays, extracted the local quenching
factors, and used them in the calculation of the 2ν decays, with rather satisfactory results. We
have gathered all our results recently in [33].

The important question is what to do in the neutrinoless case. Contrary to the 2ν,
all the multipoles contribute now to the NME, and, in fact, the channel with the Gamow-
Teller quantum numbers is never dominant and quite often has opposite sign to the others.
It is therefore not guaranteed that the right choice would be to affect all the channels of
the quenching derived in the pure Gamow-Teller decays in the long wavelength limit. A
very interesting effort to disentangle this problem was made by Hagen and Engel who went
on renormalizing the two-body transition operator of the neutrinoless double-beta decay in
the closure approximation in parallel to the renormalization of the bare nucleon nucleon
interaction [49]. Their preliminary conclusion was that no renormalization was necessary.
Another attempt along similar lines using chiral perturbation theory [47] has neither given a
definite answer to this question, which is probably the major remaining source of uncertainty
of the NMEs of the neutrinoless double-beta decays.
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5. A Modest Proposal for the Ranges of Values of the NMEs

The question often posed to theorists working in this field is, what are the error bars of your
NMEs? Obviously the error bar cannot be of statistical origin because we do not produce
models at random. And if we could control the systematic errors, we should have done it
already, hence improving our descriptions. That is why we speak of range of values in a
very very loose sense. What would be nonsensical is to average the results of the different
approaches blindly, without analyzing their respective merits or trends. Each one of the major
methods has some advantages and drawbacks, whose effect in the values of the NME can be
sometimes explored. The clear advantage of the ISM calculations is their full treatment of
the nuclear correlations, while their drawback is that they may underestimate the NMEs due
to the limited number of orbits in the affordable valence spaces. It has been estimated [29]
that the effect can be of the order of 25%. On the contrary, the QRPA variants, the GCM in
its present form, and the IBM are bound to underestimate the multipole correlations in one
or another way. As it is well established that the action of the correlations is to diminish the
NMEs, these methods should tend to overestimate their value. With these considerations
in mind, we propose here an educated range of NME values which somehow take into
account the limitations of the different approaches, very much in the mood of [50]. In what
follows, we select the results of the major nuclear structure approaches which share the
following common ingredients: (a) nucleon form factors of dipole shape; (b) soft short-range
correlations computed with the UCOM method; (c) unquenched axial coupling constant
gA; (d) higher-order corrections to the nuclear current; (e) nuclear radius R = r0A

1/3, with
r0 = 1.2 fm. The IBM results are multiplied by 1.18 to account for the difference between
Jastrow and UCOM, and the RQRPA ones are multiplied by 1.1/1.2 so as to line them up
with the others in their choice of r0 = 1.2 fm. Therefore, the remaining discrepancies between
the diverse approaches are solely due to the different nuclear wave functions which they
employ.

Lets start with the 150Nd case, for which no ISM value is available. The GCM
calculation [26] is clearly the most sophisticated in the market from the point of view of
the nuclear structure, and gives the smallest NME. The two other approaches, QRPA [51]
and IBM [25], give larger and similar results; therefore, we weight more the GCM value to
propose a range [2.03–2.63] even if, in view of the precedent discussion on the effect of the
missing correlations in these approaches, we could somehow overestimate it. For 136Xe, we
have the ISM value which defines the lower end of the range, but we shall increase it by
25% to account for the limitations in the valence space (we shall apply this correction to all
the ISM NMEs except the 48Ca one in which the ISM calculation include a full harmonic
oscillator major shell). For the upper one, we average the NMEs from the RQRPA calculation
of the Tubingen group [30], the GCM, the IBM, and the more recent pnQRPA result from
the Jyvaskyla La Plata collaboration [40]. The resulting interval is [2.74–3.45]. With the same
ingredients, we obtain a range [3.31–4.61] for 130Te and [3.60–4.69] for 128Te. For 100Mo, the
ISM results are still preliminary, and we do not dare to offer an interval, so we propose only
an upper bound of 4.23. In the 96Zr case, the NME depends critically on the degree of subshell
neutron closure given by the calculation. The anomalously low value proposed by the QRPA
calculation of the Tubingen group is surely due to this overclosure (we have checked this
effect in our ISM calculation). Discarding this value, the range is [3.06–3.71] (but this time the
ISM value is larger than the average of the QRPA and IBM). For 82Se, the interval is [3.30–4.54]
using the latest SRQRPA [41]. In the case of the NME of the 76Ge decay, we can use an extra
filter, namely, to demand that the calculations be consistent with the occupation numbers
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Figure 7: Proposed ranges of the NME values for some selected decays (see text).

measured by Schiffer and collaborators [37, 38]. This leaves us with the ISM [39], SRQRPA,
and the pnQRPA. Averaging again the two QRPA values, we obtain the interval [4.07–4.87].
Finally, for the decay of 48Ca, we trust fully the ISM value. The GCM description of double
magic nuclei is known to have serious drawbacks. Therefore, we keep the ISM value, 0.85,
which can be taken as a lower bound not far from the exact value. We have gathered all these
values in Figure 7. It is evident that there are two cases where the NMEs are clearly smaller
than the average, 48Ca and 150Nd. For the rest of the decays, the differences in NMEs are
within the uncertainty of the calculated values.

6. Experimental Challenge and Strategies

In the standard interpretation of neutrinoless double-beta decay in terms of mass mechanism,
experimentalists designing a neutrinoless double-beta decay experiment have three hurdles
to leap over in front of them. The first consists in scrutinizing the much debated 76Ge claim
[8]: recent experimental results and present developments are very close to accomplish this
task. The second one consists in approaching and then covering the inverted hierarchy region
of the neutrino mass pattern. The third and ultimate goal is to explore the direct hierarchy
region. In this section, we discuss the main guidelines to achieve these targets.

6.1. Size of the Challenge

First, we have to quantify in terms of signal and background rates the challenges that the
experimentalists have to cope with. Since we do not want to be precise here, but just to assess
orders of magnitude, we will make crude approximations in the formula of (3.5)which gives
the rate. We will take M0ν ≈ 3.5 for the nuclear matrix elements (this choice is motivated by
the results discussed in Section 5 and shown in Figure 7). We observe then that for most of
the experimentally relevant isotopes the phase space term G01 (including the factor g4

A with
the axial coupling constant gA set equal to 1.25) is in the range 2 × 10−13 − −5 × 10−14 y−1 (with
significant exceptions discussed in Section 6.2). We will consider therefore a sort of “average”
candidate isotope with M0ν = 3.5 and G01 = 4 × 10−14 y−1. In Table 3, we report the rates for
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Table 3: Signal rates for an “average” double-beta decay candidate.

〈mν〉
(meV)

Signal rate
(counts/(ykmol))

Significance of 〈mν〉 value

300 ∼70 76Ge claim in the Heidelberg-Moscow experiment

50 ∼2 Higher bound of the inverted hierarchy region

20 ∼0.2 Lower bound of the inverted hierarchy region

3 ∼7 × 10−3 Center of the direct hierarchy region

1 kmol of isotope for this standard candidate in correspondence with the reference values of
〈mν〉.

Considering that 1 kmol corresponds typically to several tens—one hundred kilo-
grams of isotope mass, and that it is meaningful to operate a well designed 0νββ experiment
for ∼5 y, we immediately see that while scrutinizing the 76Ge claim may be done in principle
with only ∼10 kg isotope, we need typically 1 ton of isotope mass in order to explore the
inverted hierarchy region, just to accumulate a few signal counts. The direct hierarchy region
seems for the moment out of the reach of the present technologies, since one would need
sources of the order of 1 Mmol (typically 100 tons).

In addition, in order to appreciate such tiny signal rates, the background needs to
be extremely low. The experimentalists are obliged to operate in conditions of almost zero
background, given the constraints imposed by the size of the source. Acceptable background
rates are of the order of 1–10 counts/(y kmol) if the goal is just to approach or touch the
inverted hierarchy region, whereas one needs at least one order of magnitude lower values
to explore it fully, around or even less than 1 count/(y ton).

6.2. Choice of the Double-Beta Decay Isotope

Which are the best isotopes to search for neutrinoless double-beta decay? Experimental
practice shows that the following three factors weight the most in the design of an
experiment:

(i) the Q-value,

(ii) the isotopic abundance together with the ease of enrichment,

(iii) the compatibility with an appropriate detection technique.

The Q-value is probably the most important criterion. It influences both the phase
space and the background. It is essentially a Q-value-based selection which determines the
fact that at the moment there are only 9 experimentally relevant isotopes (listed in Table 4,
which reports also other parameters and notes relevant for the discussion in the present
section). The Q-values of all these isotopes are larger than 2.4MeV, with the important
exception of 76Ge (Q-value = 2.039MeV) which remains in the elite mainly thanks to factor
(iii). One can get a grasp of the Q-value situation in Figure 8, where all the 35 double-
beta unstable nuclei are reported with their energy transition. The “magnificent nine” are
highlighted. Two markers indicate two important energy limits in terms of background: the
2615 keV line represents the end-point of the natural gamma radioactivity; the 3270 keV line
represents the Q-value of the 214Bi beta decay, which, among the 222Rn daughters, is the one
releasing the highest-energy betas and gammas. The 9 candidates are divided by these two
markers in three groups of three isotopes. The first group (76Ge, 130Te, and 136Xe) has to cope
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Figure 8: Double-beta decay candidates and their Q-values (adapted from [52]). The “magnificent nine”
are highlighted and two background-relevant energy markers are indicated (see text).

Table 4: Relevant parameters and features of the “magnificent nine” double-beta decay candidates.

Double-beta
candidate

Q-value
(MeV)

Phase space
G01(y−1)

Isotopic abundance
(%)

Enrichable by
centrifugation

Indicative cost
normalized to Ge

48Ca 4.27226 (404) 6.05 × 10−14 0.187 No —
76Ge 2.03904 (16) 5.77 × 10−15 7.8 Yes 1
82Se 2.99512 (201) 2.48 × 10−14 9.2 Yes 1
96Zr 3.35037 (289) 5.02 × 10−14 2.8 No —
100Mo 3.03440 (17) 3.89 × 10−14 9.6 Yes 1
116Cd 2.81350 (13) 4.08 × 10−14 7.5 Yes 3
130Te 2.52697 (23) 3.47 × 10−14 33.8 Yes 0.2
136Xe 2.45783 (37) 3.56 × 10−14 8.9 Yes 0.1
150Nd 3.37138 (20) 1.54 × 10−13 5.6 No —

with some gamma background and with the Radon-induced one; the second group (82Se,
100Mo, and 116Cd) is out of the reach of the bulk of the gamma environmental background but
Radon may be a problem; the candidates of the third group (48Ca, 96Zr, and 150Nd) are in the
best position to realize a background-free experiment. As for the phase space, the situation
is depicted in Figure 9. No great differences are observable among the various candidates,
with the significant exceptions of 76Ge, which presents a small value of only∼ 6 × 10−15 y−1

due to its low Q and, on the other side of 150Nd, characterized by a particularly high value of
∼ 1.5 × 10−13 y−1).

As for the second criterion, natural isotopic abundances are reported in Table 4. Most
of the abundances are in the few % range, with two significant exceptions: the positive case
of 130Te that with its 33.8% value can be studied with high sensitivities even with natural
samples; the negative case of 48Ca, well below 1%. Given the considerations exposed in
Section 6.1, an ambitious experiment (aiming at exploring the inverted hierarchy region of
the neutrino mass pattern) needs at least 100 kg of isotope mass. In order to keep the detector
size reasonable (and recalling that the background scales roughly as the total source, and
not isotope, mass), it is clear that isotopic enrichment is a necessary task for almost all high-
sensitivity searches. The generally available enrichment techniques are reported in Table 5.
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Table 5: Existing methods for isotope separation. The technologies relevant for neutrinoless double-beta
decay are indicated in the fourth and in the three last lines.

Method of separation Energy
(eV/atom)

Status Production
capacity

Scale of
price

Special
requirements

Electromagnetic 106–107 Commercial ∼100 g/y High —

Gas diffusion 3 × 106 Industrial >tons/y Medium Gas
compound

Gas nozzle 106 Industrial >tons/y Medium Gas
compound

Gas centrifuge 3 × 105 Industrial >tons/y Low Gas
compound

Rectification 102 Industrial >tons/y Low Light
elements

Isotope exchange 102 Industrial >tons/y Low Light
elements

Ion cyclotron resonance 103 R&D ∼100 kg/y Medium —
Atomic vapor laser I.S. 102 R&D >100 kg/y Medium —
Molecular laser I.S. 102 R&D >100 kg/y Medium —

48Ca

76Ge

82Se

130Te
96Zr

136Xe

116Cd

100Mo

150Nd

Mass number

10−12

10−13

10−14

10−15

40 60 80 100 120 140 160

G
01
(y

−1
)

Figure 9: Phase space of the nine more favourable double-beta decay isotopes (values taken from [53] and
multiplied by g4

A with the axial coupling constant gA set at 1.25). The line refers to the “average” candidate
considered in Section 6.1.

For cost, element-mass, and production-capacity reasons, the only technique extensively used
so far for double-beta decay experiments is the gas-centrifuge one. Unfortunately, it can be
applied only to gases. Therefore, only those elements which admit a stable gas compound can
be enriched in this way. This is the case for 76Ge, 130Te, 82Se, 100Mo, and 116Cd (normally the
gas compound is a fluoride). Of course, 136Xe is a gas by itself. The enrichment cost is of the
order of 50–100 $/g for germanium. For the other nuclides, the approximate scaling factor is
reported in Table 4. For a sort of conspiracy of Nature, the three golden-plated isotopes 48Ca,
96Zr, and 150Nd are not on this list. For these nuclides, other technologies have to be used,
such as ion cyclotron resonance (ICR), molecular laser isotope separation (MLIS), and atomic
vapor laser isotope separation (AVLIS), that, unlike gas centrifugation, are not exploited at
the industrial level. Since several years, the last one is at the center of a project in France
aiming at the reconversion of a facility designed to enrich uranium to the production of
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∼100 kg of 150Nd. Recently [54], a possibility showed up to enrich Nd with centrifugation.
This requires however to design special centrifuges operating at high temperatures at which
a gaseous compound of neodymium is available.

The role of the third criterion will become more clear in the following sections, where
specific detection technologies will be described.Wewould like however to discuss here three
special emblematic cases in which the detector principle matches favorably with the isotope
to study.

(i) 76Ge large volume, high-purity, and high-energy resolution Ge-diodes are currently
employed in gamma spectroscopy. A detector of this type containing germanium
enriched in 76Ge is almost ideal for double-beta decay search. This explains
why past (Heidelberg-Moscow and IGEX) and present (GERDA and Majorana)
experiments were and are at the forefront in the field, in spite of the relatively low
Q of this isotope.

(ii) 130Te large crystals (up to 1 kg) of the compound TeO2 can be grown with high
radiopurity. They can be used for the realization of bolometers with excellent
performance. Given also the high natural isotopic abundance of 130Te, it is
understandable why a past experiment like Cuoricino has been leading the field
for several years, and why CUORE is one of the most promising future searches
(both are based on arrays of TeO2 bolometers).

(iii) 136Xe liquid and gaseous xenon is an ideal medium for particle detection. It
can be used to equip TPCs with tracking/topology capability. Scintillation and
ionization can provide reasonable energy resolution. This approach is exploited in
experiments like EXO (now leading the field) and NEXT. In addition, xenon can be
easily dissolved in organic liquid scintillators, allowing to reach very large masses
exploiting existing facilities (this is the case of KamLAND-Zen). Last but not least,
xenon is the element that can be isotopically enriched at the lowest prices and with
the highest production capacity.

For the usual conspiracy of Nature, the three mentioned isotopes are the less favorable
among the “magnificent nine” in terms of Q-value, but nevertheless they provide at the
moment the most stringent limits on neutrinoless double-beta decay. This fact explains better
than any digression how the detection technique remains a crucial factor for a highly sensitive
search.

6.3. Experimental Approaches and Methods

From the experimental point of view, the shape of the two-electron sum energy spectrum
enables to distinguish among the two discussed decay modes. In case of 2νββ, this spectrum
is expected to be a continuum between 0 and Q with a maximum around 1/3 · Q. For 0νββ,
the spectrum is just a peak at the energy Q, enlarged only by the finite energy resolution of
the detector. The two distinctive energy distributions are shown in Figure 10(a). Additional
signatures for the various processes are the single-electron energy distribution and the
angular correlation between the two emitted electrons. As we have previously discussed,
Q ranges from 2 to 3MeV for the most promising candidates.

The experimental strategy pursued to investigate the 0νββ decay consists of the
development of a proper nuclear detector, with the purpose to reveal the two emitted
electrons in real time and to collect their sum energy spectrum as a minimal information.
Additional pieces of information can be provided in some cases, like single-electron energy
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Figure 10: (a) Distribution of the sum of the two electron energies for 0νββ and 2νββ, obtained assuming
that the 2νββ rate is 100 times faster than the 0νββ, and the FWHM detector energy resolution is 5%. (b)
Schematic representation of the calorimetric technique and of the external source approach.

and initial momentum, or, in one proposed approach, the species of the daughter nucleus.
The desirable features of this nuclear detector are as follows.

(i) High-energy resolution, since a peak must be identified over an almost flat
background in case of 0νββ. In particular, this feature is very useful to keep under
control the background induced by the tail of the 2νββ spectrum. It can be shown
that the ratio R0ν/2ν of counts due to 0νββ decay over those due to 2νββ in a narrow
window around theQ-value (of the order of the detector energy resolution) is given
by the following expression [55]:

R0ν/2ν =
me

7Qδ6

T
2νββ
1/2

T
0νββ
1/2

, (6.1)

where δ = ΔEFWHM/Q is the fractional energy resolution at the Q-value. It is
worth to note the strong dependence on the energy resolution of this expression.
Candidates with a slow 2νββ decay rate (like 136Xe, for which T

2νββ
1/2 = 2.2 × 1021 y)

are of course more favorable than those with a fast 2ν process (like 100Mo, for which
T
2νββ
1/2 = 7.1 × 1018 y). For the latter ones, an excellent energy resolution (<1%) is

mandatory.

(ii) Low background, which requires underground detector operation (to shield cosmic
rays), very radiopure materials (the competing natural radioactivity decays have
typical lifetimes of the order of 109, 1010 years versus lifetimes longer than 1025

years for 0νββ), and well-designed passive and/or active shielding against local
environmental radioactivity.

(iii) Large source, in order to monitor many candidate nuclides. Present sources are of
the order of 10–100 kg in the most sensitive detectors, while experiments capable to
cover the inverted hierarchy region need sources in the 100–1000 kg scale.
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(iv) Tracking and topology capability for the nuclear events, useful to reject background
and to provide additional kinematical information on the emitted electrons.

Normally, the listed features cannot be met simultaneously in a single detection method.
It is up to the experimentalist to choose the philosophy of the experiment and to select
consequently the detector characteristics, privileging some properties with respect to others,
having in mind of course the final sensitivity of the setup to half-life and to 〈mν〉.

The searches for 0νββ can be further classified into two main categories: the so-
called calorimetric technique, in which the source is embedded in the detector itself, and
the external-source approach, in which source and detector are two separate systems.

The calorimetric technique has been proposed and implemented with various
types of detectors, such as scintillators, bolometers [56], solid-state devices [57], and
gaseous chambers. There are advantages and limitations in this technique, which are here
summarized:

(i) due to the intrinsically high efficiency of the method, large source masses are
possible: ∼100 kg has been demonstrated; ∼1000 kg is possible;

(ii) with a proper choice of the detector type, a very high energy resolution (of the order
of 0.1%) is achievable, as in Ge-diodes or in bolometers;

(iii) there are severe constraints on detector material and therefore on the nuclides that
can be investigated;

(iv) it is difficult to reconstruct event topology, with the exception of liquid or gaseous
Xe TPC, but at the price of a lower energy resolution.

For the external-source approach, many different detection techniques have been
experimented as well: scintillation, gaseous TPCs, gaseous drift chambers, magnetic field for
momentum and charge sign measurement, and time of flight. These are the main features,
with positive and negative valence:

(i) A neat event reconstruction is possible, making easier the achievement of a virtual
zero background: however, 0νββ cannot be distinguished by 2νββ event by event
if the total electron energy is around Q; therefore, because of the low energy
resolution, 2νββ constitutes a severe background source for 0νββ.

(ii) Large source masses are not easy to achieve because of self-absorption in the source,
so that the present limit is around 10 kg; 100 kg is possible with an extraordinary
effort, while 1000 kg looks out of the reach of this approach.

(iii) Normally the energy resolution is low (of the order of 10%), intrinsically limited by
the fluctuations of the energy that the electrons deposit in the source itself.

(iv) Efficiency is also low (in prospect of the order of 30%).

6.4. The Experimental Sensitivity

In order to compare different experiments, it is useful to give an expression providing the
sensitivity of an experimental setup to the 0νββ lifetime of the investigated candidate, and
hence to determine the sensitivity to 〈mν〉 in case of mass mechanism. The first step involves
only detector and setup parameters, while for the second step one needs reliable calculations
of the NMEs, extensively discussed in Section 4. The sensitivity to lifetime F can be defined
as the lifetime corresponding to the minimum detectable number of events over background
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at a 1 σ confidence level. For the case of a source embedded in the detector and nonzero
background, it holds

F =
NA · ε · η

A
·
(
M · T
b ·ΔE

)1/2

, (6.2)

where NA is the Avogadro number, M is the detector mass (or source mass, in case of
external-source approach), ε is the detector efficiency, η is the ratio between the total mass
of the candidate nuclides and the detector (source) mass, ΔE is the energy resolution, and b
is the specific background, for example, the number of spurious counts per mass, time, and
energy unit.

From this formula, one can see that in order to improve the performance of a
given set-up, one can use either brute force (e.g., increasing the exposition M · T) or
better technology, improving detector performance (ΔE) and background control (b). Next-
generation experiments require to work on both fronts.

In order to derive the sensitivity to 〈mν〉, indicated as F〈mν〉, one must combine (6.2)
with (3.5), obtaining

F〈mν〉 ∝
1

(G01(Q,Z))1/2|M0ν|
·
(
b ·ΔE

M · T
)1/4

, (6.3)

which shows how the nuclide choice is more relevant than the set-up parameters, on which
the sensitivity depends quite weakly. The weak dependence on the exposure M · T causes
a rather fast saturation of the sensitivity. If an experiment has been run for 5 years and has
established a given limit on 〈mν〉, it must be run for further 75 years in order to improve it
by a factor 2.

The formula reported in (6.2) assumes a Gaussian approximation for the distribution
of the number of observed background counts. For small number of counts (<24), the
sensitivity should be computed by assuming a Poisson distribution of the background counts.
However, (6.2) is extremely useful in evaluating the expected performances of prospective
experiments, as it analytically links the experimental sensitivity with the detector parameters.
It is a sort of “factor of merit” extensively used within the ββ decay experimental community.

Nowadays, several experimental techniques promise to realize zero background
investigations in the close future. In this circumstance, (6.2) and (6.3) do not hold anymore.
The observation of 0 counts excludes Nb counts at a given confidence level. For instance,
Nb = 3 is excluded at the 95% c.l. in a Poisson statistics. Therefore, the sensitivity F0 for a 0
background experiment is given by

F0 =
NA · ε · η

A
· M · T

Nb
, (6.4)

and (6.3) modifies accordingly.
Uncertainties coming from NMEs prevent from determining precise 〈mν〉 values in

correspondence to a given lifetime: normally a range is indicated, which takes into account
the different models for the calculation of the NMEs.
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7. Experimental Situation

We are now (July 2012) at a turning point in the experimental search for 0νββ decay. In the
last decade, two experiments (Cuoricino and NEMO3), now stopped, have reached an 〈mν〉
sensitivity close to the value claimed by a part of the Heidelberg-Moscow collaboration, in
the range 0.2–1 eV. However, they were not able to confirm or disproof this claim, in part
as a consequence of the uncertainties related to NMEs. In the meantime, several groups
were preparing more ambitious searches capable to go well beyond the Heidelberg-Moscow
sensitivity. In the last year, some of these searches (EXO-200, KamLAND-Zen, and GERDA)
have started to take data and have released the first results, while others are in an advanced
construction phase. In this section, we will review the past experiments and will describe the
present experimental scenario, which is exciting and fast moving.

7.1. Past Experiments

In the nineties of the last century, the double-beta decay scene was dominated by the
Heidelberg-Moscow (HM) experiment [58]. This search was based on a set of five Ge-diodes,
enriched in the candidate isotope 76Ge at 86%, and operated underground with high energy
resolution (typically, 4 keV FWHM) in the Laboratori Nazionali del Gran Sasso (LNGS),
Italy. This search can be considered, even from the historical point of view, as the paradigm
of the calorimetric approach discussed in Section 6.3. The total mass of the detectors was
10.9 kg, corresponding to a source strength of 7.6 × 1025 76Ge nuclei. The raw background,
impressively low, is 0.17 counts/(kev kg y) around Q (2039 keV). It can be reduced by a
further factor 5 using pulse shape analysis to reject multisite events. The limits on half-
life and 〈mν〉 are, respectively, 1.9 × 1025 y and 0.3–0.6 eV (depending on the NMEs chosen
for the analysis). A subset of the HM collaboration has however claimed the discovery of
0ν2β decay in 2001, with a half-life best value of 1.5 × 1025 y ((0.8 − 18.3) × 1025 y at 95%
c.l.), corresponding to a best value for 〈mν〉 of 0.39 eV (0.05 − 0.84 eV at 95% c.l. including
nuclear matrix element uncertainty) [59]. This claim is based on the identification of tiny
peaks in the region of the 0ν2β decay, one of which occurs at the 76Ge Q-value. However,
this announcement raised skepticism in the double-beta decay community [60], including a
part of the HM collaboration itself [61], due to the fact that not all the claimed peaks could be
identified and that the statistical significance of the peak lookedweaker than the claimed 2.2 σ
and dependent on the spectral window chosen for the analysis [62, 63]. However, new papers
[8, 64] published later gave more convincing supports to the claim. The quality of the data
treatment improved, and the exposure increased to 71.7 kg·y. In addition, a detailed analysis
based on pulse shape analysis suggests that the peak at the 76Ge Q-value is mainly formed
by single-site events, as expected in case of double-beta decay, while the nearby recognized
γ peaks are compatible with multisite events, as expected from γ interaction in that energy
region and for detectors of that volume. A 4.2 σ effect is claimed. The half-life value claimed
in the last paper is 2.3 × 1025 y [8]. The HM experiment is now over, and the final word on
this crucial result will be given by other searches.

The top level of the external-source technique was reached nowadays by the
NEMO3 experiment [65]. The NEMO3 detector, installed underground in the Laboratoire
Souterrain de Modane (LSM), in France, is based on well-established technologies in
experimental particle physics: the electrons emitted by the sources cross a magnetized
tracking volume instrumented with Geiger cells and deliver their energy to a calorimeter
based on plastic scintillators. Thanks to the division in 20 sectors of the set-up, many



24 Advances in High Energy Physics

nuclides can be studied simultaneously, such as 100Mo, 82Se, 150Nd, 116Cd, 130Te, 96Zr,
and 48Ca. The strongest source was 100Mo with 4.1 × 1025 nuclei. The energy resolution
ranged from 11% to 14.5%. Results achieved with 100Mo fix the half-life limit to 1 × 1024 y,
corresponding to limits of 0.8–1.3 eV on 〈mν〉. In NEMO3 experiment, all the bonuses
and all the limits of the external-source approach show off. From one side, the NEMO3
detector produces beautiful reconstruction of the sum and single-electron energy spectrum,
and precious information about the angular distribution. Double-beta decay events can
be neatly reconstructed with excellent background rejection. Thanks to the multisource
approach, 2ν2β decay has been detected in all the seven candidates under observation,
a superb physical and technical achievement which makes the NEMO3 set-up a real
“double-beta factory.” On the other hand, the low energy resolution and the unavoidable
“bidimensional” structure of the sources make a further improvement of the sensitivity to
0ν2β quite difficult, because of the background from 2ν2β and the intrinsic limits in the source
strength.

Bolometric detection of particles [66] is a technique particularly suitable to 0ν2β
search, providing high energy resolution and large flexibility in the choice of the sensitive
material [56]. It can be considered the most advanced and promising application of the
calorimetric technique in its high-energy resolution approach. In bolometers, the energy
deposited in the detector by a nuclear event is measured by recording the temperature
increase of the detector as a whole. In order to make this tiny heating appreciable and to
reduce all the intrinsic noise sources, the detector must be operated at very low temperatures,
of the order of 10mK for large masses. Several interesting bolometric candidates were
proposed and tested. The choice has fallen on natural TeO2 (tellurite) that has reasonable
mechanical and thermal properties together with a very large (27% in mass) content of
the 2β-candidate 130Te. A large international collaboration has been running an experiment
for five years, named Cuoricino (which means “small CUORE—heart—” in Italian), now
stopped, which was based on this approach and was installed underground in the Laboratori
Nazionali del Gran Sasso [67]. Cuoricino consisted of a tower of 13 modules, containing
62 TeO2 crystals for a total mass of ∼41 kg, corresponding to a source strength of 5.0 ×
1025 130Te nuclei. Cuoricino results are at the level of the HM experiment in terms of
sensitivity to 〈mν〉, covering a range of limits of 0.2–0.7 eV, depending on the choice of the
nuclear matrix elements. A very low background (of the order of 0.18 counts/(keVkgy))
was obtained in the 0nu2β decay region, similar to the one achieved in the HM set-
up. The energy resolution is about 8 keV FWHM, quite reproducible in all the crystals.
Unfortunately, Cuoricino, despite a sensitivity comparable to that of the HM experiment,
cannot disprove the 76Ge claim due to the discrepancies in the nuclear matrix element
calculations.

7.2. Features of the Present Generation Searches

In Section 6.1, we have seen that the background target for highly sensitive searches
is around or even less than 1 count/(y ton), with the purpose to scrutinize without
ambiguity the 76Ge claim and then to attack the inverted hierarchy region. In a high
energy resolution experiment (with ΔEFWHM ∼ 1 keV), this request translates into a specific
background coefficient b of the order of 1 count/(keVy ton), while the target is even more
ambitious for low energy-resolution search, where however the most critical role is played
by 2ν2β decay. When designing a modern double-beta decay experiment and selecting
a detector technology for it, the experimentalist should therefore ask himself or herself
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three basic questions, the answer to which must be “yes” if that technology is viable and
timely:

(1) is the selected technology able to deal with 100 kg or better 1 ton of isotope, at least
in prospect?

(2) is the choice of the detector and of the related materials compatible with a
background of the order of at most 1 count/(y ton) in the region of interest?

(3) can the experiment be designed and constructed in a few years, and can the chosen
technique provide at least 80% live time for several years?

The first question needs to be considered also from the economical point of view. As Table 4
shows, practically all the nuclei of interest, with the significant exception of 130Te, require
isotopic enrichment. The cost of this process, when technically feasible, is in the range 10–
300 $/g. Therefore, a next-generation 0ν2β experiment has a cost in the range of several tens
of millions of dollars, just to get the basic material. Let us see now which solutions are under
test worldwide to get a positive answer to the three questions listed above.

7.3. Classification and Overview of the Experiments

As already discussed in Section 6.3, two approaches are normally followed in 0ν2β decay
experiments (calorimetric technique and external source), and two classes of searches can
be singled out depending on which experimental parameter is mostly emphasized: high
energy resolution or tracking/topology capability. We will schematically review ten projects,
grouped in five categories in relation with the approaches and the performance mentioned
above (see Figure 11). For the half-life sensitivity, we will use the values declared by the
authors, and we will translate this in a range of limits on 〈mν〉 using the results exposed
in Section 5 and exposed in Figure 7. For the phase space factor, we have used the values
reported in Table 4. The limits on the effective Majorana neutrino mass may therefore differ
from those reported by the various collaborations, since we tried to estimate an educated
guess of the NME range rather than taking indiscriminately the available calculations.

This list of ten projects do not cover the full range of existing 0νββ searches but,
according to our judgment, include the experiments with the highest chances to give
important contributions to the field under discussion. Among these projects, more space will
be given to those searches and techniques which have a special relevance, either for the results
that they are providing at the moment or for the excellent prospects offered by the related
technology.

The first category is characterized by a calorimetric approach with high energy
resolution, with four planned projects.

GERDA [68] is an array of enriched Ge diodes immersed in liquid argon (rather than
cooled down in a conventional cryostat) and investigating the isotope 76Ge. The experiment
is located in LNGS, Italy. The proved energy resolution is 0.25% FWHM. The first phase (data
taken from November 2011) consists of 14.6 kg of isotope mass. The second phase foresees
35 kg. As for the first phase, the predicted 1 y sensitivity to the 0νββ half-life is 3 × 1025 y
at 95% C.L., corresponding to a limit range on 〈mν〉 of 252–302meV. The first phase will
allow therefore to scrutinize the 76Ge claim. The second-phase sensitivity is 2 × 1026 after
an exposure of 100 kg y, which gives 98–117meV when translated in limits on the Majorana
mass. The target background for the first phase was 10−1 counts/(keVkgy). The experimental
results showed a background higher by a factor two with respect to the expectations. The
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Figure 11: Experiments reviewed in the text are divided into five categories, according to the experimental
approach and the main features of the detector performance. Running experiments are written in boldface
fonts.

philosophy of the experiment is to work always in the zero background regime. Therefore,
the background goal for the second phase is 10−2 counts/(keVkgy), one order of magnitude
lower than in the first phase given that the exposure will be higher by the same factor.

MAJORANA [69] is an array of enriched Ge diodes operated in conventional Cu
cryostats and investigating the isotope 76Ge. Located in the SURF underground facility
in the US, it has a modular structure, and the first step envisages the construction of a
demonstrator containing 40 kg of germanium: up to 30 kgwill be enriched at 86%. The proved
energy resolution is 0.16% FWHM. The scope of the demonstrator is to show that a specific
background level better than 10−3 counts/(keVkgy) can be reached in 1 ton experiment.
Merging with GERDA is foreseen in view of a 1 ton set-up. This corresponds to the so-called
third phase of GERDA.

CUORE [70], a natural expansion of Cuoricino, will be an array of 988 natural TeO2

bolometers arranged in 19 towers and operated at 10mK in a specially designed dilution
cryostat. The total sensitive mass will be 741 kg, while the source will correspond to 200 kg of
the isotope 130Te. CUOREwill take advantage of the Cuoricino experience and will be located
in LNGS, Italy. The proved energy resolution is 0.25% FWHM. The 90% C.L. 5 y sensitivity
to the 0νββ half-life is 9.7 × 1025 y, corresponding to a limit range on 〈mν〉 of 60–84meV.
CUORE is in the construction phase, and data taking is foreseen to start in 2014. A general
test of the CUORE detector, comprising a single tower and named CUORE-0, will take data
in fall 2012.

LUCIFER [71] will consist of an array of ZnSe scintillating bolometers operated at
20 mK, for the study of the isotope 82Se. The proof of principle with ∼10 kg enriched Se is
foreseen in 2014. The proved energy resolution is better than 1% FWHM. LUCIFER is in the
R&D phase, but it has however a considerable sensitivity by itself (of the order of ∼100meV
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for the effective Majorana mass). Given the high potential of the scintillating bolometers,
capable to reject the harmful alpha background, other searches following this approach have
recently started. In France, a project named LUMINEU will operate scintillating bolometers
of the compound ZnMoO4, for the study of the isotope 100Mo. In preliminary tests on
this compound, resolutions better than 0.5% FWHM look feasible, and an excellent alpha
discrimination power was demonstrated [72–74]. The first step of the project, that has the
purpose to test the concept and measure the ultimate background, will consist of a pilot
experiment consisting of an array of four crystals and containing 0.6 kg of 100Mo. Thanks
to the foreseen zero background, this small set-up has however a remarkable sensitivity of
5.3 × 1024 y at 90% C.L. on the half-life of 100Mo [72]. It was also shown that the relatively
short lifetime of 2νββ decay of 100Mo does not produce dangerous background in this
context [75]. In Korea, an experiment named AMoRE is developing scintillating bolometers
of CaMoO4, investigating once again the isotope 100Mo [76]. The AMoRE collaboration will
employ crystals depleted in 48Ca (a source of background in this case), and enriched in 100Mo.

Even though these experiments do not have tracking capability, some spatial
information and other tools help in reducing the background. An important asset is
granularity, which is a major point for CUORE (array of 988 closely packed individual
bolometers), MAJORANA (in prospect a set of modules with 57 closely packed individual
Ge diodes per module), and the lower energy resolution experiment COBRA [77], discussed
later (in the final design, 64000 individual semiconductor detectors). Closed packed arrays
are foreseen also in the final stage of experiments based on scintillating bolometers.
Granularity provides a substantial background suppression thanks to the rejection of
simultaneous events in different detector elements, which cannot be ascribed to a 0νββ
process.

Another tool which can improve the sensitivity of Ge-based calorimetric searches is
pulse shape analysis, already used in the HM experiment with remarkable results. It is well
known that in ionization detectors one can achieve spatial information looking at the pulse
shape of the current pulse. In particular, this fact will be exploited in GERDA using the so-
called BEGe detectors [78], consisting of p-type HPGe devices with an n+ contact covering
the whole outer surface and a small p+ contact located on the bottom. These detectors exhibit
enhanced pulse shape discrimination properties, which can be exploited for background
reduction purposes.

Other techniques to suppress background in calorimetric detectors are sophisticated
forms of active shielding. For instance, the operation of the GERDA Ge diodes in liquid
argon opens the way, in the second phase of the experiment, to the use of the cryogenic
liquid as a scintillating active shield. In bolometers, it was clearly shown that additional
bolometric elements thermally connected to the main detector in the form of thin slabs
can identify events due to surface contamination [79, 80]. This is a particularly dangerous
background source, presently the most limiting factor in the CUORE-predicted performance,
since surface α’s, degraded in energy, populate the spectral region of interest for 0νββ decay.
This shows that several refinements are possible in the high energy resolution calorimetric
experiments, and that an important R&D activity is mandatory to improve the sensitivity of
next-generation experiments.

A very promising development of the calorimetric approach realized by means of
low-temperature detectors consists in the realization of scintillating bolometers [81], at the
basis of the LUCIFER, LUMINEU, and AMoRE projects. The simultaneous detection of heat
and scintillation light for the same event allows to reject α particles with efficiency close to
100%, since the ratio between the photon and phonon yield is different for α and for γ/β



28 Advances in High Energy Physics

interactions. In addition, rejection by pulse shape analysis looks possible in some cases both
in the heat and light channel. The α rejection capability becomes formidably promising when
applied to candidates with a Q-value higher than 2.6MeV, that is, outside the natural γ
radioactivity range, since in this case α’s are the only really disturbing background source.
This is the case for 82Se and 100Mo, which are the isotopes investigated in the present searches.
A complete elimination of α’s for these candidates could lead to specific background levels of
the order of 10−4 counts/keV/kg/y [72]. A research program in this field, partially already
accomplished, has identified promising scintillating compounds of 48Ca, 100Mo, 116Cd, and
82Se, such as PbMoO4, CdWO4, CaMoO4, SrMoO4, ZnMoO4, CaF2, and ZnSe. The choice of
LUCIFER has fallen on ZnSe, because of the favorable mass fraction of the candidate, the
availability of large radio-pure crystals, and the well-established enrichment/purification
technology for Se. The compounds ZnMoO4 andCaMoO4 are equally promising, and this
explains their use in the LUMINEU and AMoRE experiments. In nonscintillating materials
like 130Te employed in CUORE, the α rejection can be achieved exploiting the much weaker
Cerenkov light (the two electrons emitted in the 0νββ are above threshold and produce a
flash of light with a total energy of approximately 140 eV). On the contrary, α particles are by
far below threshold and give rise to dark events. The detection of the Cerenkov light would
improve dramatically the sensitivity of CUORE, providing the possibility to bring the specific
background from the present 10−2 counts/(keVkgy) to 10−3 counts/(keVkgy). The detection
of the Cerenkov light in a bolometric context, with a sensitivity allowing to fully reject α
events, requires exceptionally sensitive light detectors, which however look like being within
the reach of recently developed technologies.

The second category of future experiments (calorimetric search with low energy
resolution and no tracking capability) is represented by two samples which exploit different
techniques and solve the low-energy-resolution problem with diverse measures.

KamLAND-Zen [82] is a followup of the KamLAND experiment, used for the
detection of reactor neutrinos and located in the Kamioka mine in Japan. It was converted
into an apparatus capable to study 0νββ decay by dissolving Xe gas in an organic liquid
scintillator contained in a nylon balloon, which, being immersed in the KamLAND set-up, is
surrounded by 1 kton of liquid scintillator. The mass of the Xe-loaded scintillator is 13 tons,
and the Xe weight fraction is about 2.5%, resulting in 300 kg of enriched 136Xe. The external
scintillator works as a powerful active shield. A reasonable space resolution for interaction
vertices allows to define a fiducial volume in the Xe-loaded scintillator, corresponding to
129 kg of 136Xe. The energy resolution at the Q-value is 10% FWHM. The purpose of the
experiment was to scrutinize the 76Ge claim. After an exposure of 104 kgday, the experimental
data showed an unexpected bump in the background structure rather close to the region
of interest of 0νββ that prevented to achieve the primary goal of the experiment. The
background level was of the order of 10 counts/(50 keV) in 77.6 days, about 30 times worse
than what was initially expected. Some interpretations were proposed for this peak. The
most accredited one refers to a contamination of the isotope 110mAg, whose decay releases
a total energy of about 200 keV higher than the Q-value of 136Xe. This isotope could be
of cosmogenic origin and could be present either in the balloon walls or in the Xe itself.
In the latter case, Xe purification should reduce this background contribution, restoring
the initially foreseen sensitivity of the experiment that was 9.8 × 1025 y at 90% C.L. in 5 y
of data taking. The 110mAg affair is a good example of the limitation of the low energy
resolution experiments. In spite of this unexpected background source, the collaboration
was able to set a significant limit on the half-life of the 0νββ process, equal to 5.7 × 1024 y
at 90% C.L. (corresponding to 329–414meV for the effective Majorana mass). This result
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however is obtained through a fit of the background spectrum without a really convincing
background model. KamLAND-Zen has provided a superb measurement of the 2νββ half-
life of 136Xe, set at 2.38 ± 0.02(stat) ± 0.14(syst) × 1021 y [82]. This was before the only
missing 2νββ measurement among the “magnificent nine.” The measured value is about 5
times shorter than a previous experimental limit on this process [83] and has confirmed
a fully compatible result obtained by the EXO-200 experiment several months before [84]
(see below).

SNO+ [85] is an upgrade of the solar neutrino experiment SNO, located at SNOLAB in
Canada. The basic idea consists in filling the SNO detector (which contained heavy water in
the solar-neutrino mode) with Nd-loaded liquid scintillator to investigate the isotope 150Nd.
A crucial point is of course the possibility to enrich neodymium, discussed in Section 6.2. The
SNO+ plan is to use 780 tons of liquid scintillator loaded with natural neodymium. If the Nd
fraction is 0.1% w/w, as quoted in [85], the 2β source results in 43.7 kg of 150Nd. The expected
energy resolution in this configuration is 6.4% FWHM at the Q-value of 150Nd. There are
however recent plans to increase the Nd concentration [86] up to 0.3% w/w, which gives
slightly poorer energy resolution but better sensitivity. For the background rate, about 100
background events per kton of liquid scintillator and per year are expected via simulations
in a 200 keV energy window around Q. The foreseen 3 y sensitivity on the half-life is 1.3 ×
1025 y C.L. [87], corresponding to a limit of 137–178meV on the effective Majorana mass.
Data taking with Nd-loaded scintillator is foreseen in 2014.

The third category includes an ambitious calorimetric experiment aiming at joining
high energy resolution with tracking/topology capability.

NEXT [88] is a proposed 10 bar gaseous-xenon TPC, to be located in the Canfranc,
Spain, and containing 89 kg of the isotope 136Xe. Clear two-track signature is achievable,
thanks to the use of gaseous rather than liquid Xe. The estimated energy resolution is of
the order of 1% FWHM, achieved thanks to the electroluminescence signal associated to the
ionization electrons produced by the 0νββ events. This is the only calorimetric experiment
which is in principle capable to get reasonably high energy resolution in addition to topology
capability. The experiment is in the R&D phase. Recent results on small prototypes have
shown that the high-resolution target is indeed possible. The expected sensitivity, based on a
simulation which foresees a specific background at the order of 8 × 10−4 counts/(keVkgy), is
of 5.9 × 1025 y at 90% C.L., corresponding to the range 102–129meV for the limits on 〈mν〉.

The fourth category comprises calorimetric experiments based on detectors which
compensate the low energy resolution with tracking or some form of event-topology
capability. There are two samples in this group.

EXO [89] is a Xe TPC experiment which envisages a first phase known as EXO-200,
which is now taking data. The second phase foresees a much higher isotope mass, in the
1–10 ton range. There is a unique case in direct-detection 0νββ experiments; the second
phase considers the possibility of tagging the Barium single ion—the ββ decay daughter—
by means of optical spectroscopy methods, in particular through laser fluorescence. The final
state of the decay would be totally identified. If successful, this approach would eliminate
any form of background, with the exception of that due to the 2νββ decay. The EXO-200
TPC contains 200 kg of enriched liquid xenon and is located in the WIPP facility in the
USA. The detector measures both the scintillation light (which provides the start signal
for the TPC) and the ionization. The apparatus is capable to get topology information and
to distinguish between single-site events (potential signal) and multisite events (certain
background). The simultaneous exploitation of the correlated scintillation and charge signal
allows to improve the energy resolution, which is 3.9% FWHM in the region of interest.
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No signal was observed after an exposure of 32.5 kg yr, with a background of 1.5 × 10−3

counts/(keVkgyr) in the region of interest. This sets a lower limit on the half-life of the
0νββ decay of 136Xe of 1.6 × 1025 y at 90% C.L. [90], corresponding to effective Majorana
masses of less than 196–247meV, depending on the matrix element calculation. Even if
obtained with another isotope, this limit is so stringent to be in considerable tension with
the 76Ge claim. EXO-200 has provided also the first remarkable measurement of the 2νββ
half-life of 136Xe [84], which resulted to be 2.11 ± 0.04(stat) ± 0.21(syst) × 1021 y, in excellent
agreement with the result of KamLAND-Zen [82]. Possible improvements in the radon-
induced background and in the data analysis could lead the EXO-200 sensitivity up to
∼ 5 × 1025 y at 90% C.L. in 4 y live time. A practical realization of the second phase, which
is under study, consists in scaling up the successful EXO-200 set-up, with a sensitive mass
of 4 tons of enriched xenon. This project is called nEXO [91], which could reach in a few
years a sensitivity of the order of 1027 y, allowing to explore deeply the inverted hierarchy
region.

COBRA [77] is a proposed array of 116Cd-enriched CdZnTe semiconductor detectors
at room temperature. Nine ββ isotopes are under test in principle, but 116Cd is the only
competing candidate. The final aim of the project is to deploy 117 kg of 116Cd with high
granularity. Small-scale prototypes have been realized at LNGS, Italy. The proved energy
resolution is 1.9% FWHM. The project is in R&D phase. Recent results on pixelization show
that the COBRA approach may allow an excellent tracking capability, making possible, for
example, a quite effective α/β rejection.

The fifth category is represented by setups with external source (which necessarily
leads to low energy resolution) and sophisticated tracking capability, allowing to reach
virtually zero background in the relevant energy region (with the exception of the
contribution from the 2νββ tail). We will discuss one project belonging to this class.

SuperNEMO [92] is a proposed set-up composed by several modules containing
source foils, tracking (drift chamber in Geiger mode), and calorimetric (low Z scintillator)
sections. A magnetic field is present for charge sign identification. SuperNEMO will take
advantage of the NEMO3 experience and will investigate 82Se, but the use of the golden-
plated isotopes 150Nd, 96Zr, and 48Ca is not excluded, if enrichment is technically feasible.
As for NEMO3, SuperNEMO is the only experiment of the next generation having access to
the energy distribution of the single electron and to the two-electron angular distribution.
This information can lead to the identification of the leading 0νββmechanism (see Section 2),
if the process is observed with high enough statistic. Important improvements are foreseen
with respect to NEMO3, among which we mention the much larger source, the better energy
resolution (from 10.5% to 7.5% FWHM), the higher efficiency (from 18% to 30%), and the
much better radiopurity of the source (208Tl and 214Bi contaminations to be improved by a
factor 10 and a factor 30, resp.). The use of 82Se, whose 2νββ half-life is a factor 10 slower
than in 100Mo, reduces proportionally the contribution to the background. The radiopurity
of the source is chosen so as to keep the background due to 2νββ equal to that coming
from the residual radioactive contamination: both are anticipated to be of the order of 1
counts/(100 kg y). A possible configuration foresees 20 modules with 5 kg source for each
module, providing 100 kg of isotope mass. The predicted 5 y sensitivity at 90% C.L. is 1026 y
for 82Se, corresponding to a limit range of 71–98meV on 〈mν〉. The project is in an advanced
R&D phase: the first module, operating as a demonstrator containing 7 kg of 82Se, will take
data in 2013.
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7.4. The Technology and the Physics Race

As it is clear from the above discussion and from the experiment description, the three
essential ingredients for a sensitive 0νββ experiment are (i) a low background level in the
region of interest, (ii) a corresponding high number of nuclides under observation, and
(iii) the use of an intrinsically favorable candidate. We will focus now on the first point,
referring in particular to (6.2), in which the expression b · ΔE appears. This combination is
also crucial to define a zero-background experiment (for which b · ΔE · T · M � 1, being
T the experiment duration and M the detector/source mass), whose sensitivity is given by
(6.4). The two parameters b and ΔE never appear separated, and their product is a sensible
figure of merit for a given technology in terms of total background. However, if we want
to use this figure of merit to compare coherently different experiments, we should express
the specific background in terms of unit of number of candidate nuclides (or equivalently
of a multiple of the number of moles) rather than of detector mass. We will redefine then
the specific background as b′ = Nback/[(Emax − Emin) · Tback · Nmol] (measured for instance
in counts/(keVkmol y)), where [Emin, Emax] is the energy interval, containing the region
of interest, over which a constant background can be assumed, Tback is the duration of the
experiment aiming at fixing the background level, and Nmol is the number of moles of the
candidate isotope which can potentially give a signal in the observed spectrum.

Figure 12 shows the plot of ΔE (FWHM) versus b′. The diagonal lines correspond to
constant values of this product. The technologies exploited by the experiments examined
in Section 7.3 are represented as points on this plot, and the position of these points with
respect to the diagonal lines allows a direct comparison between the various figures of merit.
We have to stress that there are two types of experiments in this comparison: on one hand,
past and running experiments, for which the background has already been measured; on the
other hand, future searches, for which only projections and simulations are available. When
possible, we have used the evaluation of the background provided by the collaborations
themselves. We have to notice however that an experiment named CUORE-2 with a well-
defined structure does not exist officially yet. We have hypothesized here that the background
level for CUORE-2 is 10−3 counts/(keVkgy), possible if the R&D activities ongoing to
suppress the alpha background are successful. We have also assumed that CUORE-2 will
be enriched. As for LUCIFER, since a precise quantitative evaluation of the background
does not exist in the literature for the moment, we have used the results of simulations
made for the very similar scintillating bolometers of ZnMoO4, where a background level
of 3 × 10−4 counts/(keVkgy) looks within the reach of this technology. For KamLAND-Zen,
we have used the observed background level rather than that anticipated before running the
experiment.

The points in Figure 12 are distributed in two clusters: we have a group of experiments
with energy resolutions below 10 keV FWHM and another one with resolutions in the
100–300 keV range. The experiment NEXT is in between. The lowest background level
was achieved by NEMO3, although EXO-200 is now challenging this primacy. Recalling
the considerations made in Section 6.1, one immediately sees that many experiments use
technologies capable to attain the background level (10–100 counts/(y kmol) required to
scrutinize the 76Ge claim (in fact, this task has been almost accomplished by EXO-200, and it
will be accomplished soon by GERDA-1). In order to fully cover the quasidegenerate pattern
of the neutrino mass and start to attack the inverted hierarchy region, we see that evolved
forms of the calorimetric approach seem to be in the best position, even though NEXT and
SuperNEMO are in the game.
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Figure 12: Comparison of technologies/experiments on the basis of the absolute background level they
have achieved (green and blue points) or promise to achieve (red points), disentangling the role of the
energy resolution ΔEFWHM from that of the specific background b′ (related to the number of candidate
nuclei rather than to the detector (or source)mass).

Of course, referring only to the specific background, the plot in Figure 12, while
instructive, misses crucial aspects. The role played by the phase space of a given isotope
does not appear. That is why, for example, 76Ge-based are not at all better than 130Te-
based experiments in terms of sensitivity. Another crucial point that does not emerge is the
scalability of the technique. Lower energy resolution approaches, like the ones pursued by
the Xe-based experiments or searches making use of hundreds of tons of liquid scintillators as
isotope solvent (KamLAND-Zen and SNO+), aremuchmore suitable for ton or evenmultiton
experiments.

Every approach has its good reasons, as one can see in Figure 13. Here, one can clearly
see that the sensitivity reached by presently running experiments (in blue) is in the range
200–400meV, barely at the level to scrutinize the 76Ge claim. Some important margins of
improvement are expected for EXO-200, which is continuing data taking, and KamLAND-
Zen, if the purification of Xe is successful and if other unexpected background sources do not
appear. Several future searches, using a variety of technologies, should be able to cover fully
the range of the claim and to approach the inverted hierarchy region.

8. Looking into the Crystal Ball

We discuss here the future prospects for 0νββ search, concentrating on the very few projects
that seem to be now in the position to impact substantially in the fields: GERDA (and
MAJORANA), CUORE (and scintillating bolometers), EXO-200, SNO+, KamLAND-Zen,
SuperNEMO, and possibly NEXT, if the achievements of the R&D phase will be confirmed
also for the final detector. However, it is not possible to exclude rapid developments of the
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Figure 13: Sensitivity range to the effective Majorana neutrino mass for a set of relevant 0νββ experiments.
In blue, running experiments; in red, experiments in construction or requiring upgrades. We have used the
NMEs proposed in Section 5.

present R&D programs towards real experiments. The continuation of the R&D activity is
crucial, since the future of the search depends critically on the richness and variety of the
technologies under development, which can lead to further increases of the sensitivities and
to the possibility to study many isotopes with different approaches, essential elements in the
medium long-term prospects for 0νββ decay.

The future scenario of 0νββ decay depends on the choice made by Nature on the
neutrino mass pattern. In case of quasidegenerate pattern, that is, 〈mν〉 in the range
100–500meV (this would be in agreement with the 76Ge claim), we expect the following
developments.

(i) GERDA will detect 0νββ decay in 76Ge, marginally in the first phase and with high
statistics in the second one.

(ii) EXO-200 will detect 0ν2β decay in 136Xe and so would do KamLAND-Zen, if the
background problems are solved. NEXT has also the chance to see it in the same
isotope. These three 136Xe experiments could cross-check each other.

(iii) CUORE will detect 0νββ in 130Te.

(iv) SNO+will detect 0ν2β decay in 150Nd.

(v) LUCIFER could detect 0ν2β decay in 82Se if the present R&D phase leads to a
significant pilot experiment, and a major role could be played also by 100Mo-based
scintillating bolometers.

(vi) SuperNEMO may investigate the mechanism looking at the single-electron energy
spectrum and at the electron angular distribution in 82Se or in 150Nd.

The redundancy of the candidates with positive observation will help in reducing the
uncertainties coming from nuclear matrix element calculation: we would enter the precision
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measurement era for 0ν2β decay! We have however to stress that this optimistic scenario is
already in tension with the present EXO-200 results.

In case of inverted hierarchy pattern, that is, 〈mν〉 in the range 20–50meV, detection
is still possible in the middle term, under the condition that the projects under development
achieve the planned sensitivity in their “aggressive” version or with substantial upgrades.

(i) CUORE could detect 0νββ decay, more likely if enriched in 130Te and equipped with
some method to get rid of the alpha background, or if upgraded in scintillating-
bolometer mode.

(ii) nEXO, the extension if EXO-200 under discussion, could detect 0νββ decay in 136Xe.

(iii) Extensions of KamLAND-Zen, of course after the solution of the present
background problems, and of NEXT, if the first phase is successful, can also have
the chance to observe 0νββ decay in 136Xe.

(iv) GERDA phase III, after merging with MAJORANA, could detect it in 76Ge.

(v) SuperNEMO couldmarginally detect it if 150Ndmodewill result at the end possible.

(vi) SNO+ could detect it in 150Nd if Nd enrichment is viable.

The discovery in 3 or 4 isotopes is necessary for a convincing evidence, and it would
be still possible thanks to the variety of projects and techniques under development. A
nonobservation could be very important for neutrino physics as well. In fact, if 0νββ
experiments were able to exclude completely the inverted hierarchy region (putting say a
limit on the effectiveMajoranamass at a level of 10–15meV), and in themeantime future long
baseline neutrino oscillation experiments discovered that the hierarchy is indeed inverted;
this would be a strong indication towards a Dirac nature of neutrino.

In case of direct hierarchy pattern, that is, 〈mν〉 in the range 2–5meV, new strategies
have to be developed. At the moment, no viable solution is conceivable. However, given
the importance of the subject, educated speculations on experiments with such a sensitivity
are useful, and the running searches along with the R&D activities are very important to
stimulate new ideas in view of this extreme challenge.
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There are few experiments aiming at determining directly the mass of the electron antineutrino
with a sensitivity of 0.2 eV by analyzing the end of the β-decay spectrum of specific nuclei. This
sensitivity can be only reached if the uncertainties arising from systematic effects are very small
and very well determined. The same holds for experiments aiming at improving the sensitivity
in the determination of the mass of the electron neutrino using electron-capture (ε)-decaying
nuclei. One important input in these cases is an accurate Q-value of the decay which can be
unambiguously determined from the difference of the mass of the mother and the daughter nuclei
bymeans of Penning traps. In order to reach the required sensitivity, a novel device calledQuantum
Sensor is under construction at the University of Granada (Spain). The device will allowmeasuring
atomic masses, and therefore Q-values from decays with unprecedented accuracy and sensitivity,
using fluorescence photons from a laser-cooled ion instead of electronic detection. This paper will
give an overview on Q-value measurements performed with Penning traps, relevant for neutrino
mass spectrometry, describing the Quantum Sensor and the facility under construction. It will end
by presenting the status of the project.

1. Introduction

Experimental results from atmospheric, solar, and reactor neutrino sources identified
neutrino oscillations and established that neutrinos have rest masses [1–4]. However,
neutrino oscillations are only sensitive to the differences of squared masses of different
neutrino mass eigenstates. Absolute masses can be determined either by studying weak
decays, that is, by determining the shape of the β-decay or, X-ray spectrum after
electron capture (ε-decay), near the endpoint with good statistics and without systematic
uncertainties and fit it with the neutrino mass as free parameter [5, 6], or being able to
measure the half-live of nuclei undergoing double β-decay transformations [7, 8]. The later
is a second-order weak process which has a very small transition probability. While the fit
of the β-decay spectrum, or X-ray spectrum from ε-decay, allows for determining the mass
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independently whether the neutrino is a Dirac or Majorana particle, a successful half-life
measurement from neutrinoless double β-decay (0νββ) or double electron-capture (0νεε)
experiments would allow determining the Majorana neutrino mass, thus establishing the
nature of the neutrino.

Either for single or double β(ε) decay transformations, a precise and unambiguous
measurement of the Q-value of the transition, is of significant importance and can be
provided only using Penning traps. These devices can provide the highest accuracy in the
determination of the mass of atomic nuclei [9, 10] and, since the Q-value from β, double β,
ε, or double ε decay can be determined from the difference of the masses of the mother and
the daughter nuclei, Penning traps provide the highest accuracy in the determination of this
energy. The role of the Q-value in neutrino physics varies depending on the experimental
goal. The use of the Q-value obtained from Penning-trap measurements to fit accurately the
energy window to search events from (0νββ)-decay on any of the eleven identified nuclides
[11], or to conclude whether the predicted resonance enhancement for (0νεε)-decay for some
specific nuclides exists [7], requires a relative mass uncertainty (δm/m) ranging from 10−8

to 10−9, which is in reach with several Penning-trap facilities (see, e.g., [12, 13]). For the
determination of the mass of the electron (anti)neutrino from β or ε-decay, the candidates
more suitable are those with small Q-values. Since a large number of possible sources of
systematic errors exist, any additional information or constraint is highly wanted. For the
determination of mνe from β-decay, a very important constraint is the endpoint energy
E0(mνe = 0) for vanishing antineutrino mass as obtained by a measurement of the Q-value
using high-accuracy mass spectrometry. The difference E = E0(mνe = 0) − E0(mνe /= 0) must
equal the mass of the electron antineutrino mνe . From ε-decay, mνe can be obtained from
the difference between the Q-value and the endpoint energy of the X-ray spectrum that
originated from the decay of the daughter nucleus to the ground state. Either for β or ε-
decay, the Q-value must be very accurately measured requesting in some cases relative mass
uncertainties better than 10−11.

There are two experiments in the world under construction by large international
collaborations which envisage to measure the mass of the electron antineutrino with a
sensitivity of 0.2 eV from single β-decay: the KArlsruhe TRItium Neutrino experiment
(KATRIN) [14] and the Micro-calorimeter Array for a Rhenium Experiment (MARE) [15].
This sensitivity is one order of magnitude better compared to the present limit (mνe < 2 eV at
95% C. L.) [5], achieved by use of electrostatic retardation spectrometers at Troitsk [16] and
Mainz [17], measuring the end of the β-decay spectrum of tritium (T1/2 = 12.3 years)

T2 −→
(
3HeT

)+
+ e− + νe + 18.5898(12) keV (1.1)

(see [18]). The KATRIN collaboration will also measure the β-decay spectrum of tritium,
but with an spectrometer scaled up in diameter by a factor of 10 compared to the one in
Mainz. The main spectrometer vessel has a diameter of 10m and a length of 24m, making it
the largest mass spectrometer in the world. The MARE collaboration uses a totally different
approach based on bolometers tomeasure the end of the β-decay spectrum of rhenium (T1/2 =
43.2 × 109 years)

187 Re −→ 187Os + e− + νe + 2.4653(17) keV (1.2)
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(see [19]). There are two experiments from the same collaboration preceding MARE, called
MANU [20] and MIBETA [19]. Measurements with MANU have yielded an upper limit
for mνe of 26 eV using a crystal of 1.5mg of metallic rhenium cooled down to 60mK with
an activity of 1 Bq. The results with the MIBETA detector constrained further the upper
limit down to 15 eV. MIBETA is comprised of 10 AgReO4 crystals, 300μg each. The MARE
collaboration has also as final goal the measurement of the mass of the electron antineutrino
with a sensitivity of 0.2 eV [15, 21], but it will develop in two steps, that is, MARE I aiming at
reaching 2 eV and MARE II aiming at improving this sensitivity by a factor of 10.

TheMARE collaboration also plans to utilize the same technique, based on bolometers,
to determine the mass of the electron neutrino with high sensitivity by measuring the ε-decay
from 163Ho (T1/2 = 4.5 × 103 years)

163Ho + e− −→ 163Dy + νe + 2.80(5) keV (1.3)

(see [6]). Though the Q-value is close to the one from the decay of 187Re, the half-life is
seven orders of magnitude shorter. The main difficulty seems to be the implantation of
pure 163Ho on the detector, as this radioisotope is produced in reactions with strong isobaric
contamination [6]. Very recently, a group at the Kirchhoff-Institute for Physics in Heidelberg
(Germany) has presented the use of low-temperature metallic magnetic calorimeters to
measure the spectra following the ε-decay of 163Ho (as well as the β-decay of 187Re) [22].
The group succeeded to implant the 163Ho into the absorber of the detector. The experiment
yielded a Q-value of 2.80(8) keV. Though some technical problems arising from the isobaric
contamination of the sample have to be solved, the results are already very promising. The
group at the Kirchhoff-Institute for Physics together with other groups has gathered in the
ECHO (Electron Capture HOlmium experiment) Collaboration aiming at reaching in a short
time scale a sensitivity onmνe of a few eV.

The Q-value given in (1.1) with δQ = 1.2 eV has been determined from the difference
of the masses of 3H (δm/m = 8.3×10−10) and 3He (δm/m = 8.6×10−10) using the SMILETRAP
facility [18, 23]. A dedicated Penning-trap experiment is in operation at the Max-Planck
Institute for Nuclear Physics (MPIK) in Heidelberg in the group of K. Blaum in order to
reach an uncertainty in the determination of the Q-value of 0.1 eV [24], which corresponds
to a relative mass uncertainty of a few times 10−11. Besides the group at the MPIK, the group
of E.G. Myers at Florida State University is also preparing an experiment to measure the
Q-value of the tritium decay using a Penning trap [25].

The Q-value given in (1.2) with δQ = 1.7 eV has been obtained from the same
experiment as the upper limit for the mass of the electron antineutrino [19]. Similarly, the
Q-value given in (1.3)with δQ = 50 eV has been obtained from the measurements performed
with a bolometer setup [26]. In both cases, a different approach should be used, in order to
obtain a result independent of systematic sources arising from the detectors. However, the
masses of the nuclei involved in the rhenium and holmium decay are a factor of 60 and 54,
respectively, larger compared to the masses of 3H and 3He. In the case of 187Re, this forces the
determination of the mass with δm/m ∼ 1.0 × 10−11 to use the Q-value in combination with
the outcomes from theMARE I campaign, and δm/m ∼ 1.0×10−12 in order to complement the
results obtained in the second campaign (MARE II). A relative mass uncertainty of 10−11 is
within the present limit of Penning trap mass spectrometry and only demonstrated for low or
medium mass-to-charge ratios [10]. A relative mass uncertainty of 1.0 × 10−12 is not in reach.
Note that almost the same applies for the decay of 163Ho.
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With the aim to improve the current performance, a novel device called Quantum
Sensor is under development at the University of Granada using laser cooling in combination
with the Penning trap [27]. The measurement of the atomic mass will be carried out using
a system comprising two Penning traps with a common endcap, one for the ion under
investigation and the other to confine a 40Ca+ ion which is laser-cooled to mK temperatures
and will act as sensor. Since the ions are coupled via their axial oscillation frequencies,
it is possible to exchange their motional energies. The cyclotron motion of the ion under
investigation is transformed into axial motion along the magnetic field lines of the Penning
trap and coupled to the sensor ion by the image current induced in the common endcap. The
axial motion of the sensor ion in turn is monitored spatially resolved by its fluorescence light.
In this way the detection of phonons is upgraded to a detection of photons.

2. The Penning Trap and the Quantum Sensor

In a Penning trap, charged particles are stored by the combination of a strong homogeneous
magnetic field (�B) and a nearly perfect quadrupole electrostatic field [28, 29]. The magnetic
field is generated by a superconducting solenoid while the quadrupole field is performed
by applying DC potentials to a set of electrodes with hyperbolical shapes as shown in the
left side of Figure 1. In order to confine particles with positive polarity, the DC potential is
applied either to the endcaps with respect to the ring electrode at ground (positive polarity)
or to the ring with respect to the endcaps at ground (negative polarity). The right side of
Figure 1 shows the electronic representation of a single ion with massm and electronic charge
q oscillating in the trap with a frequency ω [30].

The motion of any ion with mass-to-charge ratio m/q stored in an ideal Penning trap
can be described as the superposition of three independent motions, one in the direction of
the magnetic field lines, called axial motion, with a characteristic oscillation frequency

νz =
1
2π

√
qU

md2
, (2.1)

where d is a parameter related to the characteristics dimensions of the trap by

d =

√
z20
2

+
r20
4
, (2.2)

and two motions in the radial plane, which are named modified cyclotron and magnetron.
Their characteristic frequencies are

ν± =
νc
2

±
√
ν2c
4

− ν2z
2
, (2.3)

where

νc =
1
2π

· q
m

· B (2.4)
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Figure 1: (right) Longitudinal projection of a hyperbolical Penning trap with cylindrical symmetry along
the z-axis. U is the DC potential applied to the endcaps with respect to the ring. Due to the shape of
the electrodes, the equipotential lines are hyperboloids of revolution. r0 and z0 give the characteristics
dimensions of the Penning trap and are related by r0 =

√
2z0. (left) Equivalent circuit of the Penning

trap with one stored ion. The ion can be described as an inductance (Lion = m(2z0)
2/q2) in series with a

capacitor (Cion = 1/(ω2Lion)). CT gathers all the capacitances between the trap electrodes or between the
electrodes and ground. Rs is the internal resistance of the power supply.

is the cyclotron frequency of the ion moving in a magnetic field in the absence of any electric
field.

Each of the motions has associated an oscillation amplitude (ρ+, ρz, and ρ−, resp.).
The reduction of these amplitudes, normally referred to as cooling, is important, especially
to perform precision experiments, since when the ions move close to the center of the trap,
they are less sensitive to inhomogeneities of the magnetic field or to imperfections of the
quadrupole potential created by unavoidable deviations of the trap electrodes from the ideal
hyperboloidal geometry. Any cooling mechanism should provide a nonconservative force
acting in the direction of the motions so as to reduce the ion energy. Cooling to very low
temperatures improves also the sensitivity of the detection by reducing the thermal-noise
level, which is important for some detection techniques in Penning-trap mass spectrometry.
There are several mechanisms to cool the ions in a trap.

(i) Cooling by collisions with buffer gas atoms or molecules [31]which is very general
and applied in all Penning trap mass spectrometers installed at radioactive ion
beam facilities.

(ii) Resistive cooling by connecting the endcaps of the Penning trap, which has a
capacitance C, with an outer inductance L, such that the oscillation frequency of
the ion equals that of the LC-circuit [30].

(iii) Laser cooling, provided the ionic level scheme of the ion allows for optical
excitation [32]. This cooling method can provide the by far lowest temperatures.

(iv) Sympathetic cooling. Here the cooling of the ion of interest is due to Coulomb
interaction with an ion which can be cooled directly. For example, in [33], Hg+ ions
were cooled by Coulomb interaction with laser-cooled Be+ ions.

(v) Evaporative cooling. This cooling technique starts off with a cloud of ions. The
hottest ions are forced to leave the trap until a single ion is left over which is the
coldest one.
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In a Penning trap, after cooling, the mass-to-charge ratio of the ion of interest is
determined from its cyclotron frequency provided the magnetic field strength is known. The
magnetic field strength B can be obtained from the cyclotron frequency measurement of an
ion with well-known mass stored in the trap. The mass of the ion of interest (m/q)ion can be
written as

(
m

q

)ion

=
(
m

q

)ref

· ν
ref
c

νionc
, (2.5)

where the superscript ref represents the reference ion. The atomic mass can then be obtained
by

matomic =
νrefc
νionc

· (mref −me − Be) +me, (2.6)

where Be is the binding energy of the outer electron which is very accurately known and
me is the mass of the electron measured with an uncertainty of about 10meV. The cyclotron
frequency can be measured using either the relationship

νc = ν+ + ν−, (2.7)

which only holds in the case of an ideal Penning trap [34], or the relationship

ν2c = ν
2
+ + ν

2
z + ν

2
−, (2.8)

which is known as the invariance theorem and holds for the real Penning trap [28, 34].
Currently, there are two techniques which are used for the determination of νc, namely,
the time-of-flight (tof) resonance technique [35] used at the Penning-trap systems coupled
to Radioactive Ion Beams (RIB) [29, 36] and the Induced-Image-Current (IIC) resonance
technique applied to atomic ions from stable isotopes, molecular ions, or subatomic particles
and antiparticles [9, 10, 37, 38]. A third technique referred to asQuantum Sensor (QS) is under
development to push the present performance in Penning-trap mass spectrometry [27].

2.1. The TOF Resonance Technique

It is based on the coupling of the modified-cyclotron and magnetron motions by applying an
external radiofrequency (RF) quadrupole field [35]. After probing the ions with the RF field,
the cyclotron frequency is obtained from the time-of-flight spectra of the ions ejected from
the trap and registered with a microchannel plate detector located outside the magnetic field
lines. The time-of-flight spectrum is measured for different RF frequencies (νRF) around νc.
Themean time-of-flight of the distribution is plot versus νRF andwill beminimum for νRF = νc
(resonance). There are variants of this technique which allows reaching a better relative mass
uncertainty: the use of spatially separated quadrupole fields [39] for probing the ions or the
use of higher-order multipolar fields [40, 41]. The determination of the cyclotron frequency
using the tof technique requires several tens of ions, and, with sufficient statistics, it is possible
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Figure 2: (right) Electronic equivalent of the ion in the trap attached to an external coil to apply the IIC
technique. The inductance of the coil is taken so that the axial oscillation frequency of the ions in the
trap is equal to the resonance frequency of the LcoilCT -circuit. In this way, the circuit provides an effective
impedance for the induced current (arrow in the top) before further amplification. The system must be
operated at cryogenic temperature so that the electronic noise is minimum. (left) Electronic representation
of the two ions connected via a common endcap. The energy is transferred from the ion of interest to the
sensor ion within a time according to (2.9). The laser-cooled ion is at mK temperature and therefore more
sensitive to the motion of the ion of interest. Since this is oscillating at very low energy (equivalent to mK
temperature), any small transfer of energy will be already observed.

to attain a relative mass uncertainty (δm/m) in the order of 10−9, provided a careful study of
the different sources of systematic uncertainties has been performed.

2.2. The IIC Technique

It is based on the resonant amplification of the current a charged particle induces on the
endcap electrodes while it is oscillating in the trap at cryogenic temperature [42]. In order to
detect such a minute current, an effective impedance is created with an external LC-circuit
(see, e.g., [43]) or a tuned Superconducting Quantum Interference Device (SQUID) [42], in
resonance with the axial oscillation of the ion, such that νz = 1/(2π

√
LC). Figure 2 shows,

in the left side, the electronic representation. The axial oscillation frequency will be unfolded
by applying a Fourier transformation to the current induced by the ion after flowing through
the effective impedance (Zeff). Since νc is determined from (2.8), one has to measure ν+, νz,
and ν− only by observing the axial frequency of the ion in resonance with the LC-circuit.
This is done either by coupling the motions with an external pulse at νz ± ν+ or νz ± ν−,
after probing the ion motion with an RF field around the corresponding radial frequency,
transferring in this way the energy from one radial motion to the axial motion and looking
for the time to damp the amplitude of the axial signal [44–46], or by looking to a shift in the
axial frequency which depends on the modified-cyclotron orbit [10]. This technique allows
one to reach relative mass uncertainties in the order of 10−11 either by measuring the ion of
interest and the reference ion sequentially in an ultrahigh stable magnetic field [10] or by
storing both simultaneously in the trap [9].

2.3. The QS Technique

It is a novel technique for cooling, detection, and mass spectrometry of a single ion using
a sensor ion (40Ca+) which is laser-cooled to mK temperatures [27]. It is based on the axial
coupling of two ions in different traps connected by a common endcap [47]. The electronical
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representation is shown in the right side of Figure 2. The ion of interest is probed by applying
an external RF field in a similar way as with the IIC technique. After conversion to axial
motion by applying an external pulse, the ion of interest transfers its energy to the sensor ion
by making equal their axial oscillation frequencies. After the motional amplitudes between
the ion of interest and the sensor ion are exchanged, the laser is ON and the fluorescence of
the sensor ion is monitored with a CCD camera. The electronic detection of image charges is
replaced by laser spectroscopic detection [27]. The circuit sketched in the right side of Figure 2
indicates that the transfer of the energy between the ions can be described from the coupling
of the two circuits within a time called tex and given by [47]

tex = 2π2νzC
√
LionLCa+. (2.9)

In order to maintain the coupling and to transfer the energy, the oscillation frequencies of the
two ions must be equal within

Δνz =
1

2tex
. (2.10)

The QS technique has the following advantages [27].

(1) It is universal, independent of charge, and mass opposite to the IIC technique, not
yet demonstrated for ions with mass-to-charge ratios above the one of 133Cs2+ [48].

(2) A high signal-to-noise ratio can be realized for very small oscillation amplitudes
compared to the IIC technique.

(3) The ion under investigation and the sensor ion are well separated and can be
individually manipulated.

(4) The coupling of the two ions is well under control and can be changed easily in
strength.

(5) The ion under investigation and the sensor ion can be in different charge states.
Both should have such a charge-over-mass ratio that the axial frequencies can be
tuned equal or to harmonics.

(6) The nonlinear Coulomb interaction of two ions stored in the same trap is avoided.

(7) Fluctuations of the magnetic field of the superconductor are cancelled in first
approximation by a measurement of the cyclotron frequency of the sensor ion.

Items 1, 2, and 6 are the current factors limiting the most precise measurement by
Penning traps [9]. The following section will show the measurements carried out using
Penning traps which are related to neutrino physics and will also briefly underline the
advantages of the QS technique compared to the IIC technique for applications to the
measurement of the mass of the electron antineutrino.

3. The Role of Penning Traps in Neutrino Physics

Penning traps are devices which have been proven to contribute to the determination
of the mass of the electron (anti)neutrino or to determine its nature (whether it is
a Dirac or a Majorana particle) envisaged by several international collaborations, by
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performing extremely high-sensitive double-β-decay experiments to search the signature
for a neutrinoless process, by studying the end of the single β-decay spectrum from weak
transitions following the idea by E. Fermi, or by measuring the X-ray spectrum following
electron capture processes. While the signature to establish the nature of the neutrino
has not been observed unambiguously yet [11], the study of the β-decay spectrum has
already permitted to set an upper limit for the mass of the electron antineutrino [5]. A
recent experiment following ε-decay for the determination of the mass of the electron
neutrino seems very promising [22]. The role of Penning traps lies on the accurate and
unambiguous determination of the Q-value of any β(ε) transformation (single or double)
from the difference of the masses of the mother and the daughter nuclei. This determination
does not suffer from systematic sources associated to detectors like intrinsic resolution, pile-
up effects, electronic noise. In addition, only a few ions from the daughter and the mother
nuclei are needed. Furthermore, in the case of a double β transformation, the Penning-trap
Q-value determination can be performed in an infinitely shorter time scale compared to
the expected half-lives of the mother nuclei, and if new candidates arise from theoretical
predictions, the feasibility for the double decay can be easily cross-checked.

3.1. Neutrinoless Processes in β Transformations

All the experiments in the world searching for a neutrinoless process concentrate on double
β− decay (0νββ), a process predicted for the first time in 1939 [49] and described by

(A,Z) −→ (A,Z + 2) + 2e− +Qββ. (3.1)

Qββ is calculated from the mass excess D, which is defined as

D(A,Z) =M(A,Z)c2 −A · u − (E − Z)mec
2, (3.2)

using the relationship

Qββ = D(A,Z) −D(A,Z + 2). (3.3)

The parameter u in (3.2) is the atomic mass unit in keV, and E is the number of atomic
electrons which appears from the fact that the mass excess is defined for neutral atoms. The
probability for this transition is predicted to be higher compared, for example, to that of a
neutrinoless double electron capture (0νεε) process pointed out for the first time in 1955 [50]
and described by

(A,Z) + 2e− −→ (A,Z − 2) +Qεε. (3.4)

Qεε can be also calculated from the mass excess D using the relationship:

Qεε = D(A,Z) −D(A,Z − 2). (3.5)

The measurement of the well-defined energy Qββ or Qεε would imply the neutrino is a
Majorana particle [51]. Table 1 shows in the last column the Q-values obtained by means of
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Penning traps using different facilities worldwide, SMILETRAP in Sweden [23], JYFLTRAP
in Finland [52], SHIPTRAP in Germany [53], ISOLTRAP at CERN [54], or the MIT trap now
relocated at Florida State University (FSU) [55]. Save the MIT trap at FSU, where the IIC
technique is used, all the other facilities employ a variant of the tof technique [39–41]. The
relative mass uncertainties from these measurements are always better than 1 × 10−8. The
column δr/r in the table shows the relative uncertainty of the ratio between the cyclotron
frequencies of the mother and the daughter nuclei. The resulting uncertainty in the Q-value
is plotted also in Figure 3 (filled squares). Besides fixing accurately the energy window for
observation of the events from running (0νββ)-decay experiments [55], the Q-value can be
used to (re)evaluate very accurately the half-life of the parent nuclei as already addressed in
[56]. For a (0νββ)-decay, T1/2 can be given by

[
T0ν
1/2

]−1
= G0ν(Qββ, Z

)
g4
A

(
M0ν

)2 〈mν〉2
m2
e

, (3.6)

where G0ν is a precisely calculated phase-space factor which depends on the Q-value of the
transition, gA is the axial-vector coupling constant, and M0ν is the nuclear matrix element,
which depends on the nuclear structure of the particular isotopes (A,Z), (A,Z + 1), and
(A,Z + 2) under study. Details about these calculations and the models employed can be
found elsewhere [8, 57]. The probabilities for the (0νββ)-transitions are smaller compared to
the cases where 2ν are emitted. The latter is then more sensitive to be observed with the same
experimental arrangement. Though (0νββ)-transitions are expected with higher probability
compared to (0νεε)-decays, a possible resonance enhancement of this process might occur if
the initial and final states of the transition are degenerate in energy as proposed in [7]. The
process can be written as

(A,Z) + 2e− −→ (A,Z − 2)∗ +Q −→ (A,Z − 2) + (Qεε − E), (3.7)

where (A,Z − 2)∗ denotes the excited state of the daughter nucleus, Q is the energy released
in such a decay which must be very small for resonance, and E is the decay energy from the
excited state to the ground state of the daughter nucleus. The excited state has a width Γ. In
this process, the half-life reads

[
T0ν
1/2

]−1
=

(ΔM)2

(Qεε − E)2 + Γ2/4
Γ, (3.8)

where ΔM is the atom-mixing amplitude which is a function of several parameters, and
Q is the mass difference between the ground-state atoms M(Z,A) and M(Z − 2, A). Using
this formalism, the atom mixing amplitude is proportional to the effective neutrino mass.
The process is enhanced if the difference (Qεε − E) is closer to zero. Several candidates were
presented in [7] and some of them have been recently studied with Penning traps yielding
in most of the cases a value for the half-life of the expected decay. All the Qεε-values from
Penning-trap mass spectrometry are also listed in Table 1. Table 2 shows other double decays
and the expected half-lives according to [58]. The Q-values are obtained from the latest
Atomic Mass Evaluation [59] and the uncertainties are also shown in Figure 3 (filled circles).
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Table 1:Q-values for double β transformations determined from Penning-trap mass measurements on the
mother and the daughter nuclei. In case where the measurement was performed at two different Penning-
trap facilities, only the value with smaller relative mass uncertainty is shown.

Double Decay T1/2 (double decay) N.A. (mother)
δr/r

Q-value
decay type (years) (%) (keV)
76Ge-76Se(a) 0νββ >7.2 × 1020 [11] 7.73 7.8 × 10−10∗∗ 2039.006 (50) [60]
74Se-74Ge(b) 0νεε ∼5.0 × 1043 [61]∗ 0.89 7.4 × 10−10 1209.169 (49) [61]
96Ru-96Mo(c) 0νεε — 5.54 1.4 × 10−9 2714.51 (13) [62]
100Mo-100Ru(b) 0νββ >2.7 × 1022 [11] 9.82 1.8 × 10−9 3034.40 (17) [63]
110Pd-110Cd(d) 0νββ 6.8 × 1023 [56] 11.72 6.38 × 10−9 2017.85 (64) [56]
112Sn-112Cd(b) 0νεε 5.9 × 1029 [12]∗ 0.97 1.5 × 10−9 1919.82 (16) [12]
116Cd-116Sn(b) 0νββ >8 × 1021 [11] 7.49 2.0 × 10−9 2813.50 (13) [64]
130Te-130Xe(e) 0νββ >2.2 × 1021 [11] 34.08 9.8 × 10−11 2527.518 (13) [65]
136Xe-136Ba(e) 0νββ >1.6 × 1022 [11] 8.8573 7.9 × 10−11∗∗ 2457.83 (37) [55]
136Ce-136Ba(b) 0νεε >3.2 × 1032 [66]∗ 0.185 3.8 × 10−9 2378.53 (27) [66]
150Nd-150Sm(b) 0νββ >1.5 × 1021 [11] 5.638 1.4 × 10−9 3371.38 (20) [67]
152Gd-152Sm(c) 0νεε ∼1.0 × 1026 [13]∗ 0.20 1.3 × 10−9 55.70 (18) [13]
156Dy-156Gd(c) 0νεε 6.0 × 1028 [68]∗# 0.053 7.0 × 10−10 2005.95 (10) [68]
162Er-162Dy(c) 0νεε — 0.139 2.0 × 10−9 1846.95 (30) [62]
164Er-164Dy(c) 0νεε ∼1.0 × 1030 [69]∗ 1.601 7.6 × 10−10 25.07 (12) [69]
168Yb-168Er(c) 0νεε — 0.123 1.6 × 10−9 1409.27 (25) [62]
180W-180Hf(c) 0νεε ∼5.0 × 1027 [70]∗ 0.12 1.6 × 10−9 143.20 (27) [70]
The superscript besides the nuclides in the column “Double decay” serves to indicate the facility where the measurements
were performed: (a)SMILETRAP, (b)JYFLTRAP, (c)SHIPTRAP, (d)ISOLTRAP, and (e)MIT trap at FSU. The natural abundances
of the daughter nuclei are in general higher compared to those of the mother. (∗)Assuming mνe = 1 eV. (#)Partial half-life.
(∗∗)Individual ratios are given with respect to a molecular ion.

Table 2: Expected half-lives for double β-transformations from [58]. TheQ-values listed in the last column
have been obtained using either (3.3) or (3.5) with the mass excess values and uncertainties quoted in the
latest published volume of the Atomic Mass Evaluation [59]. One can observe that the uncertainties in the
Q-values are one order of magnitude larger compared to those listed in Table 1.

Double Decay T1/2 (double decay) N.A. (mother)
δMdaughter/Mdaughter

Q-value
Decay Type (years) (%) (keV)
48Ca-48Ti 0νββ >5.8 × 1022 [11] 0.187 8.3 × 10−8 4273.7 (4.1)
78Kr-78Se 0νεε >1.5 × 1021 [11] 0.375 1.5 × 10−8 2846.4 (2.0)
82Se-82Kr 0νββ >3.6 × 1023 [11] 8.73 2.7 × 10−8 2995.5 (2.7)
96Zr-96Mo 0νββ >9.2 × 1021 [11] 2.80 2.6 × 10−7 3347.7 (3.4)
102Pd-102Ru 0νεε — 1.02 2.9 × 10−8 1172.9 (3.2)
106Cd-106Pd 0νεε >0.9 × 1019 [58] 1.25 5.7 × 10−8 2770 (7)
128Te-128Xe 0νββ >1.6 × 1024 [11] 31.74 1.5 × 10−8 867.9 (2.2)
130Ba-130Xe 0νεε >4 × 1021 [58] 0.106 2.3 × 10−8 2620.1 (2.9)
132Ba-132Xe 0νεε >3 × 1020 [58] 0.101 8.3 × 10−9 845.7 (1.5)

3.2. Measurement of the Mass of the Electron Antineutrino from β-Decay

A single β-decay process is described by

(A,Z) −→ (A,Z + 1) + e + νe +Qβ, (3.9)
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Figure 3: Uncertainty in the Q-values measured with Penning traps (filled squares) and from the latest
published version of the Atomic Mass Evaluation (AME) [59] (filled circles). The squares in black and
grey represent the results obtained using the tof and the IIC technique, respectively. The characteristics for
the decays with the Q-values represented by filled circles are listed in Table 2.

where Qβ is the energy released in the decay shared by the electron and the antineutrino,
given by

Qβ = [M(A,Z) −M(A,Z + 1) −me −mνe]c
2, (3.10)

or, in terms of the mass excess, by

Qβ = D(A,Z) −D(A,Z + 1) −mνec
2. (3.11)

We will follow the notation Qβ(mνe = 0) = E0. In 1934 Enrico Fermi proposed the theory
for β-decay. Within this theory and neglecting the energy of the recoil nucleus, the energy
spectrum of electrons from the decay can be written as [15]

Ne(Z,Ee,mνe) = peEe(E0 − Ee)
√
(E0 − Ee)2 −m2

νec
4F(Z,Ee)S(Ee)[1 + δR(Z,Ee)], (3.12)

where pe stands for the momentum of the electron, F(Z,Ee) is called the Fermi function to
account for the nuclear charge, S(Ee) is the form factor of the β spectrum, containing the
nuclear matrix element, and δR(Z,Ee) is the radiative electromagnetic correction. One can
study the spectrum using a transformation K(Ee) such that

K(Ee) = (E0 − Ee)
(
1 − m2

νec
4

(
E0 − Eβ

)2

)1/4

. (3.13)

The representation of K(Ee) versus Ee is known as Kurie plot. By a detailed analysis of the
shape of the end of the spectrum, the electron-neutrino mass can be unfolded. However, the



Advances in High Energy Physics 13

information on the neutrino mass is only in the final part of the spectrum within an energy
interval δE containing a minute fraction of the total number of events

F(δE) ≈ 2
(
δE

E0

)3

. (3.14)

For δE = 5 eV, the fraction of events is 3.9 × 10−11 for KATRIN (1.1) and 1.6 × 10−8 for
MARE (1.2). This is very small and therefore requires a very careful measurement including
an extensive study of the systematics effects, which in the case of MARE (the bolometer
approach) are

(i) the response function of the detector,

(ii) the decay to excited states of the daughter nucleus,

(iii) the background due to cosmic rays and environmental radioactivity,

(iv) pile-up effects.

There is a paper devoted to KATRIN in this issue [71], and therefore only the
experiment devoted to the Q-value measurement from mass difference of the pair 3H-3He
using the UW-PTMS now in operation at the MPIK in Heidelberg in the division of Blaum
[24] will be underlined to compare the method with the Quantum Sensor [27]. MARE, as
KATRIN, aims at reaching finally a sensitivity of 0.2 eV/c2 in the measurement of the mass
of the electron antineutrino. The first limit quoted by a group of the MARE collaboration for
the mass of the electron antineutrino was 26 eV using the MANU detector [20]. The energy
resolution was varied between 30 and 50 eV in the energy interval used for the fit, and the
authors reported a Q-value of 2470 ± 1 (stat) ± 4 (syst) eV where the systematic uncertainty
was due to the influence of the nonlinearity of the energy together with the choice of the
energy interval for the analysis. Furthermore, they stated a dependence of the endpoint
energy on the energy resolution; a variation of 5 eV in σ resulted in a variation of 1 eV.

The lowest limit quoted up to date from the decay of 187Re, measured by another
group of theMARE collaboration, is 15 eV (90% C. L.) using theMIBETA detector [19]. In this
paper, the authors quoted aQ-value of 2465.3 ± 0.5 (stat) ± 1.6 (syst) eV, where the systematic
uncertainty was determined from the uncertainties in the energy resolution (28.5 eV at
2.46 keV), in the response function of the detector, and in the shape of the background of the
β-spectrum. Still, the limit for the mass of the electron antineutrino is above the aimed value.
According to the MARE proposal [15], the final value will be reached in two steps: MARE I
aiming atmνe < 2/c2 and MARE II aiming atmνe < 0.2/c2. In a very recent publication [72], a
sensitivity of 4.5 eV at 90% C. L. is claimed to be possible using eight arrays of detectors based
on silicon-implanted thermistors in combination with AgReO4 crystals after three years of
date taking. This is a continuation of the work carried out with the MIBETA detector (energy
resolution below 30 eV). However, the goal to be pursued in the MARE II phase will need
novel technology, based on the so-called kinetic inductance detectors. An arrangement of 105

detectors 20mg each is needed according to [72].
Many factors and many preceding results have been taken into account in order to

get an accurate limit for the mass of the electron antineutrino. However, a different approach
to reach a Q-value (E0) with a better accuracy and more important not subject to detector
resolution, background sources, or pile-up effect is highly desirable. For this purpose, there
is currently one Penning trap in operation at the MPIK in Heidelberg to measure the mass
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difference of the pair 3H-3He for KATRIN [24]. The device has been proven to work at the
University of Washington in Seattle, where the mass for 4He2+ was measured with a relative
mass uncertainty of 1.5 × 10−11 [10]. This corresponds to an uncertainty in the mass excessD
of 0.06 eV, showing the feasibility to reach the accuracy required for KATRIN for themasses of
3H and 3He with the present performance of the spectrometer. In the case of MARE however,
due to the higher masses of the daughter and the mother nuclei (a factor of 60 higher!), the
uncertainty to be reached must be better and the new technique is needed. (In the case of the
MARE project, the Q-value obtained from the mass difference as proposed in this paper, will
differ slightly with the Q-value of the decay within the crystal. However, it can be corrected
using an analytical expression given in the MARE proposal [15]. All the parameters involved
are vey accurately known.)

The setup at theMPIK uses the IIC technique tomeasure the shift in the axial frequency
from the following relationship:

δνz
νz

=

[
B2d

2

B0
− 3C4

(
νz
ν+

)2
]
E+

qV0
, (3.15)

where the term B2d
2/B0 is smaller compared to 3C4(νz/ν+)

2, so that

δνz
νz

≈ 3C4

(
νz
ν+

)2 E+

qV0
. (3.16)

C4 is a term defined elsewhere which can be below 10−4 in a so-called compensated Penning
trap or in the order of 10−2 for an uncompensated one [73]. An external RF field serves
to probe the modified-cyclotron motion. The radial energy E+ in (3.15) is maximum when
νRF = ν+. Since the frequency ν+ is constant, an increase in energy is caused by the increase
of the oscillation amplitude ρ+. We use here (3.16) to illustrate the advantage of using the
QS technique versus the ICC technique. Figure 4 shows the relative variation of the axial
oscillation frequency versus the oscillation amplitude ρ+ for several values of C4. The vertical
dotted lines mark the requested ion’s modified-cyclotron radius (ρ+) in order to observe the
induced current (IIC technique) [10] and the fluorescence (QS technique) [27]. As can be
observed in the figure, the shift due to anharmonicities of the quadrupole field (following
(3.16)) can be substantially reduced and one can aim at improving precision for the mass of
the pairs 187Re+-187Os+. The QS technique, if successful, can be used therefore to contribute
to the measurement pursued by the MARE collaboration, but can of course be applied to
measure masses of ε-decaying nuclei and contribute to the measurement of the mass of the
electron neutrino.

3.3. Measurement of the Mass of the Electron Neutrino from ε-Decay

A single electron capture process is given by

(A,Z) + e− −→ (A,Z − 1)∗ +Qν, (3.17)



Advances in High Energy Physics 15

ρ+ (μm)

0 10 20 30 40 50 60

δ
v
z
/
v
z

1E−7

1E−8

1E−9

1E−10
QS ICC

C4 = 10−2 C4 = 10−4

C4 = 10−5C4 = 10−3

Figure 4: Relative variation of the axial frequency versus the modified-cyclotron radius of an ion with
mass-to-charge ratio of 187. The y-axis is plotted up to δνz/νz = 2.9 × 10−7, which is the limit to maintain
the coupling between the ion of interest and the sensor ion [27]. Using (2.9) and (2.10), the pairs 187Re+-
40Ca+ and 187Os+-40Ca+ are coupled if their oscillation frequencies (we consider νz = 100 kHz) are equal
within 29mHz [27]. The ions are moving in a 7 T magnetic field, so that ν+(187Re+) = 565282.43Hz.

where Qν comprises the energy and the rest mass of the emitted neutrino or by

(A,Z) + e− −→ (A,Z − 1) +Qε. (3.18)

with

Qε = Qν + B. (3.19)

B stands here for the total energy that originated from the decay of the excited state of the
daughter nucleus. This energy is emitted in the form of X-rays and can be measured with
calorimeters. Suitable candidates are those with very lowQε-values and very smallQν. As in
β-decay, the end of the emission spectrum must be fitted in order to obtain the mass of the
electron neutrino. For the analytical form see, for example, [6]. There are two collaborations
aiming at measuring the mass of the electron neutrino with a sensitivity firstly of a few eV
using the ε-decay of 163Ho, MARE [6], and ECHO [22]. In the framework of the second
collaboration, a Penning trap is under development in order to perform very accurate mass
measurements on the parent and the daughter nuclei [74]. The discussion on accuracy is
similar to the previous section.

Other candidates with low Qε-values have been pointed out for the same kind of
experiment: 100Pd (T1/2 = 3.63 d), 101Rh (T1/2 = 3.3 y), 131Cs (T1/2 = 9, 69 d), 134Ce (T1/2 =
3.16 d), 57Tb (T1/2 = 71 y), 159Dy (T1/2 = 144, 4 d), 161Ho (T1/2 = 2, 48 h), 163Ho (T1/2 = 4570 y),
175Hf (T1/2 = 70 d), 183Re (T1/2 = 70 d), 194Hg (T1/2 = 444 y), or 201Tl (T1/2 = 3.04 d)
[75]. Though they are not natural abundant isotopes, those with long half-life can still be
practicable in the proposed system, provided we can get the source.
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4. The Project TRAPSENSOR: Status

The Quantum Sensor will be developed within the project TRAPSENSOR at the University
of Granada (Spain). The project will be run in two steps. In the first one, two independent
setups will be built:

(1) a commercial laser-desorption ion source, which is in operation at the University
of Granada since July 2011, will be coupled to the Penning-trap beamline shown in
Figure 6, which can allow for determination of Q-values using the tof technique to
study, for instance, some of the cases listed in Table 2,

(2) a radiofrequency trap with a laser system to cool 40Ca+ to mK temperatures
(Doppler cooling), comprising a set of diode lasers and associated equipment,
which will serve to define the final geometry of theQuantum Sensor using the setup
shown in Figure 7.

During the second stage of the project, theQuantum Sensorwill substitute the precision
Penning trap in Figure 6. The elements will be presented in the following.

4.1. The Laser Desorption Ion Source

The laser-desorption ion source is a commercial MALDI-tof system (model REFLEX III from
Bruker). The acronym MALDI-tof stands for Matrix Assisted Laser Desorption Ionization
Time Of Flight. In such device, a laser pulse on the sample produces the ions and serves as
a trigger to measure the time the ions are registered in a microchannel plate detector at the
end of a time-of-flight section. In July 2011 the production of Re+ and Os+ ions from naturally
abundant isotopes at kinetic energies ranging from 20 keV down to a few tens of eV was
accomplished. The laser utilized in these experiments is a doubled-frequency Nd:YAG laser
(model Brilliant from Quantel) with λ = 532 nm, a pulse width of ≈4 ns, and a repetition rate
of 10Hz. Figure 5 shows the time-of-flight (tof) signal of Re+ ions at 20 keV (normal operation
of the system), and 1 keV, which is the lower energy required to transport the ions through
the transfer section and to inject them into the Penning traps (Figure 6). A rhenium foil was
glued in the target plate of the MALDI apparatus and the laser energy was fixed to around
800mJ/cm2. Systematic investigations have been carried out varying the laser power, the
ion energy, and the sample preparation, especially for osmium since it is supplied in small
grains. The results together with the mechanical coupling to the Penning-trap beamline will
be presented elsewhere [76].

4.2. The Penning-Trap Beamline

The layout of the Penning-trap beamline is shown in Figure 6. The system is comprised
of a transfer section and two Penning traps housed in the same superconducting solenoid
which has two homogeneous magnetic field regions separated by 20 cm. The first region has
a homogeneity of 1 ppm/cm3 while the second reaches 0.1 ppm/cm3. The superconducting
magnet is similar to the one at SHIPTRAP [53], JYFLTRAP [52], and TRIGATRAP [77] and
will be available at the University of Granada from October 2012. The magnetic field strength
is 7 T in the region where the traps are located.

The first Penning trap in the beamline is made of a stack of cylinders in a similar
way to the one conceptually designed for the preparation of the ions at MATS (precise
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Figure 5: Time-of-flight (tof) signal of Re+ ions produced with the laser desorption ion source at two
different kinetic energies: 20 keV (black) and 1 keV (grey). Both distributions result from the accumulation
of 200 cycles. In order to observe them in the same panel, the tof at 20 keV is given with respect to the tof
of the 187Re+ ions (18μs), and the one at 1 keV with respect to the tof of the Re+ ions distribution (83μs).
The rhenium foil with natural abundance of 37.4% for 185Re and 62.6% for 187Re, as can be observed from
the peak distribution at 20 keV, was prepared in the target lab of GSI-Darmstadt (Germany).

measurements on very short-lived nuclei using an Advanced Trapping System) to be built
at the future facility for Antiprotons and Ion Research (FAIR) in Darmstadt [36]. This
Penning trap will serve to prepare the ion beam coming from the laser-desorption ion source
using the buffer-gas cooling technique [31], before injection into the precision Penning trap
where measurements will take place. This trap allows for isobaric separation which will be
important if finally rhenium and osmium ions are extracted simultaneously from the same
sample. The measurement trap is hyperbolical and identical to the precision Penning trap at
TRIGATRAP [77]. This trap will allow for high-precision mass measurements using the tof
technique during the first stage of the project and will be replaced in the second stage by the
Quantum Sensor developed in Granada. The precision Penning trap will be operated at liquid
helium temperature (4K) by means of a cryocooler. The two-stage pulsed-tube cold head is
located in a vacuum cross in front of the superconducting magnet to cool down the traps by
thermal contact. The transfer section comprises electrostatic lenses and quadrupole deflectors
and is identical to the transfer section at SHIPTRAP [53, 78]. All the beamline is housed
in CF160 vacuum chambers and will be operated in high vacuum by means of three turbo
molecular pumps, two of them with a pumping speed of 800 l/s backed by roughing pumps
with pumping speeds of 35m3/h located at both sides of the superconducting magnet. The
third turbo pump, has a pumping speed of 335 l/s and is backed by a primary pump with
3.8m3/h.

4.3. The Laser System for 40Ca+

The principle of laser cooling was briefly underlined in a previous section. Since in this
experiment the electronic detection will be exchanged by photon counting, it is important
to show the setup to test the laser cooling of 40Ca+ in the way described previously in [27]
and based on references therein. The layout of this setup is shown in Figure 7. This ion species
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Figure 6: Layout of the Penning-trap beamline to perform high-precision mass measurements. The
beamline will be coupled to an existing laser-desorption ion source.

has a transition at λ = 397 nm for Doppler cooling (42S1/2 → 42P1/2)which can be addressed
using a diode laser. Another diode laser at λ = 866 nm (42P1/2 → 32D3/2) is required in order
to repump the ion when it decays to the dark state 32D3/2 with a branching ratio of 7%. Thus,
only a couple of lasers would be needed to cool the sensor ion. However, since the ion has
to be stored finally in a 7 T magnetic field, the S1/2 and P1/2 levels are split in two and the
D3/2 level in four due to the Zeeman effect, requesting two lasers at 397 nm and four lasers
at 866 nm. The other two lasers at 854 nm shown in the figure will serve to repump from the
state 32D5/2 to the state 42P1/2. This spontaneous decay has been observed with a branching
ratio relative to the main decay of 4.2 × 10−7B2 (B given in Tesla) by a group in London [79].
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As shown in Figure 7, two independent laser systems, each of them comprising four
lasers, have been set up. The frequency of the lasers is locked using a very accurate wavemeter
(3σ = 10MHz) and a HeNe laser at λ = 632 nm as a reference. The optics for one of the laser
systems consists of mirrors and lenses to combine the different wavelengths in one line and
to obtain a very strong focus (ΔrFWHM < 10μm) in the center of the CF100 vaccum cross, with
several view ports, where an RF trap is located. The different wavelengths for the second laser
system will be transported through optical fibers directed into the chamber (see 1, 2, and 3
in Figure 7). Finally, an AOM (Acoustic Optical Modulator) will be placed in the 397 nm
laser line to switch ON and OFF the laser in very short times to follow the detection scheme
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presented in [27]. The fluorescence will be monitored with a CCD camera located on top of
the vacuum cross.

5. Perspectives

In this paper we have presented a new concept to improve the performance in mass
spectrometry in terms of accuracy and sensitivity focusing on the application to neutrino
mass spectrometry. With the setup presented, the authors envisage to yield a very accurate
Q-value in the β-decay from 187Re to 187Os to contribute to the measurements to be pursued
by the international MARE collaboration. The system can be also used for the determination
of the Q-value in the ε-decay from 163Ho to 163Dy provided the source is available. During
the development of the system the project is structured in a way where also measurements
relevant for neutrinoless double beta decay or double electron capture decay might be
possible on candidates not measured yet with Penning traps. Production of any ion from
solid samples can be accomplished with our universal laser desorption ion source. Ions from
gas atoms can be also easily created within the preparation Penning trap.

The project officially started in November 2011, when the main equipment was
ordered. The laboratory was prepared in the basement of the Faculty of Sciences and the
first instruments were placed in March 2012. The beamline in Figure 6 is currently under
completion. The superconducting magnet will be delivered in October 2012 and the design
of the Penning-trap system has been finished and the control system of all the elements,
power supplies, RF generators, and FPGA cards for pulse generation and data taking is
already implemented. The coupling of the laser desorption ion source to the transfer section
is currently ongoing [76]. Save for the AOM, recently ordered, the system shown in Figure 7
is completed so as to start the laser-cooling experiment. By the end of the year 2012, both
setups should be in operation, so that we can start developing the Quantum Sensor within a
time period of two years. For this purpose a third independent setup will be built to test the
electronic coupling while mass measurements using the tof technique can be accomplished
in the beamline and cooling experiments to optimize the laser system can take place in the
optical table. The implementation of the device in the beamline is expected for 2015. Then,
the system will be first fully devoted to the measurement of theQ-value of the decay 187Re to
187Os. We hope to match the time schedule of the MARE collaboration.
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We discuss constraints on the coefficientAMSW which is introduced to simulate the effect of weaker
or stronger matter potential for electron neutrinos with the current and future solar neutrino data.
The currently available solar neutrino data leads to a bound AMSW = 1.47−0.42+0.54(

−0.82
+1.88) at 1σ (3σ) CL,

which is consistent with the Standard Model prediction AMSW = 1. For weaker matter potential
(AMSW < 1), the constraint which comes from the flat 8B neutrino spectrum is already very tight,
indicating the evidence for matter effects. However for stronger matter potential (AMSW > 1),
the bound is milder and is dominated by the day-night asymmetry of 8B neutrino flux recently
observed by Super-Kamiokande. Among the list of observables of ongoing and future solar
neutrino experiments, we find that (1) an improved precision of the day-night asymmetry of 8B
neutrinos, (2) precision measurements of the low-energy quasi-monoenergetic neutrinos, and (3)
the detection of the upturn of the 8B neutrino spectrum at low energies are the best choices to
improve the bound on AMSW.

1. Introduction

Neutrino propagation in matter is described by the Mikheyev-Smirnov-Wolfenstein (MSW)
theory [1–4]. It was successfully applied to solve the solar neutrino problem [5], the
discrepancy between the data [6–15], and the theoretical prediction of solar neutrino flux
[16], which blossomed into the solution of the puzzle, the large-mixing-angle (LMA) MSW
solution. The solution is in perfect agreement with the result obtained by KamLAND [17]
detector which measured antineutrinos from nuclear reactors, where the flavor conversion
corresponds to vacuum oscillations with subpercent corrections due to matter effects.

The MSW theory relies on neutrino interaction with matter dictated by the standard
electroweak theory and the standard treatment of refraction which is well-founded in
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the theory of refraction of light. Therefore, it is believed to be on a firm basis. On the obser-
vational side it predicts a severer reduction of the solar neutrino flux at high energies due to
the adiabatic flavor transition in matter than at low energies where the vacuum oscillation
effect dominates. Globally, the behavior is indeed seen in the experiments observing 8B solar
neutrinos at high energies [11–14] and in radiochemical experiments detecting low-energy
pp and 7Be neutrinos [6–10] and more recently by the direct measurement of 7Be neutrinos
by Borexino [15]. For a summary plot of the current status of high- and low-energy solar
neutrinos, see the review of solar neutrinos in this series. Therefore, one can say that the
MSW theory is successfully confronted with the available experimental data.

Nevertheless, we believe that further test of theMSW theory is worth pursuing. First of
all, it is testing the charged current (CC) contribution to the index of refraction of neutrinos of
the StandardModel (SM), which could not be tested anywhere else. Furthermore, in analyses
of future experiments to determine δ and the mass hierarchy, the MSW theory is usually
assumed to disentangle the genuine effect of CP phase δ from the matter effect. Therefore, to
prove it to the accuracy required by measurement of δ is highly desirable to make discovery
of CP violation robust in such experiments that could have matter effect contamination. This
reasoning was spelled out in [18]. Since the survival probability Pee does not depend on
δ solar neutrinos provide us with a clean environment for testing the theory of neutrino
propagation in matter.

We notice that in solar neutrinos, the transition from low- to high-energy behaviors
mentioned above has not been clearly seen in a single experiment in a solar-model-
independent manner. The Borexino and KamLAND experiments tried to fill the gap by
observing 8B neutrinos at relatively low energies [19, 20]. SNO published the results of
analyses with lower threshold energy of 3.5MeV [21, 22], and the similar challenge is being
undertaken by the Super-Kamiokande (SK) group [23]. In addition to 7Be, a new low-
energy neutrino line, pep neutrinos, was observed by Borexino [24]. Recently, the SK group
announced their first detection of the day-night asymmetry of 8B neutrinos [23]. As we will
see in Section 3 it gives a significant impact on our discussions. With these new experimental
inputs, as well as all the aforementioned ones, it is now quite timely to revisit the question of
how large deviation from the MSW theory is allowed by data.

In this paper, we perform such a test of the theory of neutrino propagation in the
environments of solar and earth matter. For this purpose, we need to specify the framework
of how deviation from the MSW theory is parametrized. We introduce, following [25, 26],
the parameter AMSW defined as the ratio of the effective coupling of weak interactions
measured with coherent neutrino matter interactions in the forward direction to the Fermi
coupling constant GF . We first analyze the currently available solar neutrino data to obtain
the constraints on AMSW and find that the features of the constraints differ depending upon
AMSW < 1 or AMSW > 1. We will discuss interpretations of the obtained constraints including
this feature and provide a simple qualitative model to explain the bound at AMSW > 1, more
nontrivial one. We then discuss the question of to what extent the constraints on AMSW can
be made stringent by various future solar neutrino observables.

Our framework of testing the theory of neutrino propagation in matter requires
comments. It actually involves the three different ingredients: (1) non-SM weak interactions
in the forward direction parametrized as AMSWGF , (2) refraction theory of neutrino
propagation in matter which includes the resonant enhancement of neutrino flavor
conversion [1–4] and (3) electron number densities in the sun and in the earth. However,
on ground of well-founded refraction theory and because no problem can be arguably raised
in the formulation of theMSWmechanismwe do not question the validity of (2). We also note
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that the electron number density in the sun is reliably calculated by the standard solar model
(SSM), and the result is cross-checked by helioseismology to an accuracy much better than
the one discussed here. We can also take the earth matter density and chemical compositions
calculated by the preliminary reference earth model (PREM) [27] as granted. It is the case
because the earth matter-dependent observable, the day-night variation of solar neutrino
flux, is insensitive to the precise profile of the earth matter density. Therefore, we assume
that our test primarily examines the aspect (1), namely, whether neutrino matter coupling in
the forward direction receives additional contribution beyond those of SM.

Are non-SM weak interactions parametrized as AMSWGF general enough? Most
probably not because in many models with new non-SM interactions they have flavor
structure. Flavor-dependent new neutral current interactions have been discussed in the
framework of nonstandard interactions (NSI) of neutrinos [28–33], and constraints on
effective neutrino matter coupling were obtained with this setting, for example, in [34, 35].
With solar neutrinos see [36] for discussion of NSI. If we denote the elements of NSI as εαβ
(αβ = e, μ, τ), our AMSW may be interpreted as AMSW = 1 + εee, assuming that εαβ � εee
for α/= e, β /= e. To deal with the fully generic case, however, we probably have to enlarge
the framework of constraining the NSI parameters by including other neutrino sources, in
particular, the accelerator and atmospheric neutrinos. See Section 4 for more comments.

2. Simple Analytic Treatment of Matter Effect Dependences

In this section, we give a simple analytic description of how various solar neutrino
observables depend upon the matter effect. It should serve for intuitive understanding
of the characteristic features which we will see in the later sections. The reader will find
a physics discussion in the flavor conversion review of this series. In the following, we
denote the matter densities inside the sun and in the earth as ρS and ρE, respectively. Solar
neutrino survival or appearance probabilities depend on three oscillation parameters: the
solar oscillation parameters (θ12,Δm2

21 ≡ m2
2−m2

1) and θ13. Smallness of the recently measured
value of θ13 [37–41] and its small error greatly restrict the uncertainty introduced by this
parameter on the determination of matter effects.

To quantify possible deviation from the MSW theory, we introduce the parameter
AMSW by replacing the Fermi coupling constant GF by AMSWGF [25, 26]. The underlying
assumption behind such simplified framework is that the deviation from the Fermi coupling
constant is universal over fermions, in particular up and down quarks.

The survival probability in the absence of the earth matter effect, that is, during the
day, is well described by [42–44]:

PDee = cos4θ13
(
1
2
+
1
2
· cos 2θS · cos 2θ12

)
+ sin4θ13. (2.1)

Here θS is the mixing angle at the production point inside the sun:

cos 2θS ≡ cos 2θm
(
ρS

)
, (2.2)
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Table 1: Average electron density at the neutrino production region and energy of the relevant pp solar
neutrinos fluxes. Last column shows the ratio of the electron neutrino elastic scattering with electrons
cross-section to the μ (or τ) neutrino one. For this calculation, we have assumed ameasured electron kinetic
energy range of [0.05, 0.4], [1, 1.4], [0, 0.8], and [5, 16] MeV for the pp, pep, 7Be, and 8B, respectively.

Source ρSYe(g cm−3) Energy (MeV) σμ/σe

pp 67.9 ≤0.42 0.284
pep 73.8 1.44 0.203
7Be 86.5 0.86 0.221
8B 92.5 ≤16 0.155

where θm(ρ) is the mixing angle in matter of density ρS,

cos 2θS =
cos 2θ12 − ξS

(
1 − 2ξS cos 2θ12 + ξ2S

)1/2 . (2.3)

In (2.4), ξS is defined as the ratio of the neutrino oscillation length in vacuum, lν, to the
refraction length in matter, l0:

ξS ≡ lν
l0

=
2
√
2AMSWGFρSYecos2θ13

mN

E

Δm2

= 0.203 ×AMSWcos2θ13
(

E

1MeV

)(
ρSYe

100 g cm−3

)
,

(2.4)

where

lν ≡ 4πE
Δm2

, l0 ≡ 2πmN√
2AMSWGFρSYecos2θ13

. (2.5)

In (2.4) and (2.5), ρS is the matter density, Ye is the number of electrons per nucleon, and
mN is the nucleon mass. In the last term we have used the best fit of the global analysis
Δm2

21 = 7.5 × 10−5 eV 2. The average electron number densities ρSYe at the production point
of various solar neutrino fluxes are tabulated in Table 1. These numbers serve to show the
differences in solar densities probed by the different sources of neutrinos, but the precise
calculations are correctly done by averaging the survival probability with the production
point distribution of the corresponding source [5, 16, 45].

We observe that PDee in (2.1) depends on neutrino energy E and AMSW in the particular
combination AMSWE. The property may have the following implications to constraints on
AMSW: (1) since shifting AMSW is equivalent to shifting E our analysis which calculates
χ2 as a function of AMSW is inevitably affected by the whole spectrum. (2) Nonetheless,
we generically expect that the constraint at AMSW < 1 (AMSW > 1) principally comes
from neutrino spectrum at high (low) energies. It appears that the apparently contradictory
remarks are both true in view of the results in Section 3.
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2.1. Energy Spectrum

Solar neutrino observables taken in a single experiment have not shown an energy depen-
dence yet. The neutrino oscillation parameters are such that we cannot expect strong energy
dependences. At low neutrino energies, small ξS, (2.1) can be approximated by

PDee = cos4θ13
[
1 − 1

2
sin22θ12(1 + cos 2θ12ξS)

]
+ sin4θ13, (2.6)

whereas at high energies, small 1/ξS, the oscillation probability (2.1) can be approximated,
keeping only the first energy-dependent term as

PDee = cos4θ13

[
sin2θ12 +

1
4
sin22θ12 cos 2θ12

(
1
ξS

)2
]
+ sin4θ13. (2.7)

Notice that the correction to the asymptotic behavior is linear inAMSW at low energies while it
is quadratic in A−1

MSW at high energies. It may mean that the energy spectrum at low energies
could be more advantageous in tightening up the constraint on AMSW provided that these
formulas with leading order corrections are valid.

It is well known that, in the LMAMSWmechanism, 8B neutrino spectrum must show
an upturn from the asymptotic high energy (E � 10MeV) to lower energies. The behavior
is described by the correction term in (2.7) but only at a qualitative level. It indicates that
the upturn component in the spectrum is a decreasing function of AMSW. On the other
hand, at low energies populated by pp, 7Be, and pep neutrinos, the solar neutrino energy
spectrum displays vacuum-averaged oscillations or decoherence, (2.6). The deviation from
this asymptotic low energy limit can be described by the correction term in (2.6) again at the
(better) qualitative level. The term depends uponAMSW linearly so that the correction term is
an increasing function of AMSW. Because of the negative sign in the correction term in (2.6),
larger values of AMSW lead to smaller absolute values of Pee in both low- and high-energy
regions. (The simpler way to reach the same conclusion is to use the property PDee(E, sAMSW) =
PDee(sE,AMSW) mentioned earlier. Then, for larger AMSW (s > 1) PDee corresponds to the one at
higher energy. Since PDee is a monotonically decreasing function of E, larger theAMSW, smaller
the PDee.)

To see how accurate is the behavior predicted by the above approximate analytic
expressions, we have computed numerically (using the PREM profile) the average 〈[(1 −
rμ/e)Pee + rμ/e](Ee,i)〉 as a function of electron energy. Here, 〈O〉 means taking average of Pee
over neutrino energies with neutrino fluxes times the differential cross-sections integrated
over the true electron energy with response function. In the above expression, rμ/e ≡
σμ/σe with σe and σμ being the cross-sections of νee and νμe scattering, respectively. The
computed results confirm qualitatively the behavior discussed above based on our analytic
approximations. Thus, the energy spectrum of solar neutrinos at low and high energies can
constrain AMSW in this way, as will be shown quantitatively in Section 3.
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2.2. Day-Night Variation

The νe survival probability at night during which solar neutrinos pass through the earth can
be written, assuming adiabaticity, as [46, 47]

PNee = PDee − cos 2θScos2θ13
〈
freg

〉
zenith, (2.8)

where PDee is the one given in (2.1). freg denotes the regeneration effect in the earth and is given
as freg = P2e − sin2θ12cos2θ13, where P2e is the transition probability of second mass eigenstate
to νe. Under the constant density approximation in the earth, freg is given by [46, 47]

freg = ξEcos2θ13sin22θEsin2
[
AMSWaEcos2θ13

(
1 − 2ξ−1E cos2θ12 + ξ−2E

)1/2
(
L

2

)]
(2.9)

for passage of distance L, where we have introduced aE ≡ √
2GFN

earth
e =

√
2GFρEYeE/mN .

In (2.9), θE and ξE stand for the mixing angle and the ξ parameter (see (2.4)) with matter
density ρE in the earth. Within the range of neutrino parameters allowed by the solar neutrino
data, the oscillatory term averages to 1/2 in good approximation when integrated over zenith
angle. Then, the equation simplifies to

〈
freg

〉
zenith =

1
2
cos2θ13ξEsin22θE. (2.10)

At E = 7MeV, which is a typical energy for 8B neutrinos, ξE = 3.98 × 10−2 and sin 2θE = 0.940
for the average density ρE = 5.6 g/cm3 and the electron fraction YeE = 0.5 in the earth. Then,
〈freg〉zenith is given as 〈freg〉zenith = 1.72 × 10−2 for AMSW = 1 and sin22θ13 = 0.089. This result
is in reasonable agreement with more detailed estimate using the PREM profile [27] for the
earth matter density.

We now give a simple estimate of the day-night asymmetry ADN assuming
constant matter density approximation in the earth and its AMSW dependence. Under the
approximation of small regeneration effect freg � 1, the day-night asymmetry ADN for the
CC number of counts NCC measurement is approximately given by

ACC
DN ≡ NN

CC −ND
CC

(1/2)
[
NN

CC +ND
CC

] ≈ − 2 cos 2θS
1 + cos 2θ12 cos 2θS

〈
freg

〉
zenith, (2.11)

where in the right-hand side we have approximated ACC
DN by the asymmetry of survival

probabilities in day and in night at an appropriate neutrino energy and ignored the terms
of order 〈freg〉2zenith. Notice that the effects of the solar and the earth matter densities are
contained only in cos 2θS and 〈freg〉zenith, respectively.

At E = 7MeV, ξS = 1.31, cos 2θ12 = 0.377, cos 2θS = −0.710, and hence ACC
DN = 3.41 ×

10−2AMSWcos4θ13, about 3% day-night asymmetry for AMSW = 1. Note that cos4θ13 = 0.95 for
sin22θ13 = 0.1, so that the impact of θ13 on ACC

DN gives only a minor modification. Though
based on crude approximations, the value of ACC

DN at AMSW = 1 obtained above is in excellent
agreement with the one evaluated numerically for SNO CC measurement.
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Table 2: The Δχ2 minimum of AMSW, the allowed regions of AMSW at 1σ, and 3σ CL are shown in the first,
second, and third columns, respectively, for the analyses with the currently available data (first row), the
one with spectrum upturn of 8B neutrinos at 3σ added to the current data (second row), the one with 7Be
and pep neutrinos with 5% and 3% accuracies, respectively, added to the current data (third row), the one
with the new spectral information in the second and the third rows added to the current data (fourth row),
and the one with day-night asymmetry of 8B neutrinos at 3σ added to the current data (fifth row). The last
row presents results of global analysis with all the above data. The numbers in parentheses imply the ones
obtained with improved knowledge of θ12; see text for details.

Analysis Δχ2 minimum Allowed region (1σ) Allowed region (3σ)
present data AMSW = 1.47 1.05–2.01 (1.05–2.00) 0.65–3.35 (0.65–3.27)
+upturn (3σ) 1.34 1.02–1.79 (1.02–1.76) 0.65–3.00 (0.66–2.88)
+7Be (5%), pep (3%) 1.25 0.97–1.53 (0.97–1.52) 0.65–2.34 (0.65–2.31)
+spectral shape 1.22 0.97–1.49 (0.97–1.46) 0.65–2.23 (0.65–2.12)
+ADN (3σ) 1.17 0.96–1.43 (0.96–1.42) 0.66–1.98 (0.66–1.97)
+all 1.12 0.95–1.33 (0.95–1.32) 0.67–1.78 (0.67–1.73)

SNO and SK observe the day-night asymmetry by measurement of CC reactions and
elastic scattering (CC + NC), respectively. We have computed ADN as a function of AMSW

numerically (with PREM profile) without using analytic approximation. The result of ADN

scales linearly with AMSW in a good approximation, ACC
DN ≈ 0.044AMSW. Similarly, the day-

night asymmetry for elastic scattering measurement can be easily computed. Its relationship
to the ACC

DN can be estimated in the similar manner as in (2.11),

AES
DN ≡ NN

ES −ND
ES

(1/2)
[
NN

ES +N
D
ES

] ≈ ACC
DN ×

[
1 +

2rμ/e
(
1 − rμ/e

)[
PNee + PDee

]

]−1
, (2.12)

taking into account the modification due to NC scattering. Using approximate values, rμ/e =
1/6 and (1/2)[PNee + PDee] = 1/3, the factor in the square bracket can be estimated to be 5/8,
giving a reasonable approximation for the ratio ofAES

DN toACC
DN . A better approximation to the

computed results of the AMSW dependence of the asymmetry is given by AES
DN = 0.02AMSW.

3. Constraints on AMSW by Solar Neutrino Observables

In this section we investigate quantitatively to what extent AMSW can be constrained by the
current and the future solar neutrino data. The results of our calculations are presented in
Figure 1, supplemented with the relevant numbers in Table 2. We will discuss the results and
their implications to some details in a step-by-step manner. We first discuss the constraints
by the data currently available (Section 3.1). Then, we address the question of how the
constraint on AMSW can be tightened with the future solar neutrino data, the spectral upturn
of 8B neutrinos (Section 3.2), the low-energy 7Be and pep neutrinos (Section 3.3), and finally
the day-night asymmetry of the solar neutrino flux (Section 3.4). We pay special attention
to the question of how the constraints on AMSW depend upon the significance of these
measurements.
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Figure 1: Δχ2 as a function of AMSW for the currently available solar neutrino data (shown in blue solid
line) and the various solar neutrino observables expected in the near future (by color lines specified in the
following). The current data include the one from SNO lower energy threshold analysis and SK I–IV. In
addition to the current constraints onAMSW, we show the improved constraints when future solar neutrino
data are added one by one: 3σ detection of the SK spectral upturn (magenta dashed line), low-energy solar
neutrino flux measurements of 7Be at 5% and pep at 3% (red dash-dotted line), and 3σ detection of the SK
day-night asymmetry (black dotted line). The red dashed line shows the improved constraints by adding
future spectral information at high and low energies. Finally, the global analysis by adding all the spectral
information data and the day-night data produces the solid green line.

3.1. Current Constraint on AMSW

We include in our global analyses the KamLAND and all the available solar neutrino data
[6–15, 17, 19–23]. To obtain all the results quoted in this paper we marginalize over the
mixing angles θ12 and θ13, the small mass squared difference Δm2

21, and the solar neutrino
fluxes fi [16, 48] imposing the luminosity constraint [49, 50]. We include in the analysis the
θ13 dependence derived from the analysis of the atmospheric, accelerator, and reactor data
included in [51] as well as the recent measurement of θ13 by [37–41]. The χ2 used is defined
by

χ2
global(AMSW) = Marg

[
χ2
solar

(
Δm2

21, θ12, θ13, AMSW, fB, fBe, fpp, fCNO

)

+ χ2
KamLAND

(
Δm2

21, θ12, θ13
)
+ χ2

REACTOR+ATM+ACC(θ13)
]
,

(3.1)

where Marg implies to marginalize over the parameters shown but not over AMSW. Further
details of the analysis methods can be found in [48].

The currently available neutrino data (blue solid line), which include SNO lower-
energy threshold data [21, 22] and SK IV [23], do not allow a very precise determination
of the AMSW parameter. A distinctive feature of the Δχ2 parabola shown in Figure 1 is the
asymmetry between the small and large AMSW regions. At AMSW < 1 the parabola is already
fairly steep, and the “wall” is so stiff that can barely be changed by including the future data.
While at AMSW > 1 the slope is relatively gentle. More quantitatively, AMSW = 1.47−0.42+0.54(

−0.82
+1.88)

at 1σ (3σ) CL. The best fit point with the present data is significantly larger than unity,
AMSW = 1.47. It was 1.32 before and has driven to the larger value mostly by the new SK
data which indicates a stronger matter effect than those expected by the MSW LMA region
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preferred by the KamLAND data. The larger best fit value could also partly be due to an
artifact of the weakness of the constraint inAMSW > 1 region. Notice that the Standard Model
MSW theory value AMSW = 1 is off from the 1σ region but only by a tiny amount, as seen in
Table 2. Let us understand these characteristics.

The lower bound on AMSW mostly comes from the SK and the SNO data which shows
that 8B neutrino spectrum at high energies is well described by the adiabatic LMA MSW
solution (AMSW = 1). The energy spectrum is very close to a flat one with Pee which can
be approximated by sin2θ with corrections due to the contribution of the energy-dependent
term (see (2.7)). The value is inconsistent with the vacuum oscillation, and hence the point
AMSW = 0 is highly disfavored, showing the evidence for the matter effect.

One would think that the upper bound on AMSW should come from either the low
energy solar neutrino data or the deviation from the flat spectra at high energies. But, we
still lack precise information on low-energy solar neutrinos, and the spectral upturn of 8B
neutrinos has not been observed beyond the level in [19, 20]. Then, what is the origin of the
upper bound AMSW < 2 at about 1σ CL? We argue that it mainly comes from the day-night
asymmetry of 8B neutrino fluxwhich is contained in the binned data of SK and SNO. Recently,
the SK collaboration reported a positive indication of the day-night asymmetry though the
data is still consistent with no asymmetry at 2.3σ CL [23].

To show the point, we construct a very simple model for Δχ2 for the day-night
asymmetry AES

DN . It is made possible by the approximate linearity of AES
DN to AMSW. Let us

start from the data of day-night asymmetry at SK I–IV obtained with the D/N amplitude
method [23]:AES

DN = (2.8± 1.1± 0.5)%, giving the total error 1.2% if added in quadrature. The
expectation of AES

DN by the LMA solution is AES
DN = AMSW × 2.1% for Δm2

21 = 7.6 × 10−5 eV2.
Then, one can create an approximate model Δχ2 as Δχ2 = [(ADN − 2.8%)/1.2%]2 =
3.1(AMSW − 1.3)2.

Despite admittedly crude nature it seems to capture the qualitative features of Δχ2

with the current data (blue solid line) in Figure 1 in regionAMSW > 1. It is true that it predicts
a little too steep rise of Δχ2 and leads to Δχ2 
22 at AMSW = 4, whereas Δχ2 
15 in Figure 1.
In the actual numerical analysis for Figure 1, however, Δχ2 parabola can naturally become
less steep because various other parameters are varied to accommodate such a large values
of AMSW. Therefore, we find that about 2σ evidence of AES

DN in the SK data is most likely
the main cause of the sensitivity to AMSW in the region AMSW > 1. The simple model cannot
explain the behavior of Δχ2 in regionAMSW < 1 in Figure 1, because the other more powerful
mechanism is at work to lead to stronger bound on AMSW, as discussed above.

To what extent an improved knowledge of θ12 affects AMSW? It was suggested that
a dedicated reactor neutrino experiment can measure sin2θ12 to 
2% accuracy [52, 53]. It is
also expected that precision measurement of pp spectrum could improve the accuracy of θ12
determination to a similar extent [48]. Therefore, it is interesting to examine to what extent
an improved knowledge of θ12 affects the constraint on AMSW. Therefore, we recompute the
Δχ2 curves presented in Figure 1 by adding the artificial term (sin2θ12 − BEST)2/0.02 in the
Δχ2 assuming 2% accuracy in sin2θ12 determination. The result of this computation is given
in Table 2 in parentheses. As we see, size of the effect of improved θ12 knowledge is not very
significant.

3.2. Spectrum of Solar Neutrinos at High Energies

Evidence for the upturn of 8B neutrino spectrum must contribute to constrain the larger
values of AMSW because AMSW could be very large without upturn, if day-night asymmetry
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is ignored. We discuss the impact on AMSW of seeing the upturn in recoil electron energy
spectrumwith 3σ significance, which we assume to be in the region Ee ≥ 3.5MeV. To calculate
Δχ2 we assume the errors estimated by the SK collaboration [23]. Adding the simulated data
to the currently available dataset produces the magenta dashed line in Figure 1. We find a
25% reduction of the 3σ allowed range, AMSW = 1.34−0.32+0.45(

−0.69
+1.66) at 1σ (3σ) CL. We can see that

it does improve the upper bound on AMSW, for which the current constraint (blue solid line)
is rather weak, but the improvement in the precision of AMSW is still moderate.

Some remarks are in order about the minimum point of Δχ2. The best fit point with
the present data is at AMSW > 1 as we saw above. For the analysis with future data discussed
in this and the subsequent subsections, we assume that the Δχ2 minimum is always at
AMSW = 1 for simulated data. Therefore, the analysis with the present plus simulated data
tends to pull the Δχ2 minimum toward smaller values of AMSW, and at the same time make
the Δχ2 parabola narrower around the minimum. By conspiracy between these two features
the current constraint (blue solid line) is almost degenerate to the other lines atAMSW < 1, the
ones with spectral upturn (magenta dashed line) and low-energy neutrinos (red dash-dotted
line). These features can be observed in Figure 1 and in Table 2.

3.3. Spectrum of Solar Neutrinos at Low Energies

Now, let us turn to the low-energy solar neutrinos, 7Be and pep lines. The Borexino collabo-
ration has already measured the 7Be neutrino-electron scattering rate to an accuracy of 
 ±5%
[15], which we assume throughout this section. For pep neutrinos we assume measurement
with 3% precision in the future. See [24] for the first observation of pep neutrinos and its
current status of the uncertainties.

The measurement of the pep flux has two important advantages, when compared
to the 7Be flux, in determining AMSW: (a) the neutrino energy is higher, 1.44MeV, so the
importance of the solar matter effects is larger and (b) the uncertainty in the theoretical
estimate is much smaller. Firstly, the ratio of the pep to the pp neutrino flux is robustly
determined by the SSM calculations, so it can be determined more accurately than the
individual fluxes because the ratio depends only weakly on the solar astrophysical inputs.
Secondly, a very precise measurement of the 7Be flux, with all the other solar data and
assuming energy conservation (luminosity constraint) leads to a very precise determination
of the pp and pep flux, at the level of ∼1% accuracy [48]. On the other hand, to determine
7Be flux experimentally, we have to use the SSM flux to determine the neutrino survival
probability, and therefore, the uncertainties in the theoretical estimate [16] limit the precision
of the 7Be flux measurement.

The red dash-dotted line in Figure 1 shows the result of the combined analysis of
future low energy data, an improved 7Be measurement with 5% precision, and a future
pep measurement with 3% precision, added to the current data. The obtained constraint on
AMSW is AMSW = 1.25 ± 0.28(−0.60+1.09) at 1σ (3σ) CL. The resultant constraint on AMSW from
above is much more powerful than the one obtained with spectrum upturn of high-energy 8B
neutrinos at 3σ.

By having solar neutrino spectrum information both at high and low energies it is
tempting to ask how tight the constraint becomes if we combine them. The result of this
exercise is plotted by the red dashed line in Figure 1 and is also given in Table 2. The resultant
constraint on AMSW is AMSW = 1.22−0.25+0.27(

−0.57
+1.01) at 1σ (3σ) CL.
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3.4. Day-Night Asymmetry

To have a feeling on to what extent constraint on AMSW can be tightened by possible
future measurement, we extend the simple-minded model discussed in Section 3.1, but with
further simplification of assuming AMSW = 1 as the best fit. Let us assume that the day-
night asymmetry AES

DN can be determined with (2/N)% accuracy, an evidence for the day-
night asymmetry at Nσ CL. Then, the appropriate model Δχ2 is given under the same
approximations as in Section 3.1 as Δχ2 = N2(AMSW − 1)2. We boldly assume that the day-
night asymmetry at 3σ CL would be a practical goal in SK. It predicts Δχ2 = 9(AMSW − 1)2,
which means that AMSW can be constrained to the accuracy of 33% uncertainty at 1σ CL.

Now, we give the result based on the real simulation of data. The black dotted line in
Figure 1 shows the constraint on AMSW obtained by future 3σ CL measurement of the day-
night asymmetry, which is added to the present solar neutrino data. As we see, the day-night
asymmetry is very sensitive to the matter potential despite our modest assumption of 3σ CL
measurement of AES

DN . (Given the powerfulness of the day-night asymmetry for constraining
AMSW, it is highly desirable to measure it at higher CL in the future. Of course, it would be
a challenging task and probably requires a megaton class water Cherenkov or large volume
liquid scintillator detectors with solar neutrino detection capability. They include, e.g., Hyper-
Kamiokande [54], UNO [55], or the ones described in [56]). The obtained constraint onAMSW

is AMSW = 1.17−0.21+0.26(
−0.51
+0.81) at 1σ (3σ) CL. The obtained upper bound on AMSW is actually

stronger than the one expected by our simple-minded model Δχ2. Apart from the shift of
the bast fit to a larger value ofAMSW, the behavior ofΔχ2 is more likeΔχ2 ≈ 14(AMSW − 1)2 in
the regionAMSW > 1. It can also be seen in Figure 1 that the upper bound onAMSW due to the
day-night asymmetry at 3σ CL (black dotted line) is stronger than the one from combined
analysis of all the expected measurements of the shape of the spectrum (red dashed line)
discussed at the end of Section 3.3.

3.5. Global Analysis

Wenowdiscuss to what extent the constraint onAMSW can become stringent when all the data
of various observable are combined. The solid green line in Figure 1 shows the constraint on
AMSW obtained by the global analysis combining all the datasets considered in our analysis.
The obtained sensitivity reads AMSW = 1.12−0.17+0.21(

−0.45
+0.66) at 1σ (3σ) CL. Therefore, the present

and the future solar neutrino data, under the assumptions of the accuracies of measurement
stated before, can constrainAMSW to 
15% (40%) at 1σ (3σ)CL from below and to 
20% (60%)
at 1σ (3σ) CL from above. If we compare this to the current constraint AMSW = 1.47−0.42+0.54(

−0.82
+1.88)

the improvement of the errors forAMSW over the current precision is, very roughly speaking,
a factor of 
1.5–2 in region AMSW < 1, and it is a factor of 
2 at AMSW > 1. Noticing that
the efficiency of adding more data to have tighter constraint at AMSW < 1 is weakened by
shift of the minimum of Δχ2, improvement of the constraint on AMSW is more significant at
AMSW > 1.

4. Summary

In this paper, we have discussed the question of to what extent tests of theMSW theory can be
made stringent by various solar neutrino observables. First, we have updated the constraint
on AMSW, the ratio of the effective coupling constant of neutrinos to GF , the Fermi coupling
constant with the new data including SNO 8B spectrum and SK day-night asymmetry. Then,
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we have discussed in detail how and to what extent the solar neutrino observable in the
future tightens the constraint on AMSW.

The features of the obtained constraints can be summarized as follows.

(i) Interpretation of solar neutrino data at high energies by the vacuum oscillation is
severely excluded by the SNO and SK experiments, which leads to a strong and
robust lower bound on AMSW. On the other hand, the day-night asymmetry at 
2σ
level observed by SK dominates the bound at high AMSW side. We find that present
data lead to AMSW = 1.47−0.42+0.54(

−0.82
+1.88) at 1σ (3σ) CL. The Standard Model prediction

AMSW = 1 is outside the 1σ CL range but only by tiny amount.

(ii) We have explored the improvements that could be achieved by solar neutrinos
experiments, ongoing and in construction. We discussed three observables that are
sensitive enough to significantly improve the limits on AMSW, particularly in the
region AMSW > 1: (a) upturn of the 8B solar neutrino spectra at low energies at 3σ
CL, (b) high precision measurement of monoenergetic low-energy solar neutrinos,
7Be (5% precision), and pep (3% precision) neutrinos, and (c) day-night asymmetry
of the 8B solar neutrino flux at 3σ CL. They lead to the improvement of the bound
as follows:

(a) AMSW = 1.34−0.32+0.45(
−0.69
+1.66) at 1σ (3σ) CL,

(b) AMSW = 1.25 ± 0.28(−0.60+1.09) at 1σ (3σ) CL,
(c) AMSW = 1.17−0.21+0.26(

−0.51
+0.81) at 1σ (3σ) CL.

It could be expected that future measurement by SNO+ [57, 58] and KamLAND
[59] may detect spectrum modulation of B neutrinos at low energies at CL higher
than 3σ.

Finally, by combining all the datasets we have considered we obtain AMSW =
1.12−0.17+0.21(

−0.45
+0.66) at 1σ (3σ) CL.

(iii) As mentioned in Section 1, the issue of effective neutrino matter coupling in a
wider context may be better treated in the framework of NSI. If we think about the
extended setting together with accelerator and atmospheric neutrino measurement
to look for effects of NSI, the off-diagonal elements εαβ (α/= β) can be better
constrained by long-baseline experiments. In fact, in a perturbative treatment with
small parameter ε ≡ Δm2

21/Δm
2
31 with the assumption εαβ ∼ ε, the terms with εeμ

and εeτ are of second order in ε, while εee comes only at third order in ε [60].
The analyses show that the sensitivity to εee is indeed lower at least by an order
of magnitude compared to the ones to εeμ or εeτ . See the analysis in [61] and
the references cited therein. It is also known that εμτ can be severely constrained
by atmospheric neutrinos [62]. Hence, we feel that the solar neutrinos are still a
powerful and complementary probe for εee in such extended setting.

In conclusion, testing the theory of neutrino propagation in matter deserves further
endeavor. The lack of an accurate measurement of the matter potential felt by solar neutrinos
reflects the fact that solar neutrino data only do not precisely determine the mass square
splitting. The good match of the independently determined mass square splitting by solar
neutrino data and by reactor antineutrino data will confirm the Standard Model prediction
of the relative index of refraction of electron neutrinos to the other flavor neutrinos. The lack
of match of both measurements would point to new physics like the one tested here.
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Atmospheric neutrinos are produced as decay products in hadronic showers resulting from
collisions of cosmic rayswith nuclei in the atmosphere. Electron-neutrinos andmuon-neutrinos are
producedmainly by the decay chain of charged pions to muons to electrons. Atmospheric neutrino
experiments observed zenith angle and energy-dependent deficit of muon-neutrino events. It was
found that neutrino oscillations between muon-neutrinos and tau-neutrinos explain these data
well. This paper discusses atmospheric neutrino experiments and the neutrino oscillation studies
with these neutrinos.

1. Introduction

Neutrinos are produced in various places such as in the Sun, the Earth, the atmosphere, and
during the core collapse of a massive star. In addition neutrinos are produced in nuclear
power plants and with beams of high energy protons. These neutrinos have been studied by
various neutrino experiments. One of these experiments is called atmospheric neutrino exper-
iments. These experiments study neutrinos produced by cosmic ray interactions in the atmos-
phere.

It has been recognized that the small but finite neutrino masses can be understood nat-
urally by the Seesaw mechanism [1–3] by introducing super-heavy neutral particles. There-
fore, it is widely understood that the experimental study of neutrino masses and mixing
angles are one of the few ways to explore the physics beyond the standard model.

One of the most sensitive methods to observe small neutrino masses is to study
neutrino flavor oscillations [4, 5]. If neutrinos have finite masses, each flavor eigenstate (e.g.,
νμ) can be expressed by a combination of mass eigenstates (ν1, ν2, and ν3). The relation
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between the mass eigenstates (ν1, ν2, and ν3) and the flavor eigenstates (νe, νμ, and ντ) can
be expressed by

⎛

⎝
νe
νμ
ντ

⎞

⎠ = U

⎛

⎝
ν1
ν2
ν3

⎞

⎠, (1.1)

whereU is the mixing matrix. The mixing matrixU is expressed by

U =

⎛

⎝
c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

⎞

⎠, (1.2)

where cij and sij represent cos θij and sin θij , respectively.
For simplicity, let us discuss two flavor neutrino oscillations. The probability for a

neutrino produced in a flavor state νμ to be observed in a flavor state ντ after traveling a
distance L through the vacuum is

P
(
νμ −→ ντ

)
= sin22θ23sin2

⎛
⎜⎝

1.27Δm2
23

(
eV2
)
L(km)

Eν(GeV)

⎞
⎟⎠, (1.3)

where Eν is the neutrino energy, θ23 is the mixing angle between the flavor eigenstates and the
mass eigenstates, and Δm2

23 is the mass-squared difference of the neutrino mass eigenstates
(≡ |m2

2 −m2
3|).

It can be immediately noticed that, in order to study small neutrino masses, one has
to study neutrino oscillations with a long neutrino flight length or with a low energy neu-
trino beam. Atmospheric neutrinos are unique, because they travel very long distances of
up to 12,800 km, that is, the diameter of the Earth. The typical energy of these neutrinos is
1GeV. Therefore, one expects that it should be possible to study neutrino oscillations with
atmospheric neutrinos if Δm2

23 is ∼ 10−4 eV2 or larger.
The above 2-flavor oscillation formula has to be generalized to three-flavor oscillations.

In the three-flavor oscillation framework, neutrino oscillations are parametrized by three
mixing angles (θ12, θ23, and θ13), three mass squared differences (Δm2

12, Δm
2
23, and Δm2

13;
among the threeΔm2’s, only two are independent), and one CP phase (δ). As we will discuss
later θ23 and Δm2

23 are most relevant to present atmospheric neutrino experiments. θ12 and
Δm2

12 are most relevant to solar and long baseline reactor neutrino experiments. θ13 was
most recently measured by accelerator-based long baseline and reactor neutrino oscillation
experiments.

Due to the hierarchies,Δm2
12 � Δm2

23 and θ13 � (θ12, θ23), it is approximately correct to
assume two-flavor oscillations for analyses of many existing neutrino oscillation data. There-
fore, in this paper, first, we discuss the atmospheric neutrino data in terms of two-flavor
neutrino oscillations assuming two significantly different Δm2’s. Later we extend our dis-
cussions to full three-flavor oscillations.



Advances in High Energy Physics 3

Cosmic ray

π π

μ

μ

νμ

νμ

νμ

νμ

e

e

νe
νe

Figure 1: Schematic drawing of the production of atmospheric neutrinos.

2. Atmospheric Neutrino Flux

The study of ν oscillations implies the comparison of the data with theoretical predictions
calculated with and without the presence of oscillations.

Cosmic rays are high energy particles arriving at the Earth from the Universe. The
cosmic ray flux at the Earth is measured experimentally. In the GeV/nucleon energy region,
these cosmic-ray particles are mostly protons, about 5% are Helium nuclei, and a still smaller
fraction are heavier nuclei. The energy spectrum of these particles extends to very high ener-
gies, although the flux of these particles decreases rapidly with the increasing energy. These
particles, once enter into the Earth’s atmosphere, interact with the nuclei in the high altitude
atmosphere. Typically, in these high energy cosmic ray interactions with the air nuclei, many
pions, and less abundantly K mesons, are produced. These mesons decay to other particles:
for example, a π+ decays to a muon (μ+) and a νμ. The produced muon (μ+) is also unstable
and decays to a positron (e+), a νμ and a νe. The charge conjugate decay chain occurs for π−:

π+ −→ μ+ + νμ
↓
e+ + νe + νμ

π− −→ μ− + νμ
↓
e− + νe + νμ.

(2.1)

In this manner, neutrinos are produced when a cosmic-ray particle enters into the atmo-
sphere. Smaller contributions come from the kaon decays. Figure 1 shows schematically the
production of neutrinos in the atmosphere. These neutrinos are called atmospheric neutrinos.

Equation (2.1) indicates that the fluxes of νe, νμ’s and antineutrinos are strictly related
to each other, and in particular that, if all the muons decay, one has

φ
(
νμ + νμ

) � 2φ(νe + νe), (2.2)

where φ represents the neutrino flux. In the energy range where some of the muons do not
decay before reaching the ground, that is, above a few GeV neutrino energy, φ(νμ + νμ) >
φ(νe + νe). However, even in this energy range, the flux ratio φ(νμ + νμ) over φ(νe + νe) is still
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Figure 2: A neutrino trajectory that enters a spherical Earth with zenith angle θdown will exit with a new
zenith angle θup = π − θdown. Assuming that the primary fluxes are equal at the entry and exit points
(isotropy) one can deduce the updown symmetry of the fluxes [54].

calculated accurately, because the fraction of muons that decay before reaching the ground
can be accurately estimated.

Equation (2.1) also indicates

φ
(
νμ
) � φ

(
νμ
)
, (2.3)

because both the π+ and π− decay chains produce a νμ and a νμ. Finally, (2.1) indicates that a
νe (νe) is produced by a π+ (π−) decay chain. Thus the νe over νe flux ratio is approximately
equal to the π+ over π− production ratio. The π+/π− production ratio can be estimated by
measuring the μ+/μ− flux ratio, which is accurately measured. These considerations suggest
that, in general, the νμ over νμ and νe over νe flux ratios are also predicted accurately.

Another very robust result of the atmospheric neutrino flux calculation is the pre-
diction that, in the absence of neutrino oscillations, the neutrino fluxes are to a very good
approximation updown symmetric for every neutrino type:

φνα(E, cos θ) = φνα(E,− cos θ), (2.4)

where θ is the zenith angle of the neutrino direction. Equation (2.4) can be derived by a
geometric argument (see Figure 2), from the assumptions of the isotropy of the cosmic ray
flux, and the sphericity of the Earth. However, it should be noted that the updown symmetry
is not exact in the neutrino energy range of 1GeV or less, due to geomagnetic field effects, as
discussed later.

The primary cosmic-ray flux decreases rapidly with the energy, approximately E−2.7

in the 10GeV to TeV energy region. Therefore, the calculated neutrino flux rapidly decreases
with the increasing energy. Figure 3 shows the calculated energy spectrum of atmospheric
neutrinos at the Kamioka and the Soudan-2 sites [6].
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Figure 3: The atmospheric neutrino energy spectrum calculated for the Kamioka and Soudan-2 sites [6].
The (νμ + νμ) and (νe + νe) fluxes are plotted for the three-dimensional (points) and one-dimensional
(histograms) calculations. The solid histograms are for the Kamioka site and the dashed histograms are
for the Soudan-2 site.

The difficulties and the uncertainties in the calculation of atmospheric neutrino fluxes
differ between high and low energies. For low energy neutrinos with energies of about 1GeV,
the primary fluxes of cosmic ray components are relatively well known. On the other hand,
the low energy cosmic ray fluxes of less than about 10GeV are modulated by solar activity
and are affected by the geomagnetic field through a rigidity (≡momentum/charge) cutoff.
The cutoff is lower near the poles, and therefore the low energy flux is higher for detectors
located near the poles than those near the equator. Note that the cosmic ray fluxes in inter-
stellar space are to a very good approximation constant in time and isotropic in direction.

For neutrinos with energy higher than about 100GeV, primary cosmic rays with
energies higher than 1000GeV are relevant. At these energies, solar activity and the rigidity
cutoff do not affect the cosmic rays, but themeasurement of the higher energy primary cosmic
ray flux is less accurate. In addition, in this energy range, the fraction ofK production is a very
important factor for the neutrino flux calculation. However, theK production cross-section is
not known accurately.

In recent years, the flux calculations have been improved substantially. Results from
the most recent work are described below [7, 8]. Figure 4 shows the estimated uncertainty
of absolute atmospheric neutrino flux [8]. Practically, the flux calculation can be calibrated
by measuring the primary cosmic ray and the secondary muon fluxes. Therefore, in the
energy range of 1 to 10GeV, the estimated uncertainty is less than 10%. Below and above
this energy range, the uncertainty gets larger: The uncertainty below 1GeV is larger due to
the limited available data of the secondary muon flux in the GeV energy range at the balloon
altitude. Due to the energy loss of the muons in the atmosphere, the muon flux measurement
on the ground does not help much in this energy range. In the energy range above 10GeV,
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[8]. With the updated flux calculation, the uncertainty below 1GeV is slightly improved to ∼15% at 0.3GeV
[7].

the uncertainty is larger due mainly to the increasing uncertainty of the muon flux and the
uncertainty in the K production.

Figure 5 shows the calculated νμ + νμ over νe + νe, νμ over νμ and νe over νe flux ratios
as a function of the neutrino energy, integrated over solid angle. These ratios are essentially
independent of the primary cosmic ray spectrum and the details of the calculation. In the
energy region of less than about 10GeV, most of the neutrinos are produced by the decay
chain of pions and the expected uncertainty of the νμ+νμ over νe+νe ratio is about 2 to 3%. In
the higher energy region (>10GeV), the contribution of K decay in the neutrino production
is more important. There, the ratio depends more on theK production cross-sections and the
uncertainty of the ratio is expected to be larger. We also notice that the νμ over νμ flux ratio
agrees well among the calculations below a few GeV neutrino energies. Above this energy
range, the uncertainties get slightly larger.

Figure 6 shows the zenith angle dependence of the atmospheric neutrino fluxes for
several neutrino energies at Kamioka. At low energies, the fluxes of downward-going
neutrinos are lower than those of upward-going neutrinos. This is due to the cutoff of primary
cosmic rays by the geomagnetic field (rigidity cutoff). For neutrino energies higher than a few
GeV, the calculated fluxes are essentially updown symmetric, because the primary particles
are more energetic than the rigidity cutoff. The enhancement of the flux near horizon for low
energy neutrinos is a feature characteristic of full three-dimensional flux calculations [9, 10].
The 3-dimensional effect is only important below about 1GeV. However, the horizontal
enhancement cannot be seen in the lepton zenith angle distribution, due to the relatively
poor angular correlation between neutrinos and leptons below 1GeV.

The uncertainties in the lepton (not the neutrino) updown and vertical-horizontal
ratios can be estimated by comparing the predicted ratios by various flux models by a Monte
Carlo simulation. These uncertainties generally depend on the energy and the neutrino flavor.
The uncertainty in the updown event ratio is about 1% level in the energy region below 1GeV
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and is less than 1% above 1GeV. The main source of the uncertainty in the vertical-horizontal
ratio around a GeV is the size of the horizontal enhancement of the flux due to the three-
dimensional effect; the uncertainty is estimated to be a few percent or less. In the higher
energy region, where upward through-going muons are relevant, the largest source of the
uncertainty in the vertical-horizontal ratio is theK production cross-section, and the vertical-
horizontal uncertainty is estimated to be 3% [11].

Finally, for the prediction of the observable event rate, one has to include a description
of the neutrino cross-sections in the energy range of relevance. For typical atmospheric
neutrino experiments, the energy range that needs to be considered is approximately from
0.1GeV to more than 1TeV. We refer the details of the neutrino interactions in [12].

3. Brief History

Atmospheric neutrino experiments started in the 1960s. One experiment was carried out in
the Kolar Gold Field in India [13]. Another experiment was carried out at the East Rand
Proprietary Mine in South Africa [14]. In these experiments, neutrino interactions occurring
in the rock surrounding a neutrino detector were measured. Since the experiments were
carried out in extremely deep underground (about 8000 meters water equivalent (m.w.e.)),
charged particles traversing the detectors almost horizontally were essentially of atmospheric
neutrino origin. Also, since it was required that the particle should penetrate through the rock
and the detector, most of these neutrino events should have been charged current (CC) νμ
interactions.
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Figure 6: The zenith angle dependence of atmospheric neutrino flux averaged over all azimuthal angles
calculated for Kamioka. Here θ is the arrival direction of the neutrino, with cos θ = 1 (−1) for vertically
downward- (upward-) going neutrinos [7].

In the early 1980s, the first massive underground detectors (of the order 1 kton)
were constructed, primarily to search for proton decay as predicted by early Grand Unified
Theories [15, 16]. The most serious background for proton decay searches was atmospheric
neutrino events, at a rate of approximately 102 events/kt/yr. Therefore, these experiments
were required to study atmospheric neutrino events in order to understand the proton decay
background. One of these experiments was Kamiokande. It was a 3-kton water Cherenkov
detector. Kamiokande measured the number of single Cherenkov-ring e-like and μ-like
events, whichweremostly CC νe and νμ interactions, respectively. In 1988, they found that the
number of μ-like events had a significant deficit compared with the Monte Carlo prediction,
while the number of e-like events had that in agreement with the prediction within the
statistical and systematic errors [17]. As already discussed, the flavor ratio of the atmospheric
neutrino flux, (νμ + νμ)/(νe + νe), has been calculated accurately. This can be explained by
the deficit of CC νμ events. Consistent results were reported from the IMB water Cherenkov
experiment in 1991 [18] and from the Soudan-2 experiment in 1997 [19], as well as from the
updated analysis of the Kamiokande data in 1992 [20].

Another important hint toward the understanding of the atmospheric neutrino prob-
lemwas given in the mid 1990s [21]. Zenith angle distributions for multi-GeV fully contained
events and partially contained events were studied in Kamiokande. For detectors near the
surface of the Earth, the neutrino flight distance, and thus the neutrino oscillation probability,
is a function of the zenith angle of the neutrino direction. Vertically downward-going
neutrinos travel about 15 kmwhile vertically upward-going neutrinos travel about 12,800 km
before interacting in the detector. The Kamiokande data showed that the deficit of μ-like
events depended on the zenith angle, and thus on the neutrino flight length. However, due to
the relatively poor event statistics, the statistical significance of the updown asymmetry in the
Kamiokande data was 2.9 standard deviations, and therefore the data were not conclusive.

In 1996, a much larger detector, Super-Kamiokande, started taking data. Super-
Kamiokande (Super-K) is a 50-kton water Cherenkov detector with approximately 11,000
and 1,900 inner and outer detector PMTs. Figure 7 shows the schematic drawing of the
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Figure 7: The Super-Kamiokande detector. It is a-50 kton water Cherenkov detector with approximately
11,000 and 1,900 inner and outer detector PMTs. It is located 1-km deep underground.

Super-Kamiokande detector. In 1998, the Super-K experiment, with substantially larger data
statistics than those in the previous experiments, concluded that the atmospheric neutrino
data gave evidence for neutrinos oscillations [22, 23]. The data clearly showed the deficit
of upward-going νμ events in the multi-GeV energy range, as well as the smaller μ-like/e-
like event ratio than what was expected, the smaller upward-going stopping/through-going
muon ratio than what was expected, and the distortion of the zenith angle distribution for the
upward through-going muons. In addition, the MACRO [24] and Soudan-2 [25] experiments
observed similar distributions with the analyses of upward-going muon data and the con-
tained neutrino data, respectively. Since then, the atmospheric neutrino experiments have
been contributing substantially to our understanding of neutrino masses and mixing angles.

4. Present Atmospheric Neutrino Experiments

Atmospheric neutrinos can be detected by underground neutrino detectors. Interactions of
low energy neutrinos, around 1GeV, have all of the final state particles “fully contained
(FC)” in the detector. Higher energy charged current νμ interactions may result in the muon
exiting the detector; these are referred to as “partially contained (PC).” In order to reject
background from cosmic-ray particles, as well as to cleanly reconstruct the details of the
event, the vertex position of the interaction is typically defined to be within some fiducial vol-
ume. In addition, some of the detectors are equipped with outer detectors (also referred to as
veto- or antidetectors) to easily identify penetrating particles.

There is a third category of charged current νμ events, where the interaction occurs
outside the detector, and the muon enters and either passes through the detector or stops
in the detector. These are referred to as “upward-going muons” because one generally
requires they originate from below the horizon to ensure that a sufficient amount of rock
absorbs ordinary cosmic ray muons. The fully contained, partially contained, and upward-
going muon event samples have a certain range of parent neutrino energies. As an example,
Figure 8 shows the distribution of parent neutrino energies for each category of event samples
for the Super-Kamiokande experiment [26]. The energies of atmospheric neutrinos observed
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Figure 8: The parent neutrino energy distributions for several different classifications of atmospheric
neutrino events for the Super-Kamiokande analysis [26]; for other detectors they will be similar but
different depending on detector size, which controls the maximum energy of a fully contained event and
the minimum energy of a through-going muon.

in underground detectors range from about 100MeV to higher than 10TeV. Depending on
the type of experiment, these types of events are studied.

As of this writing, there are four experiments that are presently studying atmospheric
neutrinos: Super-K, MINOS, SNO, and IceCube.

SNO was a well-known solar neutrino detector. This experiment was able to measure
muons as well, which were generated by high energy atmospheric neutrino interactions in
the surrounding rock [27]. Since the SNO detector was located 2 km underground, near-
horizontal downward-going muons are neutrino induced. The typical neutrino energy for
these muons is 100GeV. With the currently known Δm2 value, one can easily estimate that
the effect of neutrino oscillation is negligibly small for neutrinos that generate these near-
horizontal downward-going muons. Therefore, these muon data can be used to calibrate the
calculated atmospheric neutrino flux. The measured downward-going muon flux [27] was
1.22 ± 0.09-times higher than the calculated one by the Bartol group [6]. This result suggests
that the absolute flux normalization in the 100GeV energy range should be improved by
future flux calculations.

MINOS is mainly a detector for long baseline neutrino oscillation experiment. How-
ever, being located 2070m.w.e. underground, it can also detect atmospheric neutrinos. It is
the first magnetized tracking detector for atmospheric neutrinos. MINOS is able to get infor-
mation on the track direction, the charge, and the momentum. In [28] the initial results from
MINOS on the study of separated atmospheric νμ and νμ events were presented. The data
were consistent with the standard νμ → ντ oscillations. The study was updated with sig-
nificantly more data [29].

IceCube is a neutrino telescopewhosemain purpose is to study very high energy astro-
physical neutrinos. The main background for the search for these astrophysical neutrinos are
high energy atmospheric neutrinos. In [30] the atmospheric νμ energy spectrum from 100GeV
to 400 TeV was measured. In this energy range, the energy loss of a muon is approximately
proportional to log(Eμ). Thus the muon and the parent neutrino energy spectra can be
estimated. The measured spectrum was consistent with the predictions within the errors.
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Recently, IceCube added 8 infill strings to the existing IceCube array (DeepCore). In this
volume, lower energy (below 100GeV) neutrinos can be observed. DeepCore observed the
deficit of νμ interactions due to neutrino oscillations [31].

These experiments contribute to the studies of atmospheric neutrinos in various ways.
However, as far as the neutrino oscillation studies are concerned, the statistics of the atmo-
spheric neutrino events in the relevant energy region are dominated by the data from Super-
K. Therefore, hereafter, we mainly discuss the atmospheric neutrino results from Super-K.

Super-K has several phases. Data from Super-K I to IV are used for many physics ana-
lyses. The total exposure of the detector for fully contained atmospheric neutrino analysis is
240-kton · yr as of June 2012 [32]. Figure 9 shows the zenith angle distributions for various
subsamples from Super-K. Recently Super-K has made a new analysis of enriching the νe
and νe events separately by a maximum likelihood method based on information such as the
number of electrons from (pion to)muon decays or the fraction of energy carried by hadrons.
The separated distributions for νe and νe enriched samples are also shown. By fitting the
zenith angle distributions (see [26] for the analysis method and the results with less data
statistics), the oscillation parameters are accurately measured.
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Furthermore, Super-K updated the L/E analysis using only high L/E resolution μ-
like and PC events (see [33] for details of the analysis). Figure 10 shows the updated L/E
plot from Super-K. One of the initial motivations for the L/E analysis was to test if the νμ
disappearance probability obeys the sinusoidal function as predicted by neutrino oscillations.
This analysis was also used to discriminate the oscillation and the alternative models that fit
to the zenith angle distributions rather well. These models included neutrino decay [34, 35]
and neutrino decoherence [36, 37] models. The L/E distribution shows a dip around L/E =
500 km/GeV that corresponds to the first oscillation minimum. The distribution is used to
compare the oscillation and other hypotheses and to constrain the other hypotheses: the
decay and decoherence models are disfavored at 4.0 and 4.8 standard deviations, respectively.
Due to the observation of the dip, the allowed region of the oscillation parameters, especially
that of Δm2

23, is accurately measured.

4.1. Flavor Oscillation Analyses

Neutrino oscillation analyses were carried out using the observed data in various atmo-
spheric neutrino experiments. In these analyses, the treatment of the systematic errors is very
important, since, in some cases, the systematic errors have significant effects to the results
of the analyses. Therefore, systematic errors are carefully studied and taken into account in
the oscillation analyses. In the case of Super-Kamiokande, the number of the systematic error
terms in the analyses are more than 100. Some of them are related to the flux, the neutrino
interaction, and the detector.

Figure 11 shows the allowed regions of two-flavor νμ ↔ ντ oscillation parameters from
the atmospheric neutrino and long baseline neutrino oscillation experiments. We find that
the allowed regions overlap well, suggesting further that the standard neutrino oscillation
scenario is valid. From this figure, we find that Δm2

23 is most accurately measured by the
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MINOS long baseline experiment [38], while the mixing parameter is still measured most
accurately by the Super-K atmospheric neutrino experiment. The reason for the possibility to
measure sin22θ23 accurately in atmospheric neutrino experiments can be understood easily:
one finds that 1 − sin22θ23 = number of upgoing events/number of down going events in the
energy range where the neutrino and the lepton directions have good correlation (i.e., multi-
GeV energy range). In addition, the flux is predicted to be updown symmetric to a very good
approximation in the multi-GeV energy range. Finally, it should also be noted that sin22θ23 is
consistent with 1.0.

4.2. Tau Appearance

About one CC ντ event per kiloton year exposure is expected to occur in an atmospheric
neutrino detector for νμ → ντ oscillations with the present best fit oscillation parameters.
The low event rate is due to the soft energy spectrum of the atmospheric neutrino flux and
the threshold effect, which requires a ντ energy of at least 3.5GeV to produce a τ lepton. These
τ typically decay to hadrons (the branching ratio is 64%) within 1mm from the vertex point.
These events should be upward-going but otherwise similar to energetic NC events. Hence
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it is difficult to isolate ντ events with the event-by-event bases in the ongoing atmospheric
neutrino experiments.

Super-K searched for CC ντ events in the multi-GeV FC events. First, it was required
that the most energetic ring is e-like, in order to reduce the CC νμ background. Then, the
candidate ντ events were selected by a neural-network method. Several variables of event
reconstruction were used as the inputs to these analyses. Then, the zenith angle distribution
as a function of the output parameter of the neural network is used to estimate the number
of ντ events statistically. It is important to notice that the estimation is possible, because both
the ντ signal and background events have accurately predicted zenith angle distributions.
Figure 12 shows the output from the neural-network analysis and the zenith angle
distributions from the tau analysis. The best fit number of ντ interactions that occurred in the
fiducial volume of the detector during the 173-kton ·yr exposure was 180.1 ± 44.3(stat.)+17.8−15.2
(syst.) [39]. The expected number was 120.2+34.2−34.8. The observed number of ντ interactions was
consistent with the νμ → ντ expectation. As of this writing, the θ13 mixing angle has been
determined accurately [40–44]. This has a significant impact on the systematic error of the tau
appearance, since one of the largest systematic errors in the previous analysis [45] was due
to the unknown value of θ13, that is, the unknown contribution of the electron appearance
events in the upward-going direction in the tau-like sample. In the most updated analysis
[39], ντ appearance is required to fit the atmospheric neutrino data with a significance at the
3.8 standard deviation level.

4.3. Flavor Oscillation Analyses

Recent data from the Daya Bay [40], RENO [41], and Double CHOOZ [42] reactor experi-
ments as well as those from the T2K [43] andMINOS [44] long baseline experiments showed
that sin2θ13 = 0.0245+0.0034−0.0031 for normal hierarchy [46]. For inverted hierarchy, the central value
is 0.0246 [46]. Although the atmospheric neutrino data are well fit by 2-flavor νμ ↔ ντ
oscillations, 3-flavor oscillation effects should be visible at some level. With the observation
of nonzero θ13, it is interesting to ask if atmospheric neutrino experiments can determine the
mass hierarchy or the CP phase in the neutrino mixing matrix.

Since the 3-flavor oscillations include νe’s, let us write the oscillation effects as follows:

(
Fosc
νe

F0
νe

)
= Δ1(θ13)

+ Δ2

(
Δm2

12, θ12
)

+ Δ3

(
θ13,Δm2

12, θ12, δ
)
,

(4.1)

where Fosc
νe and F0

νe are the atmospheric νe fluxes with and without oscillations, andΔi are the
νe flux change due to oscillation in matter driven by the parameters listed in the parentheses.
Figure 13 shows the oscillation probability (P(νμ → νe)) as a function of the neutrino energy
(Eν) and zenith angle (cosΘz). In this plot, normal mass hierarchy is assumed, and the
oscillation probability is for neutrinos.

Atmospheric neutrino experiments are sensitive to all theΔ′
is in (4.1). Since the matter

enhancement of oscillations is only effective for neutrinos and not for antineutrinos for
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Figure 12: Left: zenith angle distribution for the tau-like and non-tau-like events observed in Super-K I to
III (173-kton · yr). The shaded region and solid histogram show the fitted tau neutrino contribution and
the non-tau atmospheric neutrino interactions, respectively. Right: fit results showing the output of the
neural-network analysis for upward-going and downward-going events. Events near NN output = 1 (0)
are most tau-like (non-tau-like).

the normal mass hierarchy, and since there are several features that are different for neutrinos
and antineutrino interactions, it might be possible to determine the mass hierarchy with
atmospheric neutrino data. The interference term (CP violation term) may also play an
important role in atmospheric neutrino oscillations. In fact, some authors (see, e.g., [47])
have indicated the potential importance of the full 3-flavor analysis in atmospheric neutrino
experiments, even before the discovery of nonzero θ13.
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oscillation probability is shown by the color. The large oscillation probability in the 5- to 10-GeV energy
and for cosΘz < 0.5 is due to θ13 with the matter effects. Below about 300MeV, the oscillation effects due
to solar terms with the matter effects are seen. Between these two energy regions, there are effects due to
the interference of these two effects (CP phase).

Super-Kamiokande carried out a full 3-flavor analysis [32]. Figure 14 shows the χ2 −
χ2
min distributions as a function of sin2θ13 for normal and inverted hierarchy cases. At present,

the data are consistent with the reactor and accelerator measurement on sin2θ13.
Figure 15 shows the χ2 distributions as a function of δCP for normal and inverted

hierarchy cases. There is some difference in the χ2 depending on the mass hierarchies and
on δCP: the χ2 difference for the best fit δCP point and the worst fit point is 2.5 for both normal
and inverted mass hierarchies. The minimum χ2 value for the inverted mass hierarchy is
smaller than that of the normal mass hierarchy by 1.2. It is clear that the present data cannot
determine the mass hierarchy. However, they suggest that the future atmospheric neutrino
experiments with much higher statistics or with the ν and ν separation might be able to
determine the mass hierarchy.

Figure 16 shows the χ2 − χ2
min distributions as a function of sin2θ23 for normal and

inverted hierarchy cases. If θ13 is constrained to the present best fit value and the normal
hierarchy is assumed, the best fit sin2θ23 is less than 0.5. However, in the other cases, the best
fit sin2θ23 is larger than 0.5. In any case, all the curves suggest that the data are consistent
with the maximal mixing, that is, sin2θ23 = 0.5.

5. Future Directions

Present data from Super-K suggest that future atmospheric neutrino experiments might
determine the mass hierarchy and constrain the CP phase. Sensitivity studies have been
carried out with different detector technologies.
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Figure 14: χ2 −χ2
min distributions as a function of sin2θ13 for normal (a) and inverted (b) hierarchies from a

full 3-flavor oscillation analysis of the Super-K data. Red, green, and blue lines show 68, 90, and 99% C.L.,
respectively. The χ2

min is independently calculated for each hierarchy.
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Figure 15: χ2 distribution as a function of δCP for normal (black line) and inverted (red line) hierarchies
from a full 3-flavor oscillation analysis of the Super-K data.

Figure 17 shows the sensitivity to the mass hierarchy in a water Cherenkov detector
(Hyper-Kamiokande) [48]. Hyper-Kamiokande will have 1-Mton total mass and 0.56-Mton
fiducial mass. The sensitivity is defined as the χ2 difference between the normal and inverted
mass hierarchies as a function of the detector exposure. Assuming that sin2θ23 = 0.5 and
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Figure 16: χ2−χ2
min distributions as a function of sin2θ23 for normal (a) and inverted (b) hierarchies from the

Super-K full 3-flavor oscillation analysis. Black and blue lines show the χ2 distributions with and without
the constraint of sin2θ13.

sin22θ13 = 0.1, the mass hierarchy can be determined at more than the 3-standard deviation
level with 5 years of operation for both mass hierarchy cases.

The effects of θ13 and mass hierarchy to the νμ flux are somewhat smaller. However, if
the muon charge is measured, a detector will be sensitive to the mass hierarchy. Figure 18
shows the Pνμ → νμ(NH) − Pνμ → νμ(IH) for sin22θ13 = 0.1 and for 2 different zenith angles
[49]. One finds the difference for normal and inverted mass hierarchies. The INO project
will utilize this feature. The ICAL detector at the INO site will be a 50-kton iron calorimeter
detector with 1.5 Tesla magnetic field [50]. Figure 19 shows the schematic view of the ICAL
detector, as a typical example of the iron calorimeter detector. Figure 20 shows the expected
sensitivity to the mass hierarchy [49]. With the presently known sin22θ13 it is possible for
ICAL to determine the mass hierarchy, although it may take more than 10 years to reach
3-standard deviation level.

Another proposal is to install additional 20 strings to the existing IceCube’s DeepCore
detector at the South Pole (PINGU) [51, 52]. Due to its huge fiducial mass (O(10)Mton) and
a lowered energy threshold compared with IceCube/DeepCore, PINGU will have sensitivity

to the mass hierarchy. Figure 21 shows the estimated (NIH
μ −NNH

μ )/
√
NNH

μ for an assumed
energy and angular resolutions. Depending on the assumption, it could be possible to
determine the mass hierarchy with 5-year data at the 4- to 22-standard deviation level [53].

In addition, it should be pointed out that water Cherenkov detectors are sensitive
to the octant of θ23 and CP phase due to the possibility of observing subleading effects in
the sub-GeV to GeV energy region. Figure 22 shows the expected sensitivity to the octant
determination in Hyper-K. Even if sin22θ23 = 0.99, it will be possible to determine the octant
of θ23 at 90% C.L. for the presently known sin22θ13.

Future atmospheric neutrino experiments will have some sensitivity to the CP phase
as shown in [48]. However, it is also true that the sensitivity is limited compared with
the planned accelerator-based long baseline experiments. Probably, atmospheric neutrinos
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Figure 17: Estimated sensitivity for the determination of mass hierarchy as a function of the Hyper-
Kamiokande exposure (years), and as a function of sin2θ23 and sin22θ13. (a) and (b) show the normal
and inverted mass hierarchy cases, respectively. Green, red, and blue areas show the estimated Δχ2 (≡χ2

(wrong hierarchy) −χ2 (correct hierarchy)) for sin2θ23 = 0.4, 0.5, and 0.6, respectively. The sensitivity
weekly depends on the value of sin22θ13.
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Figure 20: Estimated sensitivity for the mass hierarchy as a function of the ICAL exposure (years), and as
a function of sin22θ13 for normal (a) and inverted (b) hierarchies.

experiments can give independent confirmation of the accelerator results on CP violation.
Finally, it should be pointed out that some of the planned long baseline experiments will
not have long enough baseline length. Therefore these experiments may not be able to deter-
mine the mass hierarchy. If the mass hierarchy is not known, the CP phase cannot be uni-
quely determined. The determination of the mass hierarchy with future atmospheric neu-
trino experiments may contribute to eliminate the false CP solution. In this sense, future
atmospheric neutrino and long baseline experiments will be complementary.

6. Summary

In this paper, the studies of the atmospheric neutrinos are described. The L/E range in
atmospheric neutrinos is very wide, corresponding to the wide neutrino mass range to
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Figure 22: 90% C.L. sensitivity for the determination of octant of θ23 as a function of sin22θ13 after 10 years
of the Hyper-Kamiokande operation. (a) shows the case of sin22θ23 = 0.96 (sin2θ23 = 0.4 or 0.6). (b) shows
the case of sin22θ23 = 0.99 (sin2θ23 = 0.45 or 0.55). Normal mass hierarchy is assumed.

be studied by oscillation experiments. Therefore, in a sense, atmospheric neutrinos were a
natural source to discover neutrino oscillations when the neutrino masses were unknown. It
took about 10 years from the discovery of the atmospheric neutrino anomaly to the conclusion
of neutrino oscillations in 1998. In the subsequent 14 years, the data and the understanding
of the neutrino oscillations were improved substantially. These include the confirmation
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of νμ ↔ ντ oscillations by accelerator based-long baseline experiments, discovery of solar
neutrino oscillations, and the discovery of non-zero sin2θ13.

It is widely believed that the discovery of the neutrino masses opened a window to
new physics beyond the standard model of particle physics. In particular, large mixing angles
seem to be giving us some hint for our deeper understanding in the relation between quarks
and leptons. The small but finite neutrino masses could also be the key to the understanding
of the baryon and antibaryon asymmetry in the Universe. Largelymotivated by these physics,
new proposals and ideas for the future neutrino oscillation experiments have been discussed
extensively. Atmospheric neutrino experiments are one of them. It is likely that atmospheric
neutrino experiments will continue to contribute to the studies of neutrino oscillations.
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In this paper, we discuss the main theoretical aspects and experimental effects of neutrino
electromagnetic properties. We start with a general description of the electromagnetic form factors
of Dirac andMajorana neutrinos. Then, we discuss the theory and phenomenology of the magnetic
and electric dipolemoments, summarizing the experimental results and the theoretical predictions.
We discuss also the phenomenology of a neutrino charge radius and radiative decay. Finally, we
describe the theory of neutrino spin and spin-flavor precession in a transverse magnetic field and
we summarize its phenomenological applications.

1. Introduction

The investigation of neutrino properties is one of the most active fields of research in current
high-energy physics. Neutrinos are special particles, because they interact very weakly and
their masses are much smaller than those of the other fundamental fermions (charged
leptons and quarks). In the Standard Model neutrinos are massless and have only weak
interactions. However, the observation of neutrino oscillations by many experiments (see
[1–4]) imply that neutrinos are massive and mixed. Therefore, the Standard Model must
be extended to account for neutrino masses. In many extensions of the Standard Model
neutrinos acquire also electromagnetic properties through quantum loops effects. Hence, the
theoretical and experimental study of neutrino electromagnetic interactions is a powerful
tool in the search for the fundamental theory beyond the Standard Model. Moreover,
the electromagnetic interactions of neutrinos can generate important effects, especially in
astrophysical environments, where neutrinos propagate for long distances in magnetic fields
both in vacuum and in matter.
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In this paper, we review the theory and phenomenology of neutrino electromagnetic
interactions. After a derivation of all the possible types of electromagnetic interactions
of Dirac and Majorana neutrinos, we discuss their effects in terrestrial and astrophysical
environments and the corresponding experimental results. In spite of many efforts in the
search of neutrino electromagnetic interactions, up to now there is no positive experimental
indication in favor of their existence. However, the existence of neutrino masses and mixing
implies that nontrivial neutrino electromagnetic properties are plausible and experimentalists
and theorists are eagerly looking for them.

In this review, we use the notation and conventions in [1]. When we consider neutrino
mixing, we have the relation:

ναL =
3∑

k=1

UαkνkL
(
α = e, μ, τ

)
(1.1)

between the left-handed components of the three flavor neutrino fields νe, νμ, ντ and the left-
handed components of three massive neutrino fields νk with massesmk (k = 1, 2, 3). The 3×3
mixing matrixU is unitary (U† = U−1).

Neutrino electromagnetic properties are discussed in [4–7], and in the previous
reviews in [8–14].

The structure of this paper is as follows. In Section 2, we discuss the general form
of the electromagnetic interaction of Dirac and Majorana neutrinos, which is expressed
in terms of form factors, and the derivation of the form factors in gauge models. In
Section 3, we discuss the phenomenology of the neutrino magnetic and electric dipole
moments in laboratory experiments. These are the most studied electromagnetic properties
of neutrinos, both experimentally and theoretically. In Section 4, we review the theory
and experimental constraints on the neutrino charge radius. In Section 5, we discuss
neutrino radiative decay and the astrophysical bounds on a neutrino magnetic moment
obtained from the study of plasmon decay in stars. In Section 6 we discuss neutrino spin
and spin-flavor precession. In conclusion, in Section 7, we summarize the status of our
knowledge of neutrino electromagnetic properties and we discuss the prospects for future
research.

2. Electromagnetic Form Factors

The importance of neutrino electromagnetic properties was first mentioned by Pauli in
1930, when he postulated the existence of this particle and discussed the possibility that
the neutrino might have a magnetic moment. Systematic theoretical studies of neutrino
electromagnetic properties started after it was shown that in the extended Standard Model
with right-handed neutrinos the magnetic moment of a massive neutrino is, in general,
nonvanishing and that its value is determined by the neutrino mass [15–23].

Neutrino electromagnetic properties are important because they are directly connected
to fundamentals of particle physics. For example, neutrino electromagnetic properties can be
used to distinguish Dirac and Majorana neutrinos (see [21, 22, 24–27]) and also as probes of
new physics that might exist beyond the Standard Model (see [28–30]).



Advances in High Energy Physics 3

f(pf )f(pi)

γ(q)

(a)

ν(pi) ν(pf )

γ(q)

Λ

(b)

γ(q)

νi(pi) νf (pf )

Λfi

(c)

Figure 1: Tree-level coupling of a charged fermion f with a photon γ (a), effective coupling of a neutrino
ν with a photon (b), and effective coupling of neutrinos with a photon taking into account possible
transitions between two different initial and final massive neutrinos νi and νf (c).

2.1. Dirac Neutrinos

In the Standard Model, the interaction of a fermionic field f(x)with the electromagnetic field
Aμ(x) is given by the interaction Hamiltonian:

Hem(x) = jμ(x)Aμ(x) = qff(x)γμf(x)Aμ(x), (2.1)

where qf is the charge of the fermion f. Figure 1(a) shows the corresponding tree-level
Feynman diagram (the photon γ is the quantum of the electromagnetic field Aμ(x)).

For neutrinos, the electric charge is zero and there are no electromagnetic interactions
at tree-level (however, in some theories beyond the Standard Model neutrinos can be
millicharged particles (see [13])). However, such interactions can arise at the quantum level
from loop diagrams at higher order of the perturbative expansion of the interaction. In the
one-photon approximation, the electromagnetic interactions of a neutrino field ν(x) can be
described by the effective interaction Hamiltonian:

Heff(x) = jeffμ (x)Aμ(x) = ν(x)Λμν(x)Aμ(x), (2.2)

where jeffμ (x) is the effective neutrino electromagnetic current four-vector and Λμ is a 4 × 4
matrix in spinor space which can contain space-time derivatives, such that jeffμ (x) transforms
as a four-vector. Since radiative corrections are generated by weak interactions which are
not invariant under a parity transformation, jeffμ (x) can be a sum of polar and axial parts.
The corresponding diagram for the interaction of a neutrino with a photon is shown in
Figure 1(b), where the blob represents the quantum loop contributions.

We are interested in the neutrino part of the amplitude corresponding to the diagram
in Figure 1(b), which is given by the matrix element:

〈
ν
(
pf , hf

)∣∣∣jeffμ (x)
∣∣∣ν
(
pi, hi

)〉
, (2.3)

where pi(pf) and hi(hf) are the four-momentum and helicity of the initial (final) neutrino.
Taking into account that

∂μjeffμ (x) = i
[
Pμ, jeffμ (x)

]
, (2.4)
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where Pμ is the four-momentum operator which generate translations, the effective current
can be written as

jeffμ (x) = eiP·xjeffμ (0)e−iP·x. (2.5)

Since Pμ|ν(p)〉 = pμ|ν(p)〉, we have

〈
ν
(
pf

)∣∣∣jeffμ (x)
∣∣∣ν
(
pi
)〉

= ei(pf−pi)·x
〈
ν
(
pf

)∣∣∣jeffμ (0)
∣∣∣ν
(
pi
)〉
, (2.6)

where we suppressed for simplicity the helicity labels which are not of immediate relevance.
Here we see that the unknown quantity which determines the neutrino-photon interaction is
〈ν(pf)|jeffμ (0)|ν(pi)〉. Considering that the incoming and outgoing neutrinos are free particles
which are described by free Dirac fields with the standard Fourier expansion in (2.139) of [1],
we have

〈
ν
(
pf

)∣∣∣jeffμ (0)
∣∣∣ν
(
pi
)〉

= u
(
pf

)
Λμ

(
pf , pi

)
u
(
pi
)
. (2.7)

The electromagnetic properties of neutrinos are embodied by Λμ(pf , pi), which is a matrix
in spinor space and can be decomposed in terms of linearly independent products of
Dirac γ matrices and the available kinematical four-vectors pi and pf . The most general
decomposition can be written as (see [11])

Λμ

(
pf , pi

)
= f1

(
q2
)
qμ + f2

(
q2
)
qμγ5 + f3

(
q2
)
γμ + f4

(
q2
)
γμγ5

+ f5
(
q2
)
σμνq

ν + f6
(
q2
)
εμνργq

νσργ ,

(2.8)

where fk(q2) are six Lorentz-invariant form factors (k = 1, . . . , 6) and q is the four-momentum
of the photon, which is given by

q = pi − pf , (2.9)

from energy-momentum conservation. Notice that the form factors depend only on q2, which
is the only available Lorentz-invariant kinematical quantity, since (pi + pf)

2 = 4m2 − q2.
Therefore, Λμ(pf , pi) depends only on q and from now on we will denote it as Λμ(q).

Since the Hamiltonian and the electromagnetic field are Hermitian (H†
eff = Heff and

Aμ† = Aμ), the effective current must be Hermitian, jeff†μ = jeffμ . Hence, we have

〈
ν
(
pf

)∣∣∣jeffμ (0)
∣∣∣ν
(
pi
)〉

=
〈
ν
(
pi
)∣∣∣jeffμ (0)

∣∣∣ν
(
pf

)〉∗
, (2.10)

which leads to

Λμ

(
q
)
= γ0Λ†

μ

(−q)γ0. (2.11)
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This constraint implies that

f2, f3, f4 are real, (2.12)

f1, f5, f6 are imaginary. (2.13)

The number of independent form factors can be reduced by imposing current
conservation, ∂μjeffμ (x) = 0, which is required by gauge invariance (i.e., invariance of Heff(x)
under the transformation Aμ(x) → Aμ(x) + ∂μϕ(x) for any ϕ(x), which leaves invariant the
electromagnetic tensor Fμν = ∂μAν − ∂νAμ). Using (2.4), current conservation implies that

〈
ν
(
pf

)∣∣∣
[
Pμ, jeffμ (0)

]∣∣∣ν
(
pi
)〉

= 0. (2.14)

Hence, in momentum space, we have the constraint:

qμ u
(
pf

)
Λμ

(
q
)
u
(
pi
)
= 0, (2.15)

which implies that

f1
(
q2
)
q2 + f2

(
q2
)
q2γ5 + 2mf4

(
q2
)
γ5 = 0. (2.16)

Since γ5 and the unity matrix are linearly independent, we obtain the constraints:

f1
(
q2
)
= 0, f4

(
q2
)
= −f2

(
q2
)
q2

2m
. (2.17)

Therefore, in the most general case, consistent with Lorentz and electromagnetic gauge
invariance, the vertex function is defined in terms of four form factors [25–27]:

Λμ

(
q
)
= fQ

(
q2
)
γμ − fM

(
q2
)
iσμνq

ν + fE
(
q2
)
σμνq

νγ5 + fA
(
q2
)(
q2γμ − qμ�q

)
γ5. (2.18)

where fQ = f3, fM = if5, fE = −2if6, and fA = −f2/2m are the real charge, dipole magnetic
and electric, and anapole neutrino form factors. For the coupling with a real photon (q2 = 0),

fQ(0) = q, fM(0) = μ, fE(0) = ε, fA(0) = a, (2.19)

where q, μ, ε, and a are, respectively, the neutrino charge, magnetic moment, electric moment
and anapole moment. Although above we stated that q = 0, here we did not enforce this
equality because in some theories beyond the Standard Model neutrinos can be millicharged
particles (see [13]).

Now, it is interesting to study the properties of Heff(x) under a CP transformation,
in order to find which of the terms in (2.18) violate CP. Let us consider the active CP
transformation:

UCPν(x)U
†
CP = ξCPγ0CνT (xP), (2.20)
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where ξCP is a phase, C is the charge-conjugation matrix (such that CγTμC−1 = −γμ, C† = C−1

and CT = −C), and xμP = xμ. For the Standard Model electric current jμ(x) in (2.1), we have

jμ(x)
CP−−−−→ UCPjμ(x)U

†
CP = −jμ(xP). (2.21)

Hence, the Standard Model electromagnetic interaction HamiltonianHem(x) is left invariant
by (the transformation x → xP is irrelevant since all amplitudes are obtained by integrating
over d4x)

Aμ(x)
CP−−−−→ −Aμ(xP). (2.22)

CP is conserved in neutrino electromagnetic interactions (in the one-photon approximation)
if jeffμ (x) transforms as jμ(x):

CP ⇐⇒ UCPj
eff
μ (x)U†

CP = −jμeff(xP). (2.23)

For the matrix element (2.7), we obtain

CP ⇐⇒ Λμ

(
q
) CP−−−−→ −Λμ(q

)
. (2.24)

One can find that under a CP transformation we have

Λμ

(
q
) CP−−−−→ γ0CΛT

μ

(
qP
)C†γ0, (2.25)

with qμP = qμ. Using the form factor expansion in (2.18), we obtain

Λμ

(
q
) CP−−−−→ −

[
fQ

(
q2
)
γμ − fM

(
q2
)
iσμνqν − fE

(
q2
)
σμνqνγ5 + fA

(
q2
)(
q2γμ − qμ �q

)
γ5
]
. (2.26)

Therefore, only the electric dipole form factor violates CP:

CP ⇐⇒ fE
(
q2
)
= 0. (2.27)

So far, we have considered only one massive neutrino field ν(x), but according to the
mixing relation (1.1), the three flavor neutrino fields νe, νμ, ντ are unitary linear combinations
of three massive neutrinos νk (k = 1, 2, 3). Therefore, we must generalize the discussion to
the case of more than one massive neutrino field. The effective electromagnetic interaction
Hamiltonian in (2.2) is generalized to

Heff(x) = jeffμ (x)Aμ(x) =
3∑

k,j=1

νk(x)Λ
kj
μ νj(x)Aμ(x), (2.28)
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where we take into account possible transitions between different massive neutrinos. The
physical effect ofHeff is described by the effective electromagnetic vertex in Figure 1(c), with
the neutrino matrix element:

〈
νf
(
pf

)∣∣∣jeffμ (0)
∣∣∣νi

(
pi
)〉

= uf
(
pf

)
Λfi
μ

(
pf , pi

)
ui
(
pi
)
. (2.29)

As in the case of one massive neutrino field, Λfi
μ (pf , pi) depends only on the four-momentum

q transferred to the photon and can be expressed in terms of six Lorentz-invariant form
factors:

Λfi
μ

(
q
)
= f

fi

1

(
q2
)
qμ + f

f i
2

(
q2
)
qμγ5 + f

fi

3

(
q2
)
γμ + f

fi

4

(
q2
)
γμγ5

+ ffi5
(
q2
)
σμνq

ν + ffi6
(
q2
)
εμνργq

νσργ .

(2.30)

The Hermitian nature of jeffμ implies that 〈νf(pf)|jeffμ (0)|νi(pi)〉 = 〈νi(pi)|jeffμ (0)|νf(pf)〉∗,
leading to the constraint:

Λfi
μ

(
q
)
= γ0

[
Λif
μ

(−q)
]†
γ0. (2.31)

Considering the 3 × 3 form factor matrices fk in the space of massive neutrinos with
components ffi

k
for k = 1, . . . , 6, we find that

f2, f3, f4 are Hermitian, (2.32)

f1, f5, f6 are anti-Hermitian. (2.33)

Following the samemethod used in (2.4)–(2.16), one can find that current conservation
implies the constraints:

f
fi

1

(
q2
)
q2 + ffi3

(
q2
)(
mf −mi

)
= 0, f

fi

2

(
q2
)
q2 + ffi4

(
q2
)(
mf +mi

)
= 0. (2.34)

Therefore, we obtain

Λfi
μ

(
q
)
=
(
γμ − qμ �q

q2

)[
f
fi

Q

(
q2
)
+ ffiA

(
q2
)
q2γ5

]
− iσμνqν

[
f
fi

M

(
q2
)
+ iffiE

(
q2
)
γ5
]
, (2.35)

where ffiQ = ffi3 , ffiM = iffi5 , ffiE = −2iffi6 and ffiA = −ffi2 /(mf +mi), with

f
fi

Ω =
(
f
if

Ω

)∗
(Ω = Q,M,E,A). (2.36)

Note that since uf(pf) �qui(pi) = (mf − mi) uf(pf)ui(pi), if f = i, (2.35) correctly reduces to
(2.18).
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The form factors with f = i are called “diagonal,” whereas those with f /= i are called
“off-diagonal” or “transition form factors.” This terminology follows from the expression:

Λμ

(
q
)
=
(
γμ − qμ �q

q2

)[
fQ

(
q2
)
+ fA

(
q2
)
q2γ5

]
− iσμνqν

[
fM

(
q2
)
+ ifE

(
q2
)
γ5
]
, (2.37)

in which Λμ(q) is a 3 × 3 matrix in the space of massive neutrinos expressed in terms of the
four Hermitian 3 × 3 matrices of form factors:

fΩ = f†
Ω (Ω = Q,M,E,A). (2.38)

For the coupling with a real photon (q2 = 0), we have

f
fi

Q (0) = qfi, f
fi

M(0) = μfi, f
fi

E (0) = εfi, f
fi

A (0) = afi, (2.39)

where qfi, μfi, εfi, and afi are, respectively, the neutrino charge, magnetic moment, electric
moment, and anapole moment of diagonal (f = i) and transition (f /= i) types.

Considering now CP invariance, the transformation (2.23) of jeffμ (x) implies the
constraint in (2.24) for the N × N matrix Λμ(q) in the space of massive neutrinos. Using
(2.20), we obtain

Λfi
μ

(
q
) CP−−−−→ ξCPf ξCPi

∗
γ0C

[
Λif
μ

(
qP
)]TC†γ0, (2.40)

where ξCPk is the CP phase of νk. Since the three massive neutrinos take part to standard
charged-current weak interactions, their CP phases are equal if CP is conserved (see [1]).
Hence, we have

Λfi
μ

(
q
) CP−−−−→ γ0C

[
Λif
μ

(
qP
)]TC†γ0. (2.41)

Using the form factor expansion in (2.35), we obtain

Λfi
μ

(
q
) CP−−−−→ −

{(
γμ − qμ �q

q2

)[
f
if

Q

(
q2
)
+ fifA

(
q2
)
q2γ5

]
− iσμνqν

[
f
if

M

(
q2
)
− if ifE

(
q2
)
γ5
]}
.

(2.42)

Imposing the constraint in (2.24), for the form factors, we obtain

CP ⇐⇒
⎧
⎨

⎩
f
fi

Ω = fifΩ =
(
f
fi

Ω

)∗
(Ω = Q,M,A),

f
fi

E = −fifE = −
(
f
fi

E

)∗
,

(2.43)
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where, in the last equalities, we took into account the constraints (2.36). For the Hermitian
3 × 3 form factor matrices, we obtain that if CP is conserved fQ, fM and fA, are real and
symmetric and fE is imaginary and antisymmetric:

CP ⇐⇒
{
fΩ = fT

Ω = f∗
Ω (Ω = Q,M,A),

fE = −fT
E = −f∗

E.
(2.44)

Let us now consider antineutrinos. Using for the massive neutrino fields, the Fourier
expansion in (2.139) of [1], the effective antineutrino matrix element for νi(pi) → νf(pf)
transitions is given by

〈
νf

(
pf

)∣∣∣jeffμ (0)
∣∣∣νi

(
pi
)〉

= −vi
(
pi
)
Λif
μ

(
q
)
vf

(
pf

)
. (2.45)

Using the relation:

u
(
p
)
= CvT(p), (2.46)

we can write it as

〈
νf

(
pf

)∣∣∣jeffμ (0)
∣∣∣νi

(
pi
)〉

= uf
(
pf

)C
[
Λif
μ

(
q
)]TC†ui

(
pi
)
, (2.47)

where transposition operates in spinor space. Therefore, the effective form factor matrix in
spinor space for antineutrinos is given by

Λ
fi

μ

(
q
)
= C

[
Λif
μ

(
q
)]TC†. (2.48)

Using the properties of the charge-conjugation matrix and the expression (2.35) for Λif
μ (q),

we obtain the antineutrino form factors:

f
fi

Ω = −fifΩ (Ω = Q,M,E), (2.49)

f
fi

A = fifA . (2.50)

Therefore, in particular the diagonal magnetic and electric moments of neutrinos and
antineutrinos have the same size with opposite signs, as the charge, if it exists. On the other
hand, the diagonal neutrino and antineutrino anapole moments are equal.



10 Advances in High Energy Physics

2.2. Majorana Neutrinos

A massive Majorana neutrino is a neutral spin 1/2 particle which coincides with its
antiparticle. The four degrees of freedom of a massive Dirac field (two helicities and two
particle-antiparticle) are reduced to two (two helicities) by the Majorana constraint:

νk = νck = CνkT . (2.51)

Since a Majorana field has half the degrees of freedom of a Dirac field, it is possible that its
electromagnetic properties are reduced. From the relations (2.49) and (2.50) between neutrino
and antineutrino form factors in the Dirac case, we can infer that in the Majorana case the
charge, magnetic, and electric form factor matrices are antisymmetric and the anapole form
factor matrix is symmetric. In order to confirm this deduction, let us calculate the neutrino
matrix element corresponding to the effective electromagnetic vertex in Figure 1(c), with
the effective interaction Hamiltonian in (2.28), which takes into account possible transitions
between two different initial and final massive Majorana neutrinos νi and νf . Using the
neutrino Majorana fields, the Fourier expansion in (6.99) of [1], we obtain

〈
νf
(
pf

)∣∣∣jeffμ (0)
∣∣∣νi

(
pi
)〉

= uf
(
pf

)
Λfi
μ

(
pf , pi

)
ui
(
pi
) − vi

(
pi
)
Λif
μ

(
pf , pi

)
vf

(
pf

)
. (2.52)

Using (2.46), we can write it as

uf
(
pf

){
Λfi
μ

(
pf , pi

)
+ C

[
Λif
μ

(
pf , pi

)]TC†
}
ui
(
pi
)
, (2.53)

where transposition operates in spinor space. Therefore, the effective form factor matrix in
spinor space for Majorana neutrinos is given by

Λ̃fi
μ

(
pf , pi

)
= Λfi

μ

(
pf , pi

)
+ C

[
Λif
μ

(
pf , pi

)]TC†. (2.54)

As in the case of Dirac neutrinos,Λfi
μ (pf , pi) depends only on q = pf −pi and can be expressed

in terms of six Lorentz-invariant form factors according to (2.30). Hence, we can write the
3 × 3 matrix Λ̃μ(pf , pi) in the space of massive Majorana neutrinos as

Λ̃μ

(
q
)
= f̃1

(
q2
)
qμ + f̃2

(
q2
)
qμγ5 + f̃3

(
q2
)
γμ + f̃4

(
q2
)
γμγ5

+ f̃5
(
q2
)
σμνq

ν + f̃6
(
q2
)
εμνργq

νσργ ,

(2.55)

with

f̃k = fk + fTk =⇒ f̃k = f̃ Tk for k = 1, 2, 4,

f̃k = fk − fTk =⇒ f̃k = −f̃ Tk for k = 3, 5, 6.
(2.56)
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Now, we can follow the discussion in Section 2.1 for Dirac neutrinos taking into account
the additional constraints (2.56) for Majorana neutrinos. The hermiticity of jeffμ and current
conservation lead to an expression similar to that in (2.37):

Λ̃μ

(
q
)
=
(
γμ − qμ �q

q2

)[
f̃Q

(
q2
)
+ f̃A

(
q2
)
q2γ5

]
− iσμνqν

[
f̃M

(
q2
)
+ if̃E

(
q2
)
γ5
]
, (2.57)

with f̃ fiQ = f̃ fi3 , f̃ fiM = if̃ fi5 , f̃ fiE = −2if̃ fi6 , and f̃ fiA = −f̃ fi2 /(mf +mi). For the Hermitian 3×3 form
factor matrices in the space of massive neutrinos,

f̃Ω = f̃†
Ω (Ω = Q,M,E,A), (2.58)

the Majorana constraints (2.56) imply that

f̃Ω = −f̃ TΩ (Ω = Q,M,E), (2.59)

f̃A = f̃ TA. (2.60)

These relations confirm the expectation discussed above that for Majorana neutrinos the
charge, magnetic and electric form factor matrices are antisymmetric and the anapole form
factor matrix is symmetric.

Since f̃Q, f̃M, and f̃E are antisymmetric, a Majorana neutrino does not have diagonal
charge and dipole magnetic, and electric form factors. It can only have a diagonal anapole
form factor. On the other hand, Majorana neutrinos can have as many off-diagonal
(transition) form factors as Dirac neutrinos.

Since the form factor matrices are Hermitian as in the Dirac case, f̃Q, f̃M, and f̃E are
imaginary, whereas f̃A is real:

f̃Ω = −f̃∗
Ω (Ω = Q,M,E), (2.61)

f̃A = f̃∗
A. (2.62)

Considering now CP invariance, the case of Majorana neutrinos is rather different
from that of Dirac neutrinos, because the CP phases of the massive Majorana fields νk are
constrained by the CP invariance of the Lagrangian Majorana mass term:

LM =
1
2

∑

k

mkν
T
k C†νk. (2.63)

In order to prove this statement, let us first notice that since a massive Majorana neutrino
field νk is constrained by the Majorana relation in (2.51), only the parity transformation part
is effective in a CP transformation:

UCPνk(x)U
†
CP = ξCPk γ0νk(xP). (2.64)
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Considering the mass term in (2.63), we have

UCPν
T
k C†νkU

†
CP = −ξCPk

2
νTkC†νk. (2.65)

Therefore,

CP ⇐⇒ ξCPk = ηki, (2.66)

with ηk = ±1. These CP signs can be different for the different massive neutrinos, even if
they all take part to the standard charged-current weak interactions through neutrino mixing,
because they can be compensated by the Majorana CP phases in the mixing matrix (see [1]).
Therefore, from (2.40), we have

Λ̃fi
μ

(
q
) CP−−−−→ ηfηiγ

0C
[
Λ̃if
μ

(
qP
)]TC†γ0. (2.67)

Imposing a CP constraint analogous to that in (2.24), we obtain

CP ⇐⇒
⎧
⎨

⎩
f
fi

Ω = ηfηif
if

Ω = ηfηi
(
f
fi

Ω

)∗
,

f
fi

E = −ηfηif ifE = −ηfηi
(
f
fi

E

)∗
,

(2.68)

with Ω = Q,M,A. Taking into account the constraints (2.61) and (2.62), we have two cases:

CP, ηf = ηi ⇐⇒ f
fi

Q = ffiM = 0, (2.69)

CP, ηf = −ηi ⇐⇒ f
fi

E = ffiA = 0. (2.70)

Therefore, if CP is conserved, two massive Majorana neutrinos can have either a transition
electric form factor or a transition magnetic form factor, but not both, and the transition
electric form factor can exist only together with a transition anapole form factor, whereas the
transition magnetic form factor can exist only together with a transition charge form factor.
In the diagonal case f = i, (2.69) does not give any constraint, because only diagonal anapole
form factors are allowed for Majorana neutrinos.

2.3. Form Factors in Gauge Models

From the demand that the form factors at zero momentum transfer, q2 = 0, are elements
of the scattering matrix, it follows that in any consistent theoretical model the form factors
in the matrix element (2.7) should be gauge independent and finite. Then, the form factors
values at q2 = 0 determine the static electromagnetic properties of the neutrino that can be
probed or measured in the direct interaction with external electromagnetic fields. This is the
case for charge, dipole magnetic, and electric neutrino form factors in the minimally extended
Standard Model.

In non-Abelian gauge theories, the form factors in the matrix element (2.7) at nonzero
momentum transfer, q2 /= 0, can be noninvariant under gauge transformations. This happens
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because in general the off-shell photon propagator is gauge dependent. Therefore, the one-
photon approximation is not enough to get physical quantities. In this case, the form factors
in the matrix element (2.7) cannot be directly measured in an experiment with an external
electromagnetic field. However, they can contribute to higher-order diagrams describing
some processes that are accessible for experimental observation (see [31]).

Note that there is an important difference between the electromagnetic vertex function
of massive and massless neutrinos [32, 33]. For the case of a massless neutrino, the matrix
element (2.7) of the electromagnetic current can be expressed in terms of only one Dirac form
factor fD(q2) (see also [30]):

u
(
p′
)
Λμ

(
q
)
u
(
p
)
= fD

(
q2
)
u
(
p′
)
γμ
(
1 + γ5

)
u
(
p
)
. (2.71)

It follows that the electric charge and anapole form factors for a massless neutrino are related
to the Dirac form factor fD(q2), and hence to each other:

fQ
(
q2
)
= fD

(
q2
)
, fA

(
q2
)
=
fD

(
q2
)

q2
. (2.72)

In the case of a massive neutrino, there is no such simple relation between electric
charge and anapole form factors since the qμ�qγ5 term in the anapole part of the vertex function
(2.18) cannot be neglected.

Moreover, a direct calculation of the massive neutrino electromagnetic vertex function,
taking into account all the diagrams in Figures 15–17 of [13], reveals that each of the
Feynman diagrams gives nonzero contribution to the term proportional to γμγ5 [32, 33]. These
contributions are not vanishing even at q2 = 0. Therefore, in addition to the usual four terms
in (2.18) an extra term proportional to γμγ5 appears and a corresponding additional form
factor f5(q2)must be introduced. This problem is related to the decomposition of the massive
neutrino electromagnetic vertex function. The calculation of the contributions of the proper
vertex diagrams (Figure 15 of [13]) and γ − Z self-energy diagrams (Figures 16 and 17 of
[13]) for arbitrary gauge fixing parameter α = 1/ξ in the general Rξ gauge and arbitrary mass
parameter a = m2

l
/m2

W shows that at least in the zeroth and first orders of the expansion over
the small neutrino mass parameter b = (mν/mW)2, the corresponding “charge” f5(q2 = 0) is
zero. The cancellation of contributions from the proper vertex and self-energy diagrams to
the form factor f5(q2) at q2 /= 0,

f5
(
q2
)
= f (γ−Z)

5

(
q2
)
+ f (prop.vert.)

5

(
q2
)
= 0, (2.73)

was also shown [32, 33] for arbitrary mass parameters a and b in the ′t Hooft-Feynman gauge
α = 1.

Hence, in theminimally extended StandardModel one can perform a direct calculation
of the neutrino vertex function leading to the four terms in (2.18) with gauge-invariant
electric charge, magnetic, electric, and anapole moments.
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3. Magnetic and Electric Dipole Moments

The neutrino dipole magnetic and electric form factors (and the corresponding magnetic and
electric dipole moments) are theoretically the most well-studied and understood among the
form factors. They also attract a reasonable attention from experimentalists, although the
neutrino magnetic moment predicted in the extended Standard Model with right-handed
neutrinos is proportional to the neutrino mass and, therefore, it is many orders of magnitude
smaller than the present experimental limits obtained in terrestrial experiments.

3.1. Theoretical Predictions

The first calculations of the neutrino dipole moments within the minimal extension of
the Standard Model with right-handed neutrinos were performed in [15–22]. The explicit
evaluation of the one-loop contributions to the neutrino dipole moments in the leading
approximation over the small parameters bi = m2

i /m
2
W (where mi are the neutrino masses,

i = 1, 2, 3), that in addition exactly accounts for the dependence on the small parameters
al = m2

l /m
2
W (with l = e, μ, τ), yields, for Dirac neutrinos [7, 18–23],

μD
ij

εDij

⎫
⎬

⎭ =
eGF

8
√
2π2

(
mi ±mj

) ∑

l=e,μ,τ

f(al)U∗
liUlj , (3.1)

where

f(al) =
3
4

[
1 +

1
1 − al −

2al
(1 − al)2

− 2a2l lnal

(1 − al)3
]
. (3.2)

All the charged lepton parameters al are small. In the limit al 
 1, one has

f(al) � 3
2

(
1 − al

2

)
. (3.3)

From (3.1) and (3.3), the diagonal magnetic moments of Dirac neutrinos are given by

μD
ii �

3eGFmi

8
√
2π2

⎛

⎝1 − 1
2

∑

l=e,μ,τ

al|Uli|2
⎞

⎠. (3.4)

This result exhibits the following important features. The magnetic moment of a Dirac
neutrino is proportional to the neutrino mass and for a massless Dirac neutrino in the
Standard Model (in the absence of right-handed charged currents), the magnetic moment
is zero. The magnetic moment of a massive Dirac neutrino, at the leading order in al, is
independent of the neutrino mixing matrix and of the values of the charged lepton masses.
The numerical value of the Dirac neutrino magnetic moment is

μD
ii � 3.2 × 10−19

(
mi

eV

)
μB. (3.5)
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Taking into account the existing constraint of the order of 1 eV on the neutrino masses (see
[1–4]), this value is several orders of magnitude smaller than the present experimental limits,
which are discussed in Section 3.4.

From (3.1), it can be clearly seen that in the extended Standard Model with right-
handed neutrinos the static (diagonal) electric dipole moment of a Dirac neutrino vanishes,
εDii = 0, in spite of possible CP violations generated by the Dirac phase in the mixing matrix
(as shown in (2.27), Dirac neutrinos may have nonzero diagonal electric moments only
in theories where CP invariance is violated). For a Majorana neutrino, both the diagonal
magnetic and electric moments are zero, μMii = εMii = 0, as shown in Section 2.2.

Let us consider now the neutrino transition moments, which are given by (3.1) for
i /= j. Considering only the leading term f(al) � 3/2 in the expansion (3.3), one gets vanishing
transition moments, because of the unitarity relation:

∑

l

U∗
liUlj = δij . (3.6)

Therefore, the first nonvanishing contribution comes from the second term in the expansion
(3.3) of f(al), which contains the additional small factor al = m2

l
/m2

W :

μD
ij

εDij

⎫
⎬

⎭ � − 3eGF

32
√
2π2

(
mi ±mj

) ∑

l=e,μ,τ

(
ml

mW

)2

U∗
liUlj , (3.7)

for i /= j. Thus, the transition moments are suppressed with respect to the diagonal magnetic
moments in (3.4). This suppression is called “GIM mechanism,” in analogy with the
suppression of flavor-changing neutral currents in hadronic processes discovered in [34].
Numerically, the Dirac transition moments are given by

μD
ij

εDij

⎫
⎬

⎭ � −4 × 10−23
(
mi ±mj

eV

)
fijμB, (3.8)

with

fij =
∑

l=e,μ,τ

(
ml

mτ

)2

U∗
liUlj . (3.9)

Also, Majorana neutrinos can have nonvanishing transition magnetic and electric
moments, as discussed in Section 2.2. Assuming CP conservation and neglecting model-
dependent Feynman diagrams depending on the details of the scalar sector [7, 21, 22, 24],
if νi and νj have the same CP phase,

μMij = 0, εMij = 2εDij , (3.10)
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whereas if νi and νj have opposite CP phases,

μMij = 2μD
ij , εDij = 0, (3.11)

with εDij and μD
ij given by (3.1). Hence, although the nonvanishing Majorana transition

moments are twice the Dirac ones, they are equally suppressed by the GIM mechanism.
However, the model-dependent contributions of the scalar sector can enhance the Majorana
transition moments (see [21, 35, 36]).

In recent studies, the value of the diagonal magnetic moment of a massive Dirac
neutrino was calculated in the one-loop approximation in the extended Standard Model
with right-handed neutrinos, accounting for the dependence on the neutrino mass parameter
bi = m2

i /m
2
W [37] and accounting for the exact dependence on both mass parameters bi and

al = m2
l /m

2
W [32, 33]. The calculations of the neutrino magnetic moment which take into

account exactly the dependence on the masses of all particles can be useful in the case of a
heavy neutrino with a mass comparable or even exceeding the values of the masses of other
known particles. Note that the LEP data require that the number of light neutrinos coupled
to the Z boson is three [38]. Therefore, any additional active neutrino must be heavier than
mZ/2. This possibility is not excluded by current data (see [39]).

For a heavy neutrino with mass mi, much larger than the charged lepton masses but
smaller than the W-boson mass (2 GeV 
 mi 
 80 GeV), the authors of [32, 33] obtained
the diagonal magnetic moment:

μii � 3eGF

8π2
√
2
mi

(
1 +

5
18
bi

)
, (3.12)

whereas for a heavy neutrino with massmi much larger than theW-boson mass, they got

μii � eGF

8π2
√
2
mi. (3.13)

Note that in both cases the Dirac neutrino magnetic moment is proportional to the neutrino
mass. This is an expected result, because the calculations have been performed within the
extended Standard Model with right-handed neutrinos.

At this point, a question arises: “Is a neutrino magnetic moment always proportional
to the neutrino mass?.” The answer is “No.” For example, much larger values of the Dirac
neutrino magnetic moment can be obtained in SU(2)L × SU(2)R ×U(1) left-right symmetric
models with direct right-handed neutrino interactions (see [15, 40–42]). The massive gauge
bosons states W1 and W2 have, respectively, predominant left-handed and right-handed
coupling, since

W1 =WL cos ξ −WR sin ξ, W2 =WL sin ξ +WR cos ξ, (3.14)
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where ξ is a small mixing angle and the fieldsWL andWR have pure V ±A interactions. The
magnetic moment of a neutrino νl calculated in this model, neglecting neutrino mixing, is

μνl =
eGF

2
√
2π2

[
ml

(
1 −

m2
W1

m2
W2

)
sin 2ξ +

3
4
mνl

(
1 +

m2
W1

m2
W2

)]
, (3.15)

where the term proportional to the charged lepton mass ml is due to the left-right mixing.
This term can exceed the second term in (3.15), which is proportional to the neutrino mass
mνl .

3.2. Neutrino-Electron Elastic Scattering

Themost sensitive andwidely usedmethod for the experimental investigation of the neutrino
magnetic moment is provided by direct laboratory measurements of low-energy elastic
scattering of neutrinos and antineutrinos with electrons in reactor, accelerator and solar
experiments. Detailed descriptions of several experiments can be found in [12, 43].

Extensive experimental studies of the neutrino magnetic moment, performed during
many years, are stimulated by the hope to observe a value much larger than the prediction
in (3.5) of the minimally extended Standard Model with right-handed neutrinos. It would
be a clear indication of new physics beyond the extended Standard Model. For example, the
effective magnetic moment in νe-e elastic scattering in a class of extradimension models can
be as large as ∼10−10 μB [44]. Future higher precision reactor experiments can, therefore, be
used to provide new constraints on large extradimensions.

The possibility for neutrino-electron elastic scattering due to neutrino magnetic
moment was first considered in [45] and the cross-section of this process was calculated in
[46, 47]. Discussions on the derivation of the cross-section and on the optimal conditions for
bounding the neutrino magnetic moment, as well as a collection of cross-section formulas for
elastic scattering of neutrinos (antineutrinos) on electrons, nucleons, and nuclei can be found
in [48, 49].

Let us consider the elastic scattering:

ν + e− −→ ν + e− (3.16)

of a neutrino with energy Eν with an electron at rest in the laboratory frame. There are two
observables: the kinetic energy T of the recoil electron and the recoil angle χ with respect to
the neutrino beam, which are related by

cosχ =
Eν +me

Eν

[
T

T + 2me

]1/2
. (3.17)

The electron kinetic energy is constrained from the energy-momentum conservation by

T ≤ 2E2
ν

2Eν +me
. (3.18)
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Since, in the ultrarelativistic limit, the neutrino magnetic moment interaction changes
the neutrino helicity and the StandardModel weak interaction conserves the neutrino helicity,
the two contributions add incoherently in the cross-section which can be written as [49]

dσ

dT
=
(
dσ

dT

)

SM
+
(
dσ

dT

)

μ

. (3.19)

The small interference term due to neutrino masses has been derived in [50].
The weak-interaction cross-section is given by

(
dσ

dT

)

SM
=
G2
Fme

2π

[
(
gV + gA

)2 +
(
gV − gA

)2
(
1 − T

Eν

)2

+
(
g2
A − g2

V

)meT

E2
ν

]
, (3.20)

with the standard coupling constants gV and gA given by

gV =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

2sin2θW +
1
2

for νe,

2sin2θW − 1
2

for νμ, ντ ,

(3.21)

gA =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1
2

for νe,

−1
2

for νμ, ντ .

(3.22)

In antineutrino-electron elastic scattering, one must substitute gA → −gA.
The neutrino magnetic-moment contribution to the cross section is given by [49]

(
dσ

dT

)

μ

=
πα2

m2
e

(
1
T
− 1
Eν

)(
μν
μB

)2

, (3.23)

where μν is the effective magnetic moment discussed in Section 3.3.
The two terms (dσ/dT)SM and (dσ/dT)μ exhibit quite different dependences on the

experimentally observable electron kinetic energy T , as illustrated in Figure 2, where the
values of the two terms averaged over the typical antineutrino reactor spectrum are plotted
for six values of the neutrino magnetic moment, μ(N)

ν = N × 10−11 μB, with N = 1, 2, 3, 4, 5, 6
[43] (see also [49]). One can see that small values of the neutrino magnetic moment can be
probed by lowering the electron recoil energy threshold. In fact, from (3.20) and (3.23), one
can find that (dσ/dT)μ exceeds (dσ/dT)SM for

T � π2α2

G2
Fm

3
e

(
μν
μB

)2

. (3.24)

It was proposed in [51] that electron binding in atoms (the “atomic ionization” effect in
neutrino interactions on Ge target) can significantly increase the electromagnetic contribution
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Figure 2: Standard Model weak (W) and magnetic moment electromagnetic (EM) contributions to the
cross section for several values of the neutrino magnetic moment [43].

to the differential cross-section with respect to the free electron approximation. However,
detailed considerations of the atomic ionization effect in (anti)neutrino atomic electron
scattering experiments presented in [52–57] show that the effect is by far too small to have
measurable consequences even in the case of the low energy threshold of 2.8 keV reached in
the GEMMA experiment [58].

3.3. Effective Dipole Moments

In scattering experiments, the neutrino is created at some distance from the detector as
a flavor neutrino, which is a superposition of massive neutrinos. Therefore, the magnetic
moment that is measured in these experiment is not that of a massive neutrino, but it is an
effective magnetic moment which takes into account neutrino mixing and the oscillations
during the propagation between source and detector [50, 59]:

μ2
ν(να, L, E) =

∑

j

∣∣∣∣∣
∑

k

U∗
αke

−im2
k
L/2E(μjk − iεjk

)
∣∣∣∣∣

2

, (3.25)

where we have written explicitly the dependence from the initial neutrino flavor να, the
distance L, and the energy E. In this expression of the effective μν one can see that in
general both the magnetic and electric dipole moments contribute to the elastic scattering.
Note that μν(να, L, E) depends only on the neutrino squared-mass differences: considering
for simplicity only the magnetic moment contribution, we have

μ2
ν(να, L, E) =

∑

j

∑

kk′
U∗
αkUαk′e

−iΔm2
kk′L/2Eμjkμjk′ . (3.26)

In the case of Majorana neutrinos, there are no diagonal magnetic and electric
dipole moments and μ2

ν receives contributions only from the transition dipole moments.
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Furthermore, if CP is conserved, there are either only magnetic or electric transition dipole
moments (see Section 2.2).

The general expression for μ2
ν(να, L, E) can be simplified in some cases [59]. For

instance, for Dirac neutrinos with only diagonal magnetic moments μij = μiδij , we have the
effective flavor magnetic moment:

μ2
ν(να, L, E) −→

(
μD
α

)2
=
∑

i

|Uαi|2μ2
i . (3.27)

Since in this case there is no dependence on the distance L and the neutrino energy, the
magnetic cross-section is characterized by the initial neutrino flavor rather than by the
composition of mass states in the detector. In this case, measurements of all flavor magnetic
moments and mixing parameters can allow the extraction of all the fundamental moments μi.

3.4. Experimental Limits

The constraints on the neutrino magnetic moment in direct laboratory experiments have
been obtained so far from the lack of any observable distortion of the recoil electron energy
spectrum. Experiments of this type have started about 40 years ago. The strategy applied
during all these years in reactor experiments is rather simple: minimize the threshold on the
recoil energy for the detection of the scattered electron, keeping at the same time a reasonable
background level. Since the region of interest coincides with the energy region dominated
by radioactivity, low intrinsic radioactivity detectors have been employed together with
active and passive shields. In addition, all the experiments were running inside laboratories
with significant overburden of concrete, corresponding to several meters of water. This was
enough to suppress the soft component of cosmic rays.

In all the experiments, with one exception only, the signal due to the antineutrinos
from the reactor (about 2×1020 s−1 GW thermal−1) is obtained from the difference between the
reactor-on and reactor-off rate. Clearly, this requires the same background with the reactor on
as with the reactor off.

νe-e elastic scattering was first observed in the pioneering experiment [60] at the
Savannah River Laboratory. The setupwasmade of a 15.9 kg plastic scintillator target divided
into 16 optically isolated elements, totally enclosed inside a 300 kg NaI crystal shielded
with lead and cadmium. Finally, the entire setup was immersed into 2200 liters of liquid
scintillator. Both the NaI and the liquid scintillator detectors were working as veto against
cosmics and gamma-rays from the laboratory. In the electron kinetic energy range from
1.5MeV to 4.5MeV, a reactor-on rate of 47.5 ± 1 events/day was measured, to be compared
with a reactor-off rate of 40.4 ± 0.9 events/day. A revised analysis of the Savannah River
Laboratory data [49] with an improved reactor neutrino spectrum and a more precise value
of sin2θW gave hints for a neutrino magnetic moment on the order of (2–4)×10−10 μB.

However, lower limits were then obtained by two experiments performed at
nuclear reactors in Russia. The Krasnoyarsk experiment [61] had a 103 kg target of
liquid organofluoric scintillator contained into seven scintillation chambers. The absence
of hydrogen in the target was a significant improvement, since the νe-p charged-current
reaction, which has a much larger cross-section than νe-e, had been an important background
source in the Savannah River experiment. The active target was then surrounded by a
passive shield of steel, copper, lead, and borated polyethylene. Finally, two layers of plastic
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scintillators were vetoing the cosmic muons. With a count rate of 8.3 ± 0.3 (reactor-on)
and 7.1 ± 0.4 (reactor-off) in the electron energy range 3.15–5.18MeV, the Krasnoyarsk
collaboration obtained the limit:

μνe ≤ 2.4 × 10−10 μB (90% C.L.). (3.28)

A completely different detector was built for the Rovno [62] experiment: 600 silicon
detectors, for a total mass of 75 kg, with a passive shield of mercury, copper, cadmium
absorber, and graphite. Finally, the setup was enclosed inside a veto made of plastic
scintillators. With a rate of 4963 ± 12 events/day (reactor-on) and 4921 ± 16 events/day
(reactor-off) in the electron recoil energy range 0.6–2MeV, it has been possible to obtain a
limit on the neutrino magnetic moment of

μνe ≤ 1.9 × 10−10 μB (90% C.L.). (3.29)

Finally, more stringent limits have been obtained in the two most recent experiments
at rectors. TEXONO [63] has been performed at the Kuo-Sheng nuclear power station. The
detector, a 1.06 kg high-purity germanium, was completely surrounded by NaI (Tl) and
CsI (Tl) crystals working as anti-Compton. The whole setup was contained inside a shield
made of copper, boron-loaded polyethylene, stainless steel, lead, and plastic scintillators. A
background of about 1 event/keV·kg·day could be achieved above the threshold of 12 keV,
giving the limit:

μνe ≤ 7.4 × 10−11 μB (90% C.L.). (3.30)

At the moment, the world best limit is coming from the GEMMA experiment at the
Kalinin nuclear power plant. A 1.5 kg high-purity germanium detector is placed inside a cup-
shaped NaI crystal and surrounded by copper, lead, and plastic scintillators. With an energy
threshold as low as 2.8 keV, the GEMMA collaboration obtained [58]

μνe ≤ 2.9 × 10−11 μB (90% C.L.). (3.31)

The experiment which followed a strategy different from the study of the reactor-on
and reactor-off rate was MUNU. As a matter of fact, the detector [64] was able to provide
not only the energy but also the topology of events. As a consequence, the initial direction
of an electron track could be measured and the electron scattering angle reconstructed. This
allowed to look for the reactor signal by comparing forward electrons, having as reference
the reactor to detector axis, with the backward ones. In this way, the background is measured
online, which eliminates problems from detector instabilities, as well as from a possible time
dependence of the background itself. The central component of the detector consisted of an
acrylic vessel time-projected chamber (a cylinder 90 cm in diameter and 162 cm long) filled
with CF4 at 3 bar pressure and immersed in a steel tank (2m diameter and 3.8m long) filled
with 10m3 liquid scintillator viewed by 48 photomultipliers. The total target mass of CF4
was 11.4 kg. Finally, the setup was surrounded by boron-loaded polyethylene and lead. With
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a total rate of 6.8 ± 0.3 events/day in the forward direction and a background of 5.8 ± 0.17
events/day, the following upper bounds have been obtained [65]:

μνe ≤ 9 × 10−11 μB (90% C.L.). (3.32)

Several experiments at accelerators have searched for an effect due to the magnetic
moment of νμ in νμ–e and νμ–e elastic scattering (see [66]). The current best limit has been
obtained in the LSND experiment [67]:

μνμ ≤ 6.8 × 10−10 μB (90% C.L.). (3.33)

The DONUT collaboration has investigated ντ–e and ντ–e elastic scattering, finding
the limit [68]:

μντ ≤ 3.9 × 10−7 μB (90% C.L.). (3.34)

Solar neutrino experiments as Super-Kamiokande and Borexino can also search for a
neutrino magnetic moment signal by studying the shape of the electron spectrum. Since the
neutrino magnetic moment depends both on the mixing and on the propagation properties
of the neutrino, then oscillations are here relevant.

The analysis of the recoil electron spectrum generated by solar neutrinos in the Super-
Kamiokande experiment experiment gave [69]

μν ≤ 1.1 × 10−10 μB (90% C.L.), (3.35)

where μν is not the same as μνe since it is given by a different combination of the magnetic
moment of the neutrino mass eigenstates (see Section 3.3).

The limit

μν ≤ 5.4 × 10−11 μB (90% C.L.) (3.36)

has been recently obtained in the Borexino solar neutrino scattering experiment [70]. An
upper limit on the neutrino magnetic moment μν ≤ 8.4 × 10−11 μB has been found in an
independent analysis of the first release of the Borexino experiment data performed in [71].
It was also shown that with reasonable assumptions on the oscillation probability this limit
translates into the conservative upper limits on the magnetic moments of νμ and ντ :

μνμ ≤ 1.5 × 10−10 μB, μντ ≤ 1.9 × 10−10 μB (90% C.L.). (3.37)

The limit on μντ is three order of magnitude stronger than the direct limit (3.34).
The global fit [72, 73] of the magnetic moment data from the reactor and solar neutrino

experiments for the Majorana neutrinos produces limits on the neutrino transition moments:

μ23, μ31, μ12 < 1.8 × 10−10 μB (90% C.L.). (3.38)
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Finally, an interesting new possibility for providing more stringent constraints on
the neutrino magnetic moment from νe-e scattering experiments was discussed in [74] on
the basis of an observation [75] that “dynamical zeros” appear in the Standard Model
contribution to the scattering cross-section.

3.5. Theoretical Considerations

As it was already mentioned before, there is a gap of many orders of magnitude between
the present experimental limits ∼10−11 μB on neutrino magnetic moments (discussed in
Section 3.4) and the prediction (3.5) of the minimal extension of the Standard Model with
right-handed neutrinos. At the same time, the experimental sensitivity of reactor νe-e elastic
scattering experiments has improved by only one order of magnitude during a period of
about twenty years (see [49], where a sensitivity of ∼10−10 μB is discussed). However, the
experimental studies of neutrino magnetic moments are stimulated by the hope that new
physics beyond the minimally extended Standard Model with right-handed neutrinos might
give much stronger contributions. One of the examples in which it is possible to avoid the
neutrino magnetic moment being proportional to a (small) neutrino mass, that would in
principle make a neutrino magnetic moment accessible for experimental observations, is
realized in the left-right symmetric models considered at the end of Section 3.1.

Other interesting possibilities of obtaining neutrino magnetic moments lager than the
prediction (3.5) of the minimal extension the Standard Model with right-handed neutrinos
have been considered recently. In this concern, we note that it was proposed in [44] to probe
a class of large extradimensions models with future reactors searches for neutrino magnetic
moments. The results obtained within the Minimal Supersymmetric Standard Model with
R-parity violating interactions [76, 77] show that the Majorana transition magnetic moment
might be significantly above the scale of (3.5).

Considering the problem of large neutrino magnetic moments, one can write down a
generic relation between the size of a neutrino magnetic moment μν and the corresponding
neutrino mass mν [28, 29, 35, 78–80]. Suppose that a large neutrino magnetic moment is
generated by physics beyond a minimal extension of the Standard Model at an energy scale
characterized by Λ. For a generic diagram corresponding to this contribution to μν, one can
again use the Feynman graph in Figure 1(b); the shaded circle in this case denotes effects of
new physics beyond the Standard Model. The contribution of this diagram to the magnetic
moment is

μν ∼ eG

Λ
, (3.39)

where e is the electric charge and G is a combination of coupling constants and loop
factors. The same diagram of Figure 1(b) but without the photon line gives a new physics
contribution to the neutrino mass:

δmν ∼ GΛ. (3.40)
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Combining the estimates (3.39) and (3.40), one can get the relation:

δmν ∼ Λ2

2me

μν
μB

=
μν

10−18μB

(
Λ

1 TeV

)2

eV (3.41)

between the one-loop contribution to the neutrino mass and the neutrino magnetic moment.
It follows that, generally, in theoretical models that predict large values for the neutrino

magnetic moment, simultaneously large contributions to the neutrino mass arise. Therefore,
a particular fine tuning is needed to get a large value for the neutrinomagnetic moment while
keeping the neutrino mass within experimental bounds. One of the possibilities [78] is based
on the idea of suppressing the ratiomν/μν with a symmetry: if a SU(2)ν symmetry is an exact
symmetry of the Lagrangian of a model, because of different symmetry properties of themass
and magnetic moment even a massless neutrino can have a nonzero magnetic moment. If, as
it happens in a realistic model, the SU(2)ν symmetry is broken and if this breaking is small,
the ratiomν/μν is also small, giving a natural way to obtain a magnetic moment of the order
of ∼ 10−11μB without contradictions with the neutrino mass experimental constraints. Several
possibilities based on the general idea of [78] were considered in [81–86].

Another idea of neutrino mass suppression without suppression of the neutrino
magnetic moment was discussed in [35] within the Zee model [87], which is based on the
Standard Model gauge group SU(2)L ×U(1)Y and contains at least three Higgs doublets and
a charged field which is a singlet of SU(2)L. For this kind of models, there is a suppression of
the neutrino mass diagram, while the magnetic moment diagram is not suppressed.

It is possible to show with more general and rigorous considerations [28, 29, 80] that
theΛ2 dependence in (3.41) arises from the quadratic divergence in the renormalization of the
dimension-four neutrino mass operator. A general and model-independent upper bound on
the Dirac neutrino magnetic moment, which can be generated by an effective theory beyond
the Standard Model, has been derived [28, 29, 80] from the demand of absence of fine-tuning
of effective operator coefficients and from the current experimental information on neutrino
masses. A model with Dirac fermions, scalars, and gauge bosons that is valid below the scale
Λ and respects the StandardModel SU(2)L×U(1)Y symmetrywas considered. Integrating out
the physics above the scale Λ, the following effective Lagrangian that involves right-handed
neutrinos νR, lepton isodoublets and the Higgs doublet can be obtained:

Leff =
∑

n,j

Cnj
(
μ
)

Λn−4 O(n)
j

(
μ
)
+H.c., (3.42)

where μ is the renormalization scale, n ≥ 4 denotes the operator dimension and j runs over
independent operators of a given dimension. For n = 4, a neutrino mass arises from the
operator O(4)

1 = LΦ̃νR, where Φ̃ = iσ2Φ∗. In addition, if the scale Λ is not extremely large with
respect to the electroweak scale, an important contribution to the neutrino mass can arise also
from higher dimension operators. At this point, it is important to note that the combination
of the n = 6 operators appearing in the Lagrangian (3.42) contains the magnetic moment
operator νσμννFμν and also generates a contribution δmν to the neutrino mass [28, 29, 80].
Solving the renormalization group equation from the scale Λ to the electroweak scale, one
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finds that the contributions to the neutrino magnetic moment and to the neutrino mass are
connected to each other by

∣∣∣μD
ν

∣∣∣ =
16
√
2GFmeδmνsin4θW

9α2
∣∣f
∣∣ ln(Λ/v)

μB, (3.43)

where α is the fine structure constant, v is the vacuum expectation value of the Higgs doublet,

f = 1 − r − 2
3
tan2θW − 1

3
(1 + r)tan4θW, (3.44)

and r is a ratio of effective operator coefficients defined at the scale Λwhich is of order unity
without fine tuning. If the neutrino magnetic moment is generated by new physics at a scale
Λ ∼ 1TeV and the corresponding contribution to the neutrino mass is δmν � 1 eV, then the
bound μν � 10−14 μB can be obtained. This bound is some orders of magnitude stronger than
the constraints from reactor and solar neutrino scattering experiments discussed before.

The model-independent limit on a Majorana neutrino transition magnetic moment
μM
ν was also discussed in [28, 29, 80]. However, the limit in the Majorana case is much

weaker than that in the Dirac case, because for a Majorana neutrino, the magnetic moment
contribution to the mass is Yukawa suppressed. The limit on μM

ν is also weaker than the
present experimental limits if μM

ν is generated by new physics at the scale Λ ∼ 1 TeV. An
important conclusion of [28, 29, 80], based on model-independent considerations of the
contributions to μν, is that if a neutrino magnetic moment of order μν ≥ 10−15 μB were
observed in an experiment, it would give a proof that neutrinos are Majorana rather than
Dirac particles.

4. Neutrino Charge Radius

Even if the electric charge of a neutrino is vanishing, the electric form factor fQ(q2) can
still contain nontrivial information about neutrino electromagnetic properties. Considering
fQ(0) = 0, in the static limit (q2 → 0), the electric form factor is given by

fQ
(
q2
)
= q2

dfQ
(
q2
)

dq2

∣∣∣∣∣
q2=0

+ · · · . (4.1)

The leading contribution can be expressed in terms of a neutrino charge radius considering a
static spherically symmetric charge distribution of density ρ(r) (with r = |�x|) in the so-called
“Breit frame,” where q0 = 0. In this approximation, we have

fQ
(
q2
)
=
∫
ρ(r)ei�q·�xd3x = 4π

∫
ρ(r)

sin
(
qr
)

qr
r2dr, (4.2)
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where q = |�q|. Since dfQ/dq2|q2=0 = −〈r2〉/6, with 〈r2〉 =
∫
r2ρ(r)dr, the neutrino charge

radius is defined by

〈
r2ν

〉
= −6 dfQ

(
q2
)

dq2

∣∣∣∣∣
q2=0

. (4.3)

Note that 〈r2ν〉 can be negative, because the charge density ρ(r) is not a positively
defined function of r.

In one of the first studies [31], it was claimed that in the Standard Model and in
the unitary gauge, the neutrino charge radius is ultraviolet-divergent and so it is not a
physical quantity. A direct one-loop calculation [32, 33] of proper vertices and γ − Z self-
energy (Figures 15 and 16 of [13]) contributions to the neutrino charge radius performed in
a general Rξ gauge for a massive Dirac neutrino gave also a divergent result. However, it
was shown [88], using the unitary gauge, that, by including in addition to the usual terms
also contributions from diagrams of the neutrino-lepton neutral current scattering (Z boson
diagrams), it is possible to obtain for the neutrino charge radius a gauge-dependent but finite
quantity. Later on, it was also shown [16] that in order to define the neutrino charge radius
as a physical quantity, one has also to consider box diagrams (see Figure 18 of [13]), which
contribute to the scattering process ν+� → ν+�, and that in combination with contributions
from the proper diagrams it is possible to obtain a finite and gauge-independent value for the
neutrino charge radius. In this way, the neutrino electroweak radius was defined [89, 90] and
an additional set of diagrams that give contribution to its value was discussed in [91]. Finally,
in a series of papers [92–94] the neutrino electroweak radius as a physical observable has been
introduced. In the corresponding calculations, performed in the one-loop approximation
including additional terms from the γ − Z boson mixing and the box diagrams involving W
and Z bosons, the following gauge-invariant result for the neutrino charge radius has been
obtained:

〈
r2να

〉
=

GF

4
√
2π2

[
3 − 2 log

(
m2
α

m2
W

)]
, (4.4)

where mW and mα are the W boson and lepton masses (α = e, μ, τ). This result, however,
revived the discussion [95–98] on the definition of the neutrino charge radius. Numerically,
for the electron neutrino electroweak radius, it yields [92–94]

〈
r2νe

〉
= 4 × 10−33 cm2, (4.5)

which is very close to the numerical estimations obtained much earlier in [89, 90].
Note that the neutrino charge radius can be considered as an effective scale of the

particle’s “size,” which should influence physical processes such as, for instance, neutrino
scattering off electron. To incorporate the neutrino charge radius contribution in the cross-
section (3.20), the following substitution [49, 99, 100] can be used:

gV −→ 1
2
+ 2sin2θW +

2
3
m2
W

〈
r2νe

〉
sin2θW. (4.6)
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Using this method, the TEXONO collaboration obtained [101]

−2.1 × 10−32 cm2 <
〈
r2νe

〉
< 3.3 × 10−32 cm2 (90% C.L.). (4.7)

Other available bounds on the electron neutrino charge radius are from primordial
nucleosynthesis [102]

〈
r2νe

〉
� 7 × 10−33 cm2, (4.8)

from SN 1987A [103]

〈
r2νe

〉
� 2 × 10−33 cm2, (4.9)

from neutrino neutral-current reactions [104]

−2.74 × 10−32 cm2 <
〈
r2νe

〉
< 4.88 × 10−32 cm2 (90% C.L.), (4.10)

from solar experiments (Kamiokande II and Homestake) [105, 106]

〈
r2νe

〉
< 2.3 × 10−32 cm2 (95% C.L.), (4.11)

from an evaluation of the weak mixing angle sin2θW by a combined fit of all electron neutrino
elastic scattering data [107]

−0.13 × 10−32 cm2 <
〈
r2νe

〉
< 3.32 × 10−32 cm2 (90% C.L.). (4.12)

Comparing the theoretical value in (4.5) with the experimental limits in (4.7)–(4.12),
one can see that they differ at most by one order of magnitude. Therefore, one may expect
that the experimental accuracy will soon reach the value needed to probe the theoretical
predictions for the neutrino effective charge radius.

The effects of new physics beyond the Standard Model can also contribute to the
neutrino charge radius. Let us only mention that the anomalous WWγ vertex contribution
to the neutrino effective charge radius has been studied in [30], and shown to correspond to
a contribution �10−34 cm2 to |〈r2νe〉|. Note that this is only one order of magnitude lower than
the expected value of the charge radius in the Standard Model.

A detailed discussion on the possibilities to constrain the ντ and νμ charge radii from
astrophysical and cosmological observations and from terrestrial experiments can be found
in [108].
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5. Radiative Decay and Plasmon Decay

If the masses of neutrinos are nondegenerate, the radiative decay of a heavier neutrino νi into
a lighter neutrino νf (with mi > mf) with emission of a photon,

νi −→ νf + γ, (5.1)

may proceed in vacuum [15, 16, 18–21, 23, 109, 110]. Early discussions of the possible role of
neutrino radiative decay in different astrophysical and cosmological settings can be found in
[111–116].

For the case of a Dirac neutrino, the decay rate in theminimal extension of the Standard
Model with right-handed neutrinos is [15, 16, 18–21, 23, 109, 110]

ΓνDi → νDj +γ
=

αG2
F

128π4

(
m2
i −m2

j

mj

)3(
m2
i +m

2
j

)
∣∣∣∣∣∣

∑

l=e,μ,τ

f(al)UljU
∗
li

∣∣∣∣∣∣

2

, (5.2)

where f(al) is given by (3.2). Recalling the results for the Dirac neutrinomagnetic and electric
transition moments μij and εij , given in (3.1), one can rewrite (5.2) as (see [117, 118])

Γνi → νj+γ =

∣∣μij
∣∣2 +

∣∣∣ε2ij
∣∣∣

8π

(
m2
i −m2

j

mj

)3

. (5.3)

For degenerate neutrino masses (mi = mj), the process is kinematically forbidden in vacuum.
Note that there are models (see for instance [119]) in which the neutrino radiative

decay rates (as well as the magnetic moment discussed above) of a nonstandard Dirac
neutrinos are much larger than those predicted in the minimally extended Standard Model.

For Majorana neutrinos, if CP is violated, the decay rate is given by (5.3). If CP
is conserved, we have two cases: if the Majorana neutrinos νi and νj have the same CP
eigenvalues, (2.69) and (3.10) imply that the decay process is induced purely by the neutrino
electric transition dipole moment, because μij = 0; on the other hand, if the two Majorana
neutrinos have opposite CP eigenvalues, from (2.70) and (3.11), one can see that the transition
is purely of magnetic dipole type (εij = 0).

For numerical estimations, it is convenient to express (5.3) in the following form:

Γνi → νj+γ = 5.3
(
μeff

μB

)2
(
m2
i −m2

j

m2
j

)3(
mi

1 eV

)3

s−1, (5.4)

with the effective neutrino magnetic moment μeff =
√
|μij |2 + |ε2ij |.

The neutrino radiative decay can be constrained by the absence of decay photons
in reactor νe and solar νe fluxes. The limits on μeff that have been obtained from these
considerations are much weaker than those obtained from neutrino scattering terrestrial
experiments. Stronger constraints on μeff (though still weaker than the terrestrial ones) have
been obtained from the neutrino decay limit set by SN 1987A and from the limits on the
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Figure 3: Astrophysical limits on neutrino transition moments [117, 118].

distortion of the Cosmic Microwave Background Radiation (CMBR). These limits can be
expressed as (see [117, 118] and references therein)

μeff

μB
<

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.9 × 10−1
(
eV
mν

)2

Reactor (νe),

0.5 × 10−5
(
eV
mν

)2

Sun (νe),

1.5 × 10−8
(
eV
mν

)2

SN1987A (all flavors),

1.0 × 10−11
(
eV
mν

)9/4

CMBR (all flavors).

(5.5)

Detailed discussions (and corresponding references) on the astrophysical constraints on the
neutrino magnetic and electric transition moments, summarized in Figure 3, can be found in
[117, 118].

For completeness, we would like to mention that other processes characterized by the
same signature of (5.1) have been considered (for a review of the literature see [120–124]).

(i) The photon radiation by a massless neutrino (νi → νj + γ, i = j) due to the vacuum
polarization loop diagram in the presence of an external magnetic field [125].

(ii) The photon radiation by a massive neutrino with nonvanishing magnetic moment
in constant magnetic and electromagnetic wave fields [126–129].

(iii) The Cherenkov radiation due to the nonvanishing neutrino magnetic moment in an
homogeneous and infinitely extended medium, which is only possible if the speed
of the neutrino is larger than the speed of light in the medium [130, 131].

(iv) The transition radiation due to a nonvanishing neutrino magnetic moment which
would be produced when the neutrino crosses the interface of two media with
different refractive indices [132–134].
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(v) The Cherenkov radiation of a massless neutrino due to its induced charge in
a medium [135, 136]. (Note that the neutrino electromagnetic properties are in
general affected by the external environment. In particular, a neutrino can acquire
an electric charge in magnetized matter [135, 136] and the neutrino magnetic
moment depends on the strength of external electromagnetic fields [127, 137, 138].
A recent study of the neutrino electromagnetic vertex in magnetized matter can be
found in [139]. See also [122, 123] for a review of neutrino interactions in external
electromagnetic fields.)

(vi) The Cherenkov radiation of massive and massless neutrinos in a magnetized
medium [120, 140].

(vii) The neutrino radiative decay (νi → νj + γ, i /= j) in external fields and media (see
[141–146] and references therein).

(viii) The spin light of neutrino in matter (SLν) that is a mechanism of electromagnetic
radiation due to the precession or transition of magnetic or electric (transition)
moments of massive neutrinos when they propagate in background matter [121,
147–151].

A very interesting process, for the purpose of constraining neutrino electromagnetic
properties, is the photon (plasmon) decay into a neutrino-antineutrino pair:

γ∗ −→ ν + ν. (5.6)

This process becomes kinematically allowed in media, because a photon with the dispersion
relation ω2

γ + �k
2
γ > 0 roughly behaves as a particle with an effective mass.

Plasmon decay generated by the neutrino coupling to photons due to a magnetic
moment μν (and/or to a neutrino electric millicharge qν) was first considered in [152] as
a possible source of energy loss of the Sun. The requirement that the energy loss does not
exceed the solar luminosity gave [117, 118]

μν � 4 × 10−10 μB, (5.7)

and qν � 6 × 10−14 e.
The tightest astrophysical bound on a neutrino magnetic moment is provided by

the observed properties of globular cluster stars. The plasmon decay (5.6) inside the star
liberates the energy ωγ in the form of neutrinos that freely escape the stellar environment.
This nonstandard energy loss cools a red giant star so fast that it can delay helium ignition.
From the lack of observational evidence of this effect, the following limit has been found
[153]:

μν ≤ 3 × 10−12 μB, (5.8)

and qν � 2×10−14 e. This is the most stringent astrophysical constraint on a neutrino magnetic
moment, applicable to both Dirac and Majorana neutrinos. The same limit applies for the
neutrino magnetic transition moments as well as for the electric (transition) moments.

Recently, it has been shown that the additional cooling due to neutrino magnetic
moments generates qualitative changes to the structure and evolution of stars with masses
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between 7 and 18 solar masses, rather than simply changing the time scales of their burning
[154]. The resulting sensitivity to the neutrino magnetic moment has been estimated to be at
the level of (2 − 4) × 10−11 μB.

6. Spin-Flavor Precession

If neutrinos have magnetic moments, the spin can precess in a transverse magnetic field [155–
157].

Let us first consider the spin precession of a Dirac neutrino generated by its diagonal
magnetic moment μ. The spatial evolution of the left-handed and right-handed helicity
amplitudes ϕL(x) and ϕR(x) in a transverse magnetic field B⊥(x) is given by

i
d
dx

(
ϕL(x)
ϕR(x)

)
=
(

0 μB⊥(x)
μB⊥(x) 0

)(
ϕL(x)
ϕR(x)

)
. (6.1)

The differential equation (6.1) can be solved through the transformation:

(
ϕL(x)
ϕR(x)

)
=

1√
2

(
1 1
−1 1

)(
ϕ−(x)
ϕ+(x)

)
. (6.2)

The new amplitudes ϕ−(x) and ϕ+(x) satisfy decoupled differential equations, whose
solutions are

ϕ∓(x) = exp
[
±i

∫x

0
dx′μB⊥

(
x′)

]
ϕ∓(0). (6.3)

If we consider an initial left-handed neutrino, we have

(
ϕL(0)
ϕR(0)

)
=
(
1
0

)
=⇒

(
ϕ−(0)
ϕ+(0)

)
=

1√
2

(
1
1

)
. (6.4)

Then, the probability of νL → νR transitions is given by

PνL → νR(x) =
∣∣ϕR(x)

∣∣2 = sin2
(∫x

0
dx′μB⊥

(
x′)

)
. (6.5)

Note that the transition probability is independent from the neutrino energy (contrary to the
case of flavor oscillations) and the amplitude of the oscillating probability is unity. Hence,
when the argument of the sine is equal to π/2, there is complete νL → νR conversion.

The precession νeL → νeR in themagnetic field of the Sunwas considered in 1971 [155]
as a possible solution of the solar neutrino problem. If neutrinos are Dirac particles, right-
handed neutrinos are sterile and a νeL → νeR conversion could explain the disappearance of
active solar νeL’s.

In 1986, it was realized [156, 157] that the matter effect during neutrino propagation
inside of the Sun suppresses νeL → νeR transition by lifting the degeneracy of νeL and νeR.
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Indeed, taking into account matter effects, the evolution equation (6.1) for a Dirac neutrino
becomes

i
d
dx

(
ϕL(x)
ϕR(x)

)
=
(
V (x) μB⊥(x)
μB⊥(x) 0

)(
ϕL(x)
ϕR(x)

)
, (6.6)

with the appropriate potential V (x) which depends on the neutrino flavor:

Vα(x) = VCC(x) δαe + VNC(x). (6.7)

Here, VCC and VNC are the charged-current and neutral-current potentials given by

VCC(x) =
√
2GFNe(x), VNC(x) = −1

2

√
2GFNn(x), (6.8)

where Ne(x) and Nn(x) are the electron and neutron number densities in the medium. For
antineutrinos, V α(x) = −Vα(x).

In the case of a constant matter density, the differential equation (6.6) can be solved
analytically with the orthogonal transformation:

(
ϕL(x)
ϕR(x)

)
=
(

cos ξ sin ξ
− sin ξ cos ξ

)(
ϕ−(x)
ϕ+(x)

)
. (6.9)

The angle ξ is chosen in order to diagonalize the matrix operator in (6.6):

sin 2ξ =
2μB⊥
ΔEM

, (6.10)

with the effective energy splitting in matter

ΔEM =
√
V 2 +

(
2μB⊥

)2
. (6.11)

The decoupled evolution of ϕ∓(x) is given by:

ϕ∓(x) = exp
[
− i
2
(V ∓ΔEM)

]
ϕ∓(0). (6.12)

For an initial left-handed neutrino,

(
ϕ−(0)
ϕ+(0)

)
=
(
cos ξ
sin ξ

)
, (6.13)

leading to the oscillatory transition probability:

PνL → νR(x) =
∣∣ϕR(x)

∣∣2 = sin22ξsin2
(
1
2
ΔEMx

)
. (6.14)
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Since in matter ΔEM > 2μB⊥, the matter effect suppresses the amplitude of νL → νR
transitions. However, these transitions are still independent from the neutrino energy, which
does not enter in the evolution equation (6.6).

When it was known, in 1986 [156, 157], that the matter potential has the effect of
suppressing νL → νR transitions because it breaks the degeneracy of left-handed and right-
handed states, it did not take long to realize, in 1988 [158, 159], that the matter potentials can
cause resonant spin-flavor precession if different flavor neutrinos have transition magnetic
moments (spin-flavor precession in vacuum was previously discussed in [24]).

Let us denote with ψαh(x) the flavor and helicity amplitudes (with α = e, μ, τ and
h = ±1), that is, ϕα−1(x) ≡ ϕαL(x) and ϕα+1(x) ≡ ϕαR(x). Considering neutrino mixing, the
evolution of the flavor and helicity amplitudes is given by

i
dψαh(x)

dx
=
∑

β

∑

h′=±1

[(
∑

k

Uαk

m2
k

2E
U∗
βk + Vα(x)δαβ

)
δhh′ + μαβB⊥(x)δ−hh′

]
ψβh′(x), (6.15)

with the effective magnetic moments in the flavor basis:

μαβ =
∑

k,j

UαkμkjU
∗
βj . (6.16)

For a Dirac neutrino, from (2.36), we have

μjk = μkj∗ =⇒ μβα = μ∗
αβ. (6.17)

If CP is conserved, from (2.43), and the reality of the mixing matrix, for a Dirac neutrino, we
obtain

CP =⇒ μjk = μkj =⇒ μβα = μαβ. (6.18)

For a Majorana neutrino, from (2.59) and (2.61), we have

μjk = −μkj , μkj = −μkj∗. (6.19)

Hence, in the mass basis of Majorana neutrinos, there are no diagonal magnetic moments and
the transition magnetic moments are imaginary. If CP is not conserved, the mixing matrix
is not real and the constraints (6.19) do not imply similar relations between the effective
magnetic moments in the flavor basis, for which we have only the relation in (6.17) as
for Dirac neutrinos. In particular, Majorana neutrinos can have diagonal effective magnetic
moments in the flavor basis if CP is not conserved. Let us emphasize that both Dirac and
Majorana phases contribute to this effect. Therefore, it occurs also in the case of two-neutrino
mixing, in which there is one Majorana phase.

On the other hand, if CP is conserved, there is no additional constraint on the magnetic
moments of Majorana neutrinos in the mass basis, as we have seen in Section 2.2. However,
in this case, the mixing matrix is real and we have

CP =⇒ μβα = −μαβ, μαβ = −μαβ∗. (6.20)
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Hence, only if CP is conserved, there are no diagonal magnetic moments of Majorana
neutrinos in the flavor basis as in the mass basis.

In the following, we discuss the spin-flavor evolution equation in the two-neutrino
mixing approximation, which is interesting for understanding the relevant features of
neutrino spin-flavor precession.

Considering Dirac neutrinos, from (6.15), it follows that the generalization of (6.1) to
two-neutrino νe − νμ mixing is, using an analogous notation,

i
d
dx

⎛
⎜⎜⎝

ϕeL(x)
ϕμL(x)
ϕeR(x)
ϕμR(x)

⎞
⎟⎟⎠ = H

⎛
⎜⎜⎝

ϕeL(x)
ϕμL(x)
ϕeR(x)
ϕμR(x)

⎞
⎟⎟⎠, (6.21)

with the effective Hamiltonian matrix:

H =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−Δm
2

4E
cos 2ϑ + Ve

Δm2

4E
sin 2ϑ μeeB⊥(x) μeμB⊥(x)

Δm2

4E
sin 2ϑ

Δm2

4E
cos 2ϑ + Vμ μ∗

eμB⊥(x) μμμB⊥(x)

μeeB⊥(x) μeμB⊥(x) −Δm
2

4E
cos 2ϑ

Δm2

4E
sin 2ϑ

μ∗
eμB⊥(x) μμμB⊥(x)

Δm2

4E
sin 2ϑ

Δm2

4E
cos 2ϑ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (6.22)

where we have used the constraint (6.17) for the transition magnetic moments. The
matter potential can generate resonances, which occur when two diagonal elements of H
become equal. Besides the standard MSW resonance in the νeL � νμL channel for VCC =
Δm2 cos 2ϑ/2E (see [1–4]), there are two possibilities

(1) There is a resonance in the νeL � νμR channel for

Ve =
Δm2

2E
cos 2ϑ. (6.23)

The density at which this resonance occurs is not the same as that of the MSW
resonance, because of the neutral-current contribution to Ve = VCC + VNC. The
location of this resonance depends on bothNe andNn.

(2) There is a resonance in the νμL � νeR channel for

Vμ = −Δm
2

2E
cos 2ϑ. (6.24)

If cos 2ϑ > 0, this resonance is possible in normal matter, since the sign of Vμ = VNC

is negative, as one can see from (6.8).

In practice, the effect of these resonances could be the disappearance of active νeL or νμL into
sterile right-handed states.
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Let us consider now the more interesting case of Majorana neutrinos, which presents
two fundamental differences with respect to the Dirac case.

(A) If CP is conserved, Majorana neutrinos can have only a transitionmagnetic moment
μeμ = −μμe = −μ∗

eμ in the flavor basis.

(B) The right-handed states are not sterile, but they interact as right-handed Dirac
antineutrinos.

Assuming CP conservation, the evolution equation of the amplitudes is given by (6.21) with
the effective Hamiltonian matrix:

H =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−Δm
2

4E
cos 2ϑ + Ve

Δm2

4E
sin 2ϑ 0 μeμB⊥(x)

Δm2

4E
sin 2ϑ

Δm2

4E
cos 2ϑ + Vμ −μeμB⊥(x) 0

0 μeμB⊥(x) −Δm
2

4E
cos 2ϑ − Ve Δm2

4E
sin 2ϑ

−μeμB⊥(x) 0
Δm2

4E
sin 2ϑ

Δm2

4E
cos 2ϑ − Vμ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (6.25)

Again, besides the standard MSW resonance in the νeL � νμL channel, there are two possible
resonances

(1) There is a resonance in the νeL � νμR channel for

VCC + 2VNC =
Δm2

2E
cos 2ϑ. (6.26)

(2) There is a resonance in the νμL � νeR channel for

VCC + 2VNC = −Δm
2

2E
cos 2ϑ. (6.27)

The location of both resonances depend on both Ne and Nn. If cos 2ϑ > 0, only the first
resonance can occur in normal matter, where Nn � Ne/6. A realization of the second
resonance requires a large neutron number density, as that in a neutron star.

The neutrino spin oscillations in a transverse magnetic field with a possible rotation
of the field-strength vector in a plane orthogonal to the neutrino-propagation direction (such
rotating fields may exist in the convective zone of the Sun) have been considered in [160–
163]. The effect of the magnetic-field rotation may substantially shift the resonance point of
neutrino oscillations. Neutrino spin oscillations in electromagnetic fields with other different
configurations, including a longitudinal magnetic field and the field of an electromagnetic
wave, were examined in [164–169].

It is possible to formulate a criterion [163] for finding out if the neutrino spin and spin-
flavor precession is significant for given neutrino and background medium properties. The
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probability of oscillatory transitions between two neutrino states ναL � νβR can be expressed
in terms of the elements of the effective Hamiltonian matrices (6.22) and (6.25) as

PναL�νβR = sin2ϑeffsin2 xπ

Leff
, (6.28)

where

sin2ϑeff =
4H2

αβ

4H2
αβ +

(
Hββ −Hαα

)2 , Leff =
2π

√
4H2

αβ +
(
Hββ −Hαα

)2 . (6.29)

The transition probability can be of order unity if the following two conditions hold
simultaneously: (1) the amplitude of the transition probability must be sizable (at least
sin2ϑeff � 1/2); (2) the neutrino path length in a medium with a magnetic field should be
longer than half the effective length of oscillations Leff. In accordance with this criterion, it is
possible to introduce the critical strength of a magnetic field Bcr which determines the region
of field values B⊥ > Bcr at which the probability amplitude is not small (sin2ϑeff > 1/2):

Bcr =
1
2μ̃

√(
Hββ −Hαα

)2
, (6.30)

where μ̃ is μee, μμμ, μeμ, or μμe depending on the type of neutrino transition process in
question.

Consider, for instance, the case of νeL � νμR transitions of Majorana neutrinos. From
(6.25) and (6.30), it follows [163] that

Bcr =

∣∣∣∣∣
1
2μ̃

(
Δm2 cos 2ϑ

2E
−
√
2GFNeff

)∣∣∣∣∣, (6.31)

whereNeff =Ne−Nn. For getting numerical estimates of Bcr, it is convenient to rewrite (6.31)
in the following form:

Bcr ≈ 43
μB
μ̃

∣∣∣∣∣cos 2ϑ
(

Δm2

eV2

)(
MeV
E

)
− 2.5 × 10−31

(
Neff

cm−3

)∣∣∣∣∣Gauss. (6.32)

An interesting feature of the evolution equation (6.21) in the case of Majorana
neutrinos is that the interplay of spin precession and flavor oscillations can generate νeL →
νeR transitions [170]. Since νeR interacts as right-handed Dirac antineutrinos, it is often
denoted by νeR, or only νe, and called “electron antineutrino.” This state can be detected
through the inverse β-decay reaction:

νe + p −→ n + e+, (6.33)

having a threshold Eth = 1.8MeV.
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The possibility of νe → νe transitions generated by spin-flavor precession of Majorana
neutrinos is particularly interesting for solar neutrinos, which experience matter effects in
the interior of the Sun in the presence of the solar magnetic field (see [10, 171]). Taking into
account the dominant νe → νa transitions due to neutrino oscillations (see [1–4]), with νa =
cosϑ23νμ − sinϑ23ντ and sin22ϑ23 > 0.95 (90% C.L.) [66], the probability of solar νe → νe
transitions is given by [172]

Pνe → νe � 1.8 × 10−10sin22ϑ12

(
μea

10−12 μB

B⊥(0.05R�)
10 kG

)2

, (6.34)

where μea is the transition magnetic moment between νe and νa, sin22ϑ12 = 0.857+0.023−0.025 [66]
and R� is the radius of the Sun.

It is also possible that spin-flavor precession occurs in the convective zone of the Sun,
where there can be random turbulent magnetic fields [173–175]. In this case [176],

Pνe → νe ≈ 10−7S2
(

μea

10−12 μB

)2( B

20 kG

)2
(

3 × 104 km
Lmax

)p−1

×
(

8 × 10−5 eV2

Δm2
21

)p(
E

10MeV

)p
(

cos2ϑ12

0.7

)p

,

(6.35)

where S is a factor of order unity depending on the spatial configuration of themagnetic field,
B is the average strength of the magnetic field at the spatial scale Lmax, which is the largest
scale of the turbulence, p is the power of the turbulence scaling, Δm2

21 = 7.50+0.19−0.20 × 10−5 eV2

[66], and E is the neutrino energy. A possible value of p is 5/3 [173–175], corresponding to
Kolmogorov turbulence. Conservative values for the other parameters are B = 20 kG and
Lmax = 3 × 104 km.

In 2002, the Super-Kamiokande Collaboration established for the flux of solar νe’s a
90% C.L. an upper limit of 0.8% of the Standard Solar Model (SSM) neutrino flux in the range
of energy from 8 to 20MeV [177] by taking as a reference the BP00 SSM prediction φBP00

8B =
5.05×106 cm−2 s−1 for the solar 8B flux [178] and assuming an undistorted 8B spectrum for the
νe’s. This limit was improved in 2003 by the KamLAND Collaboration [179] to 2.8 × 10−4

of the BP00 SSM prediction at 90% C.L. by measuring φνe < 370 cm−2 s−1 (90% C.L.) in the
energy range 8.3–14.8MeV, which corresponds to φνe < 1250 cm−2 s−1 (90% C.L.) in the entire
8B energy range assuming an undistorted spectrum.

Recently, the Borexino collaboration established the best limit on the probability of
solar νe → νe transitions [180]:

Pνe → νe < 1.3 × 10−4 (90% C.L.), (6.36)

by taking as a reference φSSM
8B = 5.88 × 106 cm−2 s−1 [181] and assuming an undistorted 8B

spectrum for the νe’s. They measured φνe < 320 cm−2 s−1 (90% C.L.) for Eνe > 7.3MeV, which
corresponds to φνe < 760 cm−2 s−1 (90% C.L.) in the entire 8B energy range assuming an
undistorted spectrum.

The implications of the limits on the flux of solar νe’s on Earth for the spin-flavor
precession of solar neutrinos have been studied in several papers [172–175, 182–185], taking



38 Advances in High Energy Physics

into account the dominant νe → νμ, ντ transitions due to neutrino oscillations (see [1–4]).
Using (6.34) and (6.36), we obtain

μea � 1.3 × 10−12
7 MG

B⊥(0.05R�)
μB, (6.37)

with 600 G � B⊥(0.05R�) � 7 MG [180]. In the case of spin-flavor precession in the
convective zone of the Sun with random turbulent magnetic fields, (6.35) and (6.36) give,
assuming p = 5/3,

μea � 4 × 10−11 S−1
20 kG
B

(
Lmax

3 × 104 km

)1/3

μB. (6.38)

The spin-flavor mechanism was also considered [186] in order to describe time
variations of solar-neutrino fluxes in Gallium experiments. The effect of a nonzero neutrino
magnetic moment is also of interest in connection with the analysis of helioseismological
observations [187].

The idea that the neutrino magnetic moment may solve the supernova problem, that
is, that the neutrino spin-flip transitions in a magnetic field provide an efficient mechanism of
energy transfer from a protoneutron star, was first discussed in [188] and then investigated
in some detail in [189–191]. The possibility of a loss of up to half of the active left-handed
neutrinos because of their transition to sterile right-handed neutrinos in strong magnetic
fields at the boundary of the neutron star (the so-called boundary effect) was considered
in [163].

7. Summary and Perspectives

In this review, we have considered the electromagnetic properties of neutrinos with focus on
the most important issues related to the problem. The main results discussed in the paper can
be summed up as follows.

In the most general case, the neutrino electromagnetic vertex function is defined in
terms of four form factors: the charge, dipole magnetic, and electric and anapole form factors.
This decomposition is consistent with Lorentz and electromagnetic gauge invariance. The
four form factors at zero momentum transfer q2 = 0 are, respectively, the neutrino charge,
magnetic moment, electric moment, and anapole moment. These quantities contribute to
elements of the scattering matrix and describe neutrino interactions with real photons.

An important characteristic of neutrino electromagnetic properties is that they are
different for Dirac and Majorana neutrinos. In particular, Majorana neutrinos cannot
have diagonal magnetic or electric moments. Thus, studies of neutrino electromagnetic
interactions can be used as a procedure to distinguish whether a neutrino is a Dirac or
Majorana particle.

Moreover, CP invariance in the lepton sector puts additional constraints on the
neutrino form factors and can be tested with experimental probes of neutrino electromagnetic
interactions.

Up to now, no effect of neutrino electromagnetic properties has been found in
terrestrial laboratory experiments and in the analyses of astrophysical and cosmological
data. However, massive neutrinos have nontrivial electromagnetic properties in a wide set
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of theoretical frameworks, including the simplest extension of the Standard Model with
inclusion of singlet right-handed neutrinos. Therefore, the search for nonvanishing neutrino
electromagnetic properties is of great interest for experimentalist and theorists.

The neutrino dipole magnetic (and also electric)moment is theoretically the most well
studied and understood among the neutrino electromagnetic moments. In models which
extend the Standard Model with the addition of singlet right-handed neutrinos, a Dirac
neutrino has a nonzero magnetic moment proportional to the neutrino mass, which yields
a very small value for the magnetic moment, less than about 3 × 10−19 μB for a neutrino mass
smaller than 1 eV (3.5). Extra terms contributing to the magnetic moment of the neutrino
that are not proportional to the neutrino mass may exist, for example, in the framework of
left-right symmetric models. In this type of models, as well as in other generalizations of the
Standard Model, as, for instance, in supersymmetric and extradimension models, values of
the neutrino magnetic moment much larger than 10−19 μB can be obtained.

The most severe terrestrial experimental upper bound for the effective electron
antineutrino magnetic moment, μνe ≤ 2.9 × 10−11 μB at 90% C.L. (3.31), has been recently
obtained in the direct antineutrino-electron scattering experiment performed by the GEMMA
collaboration [58]. This value is still about an order of magnitude weaker than the upper
bound μν � 3 × 10−12 μB (5.8) obtained from astrophysics (considering the cooling of red
giant stars) [153].

There is a gap of some orders of magnitude between the present experimental
limits ∼10−11 ÷ 10−12 μB on neutrino magnetic moments and the predictions of different
extensions of the Standard Model which hint at a range ∼10−14 ÷ 10−15 μB [28, 29, 80] (see
Section (3.5)). The terrestrial experimental constraints have been improved by only one
order of magnitude during a period of about twenty years. Further improvements are
very important, but unfortunately at the moment there is no new idea which could lead
to fast improvements in the near future. On the other hand, astrophysical studies could
allow significant improvements of the sensitivity to nontrivial neutrino electromagnetic
properties and maybe find a positive indication in their favor. In particular, neutrino flows
in extreme astrophysical environments with very strong magnetic fields are sensitive to
small values of the neutrino electromagnetic moments. An example is the modelling of
neutrinos propagation during core-collapse supernovae (see [192] and references therein)
where very strong magnetic fields are believed to exist and in which the influence of neutrino
electromagnetic properties has not yet been taken into account.
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The result of the neutrino magnetic moment measurement at the Kalinin Nuclear Power
Plant (KNPP) with GEMMA spectrometer is presented. The antineutrino-electron scattering is
investigated. A high-purity germanium detector with amass of 1.5 kg placed at a distance of 13.9m
from the 3GWth reactor core is exposed to the antineutrino flux of 2.7 × 1013 1/cm2/s. The recoil
electron spectra taken in 18134 and 4487 hours for the reactor ON and OFF periods are compared.
The upper limit for the neutrino magnetic moment μν < 2.9 × 10−11μB at 90% C.L. is derived from
the data processing.

1. Introduction

The Minimally Extended Standard Model (MSM) predicts a very small magnetic moment
value for the massive neutrino (μν ∼ 10−19 μB) that cannot be observed in experiment at
present. However, there are a number of theory extensions beyond the MSM where NMM
could be at the level of 10−(10÷12) μB [1–5] for Majorana neutrino. At the same time, it follows
from general considerations [6, 7] that the Dirac NMM cannot exceed 10−14 μB. Therefore, the
observation of NMM value higher than 10−14 μB would be an evidence of new physics and
indicate undoubtedly [8–10] that neutrino is a Majorana particle. Furthermore, according to
[11] new lepton number violating physics responsible for the generation of NMM arises at
the scale Λwhich is well below the see-saw scale. For example, for μν = 1.0× 10−11 μB and the
neutrino massmν = 0.3 eV, we can find that Λ ≤ 100TeV.
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Figure 1: Weak (W) and electromagnetic (EM) cross-sections calculated for several NMM values.

It is rather important to make laboratory NMM measurements sensitive enough to
reach the ∼10−11 μB region. The Savanna River experiment by Reines’ group can be considered
as the beginning of suchmeasurements. Over a period of thirty years, the sensitivity of reactor
experiments has been improved by only a factor of three: from [2 − 4] × 10−10 μB [12, 13] to
[6− 7]× 10−11 μB [14, 15]. Similar limits were obtained for solar neutrinos [16, 17], but, due to
the MSW effect (as well as matter-enhanced oscillations in the Sun), their flavor composition
changes and therefore the solar NMM results could differ from the reactor ones. In this paper,
the result of NMM measurement by the collaboration of ITEP (Moscow) and JINR (Dubna)
is presented. The measurements are carried out with the GEMMA spectrometer [15, 18, 19]
at the 3GWth reactor of the KNPP.

2. Experimental Approach

A laboratory measurement of the NMM is based on its contribution to the ν − e scattering.
For nonzero NMM, the ν − e differential cross-section is [8] a sum of weak interaction cross-
section (dσW/dT) and electromagnetic one (dσEM/dT):

dσW

dT
= G2

F ·
(
m

2π

)
·
[
4x4 +

(
1 + 2x2

)2 ·
(
1 − T

E

)2

− 2x2(1 + x2)mT
E2

]
, (2.1)

dσEM

dT
= πr20

(
μν
μB

)2( 1
T
− 1
E

)
, (2.2)

where E is the incident neutrino energy, T is the electron recoil energy, x2 = sin2θW = 0, 232 is
a Weinberg parameter, and r0 is a classical electron radius (πr20 = 2.495 × 10−25 cm2).

Figure 1 shows differential cross-sections (2.1) and (2.2) averaged over the typical
antineutrino reactor spectrum versus the electron recoil energy. One can see that, at low recoil
energy (T � Eν), the value of dσW/dT becomes almost constant while dσEM/dT increases
as T−1. It becomes evident that the lower the detector threshold is, the more considerable
increase in the NMM effect with respect to the weak unremovable contribution we can obtain.
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Figure 2: Signal processing scheme.

To realize this useful feature in our GEMMA spectrometer [15], we use a 1.5 kg HPGe
detector with the energy threshold as low as 2.8 keV. To be sure that there is no efficiency cut
at this energy, the “hard” trigger threshold is set twice lower (1.5 keV).

The background suppression is realized by means of various methods. The detector
(Figure 3) is placed inside a cup-shaped NaI crystal with 14 cm thick walls and surrounded
by 5 cm of electrolytic copper and 15 cm of lead. This active and passive shielding reduces
the external γ-background in the ROI (the region of interest (ROI) in our analysis includes
two fragments from 2.8 to 9.4 and from 11.2 to 55 keV, i.e., the low-energy part of the
continuous spectrum without peaks which could depend on the reactor operation) to the
level of ∼2 counts/keV/kg/day. Being located just under the reactor number 2 of KNPP (at
the distance of 13.9m from the reactor core center), the detector is well shielded against
the hadronic component of cosmic rays by the reactor body and technologic equipment
(overburden ∼70m w.e.). The muon component is reduced by a factor of 10 at ±20◦ with
respect to vertical line and 3 at 70◦÷ 80◦. Nevertheless, a part of residual muons is captured
in the massive shielding and produce neutrons that scatter elastically in Ge detector and
raise the low-energy background. To suppress this effect, the spectrometer is covered with
additional plastic scintillator plates which produce relatively long μ-veto signals. In order
to reduce nonphysical low-amplitude circuit noise (afterpulses, radio frequency interference,
microphonism, etc.), the detector signal is processed by three parallel independent electronic
channels with different shaping time (Figure 2). This allows us to apply a primitive Fourier
analysis [20] and thus discriminate the artefact signals.

3. Data Taking and Processing

In order to get a recoil electron spectrum, we use a differential method comparing the spectra
measured at the reactor operation (ON) and shut down (OFF) periods. Our experiment is
divided into 3 phases. For Phase-I, we have 5184 and 1853 hours for the reactor ON and
OFF periods, respectively. 6798 ON-hours and 1021 OFF-hours of live time statistics have
been found to be available for analysis in Phase-II. Today, we can add Phase-III results. They
contain 6152 ON-hours and 1613 OFF-hours of live time statistics.

During themeasurement, the signals of theHPGe detector, anticomptonNaI shielding,
and outer anticosmic plastic counters as well as dead time information are collected on the
event by event basis. The detection efficiency just above the threshold is checked with a
pulser. The neutrino flux during the ON period is estimated via the reactor thermal power
measured with accuracy of 0.7%.
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At the beginning of the experiment, the background was measured with and without
shielding. On Figure 4, one can see the background suppression due to passive and active
shielding.

The collected data are processed in several steps. The first step involves different
selections aimed to suppress nonphysical and physical backgrounds.

(1) Bad run rejection. We reject those hour-long runs which correspond to the periods
of liquid nitrogen filling and any mechanical or electrical work at the detector site
as it could produce noise.

(2) Radioactive noble gas rejection. Unfortunately, the detector shielding turned out to
be not tight enough against radioactive noble gases. To smooth away this design
defect, we analyze energy spectra measured during each several hours and check
the stability of the γ-background. If any visible excess of 81 keV (133Xe), 250 keV
(135Xe) or 1294 keV (41Ar) γ-line occurs, the corresponding runs are removed. (In
fact these files are used later for the “noble gas” correction for the rest of the data.)

(3) Detector noise rejection. For some obscure reasons, our Ge detector happened to
become noisy from time to time. In order to reject these noisy periods, the low-
amplitude count rate is checked second by second and those seconds that contain
more than 5 events with E > 2 keV are rejected.

(4) Audio-frequency rejection. We reject those events which are separated by a time
interval shorter than 80ms or equal to [n · (20.0 ± 0.1)]ms. In this way, we suppress
the noise caused by mechanical vibrations (ringing) and the 50Hz power line
frequency.

(5) Fourier rejection. As it has already been mentioned, the real and the artefact signals
have different Fourier spectra. To exploit this difference, we build three plots similar
to that shown in Figure 5: (E2 versus E1), (E3 versus E2), and (E1 versus E3).
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The real signal falls into diagonals (E1 � E2 � E3) within the energy resolution,
whereas any nonphysical artefact shows a different pattern. We select only diagonal events
and thus additionally reject low- and high-frequency noise. To ensure the best cutoff, we
replace E1, E2, and E3 by their linear combination E:

E = aE1 + bE2 + cE3, (3.1)
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where the weights a, b, c are chosen (subjectively) so as to make the vector be antiparallel to
the noise gradient (Figure 5(b)).

After the above rejections, we construct energy spectra for the ON and OFF periods
and correct them in the following two steps (the corrections do not give a significant error to
the final result as they affect ON and OFF spectra in the same way):

(1) Noble gas correction. As our spectrometer is not located in a special laboratory but
in the technological room sometimes, there are short operational periods when the
concentration of 41Ar, 133Xe, and 135Xe in this room becomes higher than usual.
Spectra measured under these conditions are used to evaluate the contribution of
each radioactive gas to the low-energy part of the background. These contributions
normalized to the intensities of the corresponding γ-lines are then subtracted from
those few ON and OFF spectra where small traces of these lines are still present. In
this case, the value of such correction in the ROI does not exceed 1-2%.

(2) Low-energy threshold correction. The detection efficiency η just above the threshold
E0 is measured with a pulser and is fitted with the function

η(E) =
∫E

−∞

1√
2πσ

e−(x−E0)
2/2σ2

dx, (3.2)

where σ stands for the detector energy resolution. Experimental spectra are then
corrected by the function (3.2)which becomes significant at energies below 2.8 keV
in our case (Figure 6).

During the long-term measurements, it is crucial to establish the long-term stability
as well. In our case, this problem is divided into two main parts: the background constancy
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and the hardware stability. The main source of background instability is the presence of noble
gases (see “noble gas correction”). One of the best ways to check the hardware is to control
the position of some energy peak because almost any changes in the hardware result in its
shift. But, in the low background measurements, this method could not be applied due to
insufficient statistics. That is why we have used the following procedure. First, we have made
the binning of overall data. The idea of this binning consists in obtaining enough data in
some devoted spectrum lines. The next step is to check if those peaks have some additional
broadening because of possible amplification changes during the bin time. If this broadening
appears to be large enough (10% or more), we perform the rebinning to find the exact time of
the shift and possibly distinguish its origin. Then, the data divided in this way are transferred
to the uniform energy scale (0.1 keV/channel) and only after that are summed up. Thus, we
automatically reduce the influence of the hardware instability to the negligible level.

As a result, we obtain energy spectra S for the ON and OFF periods which must be
normalized by the corresponding active times TON and TOFF and then compare them to each
other taking into account the additional neutrino dependent term:

SON

TON
=
SOFF

TOFF
+mdΦν(W +X ∗ EM). (3.3)

The last term includes the fiducial detector mass md and the antineutrino flux
Φν (known with an accuracy of 1.7% and 3.5%, resp.) multiplied by the sum of two neutrino
contributions: the weak one (W) which can be calculated easily using formula (2.1) and is
completely negligible in our case and the electromagnetic one (EM) which is proportional to
the squared NMM value:

X ≡
(

μν

10−11μB

)2

. (3.4)

Unfortunately, the exposition times of ON and OFF periods are not equal. A usual
OFF period is much shorter, and therefore the final sensitivity is limited by the background
uncertainties. However, today after four years of data taking, we know the ROI background
structure with good confidence (280 kg∗day of OFF statistics). It gives us the right to
introduce additional information in our analysis, namely, to state that our background is a
smooth curve.

To implement this conventional idea, we fit the background OFF spectrum in the
ROI from 2.8 keV to 55 keV with a parametrized smooth function (e.g., a sum of Gaussian,
exponential, and linear functions). We can also use splines for this procedure. All these fits
produce slightly different results, and their spread is taken into account in the final systematic
error.

Then, we compare the ON spectrum channel by channel with the obtained background
curve and extract the X-value (or its upper limit) from (3.3). This evaluation is more
complicated than expected because it is very difficult to count active times TON and TOFF

precisely in a proper way (especially after numerous selections of the events). To avoid
possible errors caused by this procedure, we divide the active time normalization into two
parts: absolute (TON) and relative (τ ≡ TON/TOFF).

Roughly, both the TON and TOFF active times are estimated using several background γ-
lines: the 238 keV line of 212Pb, the 1173 keV and 1333 keV lines of 60Co, and the 1461 keV line
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of 40K. This radiation originates from the pollution of the internal parts of the spectrometer
and is therefore stable in time and does not depend on the reactor operation. Comparing the
intensities of the above lines measured with and without any selections, we get the estimates
T ′
ON and T ′

OFF with an accuracy of 0.9% and 1.9%, respectively. However, this is not enough
to evaluate the τ value with the required precision. We resolve this problem in the following
way.

The relative ON/OFF time factor τ is represented as a product of its estimate τ ′ =
T ′
ON/T

′
OFF (which is a constant known with an accuracy of 2.1%) and a correction factor K

(which should be not far from 1.0): τ = Kτ ′. Then, (3.3) can be transformed to

W +X ∗ EM =
(
SON −Kτ ′SOFF

) ∗ (TONmdΦν)−1. (3.5)

As one can see, the absolute time normalization TON contributes to the final result in
the same way as Φν or md (i.e., simply as a factor), and therefore we can replace TON by its
estimate T ′

ON. Standard systematic deviation δX caused by this factor is not significant:

δX

X
=
δ(TONmdΦν)
TONmdΦν

=
√
(0.9%)2 + (1.7%)2 + (3.5%)2 ≈ 4.0%. (3.6)

Preliminary time normalization can be performed not only with the background γ-
lines but also with a part of the continuous spectrum (e.g., from 20 to 55 keV). Both methods
give very similar results, but the second one provides better precision due to higher statistics.
Comparison of γ-lines as well as integrals of continuous parts between ON and OFF spectra
remaining after application of selection procedure allows us to extractK-value with accuracy
better than 1%.

Figure 7 illustrates good background knowledge. Furthermore, its bottom part shows
that there is no visible deviation of X-value from zero within statistical errors. This
demonstrates that our way of data processing is adequate and does not bring in an additional
systematic error.
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To extract the NMMvalue, we compare ON spectrumwith the obtained curve channel
by channel (to be more precise, with a narrow corridor with the width given by the fitting
uncertainty). Applying this procedure to the total statistics of Phases I + II + III, we get the
final distribution for X (Figure 8).

After a conventional renormalization recommended by the Particle Data Group [21]
and described in our previous work [19], we extract the upper limit for the X parameter and
thus get the following NMM limit:

μν < 2.9 ∗ 10−11μB. (3.7)

The data is processed in the energy region of interest (ROI) from 2.8 keV to 55 keVwith
a step of 0.1 keV. The region from 9.4 keV to 11.2 keV is excluded as the corresponding peak
could vary in time. The time dependence of the peak intensity is traced (Figure 9). As one
can see after two months of data taking, it became almost constant. This peak has an internal
origin, so it is always observed as complete absorption peak without low-energy compton
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tail. Taking additionally into account that the intensity is rather small, we can state that the
affection of this peak to the region below 9.4 keV due to finite energy resolution is negligible.

There are two kinds of possible systematic errors in the procedure of X-value
extraction from experimental data. The first one arises from the uncertainties in knowledge
of the neutrino energy spectrum and initial intensity as well as its distortions caused by
possible short-baseline neutrino oscillations [22]. It includes also the uncertainty of the
reactor thermal power, detector fiducial volume, and effective measurement time. Each of
these terms enters the final result as a factor so that a sum of their relative errors gives a small
rise only to the X-distribution width (∼10%) but not the central value. That is why it is not
very important for the case of upper limit estimation. The second source of systematic error
originates from the background estimation. As it was mentioned, the idea of the experiment
is to compare low-energy background measured for the reactor ON and OFF periods ceteris
paribus. Nonequivalence of the conditions could either shift the mean value to the unphysical
(negative) region or mimic the nonzero NMM value. It could be caused by the incorrect
normalization of the measurement times TON/TOFF as well as by presence of any unrecorded
background component correlated with the reactor operation. The absence of the above
effects is demonstrated in Figure 8. One can see the deviation of central value X0 from zero
to be comparable with the dispersion σ. That proves the validity of our assumptions and the
propriety of the chosen method for estimation of the upper limit on X-value.

4. Future Plans

At present time, we prepare experiment GEMMA-II. The experimental setup is being placed
under the reactor number 3 where the distance from the centre of the core is 10m. In this way,
we double the antineutrino flux up to 5.4×1013 1/cm2/s. The γ-background conditions in the
new room are much better (by an order of magnitude), and the climate conditions are more
stable. Furthermore, being equipped with a special lifting mechanism, the spectrometer will
be moveable. It gives us an opportunity to vary on-line the antineutrino flux significantly
and thus suppress the main systematic errors caused by the possible long-term instability
and uncertainties of background knowledge. The mass of the detector is increased by a factor
of 4 (two detectors with a mass of 3 kg each). To avoid the “Xe-problems,” the internal part
of the detector shielding will be gas tight. A special U-type low-background cryostat is used
in order to improve the passive shielding and thus reduce the external background in the
ROI down to ∼0.5–1.0 (keV∗kg∗day)−1. A special care is taken to improve antimicrophonic
and electric shielding. We also plan to reduce the effective threshold from 2.8 to 1.5 keV. The
neutrino flux monitoring will be available by means of special detector (project DANSS, to
be published). As a result of all the improvements we will be able to suppress the systematic
errors and expect the experimental sensitivity to be at the level of 1 × 10−11 μB and thus to
reach the region of astrophysical interest.

5. Conclusion

The experimental NMM search with GEMMA spectrometer has been going on at KNNP
(Russia) since 2005. The HPGe detector of 1.5 kg placed 13.9m under the core of the 3 GWth

water moderated reactor has been exposed to the antineutrino flux of 2.7 × 1013 1/cm2/s. As
a result of the measurement (about 18000 ON-hours and 4500 OFF-hours of live time) the
world best upper limit of 2.9 × 10−11 μB at 90% C.L. was set for the NMM.
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The analysis of data indicates that the sensitivity limit of the setup is almost reached.
To improve it we prepare significant upgrading of the spectrometer (GEMMA-II). Within
the framework of this project we plan to use the antineutrino flux of 5.4 × 1013 1/cm2/s,
increase the mass of the germanium detector by a factor of four, and decrease the level of
the background. These measures will provide us the possibility of achieving the NMM limit
at the level of 1.0 × 10−11 μB.
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