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J. A. Hernando Morata, D. C. Herrera, F. J. Iguaz, I. G. Irastorza, M. A. Jinete, L. Labarga, A. Laing,
I. Liubarsky, J. A. M. Lopes, D. Lorca, M. Losada, G. Luzón, A. Maŕı, J. Mart́ın-Albo, A. Mart́ınez, T. Miller,
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The year 2013 marks the 100th anniversary of the birth of
Bruno Pontecorvo, who first suggested the possibility that
neutrinos might have a nonzero mass such that oscillations
among different neutrino states might occur. Pontecorvo
constantly pursued this idea, after the discovery of other
neutrino flavours, until his death.

This issue is intended as a contribution to the celebration
of this anniversary, by collecting a number of articles on
neutrino masses and neutrino oscillations, both of which
have been the subject of extensive studies and have seen a
tremendous progress over the last decades.

The subject of neutrino mass acquires an even bigger int-
erest after the recent announcement of the existence of a new
boson which is likely to be the elusive Higgs boson.

This represents a beautiful confirmation of several aspects
of the standardmodel.However, in the present formulation of
the standard model neutrinos are massless, in contradiction
with their tiny masses as inferred by oscillation experiments.
Some models link this smallness to the existence of very
heavy mass states, thus opening a window on a much higher
mass scale.

Therefore, the issues of neutrino mass and of lepton
number violation add an unprecedented momentum in the
quest for new physics beyond the standard model.

This issue includes the article “Bruno pontecorvo and
neutrino oscillations” by S. M. Bilenky, a longtime close
collaborator of Bruno Pontecorvo, who gives an overview of
the large number of ideas proposed by Pontecorvo, which

originated a vast number of both experimental and theoreti-
cal developments.

The original ideas (1957-58) are first considered in this
paper. This is followed by the consideration of a later paper
by Pontecorvo on neutrino oscillations (1967) and by the
anticipation of the solar neutrino problem. The article by V.
Gribov and B. Pontecorvo where for the first time a solid the-
oretical formulation of neutrino oscillations (1969) was given
is then considered. The general theory of neutrino mixing
and oscillations and proposals of different experiments on
the search for neutrino oscillations by S. M. Bilenky and B.
Pontecorvo (1975–1989) are finally discussed in detail.

The paper “Four-neutrino analysis of 1.5 km baseline reac-
tor antineutrino oscillations” by S. K. Kang et al. describes
sterile neutrinoswhichmight be discovered in 1.5 kmbaseline
reactor neutrino experiments. Using recent data from RENO
and Daya Bay, the authors performed an analysis of sterile
neutrino search assuming a 3 + 1 scheme with 0.1 eV2 <
Δ𝑚
2

14
< 1 eV2.They have not found any evidence yet of sterile

neutrinos.
The paper “Phenomenology of MaVaN’s models in reactor

neutrino data” by M. F. Carneiro and P. C. de Holanda
describes a mechanism of mass varying neutrinos (MaVaN’s)
which connects to the neutrino mass scale with the dark
energy density. The authors studied the phenomenological
consequence of MaVaN’s scenarios assuming a normal hier-
archy and using the KamLAND data. They also introduced
an Earth’s crust model to compute precisely the density of
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the Earth along the neutrino trajectory. They observed that
new physics is more than a subleading effect and will improve
the analysis in the near future with solar neutrino data.

In the paper “The MINOS experiment: results and
prospects” by J. J. Evans, the observations of ]

𝜇
and anti-]

𝜇

disappearance by the long baseline MINOS magnetized iron
experiment are described aswell as their study of atmospheric
neutrinos. These measurements yielded the most precise
value of the larger neutrino mass splitting and an indication
of a nonzero 𝜃

13
. Future prospects, in particular on the search

for sterile neutrinos, are outlined.
The paper “TheNOMAD experiment at CERN” by F. Van-

nucci describes an experiment searching for ]
𝜇
−]
𝜏
and ]
𝜇
−]
𝑒

oscillations at Δ𝑚2 at or above 10 eV2/c4 and the limits that
were set. In addition it describes the additionalmeasurements
that were made possible by the large data sample collected by
this magnetic detector and by its openness.

The paper “Evidence and search for sterile neutrinos at
accelerators” byW.C. Louis describes the long standing LSND
result of an unexpected appearance of anti-]

𝑒
events which,

if ascribed to anti-]
𝜇
to anti-]

𝑒
oscillations, could only be

explained by the existence of a fourth and sterile neutrino
with amass of about 1 eV/c2.TheMiniBooNEmeasurements,
including an additional unexpected observation of a low
energy excess of electromagnetic origin, are also discussed
and so are future experiments such as MicroBooNE.

In the paper “Cyclotrons as drivers for precision neutrino
measurements” by A. Adelmann et al., the R&D status for
high intensity cyclotrons and proposed searches for sterile
neutrinos with masses of about 1 eV/c2 that use them are
described. The improvements to the sensitivities to CP vio-
lation searches in the neutrino sector and the determination
of the mass hierarchy through the addition of cyclotrons to
proposed Long Base Line Beams are also described.

The paper “The study of neutrino oscillations with emul-
sion detectors” by A. Ereditato describes the evolution of
emulsion detectors and their applications to neutrino physics.

Their superb spatial resolution was instrumental in pro-
viding the first observation of directly produced ]

𝜏
’s in

the DONUT experiment followed by the recording by the
OPERA experiment of ]

𝜏
events that appeared in a ]

𝜇
beam

through ]
𝜇
− ]
𝜏
oscillations.

The paper “Nuclear effects in neutrino interactions and
their impact on the determination of oscillation parameters”
by O. Benhar and N. Rocco investigates the effects of nuclear
dynamics on the measured neutrino-nucleus cross section.
The theoretical approach based on the impulse approxi-
mation and the use of realistic nucleon spectral functions,
allowing one to describe a variety of reaction mechanisms
active in the broad kinematical range covered by neutrino
experiments, are reviewed. The extension of this scheme
to include more complex mechanisms involving the two-
nucleon current is also discussed. The impact of nuclear
effects on the determination of neutrino oscillation parame-
ters is illustrated by analyzing the problem of neutrino energy
reconstruction.

The paper “Physics potential of long-baseline experiments”
by S. K. Agarwalla reviews the prospect of measuring

the three major unknowns in neutrino physics—namely, the
mass hierarchy, the octant of atmospheric mixing angle, and
the leptonic CP phase 𝛿CP in the light of the moderately large
value of 𝜃

13
measured by the reactor experiments. The capa-

bilities of the current generation long-baseline experiments,
T2K and NOVA, and the reach of the future experiments
like LBNE, LBNO, and so forth, which can determine these
quantities with high precision, are also presented.

The paper “Measurement of neutrino oscillations with neu-
trino telescopes” by J. Brunner treats the potential of current
instruments (IceCube and ANTARES) as well as planned
low energy extensions (PINGU and ORCA) in measuring
neutrino oscillations.While the primary scientific goal of this
class of experiments is the detection of cosmic neutrinos in
the TeV-PeV range, recent calculations have shown interest-
ing potential in improving experimental measurements of
the atmospheric neutrino oscillation parameters, as well as
in addressing the question of the neutrino mass hierarchy.
Complementarity with measurements in a long baseline
neutrino beam is also discussed.

The paper “Neutrino oscillations in the atmospheric
parameter region: from the early experiments to the present” by
G. Giacomelli et al. reviews experimental results on neutrino
oscillations in the atmospheric sector from early experi-
ments, which observed a deficit of muon neutrinos in deep
underground detectors, to the present, after the availability
of artificial neutrino beams. Recollections on key results from
solar neutrino measurements, neutrino telescopes as well as
on reactor neutrinos are also given. Prospects for the future
are briefly given.

The paper “Studying the Earth with geoneutrinos” by L.
Ludhova and S. Zavatarelli presents a review on neutrino
geophysics covering all the major recent publications in this
field. The authors also discuss the results of an analysis
based on a more refined model for the Mantle compared to
previous literature. They conclude that the current and near
future geoneutrinomeasurements are not sensitive enough to
distinguish different mantle models.

The paper “Neutrino oscillations” by G. Bellini et al.,
describes the theoretical background of the neutrino oscil-
lation phenomenon. An overview of the different techniques
used (or being used) with neutrinos from different sources
is then given and results are discussed. Open questions and
perspectives for the future are also finally analyzed.

The paper “Cosmic dark radiation and neutrinos” by
M. Archidiacono et al. discusses the possible existence of
dark radiation, a weakly interacting component of radia-
tion, in a cosmological model testable by Planck and other
observational probes. The article reviews the most recent
cosmological results and presents a complete investigation of
the dark radiation sector with an overview of models that
try to explain the presence of dark radiation relating it to
sterile neutrinos. An update on cosmological constraints on
neutrino physics and dark radiation properties is also given.

The paper “Challenges in double beta decay” by O. Cre-
monesi and M. Pavan gives a critical overview of many
experiments on the search for neutrinoless double beta decay
of nuclei. Starting from the consideration that the observation
of neutrino oscillations implies a nonzero neutrinomass, one
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is indeed led to conclude that the neutrinoless double beta
decay of a number of different nuclei is possible, provided
that neutrinos are Majorana particles. If successful, such
experiments might also provide information on the absolute
mass scale (hierarchy) of neutrinos. The authors describe the
most recent experiments, the limits so far obtained, and the
prospects for the future.

The paper “Present status and future perspectives of the
NEXT experiment” by J. J. G. Cadenas et al. describes the
status and perspectives of the neutrino experiment with a
Xenon TPC (NEXT), a novel approach to the search for
neutrinoless double beta decay which combines the use of a
suitable target (xenon) with a refined experimental technique
(a high pressure xenon chamber using electroluminescence
and optical readouts) to provide excellent energy resolution
(0.5% FWHM at 2.5MeV) and a clean topological signature
(the observation of the two electrons characterizing the decay,
which are seen as clear tracks ending in ionization blobs at the
end of the chamber).

The paper “The potential of hybrid pixel detectors in the
search for the neutrinoless double-beta decay of 116Cd” by T.
Michel et al. describes the potential benefit of state-of-the-
art hybrid photon counting pixel detectors—especially the
Timepix detector—within pixel signal digitization equipped
with CdTe sensor layers in the search for the neutrinoless
double-beta decay of 116Cd. They discuss the background
reduction potential (against single electrons from beta decays
or fromCompton scattering) released in the bulk of the detec-
tor by track analysis and derive values for the improvement
of sensitivity with respect to the effective Majorana neutrino
mass that might be achieved applying track analysis.

The paper “Current status and future perspectives of the
COBRA experiment” by J. Ebert et al. describes a detector
array made of cadmium-zinc-telluride (CdZnTe) semicon-
ductor detectors operating at the Gran Sasso Underground
Laboratory (LNGS) in Italy, used in the search for the
neutrinoless double-beta decay of 116Cd. The experiment is
currently investigating the experimental issues of operating
CdZnTe detectors in low background mode and identifying
potential background components, whilst additional stud-
ies are proceeding in surface laboratories. The experiment
currently consists of monolithic, calorimetric detectors of
coplanar grid design (CPG detectors). The article gives an
overview of the current status of the experiment and future
perspectives.

The paper “Status of the GERDA experiment at the Labor-
atori Nazionali del Gran Sasso” by R. Brugnera and A.
Garfagnini describes a search for neutrinoless double-beta
decay of 76Ge, currently going on at Laboratori Nazionali
del Gran Sasso in Italy. The experiment has recently reported
results that are the most sensitive in the decay of this
isotope, reaching values of the order of 0.23–0.39 eV/c2 for
the effective neutrino Majorana mass. They also describe
the planned increase in sensitivity by using a more massive
(100 kg) Ge detector, accompanied by a substantial back-
ground reduction.

The paper “Current status and future perspectives of the
LUCIFER experiment” by J. W. Beeman et al. describes

the idea of combining a bolometric technique (already used
in the CUORE experiment) with a light detection technique
in the search for neutrinoless double-beta decay. The bolo-
metric technique allows an extremely good energy resolution
while its combination with the scintillation detection offers
an ultimate tool for background rejection. The collaboration
has performed preliminary tests on several detectors contain-
ing different interesting double-beta emitters, clearly demon-
strating the excellent background rejection capabilities that
arise from the simultaneous, independent, double readout of
heat and scintillation light.

The paper “Present status and future perspectives for the
EXO-200 experiment” by G. Gratta and D. Sinclair discusses
the design, construction, and operational details of an exper-
iment aiming at the detection of neutrinoless double-beta
decay of 136Xe. The experiment has used 200 kg of liquid
xenon enriched to 81% in 136Xe. They give details of the very
good results obtained so far and their significance. They
mention how the excellent performance of the detector
encourages the concept of a much larger detector to obtain
improved sensitivity to the possible detection of the neutri-
noless decay mode of xenon.

The paper “The Majorana demonstrator neutrinoless
double-beta decay experiment” by J. Gruszko describes the
initial stage of an experiment aiming at the detection of neu-
trinoless double-beta decay of 76Ge. The Majorana demon-
strator uses a 30 kg mixed array of enriched and natural
germanium detectors. The demonstrator is being assembled
at the 4850-foot level of the Sanford Underground Research
Facility in Lead, South Dakota. The array will be situated in
a low-background environment and surrounded by passive
and active shielding. The authors describe the science goals
of the Demonstrator and the details of its design.

In the paper “Neutrinoless double beta+/EC decays” by
J. Maalampi and J. Suhonen various positron emitting 𝛽+
and electron capture (EC) decay modes of neutrinoless
double-beta decay were studied. Nuclear matrix elements for
various processes have been computed using a QRPA based
framework. These were compared with those for double beta
minus decay. Special attention has been paid to the resonant
neutrinoless double electron capture process to investigate
its potential for the understanding of the role of Majorana
neutrinos in different experiments.

The paper “Lepton flavour violation experiments” by F. Cei
and D. Nicolò provides a comprehensive review of past and
recent results in the field of lepton flavour violation, both in
channels involving muons and taus. They discuss currently
operating experiments as well as future projects, with empha-
sis laid on how sensitivity enhancements are accompanied
by improvements in detection techniques. Limitations due to
systematic effects are also discussed in detail togetherwith the
solutions being adopted to overcome them.

The paper “Study of neutrino reactions for low values of
𝑄
2” by E. A. Paschos and D. Schalla presents a calculation

of the production of pions by neutrinos in the small 𝑄2
region using results of PCAC and experimental data. In
this kinematic region the contribution of many of the form
factors is suppressed.The results for the cross section are used
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to compute the yields in the MiniBooNE experiment. The
results can also be useful in determining the background for
coherent scattering.

Elisa Bernardini
Leslie Camilleri

Vincenzo Flaminio
Srubabati Goswami

Seon-Hee Seo



Review Article
Challenges in Double Beta Decay

Oliviero Cremonesi1 and Maura Pavan2

1 INFN, Sezione di Milano Bicocca, 20126 Milano, Italy
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In the past ten years, neutrino oscillation experiments have provided the incontrovertible evidence that neutrinos mix and have
finite masses. These results represent the strongest demonstration that the electroweak Standard Model is incomplete and that
new Physics beyond it must exist. In this scenario, a unique role is played by the Neutrinoless Double Beta Decay searches which
can probe lepton number conservation and investigate the Dirac/Majorana nature of the neutrinos and their absolute mass scale
(hierarchy problem) with unprecedented sensitivity. Today Neutrinoless Double Beta Decay faces a new era where large-scale
experiments with a sensitivity approaching the so-called degenerate-hierarchy region are nearly ready to start and where the
challenge for the next future is the construction of detectors characterized by a tonne-scale size and an incredibly low background.
A number of new proposed projects took up this challenge.These are based either on large expansions of the present experiments or
on new ideas to improve the technical performance and/or reduce the background contributions. In this paper, a review of themost
relevant ongoing experiments is given.Themost relevant parameters contributing to the experimental sensitivity are discussed and
a critical comparison of the future projects is proposed.

1. Introduction

First suggested by M. Goeppert-Mayer in 1935, double beta
decay (DBD or 𝛽𝛽) is a rare spontaneous nuclear transition
in which an initial nucleus (𝐴,𝑍) decays to a member (𝐴,𝑍+
2) of the same isobaric multiplet with the simultaneous
emission of two electrons. Unfortunately, also the equivalent
sequence of two single beta decays can produce the same
result and—in experimental investigations—the choice of the
parent nuclei is therefore generally restricted to the nuclei
which aremore bounded than the intermediate ones. Because
of the pairing term, such a condition is fulfilled in nature for
a number of even-even nuclei. The decay can then proceed
both to the ground state or to the first excited states of
the daughter nucleus. Double beta transitions accompanied
by positron emission or electron capture are also possible.
However, they are usually characterized by lower transition
energies and poorer experimental sensitivities. (The neutri-
nos emitted in all 𝛽𝛽 decays are electron neutrinos. It is

generally understood, that where not explicitly indicated,
“]” indicates an electron neutrino. We will follow such a
convention everywhere in the text) Different𝛽𝛽 decaymodes
are possible. Among them, two are of particular interest: the
2]mode (𝛽𝛽(2]))

𝐴

𝑍
𝑋 →

𝐴

𝑍+2
𝑋 + 2𝑒

−
+ 2]
𝑒
, (1)

which obeys lepton number conservation and is allowed in
the framework of the standard model (SM) of electroweak
interactions, and the 0]mode (𝛽𝛽(0]))

𝐴

𝑍
𝑋 →

𝐴

𝑍+2
𝑋 + 2𝑒

−
, (2)

which violates the lepton number by two units and occurs if
neutrinos are their own antiparticles (i.e., the neutrino is a
Majorana particle). A third decaymode (𝛽𝛽(0], 𝜒)), in which
one or more neutral bosons 𝜒 (Majorons) are emitted

𝐴

𝑍
𝑋 →

𝐴

𝑍+2
𝑋 + 2𝑒

−
+ 𝑁𝜒 (3)
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is also often considered. The interest in this decay is mainly
related to the existence of Majorons, massless Goldstone
bosons that arise upon a global breakdown of B-L symmetry
[1].

From the point of view of particle physics, 𝛽𝛽(0]) is
of course the most interesting of the 𝛽𝛽 decay modes for
its important theoretical implications. In fact, after 80 years
from its introduction [2, 3], 𝛽𝛽(0]) is still the only practical
way to probe experimentally missing neutrino properties like
mass and nature. Indeed, it can exist only if neutrinos are
Majorana particles and it can provide unique constraints on
the neutrino mass scale. Furthermore, 𝛽𝛽(0]) observation
would prove that total lepton number is not conserved in
physical phenomena, an observation that could be linked
to the cosmic asymmetry between matter and antimatter
(baryogenesis via leptogenesis [4–7]).

In addition to a theoretical prejudice in favor ofMajorana
neutrinos, there are other reasons to hope that experimental
observation of 𝛽𝛽(0]) is at hand, in particular, the results
of oscillation experiments which have demonstrated that
neutrinos aremassive particles. Although these results cannot
provide a firm prediction for 𝛽𝛽(0]) rates, they suggest that
favorable conditions for its observation may be realized in
nature and have enormously increased the interest toward
the experimental search for this decay. It should also be
stressed that 𝛽𝛽(0]) could have been already observed.
Indeed, an extremely intriguing and debated claim for𝛽𝛽(0])
observation in 76Ge is awaiting unambiguous confirmation
by upcoming experiments.

The important implications of massive Majorana neutri-
nos and the possible experimental observation of𝛽𝛽(0]) have
triggered a new generation of experiments spanning a variety
of candidate isotopes with different experimental techniques,
all aiming at reaching a sensitivity allowing one to test the
region of neutrino masses indicated by neutrino oscillation
experiments. Experimental techniques range from the well-
established germanium calorimeters to xenon time projec-
tion chambers and low temperature calorimeters. Some of
the experiments are already running or will run very soon.
Others are still in their R&D phase, trying to reach the limit
of their experimental technique.

In all cases, the common claim is of being sensitive to
very light neutrino masses by assuming an improvement of
one to three orders of magnitude in term of background
suppression, detector performance, or increase of the target
mass.

In this paper we review the state of the art of this rapidly
changing field. In Section 2 we summarize the general status
of neutrino phenomenology, while in Section 3 we analyze
the case of 𝛽𝛽(0]). Section 3.1 is devoted to the nuclear part
of the problem, the calculation of the transition probabilities
(or nuclear matrix elements (NME)). In Sections 4 and 5
the most important experimental aspects are described. In
Section 5.1 we summarize the results of previous experiments.
In Section 6 we introduce the challenging aspects of present
and future projects while in the following Sections we review
and compare them. Our conclusions are summarized in
Section 12.

2. Neutrinos

Today, we know that there are three generations of neu-
trinos, distinguished by their leptonic flavor. These are the
only known neutrinos with mass lower than the 𝑍0 mass
which interact with matter via the exchange of 𝑊± or 𝑍0
bosons (“active” neutrinos). A number of experiments in
the past 20 years have monitored intense neutrino sources
(solar, atmospheric, reactor, and accelerator neutrinos) and
have reported the observation of neutrino flavor conversion
during propagation (neutrino oscillations and Mikheyev-
Smirnov-Wolfenstein (MSW) effect), either in terms of neu-
trino disappearance or in terms of the appearance of a wrong
neutrino flavor.This phenomenon has its natural explanation
when assuming that neutrinos are massive particles and
mixing among mass eigenstates is assumed, which implies
the need to modify or better extend the standard electroweak
model to include massive neutrinos.

Massive neutrino phenomenology (see, e.g., [8–11]) is
described in the framework of three distinguishable particles
provided with their own leptonic number, flavor, and mass
eigenvalue. As for the quark sector, a not diagonal matrix—
the Pontecorvo-Maki-Nakagawa-Sakata matrix (PMNS)—
describes the mixing of neutrinos. The PMNS matrix, in its
most general case, is parametrized by 3 angles (𝜃

12
, 𝜃
23
, and

𝜃
13
) and 3 CP-violating phases (𝛿, 𝜆

2
, and 𝜆

3
) for a total of

6 parameters to be added to the 3 unknown values of the
neutrino masse eigenstates (𝑚

𝑖
). The PMNS matrix can be

expressed as

𝑈
𝑖,𝑗
=(

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

)

× diag (1, 𝑒𝑖𝛼1 , 𝑒𝑖𝛼2) ,
(4)

where 𝑐
𝑖𝑗
≡ cos 𝜃

𝑖𝑗
and 𝑠
𝑖𝑗
≡ sin 𝜃

𝑖𝑗
. When neutrinos are Dirac

particles, the two Majorana phases can be reabsorbed by a
rephasing of the neutrino fields and the PNMS matrix has
therefore only 4 free parameters.

Neutrino oscillation probabilities are described in terms
of the PNMS angles and of the square mass differences
(𝑚
2

𝑖
− 𝑚
2

𝑗
) of the three eigenstates. The results from oscilla-

tion experiments (see, e.g., [12] and the references therein)
constrain neutrino square mass differences and most of
the PMNS mixing parameters within rather narrow bands
(Table 1). In particular, the measured square mass differences
prove that one neutrino state is much more split than the
other two. This allows three different mass orderings: direct
hierarchy (𝑚

1
≲ 𝑚
2
≪ 𝑚
3
, Δ𝑚2 > 0), inverted hierarchy

(𝑚
3
≪ 𝑚

1
≲ 𝑚
2
, Δ𝑚2 < 0), and degenerate hierarchy

(𝑚
1
≃ 𝑚
2
≃ 𝑚
3
) [13–20].

Only two of the three possible square mass differences
are independent and presently constrained. These are 𝛿𝑚2,
generally labeled as the solar term, andΔ𝑚2, the atmospheric
one (see Table 1 for their definition). The only parameters
irrelevant for oscillations are the Majorana phases 𝛼

1
and 𝛼

2
.
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Table 1: Summary table of ] properties from [12]. We use the
convention where 𝑚

2
> 𝑚
1
(therefore 𝛿𝑚2 > 0 by construction)

and 𝑚
3
is the most split state. We report here the 1𝜎 range for each

parameter (note that in the case of 𝜃
23
we report a different range for

normal (NH) or inverted hierarchy (IH)).

sin2𝜃
12

(0.29–0.32)

sin2𝜃
23

(0.037–0.0041) for NH or
(0.037–0.0043) for IH

sin2𝜃
13

(0.022–0.027)
𝛿𝑚
2
= (𝑚
2

2
− 𝑚
2

1
) (7.3–7.8) × 10−5 [eV2]

|Δ𝑚
2
| = |𝑚

2

3
− (𝑚
2

1
+ 𝑚
2

2
)/2| (2.3–2.5) × 10−3 [eV2]

In fact, as pointed out above, they are strictly related to the
possible Majorana nature of the neutrinos and appear only
in phenomena where such a condition is essential. Table 1
summarizes the present status of our knowledge about PNMS
matrix elements and neutrino mass split.

Few experimental results cannot be accommodated in
this framework: the LSND anomaly [21] (further investigated
by MiniBooNE [22]) as well as a possible neutrino deficit
observed in reactor [23] and Gallium measurements with
very intense (Mci) radioactive neutrino sources [24]. If
confirmed, these could prove the existence of sterile neu-
trinos. These interact with ordinary matter only through
gravitation and can be observed only indirectly in oscillation
experiments if they mix with active neutrinos.

The challenge of next generation oscillation experiments
is to be able to measure the sign of Δ𝑚2 and therefore fix the
neutrino mass hierarchy problem [25].

Although the hierarchy can be accessible by oscillation
experiments, nevertheless they will not be able to provide
information on the absolute scale of neutrino masses which
is presently only constrained by experimental measurements
of the following three parameters:

(1) Σ = ∑𝑚
𝑖
(cosmology);

(2) 𝑚
𝛽
= √(∑ |𝑈

1𝑖
|2𝑚
2

𝑖
) (beta decay);

(3) |⟨𝑚]⟩| = | ∑𝑈
2

1𝑖
𝑚
𝑖
| (neutrinoless double beta decay).

These three parameters are strictly correlated among each
other and bounded by oscillation results within well defined
regions shown in Figure 1. In particular in the case of Σ, and
of𝑚
𝛽
lower bounds of ∼0.04 and ∼0.008 eV, respectively, are

obtained. In the case of |⟨𝑚]⟩| (also called neutrinoMajorana
mass) cancellations among the complex terms of the mass
combination are always possible and consequently |⟨𝑚]⟩| has
no lower bound.

Upper limits on Σ are derived from astronomical obser-
vations by fitting the experimental data to complex cos-
mological and astrophysical models. Actually, cosmological
neutrinos (i.e., neutrinos produced just after the Big Bang)
influence the evolution of the Universe and the large scale
structures (LSS) formation in a way that is strictly dependent
on the size of Σ, with effects on astrophysical observables
such as the anisotropies of the cosmicmicrowave background
(CMB) or the power spectrum of mass-density fluctuations.

Despite their increasing sensitivity, cosmological bounds on
neutrino masses are considered with caution since they
are (strongly) model dependent. The most recent result in
this field comes from the Planck collaboration [26] and
yields a 1𝜎 upper limit on Σ ranging from about 1 eV to
0.23 eV depending on the set of data and models used in the
computation.

The study of the end point in the beta decay Kurie
plot provides a straightforward and direct technique to
measure𝑚

𝛽
. Present experimental results come fromTritium

experiments providing an upper bound on𝑚
𝛽
of 2 eV at 95%

C.L. [27, 28]. This bound will be improved in the next future
by the KATRIN spectrometer [29] that aims at reaching a
sensitivity of the order of ∼0.2 eV. KATRIN is considered
as the final step in the use of spectrometers for beta decay
measurements, while new ideas and projects are emerging in
the case of calorimetric measurements of the beta spectrum
[30, 31].

3. Neutrinoless Double Beta Decay

The neutrinoless mode of nuclear double beta decay (2) is
a hypothetical, very rare transition in which two neutrons
undergo 𝛽 decay simultaneously without the emission of
neutrinos. It was immediately recognized as a powerful
method to test Majorana’s theory with neutrinos. Indeed, it
can be derived from the 𝛽𝛽(2]) mode assuming a Racah
sequence of two single beta decays in which the (anti-)
neutrino emitted at one vertex is absorbed at the other. This
is only possible if neutrino and antineutrino coincide; that is,
they are Majorana particles. In contrast to the two-neutrino
mode, it violates total lepton number conservation and is
therefore forbidden in the Standard Model. Its existence is
linked to that of Majorana neutrinos even though a variety
of exotic models can account for it. So far, no convincing
experimental evidence of this decay has been found.

When mediated by the exchange of a light virtual neu-
trino, the 𝛽𝛽(0]) rate is expressed as

[𝑇
0]
1/2
]
−1

=

𝐺
0]
𝑀
0]

2⟨𝑚]⟩


2

𝑚2
𝑒

, (5)

where 𝐺0] is the phase space integral (exactly calculable, but
affected by the uncertainties on the axial coupling constant,
as discussed in the next section), |𝑀0]|2 is the nuclear
matrix element, and 𝑚

𝑒
is the electron mass. Finally, ⟨𝑚]⟩—

introduced in the previous section—is the so-calledMajorana
mass of the neutrino that can be expressed in terms of the
PNMS matrix elements as

⟨𝑚]⟩ = 𝑐
2

12
𝑐
2

13
𝑚
1
+ 𝑠
2

12
𝑐
2

13
𝑒
𝑖𝛼
1𝑚
2
+ 𝑠
2

13
𝑒
𝑖𝛼
2𝑚
3
. (6)

As evident from Figure 1 oscillation results constrain
|⟨𝑚]⟩| to be between 20 and 50meV in the case of inverted
hierarchy (above ∼50meV the bands representing the two
hierarchies merge in the same degenerate band). This is
more or less the sensitivity range of forthcoming 𝛽𝛽(0])
experiments. If these would not observe any decay (and
assuming that neutrinos are Majorana particles) the inverse
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Figure 1: Constraints induced by oscillation data (at 2𝜎 level) in the planes charted by any two among the absolute mass observables. Blue
(red) bands refer to normal (inverted) hierarchy. Figure from Fogli et al. [12]. Here |⟨𝑚]⟩| is indicated as𝑚

𝛽𝛽
.

ordering could finally be excluded, thus fixing the problem
of the neutrino absolute mass scale [10, 32]. If, on the other
hand, other experiments would demonstrate that neutrino
mass ordering is inverted, then𝛽𝛽(0])nonobservationwould
demonstrate that neutrinos are Dirac particles.
|⟨𝑚]⟩| is the only experimental observable presently stud-

ied where Majorana phases appear explicitly; these phases

measure CP violation for Majorana neutrinos (if CP is con-
served they are integermultiples of𝜋).Their presence implies
that cancellations are possible (see Figure 1). In principle
Majorana phases can have measurable consequences even
if in practice their determination is very difficult. Many
authors have examined the potential to combine 𝛽𝛽(0])
measurements with single beta and cosmology results to
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determine their value [17, 18, 33, 34]. The general conclusion
is that at least two experiments that depend on the phases
are required to unambiguously determine both. Moreover, a
significant improvement in the precision of nuclear matrix
elements (Section 3.1) is also required.
|⟨𝑚]⟩| is also the only 𝛽𝛽(0]) measurable parameter

containing direct information on the neutrino mass scale.
Unfortunately, its derivation from the experimental results
on 𝛽𝛽(0]) half-lifetimes requires precise knowledge of the
transition nuclear matrix elements 𝑀0] appearing in (5).
Many evaluations are available in the literature, but they
are often in considerable disagreement, leading to large
uncertainty ranges for |⟨𝑚]⟩|. This has been recognized as a
critical problem by the 𝛽𝛽 community.

Neutrinoless double beta decay is presently the only prac-
tical way to discover if the neutrino is its own antiparticle. Its
observation would have dramatic consequences for nuclear
and particle physics aswell as for astrophysics and cosmology.
Indeed, one of the most intriguing problem in accommodat-
ing massive neutrinos in a Standard Model extension is to
be able to explain the smallness of neutrino masses. The see-
saw mechanism—which predicts the existence of Majorana
neutrinos—is a very attractive solution which could also
provide an explanation for one of the biggest cosmological
puzzles, that of the observedmatter-antimatter asymmetry of
the Universe (via the leptogenesis mechanism [4–7]).

Lepton number violation and Majorana neutrinos are
the distinctive features of 𝛽𝛽(0]), and they represent the
primarymission of upcoming 𝛽𝛽(0]) experiments. However,
the exchange of a light massive Majorana neutrino is not
the only mechanism able to account for 𝛽𝛽(0]). Actually
many extensions of the standard model include mechanisms
that can explain it. This is the case, for example, of the L/R
symmetric GUTs’ with the exchange of right-handed W-
bosons or of SUSY models with R-parity violation. In all
the cases, however, the observation of 𝛽𝛽(0]) is irremediably
linked to the Majorana nature of neutrinos [35].

A possibility to distinguish between different mecha-
nisms could consist in the analysis of the energy and angular
distributions of the emitted electrons and the study of the
transitions to the ground and excited states. Unfortunately,
the study of the single-electron distributions is possible only
for a very limited number of experimental techniques. More-
over, in most cases the decay is mediated by the exchange of
heavy particles which give rise to similar terms and produce,
in particular, the same single electron distributions.

The measurement of the transitions to different final
states in the same nucleus seems then the only viable
solution [36], taking advantage of the different nuclearmatrix
elements that enter the decay amplitudes. This requires an
accurate calculation of all the nuclear matrix elements, a goal
still far from being reached.

Constraints coming from other experiments that study
extensions of the StandardModel can of course provide some
help. This is the case, for example, of the LHCmeasurements
on supersymmetric particles which will limit the parameter
space reducing the number of possible contributions.

3.1. Nuclear Matrix Elements. The most relevant parameter
available from 𝛽𝛽(0]) is the effective neutrino mass |⟨𝑚]⟩|.
According to (5) it can be obtained from the measured half-
lifetime once all the other terms appearing in the equation are
known. This requires precise knowledge of the phase space
factor 𝐺0] and of the nuclear matrix elements (NME) 𝑀0]
which cannot be separately measured and therefore can only
be evaluated theoretically.

While precise calculations of the phase space factors have
been carried out by many authors [35, 37, 38], only approx-
imate estimates of the NME’s have been so far obtained,
due to the many-body nature of the nuclear problem. NME’s
include all the nuclear structure effects of the decay and are
indispensable not only to extract the value of |⟨𝑚]⟩| but also
to compare the sensitivities and the results of the experiments
based on different nuclei.

In this respect, it should be stressed that uncertainties
on NMEs’ and on the experimental value of the decay half-
lifetime concur in the same way to the uncertainty on |⟨𝑚]⟩|.
Comparable efforts should be therefore addressed for both
aspects of the problem.

A lot of work has been actually devoted in the last
decade to develop a propermany-body technique. Indeed, the
calculation of 𝛽𝛽(0]) NME’s has been carried out by many
authors using different methods: the Quasi-particle random
phase approximation [39–41] (QPRPA, RQPRPA, pnQPRPA
etc.), the nuclear shell model [42, 43] (NSM), the Interacting
Boson Model [44] (IBM), the generating coordinate method
[45] (GCM), and others. These models have complementary
virtues and flaws.The true problem is that it is not always easy,
if not impossible, to establish which is providing the correct
answer so that the spread in the theoretical calculations is
generally considered as an estimate of the uncertainty.

At first, really large discrepancies (by orders of magni-
tude) were observed. After discarding some evident patho-
logic calculations, discrepancies shrank to about one order
ofmagnitude. However, despite the significant improvements
obtained in the past years, the QRPA matrix elements still
exceed those of the shell model by factors of up to about two
in the lighter isotopes (e.g., 76Ge and 82Se) and somewhat less
in the heavier isotopes (see Table 2). On the other hand, IBM
results are in reasonable agreement with QRPA calculations
[46].

The origin of the discrepancies is still unclear and
attempts to constrain the models by referring to additional
observables have been pursued. Actually, the more observ-
ables a calculation can reproduce, the more trustworthy
it probably is. This is the case, for example, of Gamow-
Teller distributions which enter indirectly into 𝛽𝛽(0]) and
can be measured through (𝑝, 𝑛) reactions [47]. The nuclear
process most close to 𝛽𝛽(0]) is however 𝛽𝛽(2]), which has
now been measured in 10 different nuclei. 𝛽𝛽(2]) results
have been used to calibrate QRPA calculations [48]. In
particular, when renormalizing all QRPA strengths by the
same amount, no dependence on model-space size or on the
form of the nucleon-nucleon interaction or on the QRPA
flavor is observed.This is an astonishing result which has been
interpreted as an indication of the correctness of the method.
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Table 2: Theoretically evaluated 𝛽𝛽(0])matrix elements𝑀0] according to different authors and methods. Where needed, values have been
scaled to 𝑅

0
= 1.2 fm and 𝑔

𝐴
= 1.25 (𝑀0] =𝑀0](1.25/𝑔

𝐴
)2) for a uniform comparison. Ranges refer to variation which arise due to model

details.

Isotope NSM [42] GCM [45] QRPA [139–141] IBM [44] PHFB [49]
48Ca 0.85 2.37 2.00
76Ge 2.81 4.60 4.20–7.24 4.64–5.47
82Se 2.64 4.22 2.94–6.46 3.81–4.41
96Zr 5.65 1.56–3.12 2.53 2.24 3.46
100Mo 5.08 3.10–6.07 3.73–4.22 4.71 7.77
110Pd 3.62 5.33 8.91
116Cd 4.72 2.51–4.52 2.78
124Sn 2.62 4.81 3.53
128Te 4.11 3.50–6.16 4.52
130Te 2.65 5.13 3.19–5.50 3.37–4.06 2.99 5.12
136Xe 2.19 4.20 1.71–3.53 3.35
148Nd 1.98
150Nd 1.71 3.45 2.32–2.89 1.98 3.70
154Sm 2.51
160Gd 3.63
198Pt 1.88

A number of common approximations characterize all
the calculation methods while the most significant differ-
ences relate to the details of the nuclear part. In all cases, the
reaction amplitude is factorized into the product of a leptonic
and a hadronic part. As already mentioned above, in the case
of a decay mediated by the exchange of a light neutrino, the
leptonic part is proportional to the Majorana mass |⟨𝑚]⟩|

and to a potential𝑁(𝑟) describing the effects of the neutrino
propagator. 𝑁(𝑟) has two most relevant consequences in
the calculation of the nuclear matrix elements: it introduces
a dependence on the excitation energies 𝐸

𝑚
of the virtual

states in the odd-odd intermediate nucleus, as well as a
dependence of the transition operator on the coordinates of
the two nucleons. Given the relatively highmomentum of the
exchanged virtual neutrino (⟨𝑝]⟩ ∼ 1/𝑅 ∼ 𝑂 (100MeV),
where 𝑅 is the nuclear radius) a closure approximation
is then applied when integrating over the virtual neutrino
energies. This consists in neglecting the energy variation of
the intermediate nuclear states and adding coherently the
contributions of the two electrons. The impulse and long
wave approximations are then used to get rid of the hadronic
current and lead to (5) for the decay rate.

The different nuclearmodels are then used to estimate the
purely nuclear term𝑀0]. All models agree that only nucleons
which are very close (𝑑 ≲ 2-3 fm) contribute (somehow
justifying the closure approximation) although none of them
takes care of the short-range repulsive core (𝑟 ≲ 0.5 fm),
introducing on the contrary further approximations to get rid
of it.

The basic assumption of the nuclear shell model is that
the nucleons move independently in a proper mean field.
A strongly attractive spin-orbit term is then introduced
to describe the correct level separation and explain magic
numbers. As the number of protons and neutrons depart

from the magic numbers, the introduction of a residual two-
body nucleon interaction among nucleons is needed to move
particles through orbits while respecting angular momentum
conservation and the Pauli principle.The calculation problem
consists then in the diagonalization of a matrix over a
sufficiently large (valence) basis. The use of a limited valence
space represents the most relevant limitation. On the other
hand, all the configurations of valence nucleons are included
and the NSM describes well properties of low-lying nuclear
states.

In the quasiparticle random phase approximation the
residual interaction among nucleons is dominated by the
pairing force. As it is well known, this force accounts for the
tendency of nucleons to couple pairwise to form particularly
stable configurations in even-even nuclei. As a result of the
strong coupling between homologous nucleons, the orbital
angular momentum and spin of each pair add to zero with
a 𝐽𝜋 = 0+ for the nuclear ground states. The nucleon pairing
is introduced via a BCS approach applied to a quasiparticle
basis obtained after a unitary (Bogoliubov) transformation.
Quasiparticles are thus generalized fermions with a finite
probability of being either particles or holes and the net
effect of the transformation is to smear out the nuclear
Fermi surface for both protons and neutrons. Quasiparticles
are, to a first order, independent nevertheless allowing a
simple description of the pairing force between neutrons.
Once the vacuum of quasiparticles in the even-even nucleus
has been fixed, the problem of QRPA consists in evaluating
the transition amplitudes to arbitrary 𝐽𝜋 excited states in
the neighboring odd-odd nuclei through a proper charge
changing single-body operator.

The main advantage of QRPA is the inclusion of correla-
tions in a ground state characterized by purely independent
quasiparticles. As a consequence, the vacuum state can
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accommodate two-particle two-hole excitations so that new
processes can be taken into account. The corresponding
transition amplitudes can be written in terms of particle-
hole (𝑝-ℎ) and particle-particle (𝑝-𝑝) matrix elements which
are usually parametrized in terms of two adjustable coupling
constants, 𝑔

𝑝ℎ
and 𝑔

𝑝𝑝
respectively. The realistic nucleon-

nucleon interaction is then recovered for 𝑔
𝑝ℎ

∼ 𝑔
𝑝𝑝

∼

1, a condition which is unfortunately often unstable. Many
different variants of the QRPAmethod have been considered
to get rid of this undesired behavior and to produce a more
realistic description.

The generating coordinate method refers to the so-
called aligned coupling scheme for describing the nucleon
pairing and fix the equilibrium shape of a nucleus. In this
scheme, each nucleon has the tendency to align its orbit
with the average field produced by all other nucleons, thus
giving rise to nuclei with deformed equilibrium shapes and
collective rotational motion. A common representation of
the shape of these nuclei is that of an ellipsoid. A self-
consistent field approach is then used to reduce the multi-
body problem into one of noninteracting particles in a
mean field (including deformation effects). In this way, a
set of Hartree-Fock-Bogoliubov (HFB) wave functions are
obtained, with eigenstates that can be found by the projection
of those components having well defined proton/neutron
number and angular momentum (PHFB [49]).

TheGogny interaction [50, 51] is then used as the underly-
ing nucleon-nucleon interaction. Different deformations are
then allowed leading to a superposition of wavefunctions
with coefficients which can be found by solving the so-called
Hill-Wheeler-Griffin (HWG) equation [52].

The interacting boson model [44, 53] can be considered
somehow halfway between themicroscopic view of NSM and
the collective ones of QRPA and GCM.The collective nuclear
states of NSM are assumed while collective excitations are
described by bosons. However, as the number of valence
nucleons increases, the direct application of the shell model
becomes prohibitively difficult, and it is usually assumed that
the closed shells are inert. Furthermore, it is also assumed
that the dominant configurations in even–even nuclei are
those in which identical particles are paired together in states
with total angular momentum and parity 0+ or 2+. Particle
pairs are then treated as bosons, like Cooper pairs in a gas
of electrons. The result is a system of interacting bosons of
two types, protons and neutrons. The number of shells is
reduced to the simple s-shell (𝐽 = 0) and d-shell (𝐽 = 2)
and the number of proton and neutron bosons is counted
from the nearest closed shell in terms of particles or holes
depending on the current shell is less ormore than half-filled.
All fermionic operators are mapped into bosonic operators
[54] and the matrix elements between fermionic states in the
collective subspace are identical to the matrix elements in
the bosonic space [44]. A realistic set of wavefunctions for
even-even nuclei with mass 𝐴 ≳ 60 is provided by the IBM-
2 extension [53] which provides an accurate description of
many properties (energies, electromagnetic transition rates,
quadrupole magnetic moments, etc.) of the final and initial
nuclei and allows one to calculate 𝛽𝛽(0]) NME through
proper bosonic operators [44]. A peculiar feature of IBM-2 is

its independence of nuclear deformation details which allows
the calculation of NME also for heavily deformed nuclei (e.g.,
150Nd) which is almost prohibitive with other methods.

The different methods provide an important cross-check
of the NME calculations although the effect of the different
approximations still needs to be explored.The clear advantage
of the NSM calculations is the full treatment of the nuclear
correlations. On the other hand, the limitations in the valence
spaces can underestimate the NME’s [55]. On the contrary,
all the other methods tend to underestimate the correlations,
thus overestimating the NME’s [56, 57].

Unfortunately, as already mentioned above NME results
are still into significant disagreement and despite a better
relative agreement (Figure 2 and Table 2) they have not
provided yet an answer to the question of which method
is closer to the truth nor to the origin of the observed
disagreement.

The careful check of the models in order to account for
the omitted physics or the important missing information
seems the only way out of the problem. A systematic analysis
of the calculation methods and their basic hypotheses has
been therefore started. However, the inclusion of the missing
correlations into the QRPA looks like a very difficult task
(because of the several uncontrolled approximations of the
method), while for the shell model, at least in principle, a
systematic procedure for adding the effects of missing states
exists.

The ultimate limitation of the QRPA method seems the
perturbative approach which is implemented in a renormal-
ized nuclear interaction and requires always some adjustment
to the data. Reasonably good results are usually obtained
by a proper parametrization of the short range correlations
or the reduction of the axial-vector coupling constant 𝑔

𝐴
.

This corresponds to a phenomenological correction of the
𝛽𝛽(0])operatorwhose reliability is not easy to assess. A better
approach could consist in obtaining an effective double-beta-
decay operator [58].

A statistical analysis of the different NME calculation
(comparison of different methods and model parameters)
has also been recently considered [59]. Besides providing
useful recipes for the comparison of the experimental results
on different isotopes this approach can help in identifying
systematic effects in the different calculations.

Particular attention deserves the aptitude, adopted in
many occasions in the past, to consider the disagreement
between different calculations as a measure of the theoretical
error. This is a very dangerous approach which creates a lot
of confusion especially when comparing the experimental
sensitivities. Indeed, it does not take into account the above-
mentioned correlations between different calculations (for
the same isotope) and suggests an improper use of the error
intervals. Although characterized by good common sense,
the proposed Physics motivated intervals [60] or Educated
ranges [61] do not add any clarification and limit themselves
to propose better intervals (uncertainties at the level of 20–
30%).

A possible (and provocative) solution consists in the
(arbitrary) choice of a single calculation [62]. This could
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Figure 2: 𝛽𝛽(0]) NME calculations as reported in Table 2.

be, somehow, justified by the recently recognized trend of
NME calculations which show only small differences among
different nuclei (Figure 2), generally within the uncertainty
interval. Known as the no super-element conjecture, such
an observation has been very recently strengthened by the
astonishing discovery of a possible anticorrelation between
phase space factors and NMEs [63].

This is easily realized when plotting (Figure 4) the avail-
ableNME’s versus the respective specific phase space (defined
as 𝐻0] = ln(2)𝑁

𝐴
𝐺
0]
/𝐴, where 𝑁

𝐴
and 𝐴 are the Avogadro

and atomic number, resp., Table 3) for 𝛽𝛽(0]) emitters with
𝑄-values larger than 2MeV (the most relevant from the
experimental point of view).

The general conclusion is that, within a factor of 2-3
(i.e., of the same order of the present NME discrepancies),
the decay rate per unit (isotope) mass does not depend
on the nucleus or, equivalently, that there are no especially
favored or disfavored isotopes. This also means that (within
the same approximation) experimental sensitivities on the
half-lifetime would translate directly (apart from a common
scaling factor) in sensitivities on ⟨𝑚]⟩.

Phase space factors reported in Table 3 are taken from the
recent extensive calculations of Kotila and Iachello [38]. As
recognized by the authors, uncertainties in𝐺0] arise from the
possible choices for the renormalization of the axial-vector
coupling 𝑔

𝐴
. In order to decouple this problem from other

sources of uncertainty an explicit factor 𝑔4
𝐴
is suggested in

the expression of 𝐺0]. Indeed, calculated phase space factors
for neutrinoless decay are generally presented for different
free-nucleon 𝑔

𝐴
values in the range 1–1.269. The difference

Table 3: Phase-space factors 𝐺0] in units of 10−15 yr−1 [38] and
specific phase space𝐻0] [63] in units of tonne−1 y−1 eV−2 for 𝛽𝛽(0])
candidate isotopes. 𝑄-values and natural isotopic abundances are
reported in the second and third columns.

Isotope 𝑄
𝛽𝛽

(keV) I.A. (%) 𝐺
0]

𝐻
0]

48Ca 4272 0.187 24.81 826.2
76Ge 2039 7.8 2.36 49.6
82Se 2995 8.73 10.16 198.1
96Zr 3350 2.8 20.58 342.7
100Mo 3034 9.63 15.92 254.5
110Pd 2018 11.72 4.82 70.0
116Cd 2814 7.49 16.70 230.1
124Sn 2287 5.79 9.04 116.5
128Te 866 31.69 0.59 7.4
130Te 2527 33.8 14.22 174.8
136Xe 2458 8.9 14.58 171.4
148Nd 1929 5.76 10.10 109.1
150Nd 3371 5.64 63.03 671.7
154Sm 1215 22.7 3.02 31.3
160Gd 1730 21.86 9.56 95.5
198Pt 1047 7.2 7.56 61.0

between these values and the minimum reported value
0.6 (renormalized to fit 𝛽𝛽(2]) experimental lifetimes) is
significantly large in terms of rates (∼20). 𝑔

𝐴
renormalization

is therefore another critical item in neutrinoless double beta
decay, and still a topic of debate among theorists.
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Figure 3: Ranges of theoretical 𝛽𝛽(0]) half-lifetimes in unit of 1026 yr, evaluated for |⟨𝑚]⟩| = 50meV and 𝑔
𝐴
= 1. Discrepancies among

different calculations are still of the order of a factor 2-3. Bars identify calculation ranges obtained within the same model, using different
parameterizations. Dots refer to single calculations.

4. Experimental Overview

The observation of neutrinoless double beta decay would
unambiguously prove that neutrinos are Majorana particles
and lepton number is violated. This ambitious goal has been
challenging experimental physicists for about fifty years,
justifying the enormous efforts in searching for such an
evanescent decay. The most suitable and best performing
experimental techniques have been designed to buildmassive
detectors operating in the most extreme conditions of low
radioactivity. However, the discovery of neutrino oscillations
and the measurement of the oscillation parameters have
dramatically changed the experimental situation, fixing a
clear target for next generation experiments whose primary
goal is to reach the needed sensitivity to study the inverted
hierarchy of neutrino masses. The intriguing claim of 𝛽𝛽(0])
observation in 76Ge has further rocked the boat with a new
unexpected milestone.

The size of the challenge is essentially the rarity of the
decay which asks for increasingly larger masses while main-
taining an excellent performance and ultralow background
environments. According to Figure 3 a sensitivity to 𝛽𝛽(0])
half-lifetimes in the range of 1026−27 yr is required to enter
the inverted hierarchy region, |⟨𝑚]⟩| ∼ 50meV. This is
equivalent to about a count per year in 104moles of isotope or
in one tonne of isotopically enriched material on the average.
Consequently, to record a sizable number of 𝛽𝛽(0]) events
over its operation time, an experiment needs to have a𝑀

𝛽𝛽

of at least 100 kg if |⟨𝑚]⟩| ∼ 50meV and few tonnes if |⟨𝑚]⟩|

is as low as the lower bound of the inverted hierarchy (i.e.,
10meV).
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Figure 4: Specific phase space versus the geometric mean of the
squared NME’s reported in Table 2, for (in increasing order of
abscissa) 48Ca, 150Nd, 136Xe, 96Zr, 116Cd, 124Sn, 130Te, 82Se, 76Ge,
100Mo, and 110Pd. Phase space factors are evaluated at 𝑔

𝐴
= 1. From

[63].

On the other hand, the decay signature exploited by most
experiments is simply based on the monochromatic energy
of the two emitted electrons (the sum kinetic energy of the
electrons is equal to the transition energy since nuclear recoil
is negligible). Unfortunately, as discussed later, there are sev-
eral sources that can produce background counts in this same
energy region. Their fluctuations can easily hide very faint
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peaks like the 𝛽𝛽(0]) one, spoiling the effectiveness of the
signature. A better signature is often synonymous of a lower
background and, definitely, of a better sensitivity. In principle
the reconstruction of the single-electron energies, the angular
correlations, and the identification and/or counting of the
daughter nucleus could result in a large improvement of
the signal to background ratio of an experiment. However,
exploiting these complementary signatures is not simple and
in general it has a price. All experiments tend therefore to find
a compromise between the desire to collect the maximum
information and the best way in which such a goal can be
accomplished.

4.1. The Experimental Sensitivity. The performance of the
different 𝛽𝛽(0]) experiments is usually expressed in terms
of an experimental sensitivity or detector factor of merit,
defined as the process half-lifetime (𝜏Back.Fluct.

1/2
) corresponding

to the maximum signal 𝑛
𝐵

that can be hidden by the
backgroundfluctuations at a given statistical confidence Level
(C.L.).

The sensitivity expresses the capacity of a detector tomax-
imize the 𝛽𝛽(0]) signal while minimizing the background
and is given, at 1𝜎, level by

𝐹
0] = 𝜏

Back.Fluct.
1/2

= ln 2𝑁
𝛽𝛽
𝜖
𝑇

𝑛
𝐵

, (7)

where 𝑁
𝛽𝛽

is the number of 𝛽𝛽 decaying nuclei under
observation, 𝜖 is the detection efficiency, 𝑇 is the measure
time, and 𝑛

𝐵
is the maximum number of counts hidden by

fluctuations of the background.
In the raw (but often well motivated) assumption that the

background rate scaleswith themass𝑀of the source, one can
obtain the expected total number of background counts by
integrating over a proper interval (customarily chosen equal
to the FWHM resolution of the detector): 𝑁

𝐵
= (𝑏 ⋅ Δ ⋅ 𝑇 ⋅

𝑀), where 𝑏 is the specific background rate per unit mass,
time, and energy andΔ is the FWHMresolution.On the other
hand, 𝑁

𝛽𝛽
can be rewritten as 𝑁

𝛽𝛽
= (𝑥 ⋅ 𝜂 ⋅ 𝑁

𝐴
⋅ 𝑀/𝐴),

where 𝑥 is the number of 𝛽𝛽 atoms in the molecule, 𝜂 is the
𝛽𝛽 isotopic abundance,𝑁

𝐴
is the Avogadro number, and𝐴 is

the molecular weight. Assuming then Poisson statistics one
gets (at 1𝜎) 𝑛

𝐵
= √𝑁

𝐵
= √𝑏 ⋅ Δ ⋅ 𝑇 ⋅ 𝑀 and the sensitivity

formula can be rewritten as

𝐹
0] = ln 2 ×

𝑥𝜂𝜖𝑁
𝐴

𝐴

√
𝑀𝑇

𝑏Δ
(68% CL) . (8)

A slightly different version of this formula can be obtained
by introducing a new specific background rate 𝐵 normalized
to the mass of the 𝛽𝛽 isotope 𝑀

𝛽𝛽
= (𝑀 ⋅ 𝑥 ⋅ 𝜂 ⋅ 𝐴

𝛽𝛽
/𝐴),

where 𝐴
𝛽𝛽

is the atomic weight of the 𝛽𝛽 isotope. The new
background rate 𝐵 is then related to 𝑏 by 𝐵 = 𝑏/𝑥 ⋅ 𝜂, while
𝑁
𝐵
= (𝐵 ⋅ Δ ⋅ 𝑇 ⋅ 𝑀

𝛽𝛽
). Then the sensitivity becomes

𝐹
0] = ln 2 × 𝜖𝑁𝐴

𝐴
𝛽𝛽

√
𝑀
𝛽𝛽
𝑇

𝐵Δ
(68% CL) . (9)

Despite their simplicity, (8) and (9) have the unique
advantage of emphasizing the role of the essential experimen-
tal parameters: mass, measuring time, isotopic abundance,
background level, and detection efficiency.

Of particular interest is the case when the background
rate 𝐵 is so low that the expected number of background
events in the region of interest along the experiment life
is close to zero. In such cases, one generally speaks of
zero background (ZB) experiments, a condition sought by a
number of future projects. In such conditions (9) is no more
valid. Indeed 𝑛

𝐵
is given by a constant term 𝑛

𝐿
(themaximum

number of counts compatible, at a given C.L. with no counts
observed [64]) and the sensitivity reads as follows:

𝐹
ZB
0] = ln 2𝑁

𝛽𝛽
𝜖
𝑇

𝑛
𝐿

= ln 2 ×
𝑥𝜂𝜖𝑁

𝐴

𝐴

𝑀𝑇

𝑛
𝐿

= ln 2 × 𝜖𝑁𝐴
𝐴
𝛽𝛽

𝑀
𝛽𝛽
𝑇

𝑛
𝐿

.

(10)

Themost relevant feature of (10) is that it does not depend
on the background level or the energy resolution and that it
scales linearly with the sensitive mass𝑀

𝛽𝛽
and the measure

time 𝑇. On the contrary, in the finite background case of (9)
the sensitivity depends only on the square root of𝑀

𝛽𝛽
and

𝑇. The dramatic effect of background is therefore not only to
limit the sensitivity but even to change its dependence on the
other experimental parameters.

The intermediate situation in which the expected number
of counts is close to unity marks the transition between the
two regimes: (𝐵 ⋅𝑀

𝛽𝛽
⋅ 𝑇 ⋅ Δ) ≃ 𝑂(1). No equation exists that

can properly describe this condition and one has to rely here
on numerical estimates of the sensitivity.

Since 𝑇 is usually limited to a few years and Δ is usually
fixed for a given experimental technique, there is little room
to improve these terms and the transition to the ZB condition
is ruled by the (𝐵 ⋅ 𝑀

𝛽𝛽
) term only. This means that the ZB

condition can be obtained because of a very good background
level or of an insufficient mass of the source.

On the other hand, (10) indicates that, in the ZB regime,
the sensitivity does not depend anymore on the background
rate but only on 𝑀

𝛽𝛽
and further improvements in the

background are useless without corresponding increases of
the experimental mass.

Similar considerations apply to the discovery potential
usually defined in terms of the ratio of the observed effect
and background events. Also in this case, in the ZB regime
the background contribution is constant and the discovery
potential scales linearly with (𝑀

𝛽𝛽
⋅ 𝑇).

We conclude this section with the following note:
there are sometimes ambiguities in the sensitivity num-
bers reported in literature, often because the parame-
ters/confidence level/technique used for sensitivity compu-
tation are not clearly stated. In this paper, we will adopt
the following convention: provide our own evaluation of a
68% C.L. sensitivity, which we will label as 𝐹0]

68%C.L. (when
computed according to (9)) or 𝐹0]ZB

68%C.L. (when computed
according to (10)). We will use the latter whenever (𝐵 ⋅ 𝑀

𝛽𝛽
⋅

𝑇 ⋅ Δ) < 1 (making an approximation for the grey zone where
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the background is only nearly zero). We will use 𝑆0] to
indicate sensitivities estimate provided by the authors, for
which we will either specify the hypotheses under which they
have been evaluated or we will report a reference where that
sensitivity estimate is discussed.

4.2. Experimental Parameters. Most of the criteria that need
to be considered when optimizing the design of a new 𝛽𝛽(0])
experiment follow directly from (9) and (10):

(i) a well performing detector (e.g., good energy resolu-
tion and time stability) giving themaximum informa-
tion (e.g., electron energies and event topology);

(ii) a reliable and easy to operate detector technology
requiring a minimum level of maintenance (long
underground running times);

(iii) a very large (possibly isotopically enriched) mass, of
the order of one tonne or larger;

(iv) an effective background suppression strategy.

Unfortunately, these simple criteria cannot be satisfied
simultaneously and actual experiments have to find always,
for any given technique, the best compromise between
incompatible requests.

Among the experimental parameters entering (9), the
background rate 𝐵 is probably the one presently attracting
most of the interest of the 𝛽𝛽(0]) researchers. The main
reason behind this is that 𝐵 and𝑀

𝛽𝛽
are the only parameters

on which improvement by orders of magnitude still looks
possible. Moreover the possibility to reach the zero back-
ground region, with its linear dependence on𝑀

𝛽𝛽
and 𝑇, is

particularly appealing.
𝐵 integrates the contributions from all the physical

processes which produce measurable effects that are not
distinguishable from a 𝛽𝛽(0]) decay. Unfortunately they are
many and only two approaches can be devised: identify their
origin and eliminate their sources or find a recipe to recognize
and separate each single event.

The natural radioactivity of detector components (bulk
or surface) is often the main background source. Even traces
of nuclides from the natural radioactive chains can become
a significant background. A serious problem is becoming
the availability of a proper diagnostic technique with the
required sensitivity to measure trace levels well below the
capability of conventional techniques. The decays of 208Tl
and 214Bi (due, resp., to the 232Th and 238U chains) with
their high 𝑄-values populate the region above 2MeV and
are therefore particularly pernicious. In some specific case
(e.g., bolometers), surface contaminations of alpha emitters
have demonstrated a limiting problem. In all cases, a careful
selection of material and purification is mandatory and next
generation experiments are being built with extremely radio
pure components. Radon isotopes, either 222Rn or 220Rn, are
liberated in natural decay chains and can contaminate all
materials with their progeny. Special care is usually requested
for them.

External backgrounds which originated outside the
detector have also to be taken into account. Underground
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Figure 5: The figure shows how a 𝛽𝛽(0]) decay candidate event
would appear in the NEMO3 detector [66].

location is the usual (and fundamental) recipe to get rid
of cosmic rays. Depth requirements vary from case to case
and depend on the experimental technique. In many cases,
well designed effective shields and/or additional detection
signatures compensate the benefits of a very deep laboratory.
Besides the depth, other important factors characterize the
underground sites like the accessibility, the size and the avail-
ability of services in the halls, and, of course, a low environ-
mental radioactivity [65] (starting from the rock itself). In the
underground laboratories, muons and neutrinos are the only
surviving radiation from cosmic rays. Even if muons can be
easily eliminated with proper veto systems, their interactions
can produce high-energy secondaries such as neutrons or
electromagnetic showers (as well as nuclear activation) that
can represent a more serious problem. The effects of this
secondary radiation can be particularly dangerous above
ground (e.g., during detector components preparation) so
that when material activation can be a concern (e.g., for ger-
manium or copper), underground fabrication and/or storage
of the detector components are essential. Electromagnetic
showers and 𝛾-rays from radioactive decays produced in
the rock surrounding the underground halls can produce
background. Detectors need therefore to be surrounded by
heavy shields to reduce the effects of this radiation. To
this end, layers of increasing radiopurity are used as the
innermost parts of the detector are approached. Shields
against neutrons are also usually implemented with layers of
a moderating (hydrogenous) material followed by materials
with a high cross-section for neutron capture. Finally, even
solar neutrinos can be an irreducible source of background
when very massive detectors (e.g., huge liquid-scintillator
calorimeters) are used.

In most cases, detectors are designed to measure only the
total energy released in the 𝛽𝛽(0]) decay (sum of the electron
kinetic energies). Additional information (e.g., topological
reconstruction) can be extremely helpful in identifying back-
ground contributions. Actually the lowest background rate
so far was achieved by the NEMO3 experiment [66], a
calorimeter with tracking capabilities (Figure 5).

Given the rarity of 𝛽𝛽(0]) decays, a high detection
efficiency is another important requirement, as (9) and (10)
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clearly indicate. In general, simple calorimeters have the
highest detection efficiency.

Even if not appearing explicitly in (9), the choice of the
𝛽𝛽 isotope is particularly important since it influences all the
relevant factors that characterize the design of an experiment:

(i) the isotopic abundance,
(ii) the nuclear details of the decay (i.e., the nuclear factor

of merit),
(iii) the 𝑄-value (𝑄

𝛽𝛽
),

(iv) 𝛽𝛽(2]) background,
(v) the choice of the experimental approach or technique.

Of the 35 naturally occurring isotopes that are𝛽𝛽 emitters
none can match simultaneously all the requirements listed
here. For each isotope a figure of merit can be drawn
considering all the listed factors and this allows one to
identify the best candidates.

As discussed in the introduction to this section, even in
ideal conditions of efficiency and background, any experi-
ment aiming at entering the inverted hierarchy region needs
at least a mass of 100 kg of 𝛽𝛽 isotope. Isotopic abundance is
therefore a key ingredient in the choice of the 𝛽𝛽 isotope.

The natural isotopic abundance of some of the most
relevant 𝛽𝛽 emitters are reported in Table 3. In most of
the cases, the listed values is in the few % range, with
two significant exceptions: 130Te and 48Ca. With its 33.8%
130Te is the only case in which a high sensitivity is possible
even with natural samples. On the contrary, the natural
abundance of 48Ca is well below 1% and isotopic enrichment
is indispensable. In order to limit the detector size and taking
into account that the background level scales roughly with
the total mass of the detector (and not simply the isotope
fraction), it is evident that isotopic enrichment is a necessity
for almost all next generation experiments.

A further criterion can then affect the choice of the
isotope: the availability and the cost of the enrichment
techniques. In particular, 48Ca, 96Zr, and 150Nd cannot be
enriched with centrifuges and the cost becomes a limiting
factor.

The nuclear structure of each specific isotope can affect
the value of the respective 𝛽𝛽(0]) amplitude in a peculiar
way. Indeed, a favorable value of the NME can identify some
specific super-element. This has been the case of 150Nd some
year ago but, as discussed in Section 3.1, present calculations
seem to level the values of NME’s which are becoming
therefore a less relevant criterion.

The 𝑄-value is also particularly critical since it has a
double effect on sensitivity, affecting both the phase space
factor 𝐺0] (which varies as 𝑄5) and the background contri-
butions (natural radioactivity populates the energy region
below 3MeV). Isotopes with large 𝑄-values are therefore
favored and the choice is usually restricted to 𝑄

𝛽𝛽
> 2MeV

(the lowest of them is 76Ge). Only 9𝛽𝛽 emitters survive this
request.

From an experimental point of view, 𝛽𝛽(2]) and 𝛽𝛽(0])
decays can be distinguished from the shape of the two-
electron sum energy spectrumwhich is a continuumbetween
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Figure 6: Fraction of the total 𝛽𝛽(2]) counts expected in a window
of total width equal to 1 FWHM as a function of the relative (𝜎/𝐸)
energy resolution.

0 and𝑄
𝛽𝛽

for 𝛽𝛽(2]) and a sharp line at the transition energy
𝑄
𝛽𝛽

for 𝛽𝛽(0]). However, these distributions are smeared by
the finite energy resolution of the detector and the tail of
the 𝛽𝛽(2]) distribution can overlap the 𝛽𝛽(0]) peak. 𝛽𝛽(2])
half-lifetime and energy resolution of the detector are the
critical parameters, although for next generation experiments
this is not a concern when the resolution is better than 1%
(Figure 6).

The relation between the choice of the 𝛽𝛽(0]) isotope
and the experimental approach will becomemore clear in the
following when specific detection methods will be described.
In practice, only two general experimental approaches have
been so far devised: an external-source (or inhomogeneous
or passive source) approach in which the electrons emitted
by a very thin source sample (∼60mg/cm2 in NEMO3)
are observed by means of (usually very complex) external
detectors, and a calorimetric (or homogeneous or active
source) approach in which the source sample is active and
acts simultaneously as detector of the 𝛽𝛽 decay. Calorimetric
detectors present serious limitations in the choice of the
𝛽𝛽(0]) isotope since only fewmaterials can satisfy the request
to be at the same time the active material of a detector. Few
emblematic exceptions are 76Ge (germanium diodes), 136Xe
(gas and liquid chambers), and 130Te (bolometers). On the
other hand, the calorimetric approach has provided so far
the best sensitivities and this justifies the effort for the quest
of a technology able to enlarge the list of isotopes that can
be studied with a calorimetric approach. Bolometers have
actually provided such an answer although few exceptions
still exist (e.g.,150Nd).

5. Experimental Methods

Two main general approaches have been followed so far for
𝛽𝛽 experimental investigation: (i) indirect or inclusive meth-
ods and (ii) direct or counter methods. Inclusive methods are
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based on the measurement of anomalous concentrations of
the daughter nuclei in properly selected samples, character-
ized by very long accumulation times.They include geochem-
ical and radiochemical methods which, being completely
insensitive to different 𝛽𝛽 modes, can only give indirect
evaluations of the 𝛽𝛽(0]) and 𝛽𝛽(2]) lifetimes. They have
played a crucial role in 𝛽𝛽 searches especially in the past.

Counter methods are based instead on the direct obser-
vation of the two electrons emitted in the decay. Different
experimental parameters (energies, momenta, topology, etc.)
can then be registered according to the different capabilities of
the employed detectors. These methods are further classified
in inhomogeneous (when the observed electrons originate in
an external sample) and homogeneous experiments (when
the source of 𝛽𝛽’s serves also as detector).

Given the limited information coming from the decay,
the experimental strategy generally adopted to investigate the
𝛽𝛽(0]) decay consists in developing a proper detector tomea-
sure in real time the properties of the two emitted electrons.
The minimal request is to collect the sum energy spectrum
of the electrons. However, when possible, additional pieces
of information can be useful to lower background effects
or constraining theoretical models. They consist usually of
the single-electron energy and initial momentum, of the
event topology, and, in one specific case, of the species
of the daughter nucleus. The next step consists then in
the optimization of most of the experimental parameters
addressed by the sensitivity equation (9)

(i) Energy Resolution Δ. A very good energy resolution
is maybe the most relevant feature to identify the
sharp 𝛽𝛽(0]) peak over an almost flat background.
It is however very useful also to keep under control
the background induced by the unavoidable tail of
the 𝛽𝛽(2]) spectrum. Although almost negligible
when the energy resolution is better than about
2% (Figure 6), it represents a limiting factor in low
resolving detectors. In these cases, candidates with
a slow 𝛽𝛽(2]) decay rate (e.g.,136Xe) are of course
preferred.

(ii) Background Rate𝐵. As already discussed above, a very
low background requires a proper underground lab-
oratory, extremely radiopure materials, and effective
passive and/or active shields against environmental
radioactivity.

(iii) Mass of the Isotope𝑀
𝛽𝛽
. A large number of candidate

nuclei are an inalienable constraint. Present experi-
ments are characterized by masses of the order of few
tens of kg (hundred in the most sensitive detectors),
while experiments aiming at covering the inverted
hierarchy region should reach the 100–1000 kg scale.

Normally, these features cannot be met simultaneously in
a single detection method and compromise solutions have to
be worked out, privileging some properties with respect to
others while having in mind of course the final sensitivity
of the setup. As already mentioned above, the searches for
𝛽𝛽(0]) can be further classified into two main categories:
calorimetric and external-source systems.

Originally proposed for germanium diodes [67], the
calorimetric technique has been implemented with many
types of detectors, such as scintillators, bolometers, solid-
state devices, and gaseous chambers. Advantages and limita-
tions of this technique can be summarized as follows

↑The intrinsically high efficiency of the method allows
large source masses. 𝑂 (100 kg) has been already
demonstrated and the tonne scale seems possible.

↑ With a proper choice of the detector type, a very high
energy resolution is achievable (e.g., Ge diodes and
bolometers).

↓ Severe constraints arise from the request that the
source material is embedded in the structure of the
detector. These constraints have been however weak-
ened by the use of liquid scintillator (e.g., KamlAND-
Zen and SNO+) and bolometers.

↓ Topology reconstruction is usually difficult. Also
here, exceptions exist (liquid or gas Xe TPC).

Different detection techniques have been adopted also
for the external-source approach, namely, scintillators, solid-
state detectors, and gas chambers. Also here positive and
negative aspects can be listed.

↑ Reconstruction of the event topology is possible,
making easier the achievement of the zero back-
ground condition. Such a beautiful feature is unfortu-
nately masked by the negative effects of a bad energy
resolution which mixes 𝛽𝛽(0]) and 𝛽𝛽(2]) events.

↓ Large masses of the isotope can be hardly gathered.
Self-absorption in the source is the limiting factor and
onlymasses of the order of 10 kg have been possible so
far. The target of 100 kg seems possible even if at the
cost of an extraordinary effort, while the tonne scale
looks presently unreachable.

↓ Typical energy resolutions are of the order of 10%
mainly determined by source effects.

↓ Low detection efficiencies (of the order of 30%) are
another typically negative aspect of this approach.

Besides having provided so far the best experimental
results on 𝛽𝛽(0]), the calorimetric approach is still promising
the best sensitivities and is therefore characterizing most of
the future projects. Here, the well performing detectors seem
limited by the scalability while the opposite holds for the
very big liquid scintillation detectors. The quest for the zero
background condition is common to both; but let us remind
you that the golden rule is that the best sensitivity is achieved
when (𝑀

𝛽𝛽
⋅ 𝑇) × (Δ ⋅ 𝐵) ≲ 𝑂(1). This is easily recognized

when reworking (9) as follows [68]:

𝐹
0] = ln 2 × 𝑁

𝐴
√
𝑛
𝛽𝛽
𝑇

𝐵Δ
≡ ln 2 × 𝑁

𝐴
√

𝑆𝑐𝑎𝑙𝑒

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒
, (11)
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Table 4: Best reported results on 𝛽𝛽 processes. 𝛽𝛽(0]) limits are at 90% C.L. Where nonexplicitely referenced, the effective neutrino mass
ranges are obtained according to the QRPA calculations reported in Table 2.

Isotope 𝑇
2]
1/2

𝑇
0]
1/2

|⟨𝑚]⟩|

(1019 yr) (1024 yr) (eV)
48Ca (4.4

+0.6

−0.5
) [142–144] >0.058 [145] <19–36

76Ge (150 ± 10) [124, 146–148]
22.3
+4.4

−3.1
[81] 0.32

+0.03

−0.03
[81]

>19 [71] <0.17–0.29
>15.7 [72] <0.19–0.32

82Se (9.2 ± 0.7) [149, 150] >0.36 [90] <1.23–1.88
96Zr (2.3 ± 0.2) [151] >0.0092 [151] <5.24–10.83
100Mo (0.71 ± 0.04) [152, 153] >1.1 [90] <0.71–1.05
116Cd (2.8 ± 0.2) [144, 154–156] >0.17 [155] <1.64–2.69
130Te (70

+9

−11
) [157, 158] >2.8 [159] <0.45–0.70

136Xe (217 ± 6) [86] >1.6 [160] <2.10–3.37
150Nd (0.82 ± 0.09) [153, 161] >0.018 [161] <9.01–16.07

where 𝑛
𝛽𝛽
= (𝑀
𝛽𝛽
⋅ 𝑥 ⋅ 𝜖/𝐴) is the number of moles of isotope

rescaled for the efficiency while 𝐵 is the background rate per
unit of 𝑛

𝛽𝛽
. Equivalently for (10)

𝐹
0𝐵

0] =
𝑀𝑇

𝑛
𝐿

ln 2 × 𝑁
𝐴

𝑛
𝛽𝛽
𝑇

𝑛
𝐿

≡ ln 2 × 𝑁
𝐴

𝑆𝑐𝑎𝑙𝑒

𝑛
𝐿

(12)

for the zero background regime. It is then apparent that
𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 = (𝐵


⋅ Δ) and 𝑆𝑐𝑎𝑙𝑒 = (𝑛

𝛽𝛽
⋅ 𝑇) must proceed

hand in hand and that big efforts to reduce background
without a corresponding increase in the source mass risk to
be a waste of time.

5.1. Past Experiments. Started in the 1940s, with the first
experimental work of Fireman [69] and soon after its theo-
retical proposal by Furry in 1939 [3], the research in double
beta decay has been characterized for about half century by
continuous attempts to improve the limits on lepton number
conservation exploiting the improvements in the available
technology. The first direct measurement of 𝛽𝛽(2]) dates
back to 1987 [70] when Elliott and collaborators observed the
first tracks of the electrons emitted by a source of 14 g of 97%
enriched 82Se deposited on a thinmylar foil inside their Time
Projection Chamber (TPC) at Irvine. Until that moment, the
only evidence of the existence of double beta decay came from
geochemical methods. Then, starting in the 1980s, the scene
was dominated for about 20 years by germanium diodes,
which demonstrated an excellent technique to search for
𝛽𝛽(0]) and established the superiority of the calorimetric
approach.The discovery of neutrino oscillations at the end of
the 90’s has marked a true revolution in the field, providing
for the first time a clear target for the 𝛽𝛽(0]) experimental
search. Since then, a rich and varied list of new experiments
has been proposed.

Next generation experiments will be reviewed in the next
section while here we would like to summarize the most
recent results.

Experimental evidence for several 𝛽𝛽(2]) decays has
been provided in recent years (see Table 4) mainly exploiting

the external source approach to measure the 𝛽𝛽(2]) two-
electron sum energy spectra, the single electron energy distri-
butions, and the event topology. Impressive progress has been
obtained in the same periods also in improving 𝛽𝛽(0]) half-
life limits for a number of isotopes. The best results are still
maintained by the use of isotopically enriched HPGe diodes
for the experimental investigation of 76Ge (Heidelberg-
Moscow [71] and IGEX [72]) but two other experiments
have reached comparable sensitivities: NEMO3 [73, 74] at
Laboratoire Souterrain deModane (LSM) andCuoricino [75]
at Laboratori Nazionali del Gran Sasso (LNGS).

NEMO3 was a large inhomogeneous detector aiming at
overcoming the intrinsic limits of the technique (relatively
small active masses) by expanding the setup dimensions.The
big advantage of the NEMO3 technique was the possibility
to access single electron information. This made it possible
to measure a variety of 𝛽𝛽(2]) half-lives and to reach an
excellent background rate. Cuoricino was, on the other
hand, a TeO

2
granular calorimeter based on the bolometric

technique. Its goal was to exploit the excellent performance of
the bolometers (and the possibility they offer to be built with
any material of practical interest [76–78]) to scan the most
interesting 𝛽𝛽(0]) active isotopes. Apart from the relevant
result on 𝛽𝛽(0]), Cuoricino has the big merit of having
demonstrated the scalability of the technique, paving the way
for CUORE. NEMO3 and Cuoricino were stopped in 2010
and 2008, respectively.

The evidence for a 𝛽𝛽(0]) signal has also been claimed
[79, 80] (and confirmed later [81, 82]) by a small subset
(KHDK) of the HDM collaboration at LNGS. The latest
reported result amounts to 6𝜎 evidence with a 𝛽𝛽(0]) half-
life measurement of 𝑇0]

1/2
= 2.23

+0.44

−0.31
× 10
25 yr. It corresponds

to 11 ± 1.8 counts in the peak and agrees with the previously
quoted value within a 1.7𝜎 error [81]. The result is based
on a complex reanalysis of the HDM data, leading to the
observation of a 𝛽𝛽(0]) peak in the sum energy spectrum at
2039 keV. This claim has triggered an intense debate in the
community. No consensus still exists about its validity. The
only certain way to confirm or refute it is with additional
sensitive experiments. Its verification is actually one of
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Table 5: A selected list of the next generation 𝛽𝛽(0]) experiments. Important features that characterize each experiment are indicated in the
last column:Δ𝐸 refers to a good energy resolution while pulse shape analysis (PSA) stands for the capability to discriminate events topologies.
The isotope mass,𝑀fid

𝛽𝛽
, reported here takes into account isotopic abundance and fiducial volume as described in Sections 7–11.

Experiment Isotope 𝑀
fid
𝛽𝛽

(kg) Technique Location Start date
130Te CUORE-0/CUORE 11/206 Bolometric LNGS 2012/2014 Δ𝐸, Cu + Pb shield
76Ge GERDA I/II 11/30 Ionization LNGS 2012/2014 Δ𝐸, PSA, LAr shield
82Se LUCIFER 9 Bolometric LNGS 2014 Δ𝐸, scintillation, Cu + Pb shield

MJD 26 Ionization SUSEL 2014 Δ𝐸, PSA, Cu + Pb shield
130Te SNO+ 163 Scintillation SNOLAB 2014 Size/shielding
82Se or 150Nd SND/SuperNEMO 6/100 Tracko-calo LSM 2014/2015 Tracking
136Xe EXO-200 79 Liquid TPC WIPP 2012 Ionization + scintillation
136Xe KamLAND-ZEN 179 Scintillation Kamioka 2012 Low background environment
136Xe NEXT-100 90 Gas TPC Canfranc 2014 Tracking

the goals of the next generation experiments. Preliminary
results (Section 6) seem to exclude it according tomost of the
theoretical NME calculations.

6. Goals and Methods of the Next
Generation Experiments

The conclusion of Cuoricino and NEMO3 marks in some
way the transition toward a new generation of experiments
characterized by bigger detectors (100–1000 kg of isotope),
designed and constructed by wide international collabora-
tions sharing work and costs. The ultimate goal of these
next generation projects would be to explore the inverted-
hierarchy region of neutrino masses, a very ambitious objec-
tive which requires the realization of experiments at the
multitonne scale with background levels of the order of 1
counts/(keV⋅tonne⋅yr).The cost, the risk profile, and the time
scale (of the order of ten or more years) that characterize
the preparation phase of these big experiments motivate
the adoption of a cautious strategy, generally based on
the construction of a 100 kg scale experiment that can be
expanded at a later time to 1 or more tonnes. Scalability
and performance are therefore the key issues on which next
generation experiments will select the future technique.

Some of the parameters appearing in (9) (e.g., the energy
resolution) only depend on the experimental technique and
cannot be improved at will. On the other hand, sizable
improvements of the sensitivity can be obtained acting on the
following:

(1) background level;
(2) isotopic enrichment;
(3) active mass.

Next generation experiments are therefore facing the
challenge of developing detectors characterized by masses of
isotopically enrichedmaterials of the order of ∼1 tonne, oper-
ating underground in conditions of extremely low radioactiv-
ity. In this game, a further, certainly not naı̈ve, and not always
properly mentioned difficulty is the unavailability of proper
diagnostic methods to certify the assessment of a given
level of background. In these conditions detector prototypes

characterized by intermediate masses (the mentioned 100 kg
scale phase) are the only possibility.

So far, the best results have been pursued exploiting the
calorimetric approach which characterizes therefore most of
the future proposed projects. They can be classified in three
broad classes:

(1) dedicated experiments using a conventional detector
technology with improved background suppression
methods (e.g., GERDA and MAJORANA);

(2) experiments using unconventional detector (e.g.,
CUORE) or background suppression (e.g., EXO and
SuperNEMO) technologies;

(3) experiments based on suitable modifications of an
existing setup aiming at a different search (e.g., SNO+
and KAMLAND).

Experimental methods and expected sensitivities of the
proposed projects are compared in Tables 5 and 15. As
discussed above, technical feasibility tests are requested in
some cases, but the crucial issue will be the capability of each
project to pursue the expected background suppression.

Calorimetric detectors are usually preferred for future
experiments since they have produced so far the best results.
The calorimetric approach suffered for years from a strong
limitation: it was possible only for a small number of
𝛽𝛽(0]) isotopes (e.g.,76Ge, 136Xe, and 48Ca), thus limiting
the number of experimentally accessible isotopes. Today, the
multiple choices offered by new detectors and techniques
(e.g., bolometers) show that a possible way out exists.

7. Time Projection Chambers

Particle tracking is a powerful technique to distinguish a
𝛽𝛽(0]) signal from a background signal. A 𝛽𝛽(0]) event is
characterized by a pair of very short tracks which originated
at the source position if compared with background events
with the same energy (most of the studied isotopes have 𝑄-
values of 2-3MeV) that are usually characterized by much
longer tracks (as in the case of cosmic ray muons) and/or
by multisite energy depositions (as in the case of 𝛾 or 𝛾 + 𝛽
emissions).
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Tracking is accomplished by the use of gas counters or
Time Projection Chambers (TPCs) where the 𝛽𝛽 source
is introduced in the form of thin foils or—in the special
case of 136Xe 𝛽𝛽(0]) decay—as the TPC filling gas/liquid.
A magnetic field can be used to improve particle iden-
tification capability (which is the case for NEMO3 and
also for the Moe pioneering experiment). A segmented
detector is used to reconstruct the spatial distribution of the
ionization cloud, deriving event topology with a resolution
that strongly depends on details of detector implementation:
vertex position, number of interactions, and track length are
among the information that can be obtained. These are used
for background rejection and background identification; the
latter is of primary importance for background modeling.
In the case of a high spatial resolution it becomes also
feasible to disentangle 𝛽𝛽(0]) from 𝛽𝛽(2]) and to study
the different 𝛽𝛽(0]) decay mechanisms (see SuperNEMO
description).Whatever the choice done for the tracking read-
out, the energy is measured through a scintillation signal
that in the case of xenon TPC’s is produced by Xe itself,
while in the other cases it is obtained by the introduction
of an array of scintillators in the TPC. Energy resolution
is often much worse than in pure calorimetric approaches
such as those involving HPGe diodes or bolometers with
two consequences: the increase of the number of sources
able to mimic 𝛽𝛽(0]) events and the need of a background
reconstruction to disentangle the 𝛽𝛽(0]) signal.

Tracking can providemultiple techniques for background
rejection, varying according to the specific characteristics
of the detector. For example, a powerful and simple way
to get rid of some radioactive sources (in particular those
emitting short range particles) is the definition of a fiducial
volume. Requiring that the interaction vertex be within a
volume that is sufficiently far from important sources as the
TPC vessel, most of 𝛽 + 𝛾 and 𝛼 events from natural chains
(or other 𝛽 or 𝛼 decaying isotopes) are rejected. Obviously
a compromise has to be reached between the benefit—in
terms of background rate—of a small fiducial volume and
the corresponding reduction of the 𝛽𝛽 active mass, this
compromise can change in time according to the changes in
intensities and locations of the background sources.

7.1. 136XeTPCs. 136Xe is an attractive𝛽𝛽 candidate for various
reasons:

(i) it has a high 𝑄
𝛽𝛽

(2457 keV); therefore, the 𝛽𝛽(0])
signal grows in a region that is less contaminated by
radioactive background events;

(ii) its 𝛽𝛽(2]) mode is slow (even slower than expected,
as proved by EXO-200 and later confirmed by
KamLAND-ZEN) and hence its contribution in the
𝛽𝛽(0]) decay region of interest (ROI) is irrelevant
even when the energy resolution is poor;

(iii) xenon can be used for the realization of a homoge-
neous detector since it provides both scintillation and
ionization signals;

(iv) it is a gas and can be easily and cheaply enriched
(its natural isotopic abundance (i.a.) is 8.86%) and
purified.

The running experiment EXO-200 and the projected
NEXT-100 use xenon in an active source approach, while in
the KamLAND-ZEN experiment the 136Xe 𝛽𝛽 passive source
is dispersed in a liquid scintillator (see Section 11).

At 2457 keV, multiple sources can mimic a 𝛽𝛽(0]) decay.
The dominant background comes from the high energy 𝛾
lines due to isotopes in the 238U and 232Th natural chains:
the 2448 keV 𝛾 from 214Bi (222Rn progeny) and the 2615 keV
𝛾 from 208Tl. The former is certainly the most threatening
one since it is less than 10 keV apart from the 𝛽𝛽(0])
signal. The implementation of radon suppression techniques
is a mandatory requirement for these experiments, while
mitigation of radon-induced background can be obtained
by improving the energy resolution of the calorimeter, the
accuracy of energy calibration, and the ability to identify and
subtract 214Bi contributions from the measured spectrum.
In particular cases, short-living nuclei produced by cosmic
ray activation or by fallout can be important background
contributors as proved by the KamLAND-ZEN experience
(see Section 11). Finally, cosmic rays—although potentially
dangerous—can be easily suppressed through the use of
optimized veto systems and underground deep locations.

7.2. EXO. The Enriched Xenon Observatory (EXO) Collab-
oration is planning a series of experiments to search for
𝛽𝛽(0]) decay of 136Xe with progressively higher sensitivity
using liquid xenon (LXe) TPC’s. Within this program, EXO-
200 is a 200 kg scale experiment designed to achieve a
2-year 𝛽𝛽(0]) sensitivity of 6.5 × 1025 yr. However, this
was computed assuming a fiducial mass of 140 kg of Xe,
namely, higher than the actual case, meaning that the same
sensitivity will be reached in a longer time. The experiment
is located at a depth of 1585m water equivalent in the
Waste Isolation Pilot Plant (WIPP) near Carlsbad, New
Mexico. The advantage of LXe over a gaseous xenon TPC
lies mainly in the reduced volume where the same mass can
be concentrated, at the price of a worse energy resolution.
EXO-200 exploits both the scintillation and ionization signals
produced by particle interactions in xenon, while the future
plans of the collaboration include the implementation of a Ba
tagging technique. This aims at the identification (through
laser excitation) of the 136Xe 𝛽𝛽 decay daughter (136Ba++)
as a further and unambiguous signature of a 𝛽𝛽 decay.
If successful, this technique would impressively improve
background discrimination (see Table 6).

The EXO-200 detector consists in a cylindrical TPC
filled with LXe (see Figure 7) mounted inside a cryostat and
externally shielded from cosmic rays and radioactivity by
25 cm of lead. A further thickness of 5 cm in copper and of
thickness 50 cm in the liquid refrigerator are provided by
the cryostat itself. All components used for the construction
of the detector were carefully selected for low radioactive
content. The clean room module—housing the cryostat and
the TPC—is surrounded on four sides by an array of plastic
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Table 6

EXO-200 136Xe (𝑄
𝛽𝛽

= 2457 keV) running experiment
FWHM 96 keV
EXPOSURE 32.5 kg (136Xe) × yr
MASS 79 kg of 136Xe (LXe fiducial volume of 98.5 kg)
BKG

Rejection
Single-site versus multisite events separation +
fiducial volume + 𝛼 rejection through
light/charge ratio

Rate (1.1 ± 0.1) × 10−3 counts/(keV⋅kg⋅yr)

Sources

214Bi (localized outside the TPC, therefore
contributing mainly through its 2448 keV 𝛾),
232Th and 238U in the TPC vessel (2448 keV from
214Bi and 2615 keV from 208Tl)

𝑇
0]
1/2 <1.6 × 1525 yr at 90% C.L. [160]

𝐹
0]
68%C.L.

1.2 × 1026 yr in 5 years (with the same
background, detection efficiency (82.5%), and
active mass of [160])

scintillators acting as cosmic rays veto. At WIPP, the muon
rate is of about (3.10 ± 0.07) × 10−7 𝜇/(s⋅cm2⋅sr) (∼10 times
higher than at LNGS), while 𝜇’s traversing the TPC are
easily rejected any 𝜇’s traversing the experimental apparatus
but not tracked in the TPC can produce dangerous back-
ground events via bremsstrahlung or spallation. A cosmic-
ray-induced background rate 10 times higher than the EXO-
200 goal (3 events/year in the 𝛽𝛽(0]) ROI) was estimated in
absence of the veto.This rate is reduced to negligible levels by
the veto [83].

EXO-200 uses about 200 kg of xenon, enriched to (80.6
± 0.1)% in the isotope 136Xe. Xenon is continuously recir-
culated; therefore, only a fraction of it (110 kg) is in the
liquid phase inside the detector chamber. The cylindrical
TPC (44 cm in length and 40 cm in diameter) is divided
into two identical volumes (two halves) by a cathode grid
held at negative high voltage, located in the midplane of the
cylinder. The ionization signal is read out at the two ends
of the cylinder by two wire planes held at virtual ground
potential (charge collectionU-wires). A further plane ofwires
(induction V-wires) oriented at 60 degrees with respect to
U-wires is positioned at each end of the TPC, at a distance
of 6mm from each U-wire plane. The electrically induced
signal is used to have a second coordinate that allows two-
dimensional localization of the ionization cloud.

In order to improve the energy resolution of the detector,
also the scintillation signal produced by particle interactions
in LXe is readout using two arrays of large area avalanche
photodiodes (preferred to phototubes mainly for the lower
radioactivity), with one behind each of the two charge collec-
tion planes. The scintillation signal provides complementary
energy information used to improve the energy resolution, to
reject events corresponding to incomplete charge collection
or alpha particles (that are characterized by a different charge-
to-light ratio with respect to 𝛽/𝛾’s), and to achieve a three-
dimensional position sensitivity: the 𝑧-coordinate is indeed

obtained by using the difference in the arrival time between
the ionization and scintillation signals (electron drift time).

The spatial information allows one to reject events com-
ing from the chamber walls (by the definition of a fiducial
volume) and to classify signals in single-site (SS) and multi-
site (MS) events.Themajority (about 82.5%) of 𝛽𝛽 events are
SS (a fraction of events isMS because of bremsstrahlung).MS
events aremainly used to constrain background components.

Periodic calibrations of the apparatus are necessary in
order to monitor continuously the free electron lifetime and
the overall charge-to-energy conversion. Source measure-
ments are also used to verify the SS and MS reconstruction
efficiencies through comparison with Monte Carlo simula-
tions.

Data collected between May 21, 2011 and July 9, 2011
were used for 𝛽𝛽(2]) analysis [84] with the discovery (later
confirmed by KamLAND-ZEN) that 𝑇2]

1/2
was shorter than

what was previously reported in the literature [85].
In June 2012 the first result on 𝛽𝛽(0]) was published,

using a detector exposure of 32.5 kg (136Xe)× yr (corre-
sponding to a fiducial volume of 98.5 kg of LXe). Here the
combination of the charge and light signals is used for the first
time to improve the energy resolution, with a gain of about a
factor 2 with respect to the use of the ionization signal alone.
The resolution at𝑄

𝛽𝛽
is 1.67% for SS events and 1.84% for MS

events (i.e., the FWHM at the 𝛽𝛽 transition energy is 96 keV
in SS events and 106 keV in MS events). The calibration
error is lower than 1%. The 𝛽𝛽(2]) and 𝛽𝛽(0]) signals are
extracted by a simultaneous fit of SS and MS spectra (the
fitting region covers the range from 700 keV to 3.5MeV; see
Figure 7) with the spectral shapes predicted by the Monte
Carlo simulation for 𝛽𝛽(2]) and 𝛽𝛽(0]) decays and for the
main radioactive sources responsible for the background
counting rate.While the SS spectrum is dominated by 𝛽𝛽(2])
events (according to the best fit, the ratio of 𝛽𝛽(2]) events
to background ones is 9.4 to 1 [84]) only a small fraction of
them contributes to the MS spectrum which on the other
hand is dominated by background sources (in the 𝛽𝛽(0])
region the MS counting rate is about 10 times higher than
SS one). The contamination levels yielded by the fit for the
different background sources are consistent with the material
screening measurements, which in some way proves the
reliability of the background model. Indeed, the consistency
between contaminations extrapolated from the data and
those measured for the single detector parts before assembly
is not trivial: in many cases only upper limits on contaminant
concentrations are available andmoreover new contributions
are often introduced by components handling, machining,
and assembly.

The 𝑇2]
1/2

already measured in [84] has been recently
updated to 𝑇2]

1/2
= 2.172 ± 0.0017 (stat) ± 0.060 (syst) × 1021 yr

[86].
No peak is observed in the 𝛽𝛽(0]) ROI. The fit yields

a background rate in the (1𝜎 region) of (1.1 ± 0.1) ×
10−3 counts/(keV⋅kg⋅yr) due to external background sources
(i.e., not coming from 136Xe itself). The main contributors
are identified in the 2448 keV 𝛾 line of 214Bi, ascribed
to 222Rn in the cryostat-lead air gap, 232Th (contributing
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Figure 7: (a) EXO detector concept (figure from D. Auty presentation at 48th Rencontres de Moriond, year 2013). (b) EXO-200 results. The
two plots at top show the MS (left) and SS (right) fits (see text for explanation), the plot at bottom is a zoom of the SS fit in the 𝛽𝛽(0]) region
(figure from [160]).

through Compton scattering of the 2615 keV 𝛾 line), and
238U (again the 2448 keV peak) in the TPC vessel. Actually,
the spectral shape of a 222Rn contamination in the air gap
cannot be distinguished from that of a 238U contamination
in materials outside the cryostat but 222Rn measurements
confirm the assumed hypothesis and allow for the possibility
of a background improvement in the near future.

A lower limit on 𝛽𝛽(0]) half-life is evaluated correspond-
ing to 1.6 × 1025 yr at 90% C.L. The future evolution of EXO
will go in the direction of a tonne scale experiment that aims
at an active mass of 4 tonnes of 136Xe, a slightly improved
energy resolution (1.4% at 1𝜎), and a background reduction
obtained through an improved radon suppression and the
different surface/volume ratio.
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Table 7

NEXT-100 136Xe (𝑄
𝛽𝛽

= 2457 keV) under construction
FWHM 12.5 keV
MASS 90 kg of 136Xe (100 kg of enriched Xe)
BKG

Rejection
Event topology (predicted background
rejection ratios are of ∼2 × 10−7 and detection
efficiency of 25%)

Goal
8 × 10−4 counts/(keV⋅kg⋅yr) (evaluation done
on the basis of the background budget and
rejection factors)

𝐹
0]
68%C.L. 1.6 × 1026 yr in 5 years

7.3. NEXT. The concept of the NEXT project is very similar
to the one of EXO: use ionization and scintillation signals
in a xenon TPC. However, NEXT xenon is in its gaseous
phase where energy and tracking resolutions are better, an
advantage whose price is the larger volume needed for the
same xenon mass: LXe has a density of 3 g/cm3, while in
NEXT (which plans to work at a pressure of ∼15 bar) density
is 0.075 g/cm3 (see Table 7).

In NEXT-100, scintillation and ionization are read out
as light signals, with a solution that aims at reaching the
best energy resolution (down to about 12 keV FWHM) and
high resolution tracking: in a high pressure Xe chamber the
two electrons emitted in a 𝛽𝛽 decay produce a characteristic
track ∼30 cm long (see Figure 8), easily distinguished from
most radioactive-induced events. The detection principle is
the following: a particle interacting in the chamber produces
excitation and ionization of Xe atoms.The formermechanism
gives rise to the prompt emission of scintillation light (this
is the start of the event) while the latter produces charges
(distributed along the particle track) that are drifted on a long
length (of the order of 1m) in an electric field of relatively low
intensity. At the end of the drifting region, between the gate
and the anode, a much more intense electrical field induces
electroluminescence (EL): drifted electrons acquire so much
energy that scattering onXe atoms they produceXe excitation
followed by scintillation. In this way, the ionization signal
is converted into scintillation light which is used for both
energy measurement and tracking.

The NEXT-100 detector is a cylindrical, stainless-steel
pressure vessel containing a polyethylene field cage (see
Figure 8). A 12 cm thick copper shield separates the cage from
the vessel and is used to mitigate the possible effect of vessel
radioactivity.

Three wire-meshes, cathode, gate (ground), and anode
separate the two electric field regions of the detector. The
drift region, between cathode and gate, is a cylinder of 107 cm
diameter and 130 cm length. The EL region, between gate
and anode, is 0.5 cm long. The tracking function is provided
by a plane of multipixel photon counters placed behind the
anode plane thatmeasure EL signal. An array of PM is located
behind the transparent cathode and is used to readout the
scintillation light in order to provide a precise measurement
of the energy released by the interacting particle.The solution

of using two different arrays of optical devices, one dedicated
to tracking and the other to energymeasurements, allows one
to optimize separately the two measurements.

Tests on small-scale prototypes have proved an energy
resolution of 1% FWHM at 662 keV which scales to 0.5% at
𝑄
𝛽𝛽

(namely, 12.5 keV) and a track reconstruction with an
uncertainty of the order of 5–10mm [87].

According to Monte Carlo simulations the background
rejection efficiency obtained through the combination of
cuts based on tracking and energy is impressive, ranging
from 3 to 7 orders of magnitude. The latter is obtained
exploiting full event topology and corresponds to a 𝛽𝛽(0])
detection efficiency (i.e., the fraction of 𝛽𝛽(0]) events that
survives topology cut) of 25%. A background level of 8 ×
104 counts/(keV⋅kg⋅yr) is predicted for the energy region of
interest on the basis of the background budget of the exper-
iment (material radioactive screening) and of the efficiency
of topology cut. The 5-year sensitivity, in these hypotheses, is
𝐹
0]
68%C.L. = 1.6 × 1026 yr. NEXT-100 is approved for operation

in the Laboratorio Subterrańeo de Canfranc (LSC), in Spain,
at a depth of 2450m.w.e.The assembly and commissioning of
the detector are planned for early 2014.

8. Inhomogeneous Tracking Detectors

A completely different approach to 𝛽𝛽(0]) searches separates
the 𝛽𝛽 source from the detection device. In this case, the
source is a thin foilmade of the𝛽𝛽 candidate, while the detec-
tor consists in a tracker combined with a calorimeter. This
techniquewas successfully employed, for example, by Elegans
V whose planned prosecution is MOON [88]. However, the
best example of passive-source tracking detectors is certainly
the NEMO3 [89] experiment where tracking was associated
with particle charge identification (thanks to the presence of
a magnetic field) allowing not only an efficient background
rejection but also a precise measurement of the different
background sources producing the experimental counting
rate.

8.1. SuperNEMO. The SuperNEMO project is an extension
of the NEMO3 technique toward the realization of a new
apparatus able to overcomeNEMO3 limitations (see Table 8).
The increase in sensitivity will be based on a larger isotope
mass (i.e., a larger experimental apparatus) and on the
reduction of background. A clear idea of the background
sources that need to be controlled in SuperNEMO comes
from the NEMO3 experience. NEMO3 was a cylindrical
detector combining gas tracking counters and calorimeters.
It was divided in 8 sectors, each one dedicated to the specific
study of a 𝛽𝛽 isotope (100Mo, 82Se, 130Te, 116Cd, 96Zr, 48Ca,
and 150Nd). The best 𝛽𝛽(0]) results were obtained for the
two isotopes present with the highest masses, 100Mo and 82Se,
both having a 𝑄

𝛽𝛽
at about 3MeV. The latest NEMO3 results

are [90]

(i) 100Mo: 𝑇0]
1/2
> 1.1 × 1024 years at 90% C.L.,

(ii) 82Se: 𝑇0]
1/2
> 3.6 × 1023 years at 90% C.L.
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Figure 8: (a) A Monte Carlo simulation of the 𝛽𝛽(0]) ionization track in a 10 bar Xe chamber. (b) The NEXT detector (pictures from [87]).

with a background counting rate as low as 0.003 counts/
(keV⋅kg⋅yr). A 𝛽𝛽 decay was identified as two electrons
emitted from the 𝛽𝛽 source foil. Background sources that can
mimic this kind of events are as follows:

(i) the two electrons emitted by𝛽𝛽(2]) (i.e., the tail of the
𝛽𝛽(2]) decay spectrum that is comprised in the ROI);

(ii) high energy 𝛾’s impinging on the foil and produc-
ing two electrons, double Compton, or Compton +
Moller scatterings or also pair production (in the
case of misidentification of the positron charge). The
highest contribution here comes from 214Bi due to
222Rn contamination in the gas counters;

(iii) internal contaminations of the source foils with 𝛽
decaying isotopes accompanied by internal conver-
sion (IC), Moller or Compton scattering. Radioiso-
topes with high enough energy to produce such kind
of events in the𝛽𝛽(0])ROI ar 214Bi (𝑄= 3.3MeV) and
208Tl (𝑄 = 5MeV), respectively, from 238U and 232Th
chains.

SuperNEMOwill have to reach amuch better radiopurity
in the 𝛽𝛽 source foils as well as a stronger Rn suppression.
However, this will not be enough to get rid of background
due to 𝛽𝛽(2]) events and a reduction of the FWHM is
also compulsory. SuperNEMO plans to improve the energy
resolution by about a factor of 2 and to choose a 𝛽𝛽 candidate
with a sufficiently long 𝑇2]

1/2
with respect to the expected 𝑇0]

1/2
.

This excludes the already studied 100Mo. Favorite isotopes are
therefore 82Se, 150Nd, and 48Ca although the possibility of
enriching the latter two isotopes is still under study.

SuperNEMO [91] is designed as an experiment made of
20 modules (Figure 9), each containing 5–7 kg of 𝛽𝛽 emitter
in the form of a thin foil of enriched material. The single
module has a planar design (i.e., different from the NEMO3

Table 8

SND 82Se (𝑄
𝛽𝛽

= 2997 keV) under construction
FWHM 120 keV
MASS 6.3 kg of 82Se (7 kg of enriched Se)
BKG

Rejection Particle charge identification + track
Goal 5 × 10−4 counts/(keV⋅kg⋅yr)

𝐹
0]
68%C.L. 3.3 × 1025 yr in 5 years (detection efficiency 30%)

SuperNEMO 82Se (𝑄
𝛽𝛽

= 2997 keV)
FWHM 120 keV
MASS 100 kg of 82Se (110 kg of enriched Se)
BKG

Rejection Particle charge identification + track
Goal 5 × 10−4 counts/(keV⋅kg⋅yr)

𝐹
0]
68%C.L. 1.3 × 1026 yr in 5 years (detection efficiency 30%)

cylindrical symmetry). The source is a thin (40mg/cm2) foil
(3 × 4.5m) mounted in the middle plane of a gas tracking
chamber; the 6 walls of the chamber are covered by plastic
scintillator blocks (500 to 700 depending on the design which
is not yet fixed) to realize the calorimeter. The tracking
volume contains 2000 wire drift cells operated in Geiger
mode in a magnetic field of 25 Gauss. These are arranged
in nine layers parallel to the foil and will be able to provide
particle identification, vertex reconstruction, and angular
correlation between the two electrons emitted in 𝛽𝛽 decay.
The expected spatial resolution is 0.7mm in the direction
perpendicular to the 𝛽𝛽 source foils and 1 cm in the parallel
one. The scintillators provide a calorimetric measurement
of particle energy with an expected energy resolution of
7% FWHM at 1 MeV (i.e., 120 keV at 3 MeV). The angular
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Figure 9: The SuperNEMO single module (picture from X. Sarasin, arXiv:1210.7666v1).

correlation between the two electrons emitted in the𝛽𝛽decay
can be used to study the 𝛽𝛽(0]) decay mechanism [92].

The first module, the SuperNEMO demonstrator (SND),
containing 7 kg of 82Se (i.e., more than 7 times the isotope
contained in NEMO3), is presently under construction and
will be installed in the Laboratoire Souterrain de Modane
(LSM)within the year 2014. No background count is expected
for the demonstrator in 2.5 years, corresponding to a sensitiv-
ity of 6.5× 1024 yr at 90%C.L [93].This is equivalent to a back-
ground counting rate of about 5 × 10−4 counts/(keV⋅kg⋅yr);
therefore, the 5-year sensitivity evaluated with our criteria is
𝐹
0]
68%C.L.= 3.3 × 1024 yr (we assume a signal efficiency of 30%

as quoted in [92]). SuperNEMO, which will require a much
larger space, will be installed in the planned extension of the
Modane laboratory, the 5-year sensitivity evaluated on the
basis of 100 kg [93] of 82Se is 𝐹0]

68% C.L. = 1.3 × 1026 yr).

9. Bolometric Detectors

A thermal detector is a sensitive calorimeter which measures
the energy deposited by a single interacting particle through
the corresponding temperature rise. This is accomplished by
using suitable materials (dielectric crystals, superconductors
below the phase transition, etc.) and by running the detector
at very low temperatures (usually below 100mK) in a suitable
cryostat (e.g., dilution refrigerators). Indeed, according to
the Debye law, the heat capacity of a single dielectric and
diamagnetic crystal at low temperature is proportional to
the ratio (𝑇/𝑇

𝐷
)3 (𝑇
𝐷

is the Debye temperature) so that
for extremely low temperatures it can become sufficiently
small. Of course, themeasurement of the temperature change
requires also a proper thermal sensor. A low-temperature
detector (LTD or bolometer) consists of three main compo-
nents: (i) a particle absorber (the sensitive mass of the device

where the particles deposit their energy), (ii) a temperature
sensor (or transducer), and (iii) a thermal link to the heat
sink.

The absorber material can be chosen quite freely, with
the only requirements being, in fact, a low heat capacity and
the capability to stand the cooling in vacuum. The absorber
can therefore be easily realized with materials containing any
kind of unstable isotopes and many interesting searches are
therefore possible (e.g., 𝛽 decay spectroscopy, neutrinoless
double beta decay, and dark matter). So far, absorbers with
masses in the range from few micrograms to almost one
kilogram have been developed.

In principle, the intrinsic energy resolution of a bolometer
is limited only by the thermodynamical fluctuations of ther-
mal phonons through the thermal link and it can be as small
as few tens of eV even in the case of ∼kg bolometers. Besides
the exceptionally low value, the intrinsic energy resolution
does not depend on the deposited energy𝐸. In practical cases,
Δ𝐸 is dominated by other noise contributions. Dedicated
low-noise front-end electronics are therefore usually required
in order not to spoil such awonderful feature of these devices.
However, important contributions to the detector noise come
from vibrations (through the induced thermal dissipations)
and are often referred to as microphonic noise. In TeO

2

bolometers (Cuoricino and CUORE 𝛽𝛽(0]) experiments)
energy resolutions lower than 1 keV at 10 keV (dominated by
noise) [94] and of ∼5 keV at 2.6MeV have been demonstrated
(at the latter energy an additional contribution to the resolu-
tion is observed, in particular, for 𝛾’s, and is ascribed to an
incomplete thermalization of the particle energy deposition).

The material choice flexibility together with the excellent
energy resolution and the sensitivity to low or nonionizing
events are certainly the best features that make bolometers an
excellent opportunity for rare events searches. On the other
hand, the response slowness is an unavoidable limitation.
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Even if not actually a problem for the present generation of
𝛽𝛽(0]) experiments, signal velocity could become important
in approaching the inverted hierarchy region of neutrino
masses, due to the unavoidable pile-up of 𝛽𝛽(2]) events [95–
97]. One of the worst effects of the long thermal integration
times is that they tend to wash out any possible difference in
the time development of the signals (e.g., those arising from
the interaction details of different particles). This is actually
an undesired feature in the critical process of background
abatement although hybrid techniques (e.g., the simulta-
neous detection of scintillation) can represent a practical
solution. Very interesting results have already been obtained
for a number of different absorbingmaterials as it is discussed
in the following.

9.1. Specific Backgrounds in Bolometers. Bolometers canmea-
sure with high resolution the total energy deposited by any
type of particle interaction. They rely on the observation
of excess events above background in the region of the
expected 𝛽𝛽 signal as the primary (or unique) signature for
neutrinoless double beta decay.

The candidates that are presently used or proposed
for a bolometric 𝛽𝛽(0]) experiment are 130Te (Cuoricino
and CUORE), 82Se (LUCIFER), 100Mo, and 116Cd, selected
according to their 𝑄

𝛽𝛽
and to the feasibility of a bolometric

detector (with energy resolution of the order of 10 keV at𝑄
𝛽𝛽
)

based on one of their compounds. In the energy region where
the 𝛽𝛽(0]) line of these isotopes should appear (between 2.5
and 3MeV) a number of sources contribute to background
formation. Besides the usual sources, such as environmental
and cosmogenic radioactivity, neutron and cosmic muon
background (for which the already discussed mitigation
solutions are generally adopted), bolometers are particularly
sensitive also to a usuallyminor source of background signals:
surface contaminations. While most of the other kind of
detectors can rely on the use of topological information to
reject surface events or—in other cases—can be completely
insensitive to them thanks to the existence of a surface dead
layer protecting the sensitive volume, in bolometers this is not
the case. Surface contaminations can be therefore considered
a specific background to bolometers, whose effects represent
today the worst limitation to 𝛽𝛽(0]) sensitivity.

Most of the information on the nature and effects of
background sources for bolometric detectors comes from the
Cuoricino [98] experiment (the CUORE prototype which
collected data at LNGS from January 2003 until June 2008)
and a series of dedicated measurements carried out in the
past years at LNGS, on smaller arrays of bolometers prepared
under different conditions and with different materials [99,
100]. All these measurements confirm a background model
according to which the dominant sources in the ROI (130Te
𝑄
𝛽𝛽

∼ 2527 keV) are (with different weights) [101] as
follows: (i) unshielded 208Tl 𝛾’s from the environment and the
setup materials, (ii) U and Th surface contaminations of the
detector crystals, and (iii) U and Th surface contaminations
of the copper used for the detector supporting structure.

Concerning source (i), it is important to recall that
the 208Tl 2.6MeV line is the highest natural 𝛾 line due to

environmental contamination having a branching ratio >1%.
It appears as the dominant 𝛾 contribution in 130Te ROI
(through Compton events). In the case of 82Se, 100Mo, and
116Cdwhose𝑄

𝛽𝛽
is >2.8MeV, pure 𝛾 contributions of natural

radioactivity come only from the low branching ratio 𝛾 lines
of 214Bi.

The background measured above the 208Tl line in Cuori-
cino is ascribed mainly to degraded 𝛼’s coming from U and
Th radioactive chains and due to surface contamination of
the bolometric crystals (absorbers) or of (inert) detector
elements directly facing the bolometers (the copper of the
assembly structure, the PTFE stands that are used to secure
the crystals in the copper structure. . .). This continuum
clearly extends below the 208Tl line, thus participating in the
background counting rate at lower energies (these are the
contributions listed above as (ii) and (iii)). Besides degraded
𝛼’s, surface contaminations produce also 𝛽 + 𝛾 events of
the few isotopes belonging to U and Th chains that can
produce a signal in the 𝛽𝛽(0]) region when their 𝑄-value
is greater than the isotope 𝑄

𝛽𝛽
(e.g., 208Tl and 214Bi). This is

generally a smaller contribution with respect to degraded 𝛼’s,
which however becomes the only contribution from surface
contamination in the case of scintillating bolometers, where𝛼
events are rejected on the basis of their different scintillation
yield.

While well designed heavy shields can ensure a strong
reduction of the 𝛾 background, for 𝛼 (and 𝛽 + 𝛾) background
(that come only from the very inner part of the detector,
i.e., the crystal themselves and the material directly facing
the crystals), only a severe control of bulk and surface
contaminations of the detector materials can guarantee the
fulfillment of the sensitivity requirements. To this end, correct
identification and localization of the sources are mandatory,
which requires a powerful diagnostic method able to detect
and identify very small surface contaminations. For the
same reasons for which surface 𝛼 background is their worst
enemy, bolometers are the best tools to study alpha sourface
contaminations but measurements are long, difficult, and
very expensive. Diagnostic programs including analyses at
different levels of sensitivities (with different techniques) are
therefore the best choice [99, 100].

From Figure 9, it is evident that surface contaminations
are the worst background contribution in bolometers. Two
main approaches can be adopted to mitigate their effects:

(i) reduction of surface contamination;
(ii) identification and rejection of the events which origi-

nated at the detector surface.

The former implies the development of effective tech-
niques for the cleaning of all the surfaces faced to the bolome-
ter crystals and the latter the development of bolometers able
to identify surface events or to identify particle type. Very
promising results have been obtained—in this framework—
with hybrid detectors exploiting the different scintillation
properties of 𝛼’s and 𝛾’s. Unfortunately they apply only to
bolometers built with scintillating materials. It should be
finally pointed out that the two approaches are not mutually
exclusive, and their development should run in parallel
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Figure 10: (a) The CUORE setup. (b) CUORE-0 tower.

togetherwith further checks of the radioactive contamination
of all the detector parts and a complete scan of all the possible
background sources.

9.2. CUORE. (Cryogenic underground detector for rare
events) CUORE [101] is a next generation experiment for
the search of 𝛽𝛽(0]) of 130Te, which brings the concept of
large mass bolometric detectors to the extreme. Its design
is based on the successful and demonstrated technology of
the pilot experiment Cuoricino. It consists of an array of
988 (dielectric and diamagnetic) natural TeO

2
cubic crystals

grouped in 19 separated towers (13 planes of 4 crystals
each) arranged in a rather compact cylindrical structure
(Figure 10) designed in order to reduce to a minimum the
distance among the crystals and the amount of inert material
interposed (mainly copper from the mechanical support
structure). Each crystal is 5 cm in side, with a mass of
750 g, and is expected to operate at a temperature of 10mK.
Neutron transmutation doped (NTD) Ge thermistors are
used to detect the small temperature rise resulting from
single nuclear decay events (see Table 9).

The array, surrounded by a 6 cm thick lead shield (built
with low activity lead from a sunk Roman ship), will be
operated at about 10mK in a He3/He4 dilution refrigerator
(see Figure 10). A further thickness of 30 cm of low activity
lead will be used to shield the array from the dilution
unit of the refrigerator and from the environmental activity.
A borated polyethylene shield and an air-tight cage will
surround externally the cryostat. The experiment will be
installed underground at LNGS, in the same experimental
hall where Cuoricino was operated.The design and construc-
tion of the cryostat that will be used tomaintain the detectors
at the necessary cryogenic temperatures are a rather unique
undertaking. They are based on the comparatively recently
developed technology of the cryogen-free dilution refriger-
ators, which utilizes pulse tube (PT) precooling instead of
a liquid helium bath; this should allow improved stability
of the base temperature of the detectors as compared to

Table 9

CUORE-0 130Te (𝑄
𝛽𝛽

= 2527 keV) running
FWHM (5.6 ± 2.1) keV
MASS 11 kg of 130Te (39 kg of natural TeO2)
BKG

Rate (0.074 ± 0.012) counts/(keV⋅kg⋅yr)

Sources Still to be studied, from previous work: 208Tl in
cryostat + degraded 𝛼’s

𝐹
0]
68%C.L.

1.5 × 1025 yr in 5 years (detection efficiency is
78%)

CUORE 130Te (𝑄
𝛽𝛽

= 2527 keV) under construction
FWHM 5keV (predicted)
MASS 206 kg of 130Te (741 kg of natural TeO2)
BKG

Goal 1 × 10−2 counts/(keV⋅kg⋅yr)
Sources Degraded 𝛼’s from surface contaminations

𝐹
0]
68%C.L.

2.1 × 1026 years in 5 yr (detection efficiency is
86%)

the traditional He3/He4 refrigerator (used for Cuoricino). It
will be the first cryostat of its kind big enough to house and
cool the large detector mass represented by the CUORE array
(∼1 tonne) and its copper/lead shields.

For the point of view of the 𝛽𝛽 candidate, tellurium
offers the advantage of high natural abundance (33.8%) of the
𝛽𝛽(0]) candidate isotope, which means that enrichment is
not necessary to achieve a reasonably large active mass. Also,
the 𝑄-value of the decay (2527 keV [102, 103]) falls between
the peak and the Compton edge of the 2615 keV gamma line
of 208Tl; this leaves a relatively clean window in which to look
for the signal.

In addition to the increase in scale from Cuoricino to
CUORE and in order for CUORE to reach its anticipated
sensitivity, improvements are required in two crucial aspects
of detector performance: resolution and background.



24 Advances in High Energy Physics

The resolution is expected to improve from the 6.3 ±
2.5 keV FWHMmeasured by Cuoricino (the errormeasuring
the spread over the detectors) to about 5 keV FWHM which
is the goal resolution for CUORE. This will be achieved
both by the minimization of vibrational noise in the new
cryostat and by progress (already achieved) in the crystal
quality control, detector mounting structure design, and in
the reproducibility of the thermistor-crystal couplings.

Concerning background, an improvement of a factor ∼20
with respect to Cuoricino is necessary to reach CUORE goal:
from 0.18 counts/(keV⋅kg⋅yr), as measured by Cuoricino, to
0.01 counts/(keV⋅kg⋅yr) that is the conservative target for
CUORE. As previously discussed, in Cuoricino an important
contribution to the background counting rate in the ROI is
ascribed to irreducible contaminations of the set-up that will
be overcome in CUORE thanks to the new cryostat + shield
system built with selected ultralow radioactivity materials.
On the side of the detector, large efforts have been spent
to carefully select low background materials (starting from
crystal production) and to clean their surfaces (focusing on
crystals and copper that represent the largest area of the
detector array). Finally, to prevent any recontamination of
surfaces after their cleaning the CUORE assembly line allows
the construction of the array without exposure of the detector
parts to air and minimizing the contact (in space and time)
with other materials.

Projections of CUORE sensitivity generally assume a
5 keV FWHM resolution and 0.01 counts/(keV⋅kg⋅yr) back-
ground and results in 𝐹0]

68% C.L. = 2.1 × 10
26 years in 5 years

of exposure. Tests of the first batches of crystals produced
for CUORE [104] and of copper parts which have undergone
special surface treatments prove that a background rate of
the order of 0.01 counts/(keV⋅kg⋅yr) is feasible [105], but an
important answer from this point of view will come from
CUORE-0.

CUORE-0 is the first CUORE tower that is now installed,
as a stand-alone experiment, in the Cuoricino cryostat and
is taking data. Besides being a very important step in
CUORE construction, CUORE-0 will be able to produce
a meaningful improvement in the 130Te 𝛽𝛽(2]) results of
Cuoricino. While CUORE-0 background rate in the ROI
will be most probably dominated by cryostat contaminations
(therefore it will not be able to provide a direct check of
CUORE background since the cryostat will be different),
the information about degraded 𝛼’s contribution will be
extracted from the counting rate recorded in the 3-4MeV
region, with the same technique discussed in [105]. The
total TeO

2
mass is 39 kg; the expected background in the

𝛽𝛽 region is higher than 0.06 counts/(keV⋅kg⋅yr), being
this the irreducible contribution evaluated for the cryostat
contamination (the actual background rate of CUORE-0 will
depend mainly on the success of the surface background
control). Preliminary CUORE-0 data [106] (see Figure 11)
prove the achievement of a relevant reduction of the 3-4MeV
counting rate with respect to Cuoricino (by a factor ∼6),
while—as expected—the counting rate in the 𝛽𝛽(0]) region
is only a factor ∼2 better than in Cuoricino. With an energy
resolution of 5.6 keV FWHM and a background counting
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Figure 11: Comparison of Cuoricino (black histogram) and
CUORE-0 (red filled histogram) background spectra. Preliminary
result from [106].

Table 10

LUCIFER 82Se (𝑄
𝛽𝛽

= 2995 keV) under development
FWHM 13 keV

MASS
9.3 kg of 82Se (15 kg of enriched materials,
enrichment fraction 95%, and production yield
∼65%)

BKG
Goal 1 × 10−3 counts/(keV⋅kg⋅yr)

𝐹
0]ZB
68%C.L. 1.6 × 1026 yr in 5 years (detection efficiency 76%)

rate of (0.074 ± 0.012) counts/(keV⋅kg⋅yr) [106] the 5-year
sensitivity of CUORE-0 is 𝐹0]

68%C. L. = 1.5 × 10
25 years. Most

probably CUORE-0 exposure will be of about 2 years since
the experiment will close as soon as CUORE will start taking
data; in this case the 2-year sensitivity is 𝐹0]

68%C.L. = 9.7 × 10
24

years.

9.3. R&D Programs and LUCIFER. A very promising devel-
opment of low-temperature calorimeters consists in the
simultaneous detection of light and heat, that is, in the
construction of hybrid scintillating bolometers. Pioneered by
the Milano group with CaF

2
[107] in the 1990s, this approach

[97, 108] represents the basic idea behind the LUCIFER [109],
LUMINEU [95], and AMoRE [110] projects. The detector
in this case is made of a scintillating crystal containing
the 𝛽𝛽(0]) candidate. The read-out of the scintillating light
escaping the crystal is done with an unconventional tech-
nique since both photomultipliers and photodiodes (com-
monly used for this purpose) are unsuited to the use in
vacuum and at very low temperature. The light is detected
by a second bolometer, a Si or Ge undoped wafer provided
with a temperature sensor.Thanks to the small volume of the
wafer, the heat capacity of this bolometer is so low that even
optical photons give rise to a sizable temperature increase (see
Table 10).

The simultaneous detection of the heat and scintillation
components of an event allows one to identify and reject
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𝛼 particles with very high efficiency (close to 100%). The
concept is very simple: the ratio between the light and
phonon yield is different for 𝛼 and for 𝛾/𝛽 interactions. In
addition, it has been shown that 𝛼/𝛾 discrimination by pulse
shape analysis is also possible in some crystals, both in the
heat and light channels [111]. The 𝛼 rejection capability is
particularly appealingwhen applied to candidateswith a large
𝑄
𝛽𝛽
. In fact, above 2.6MeV the natural 𝛾/𝛽 contributions

from environmental andmaterial radioactivity tend to vanish
and 𝛼s are the only really disturbing background source.
R&D measurements carried out in the past decade have
identified a full list of candidates (e.g., 48Ca, 100Mo, 116Cd,
and 82Se) which are characterized by scintillating compounds
such as PbMoO

4
, CdWO

4
, CaMoO

4
, SrMoO

4
, ZnMoO

4
,

CaF
2
, and ZnSe [111–115]. In particular, 82Se and 100Mo look

the most promising ones. Scintillating bolometers based on
their compounds have been operated successfully and the
complete elimination of𝛼 events is expected to lead to specific
background levels of the order of 10−4 counts/(keV⋅kg⋅yr)
[95]. Therefore, they have been selected as the basic ingredi-
ents of the above mentioned projects.

The choice of LUCIFER has fallen on ZnSe, because of
the favorable mass fraction of the candidate, the availability
of large radiopure crystals, and the well-established enrich-
ment/purification technology for Se.

LUCIFER [116, 117] will consist of an array of ZnSe
crystals similar to the Cuoricino one and is designed to fit
exactly the experimental volume of the Cuoricino cryostat
(since the baseline for the LUCIFER program is to use this
cryostat).The array will be realized with ZnSe crystals grown
from enriched material. About 15 kg of metallic Se (enriched
to 95% in 82Se) will be purchased and used to grow ZnSe
crystals. The chemical process used to produce the ZnSe
compound from the enriched material and the following
crystal grow procedure imply—as usual—a material loss
that in the case of ZnSe is quite relevant. The goal of the
LUCIFER collaboration is to be able to achieve a production
yield of about 65% (still to be demonstrated); this will result
in about 17 kg of ZnSe crystals corresponding to 9.3 kg of
82Se. Assuming an energy resolution of 13 keV FHWM [116,
117] and a background rate of 10−3 counts/(keV⋅kg⋅yr) the
experiment will work in nearly zero background condition.
The sensitivity estimate yields 𝐹0]ZB

68%C.L. = 1.6 × 10
26 yr in 5

years.
The compounds ZnMoO

4
and CaMoO

4
are equally

promising and have been selected for the LUMINEU and
AMoRE experiments. For other very interesting isotopes,
like 130Te employed in CUORE, scintillating materials have
not yet been identified. However, also in this case the 𝛼
rejection could be achieved by exploiting a similar approach
based on themuch weaker Cerenkov signal [118, 119]. Indeed,
the two electrons emitted in the 𝛽𝛽(0]) decay are above
threshold and can produce a flash of light with a total energy
of approximately 140 eV. This is not the case however for 𝛼
particles which are by far below threshold. The detection of
theCerenkov lightwould improve dramatically the sensitivity
of CUORE, providing the possibility to reduce the present
specific background (10−2 counts/(keV⋅kg⋅yr) ) by an order of

magnitude. However, the detection of the Cerenkov light in
bolometers, with the proper sensitivity to discriminate events
from natural radioactivity, still requires an intense R&D
program aiming at exceptionally sensitive light detectors.

10. High Purity Germanium Detectors
Enriched in 76Ge

Theuse of germaniumdiodes to search for𝛽𝛽(0]) decay dates
back to 1967 [67] when it was realized that the decay of 76Ge
could be investigated with a calorimetric approach, using
what was at the time—and is still today—the best detector
for gamma spectroscopy in the MeV range.

Today, standard HPGe diodes reach energy resolutions of
the order of 0.2% FWHM at 2MeV andmasses as high as few
kg. To be efficiently used in 𝛽𝛽(0]) searches, the germanium
crystals have to be grown starting from isotopically enriched
material since the natural isotopic abundance is low (Table 3).
This has been done by the HDM [71] and the IGEX [72]
collaborations that carried out the reference experiments in
the field. Using, respectively, 11 kg and 8 kg of isotopically
enriched (86%) germanium, these two experiments were
located in deep underground laboratories (resp., LNGS and
LSC). In both experiments, the set-up consisted in HPGe
diodes operated in a low contamination copper cryostat,
surrounded by lead and/or copper thick shields. A pulse
shape analysis (PSA) technique was used to reject multisite
events (typical of non-𝛽𝛽 interactions). However, in both
experiments this was possible only on a subset of the total
exposure. The two experiments concluded their operation
with two of the most sensitive 𝛽𝛽(0]) results ever reached:
a 90% C.L. limit on 76Ge 𝑇0]

1/2
of 1.9 × 1025 yr [71] (HDM,

exposure = 35.5 kg× yr) and 1.57 × 1025 yr [72] (IGEX,
exposure = 8.9 kg× yr).

Today two large scale projects benefit from the heritage
of HDM and IGEX for their ambitious program: GERDA,
a mainly European collaboration and MAJORANA, mainly
US collaboration. Both experiments have phased programs
with time schedules dictated by funding, isotope production,
and a continuous update of the project on the basis of the
knowledge acquired along the path. The ultimate goal is
to merge the two experiments in a single one-tonne, zero
background 𝛽𝛽(0]) project.

10.1. Specific Backgrounds in Germanium Experiments. The
transition energy of 76Ge is considerably lower (𝑄

𝛽𝛽
=

2039 keV) than that of most of the isotopes discussed so
far. This implies that—in spite of their high resolution—
experiments using Ge diodes fight against an unusually large
number of dangerous background sources. Both 238U and
232Th can contribute to the 𝛽𝛽(0]) ROI through their major
𝛾 emissions while the short-range 𝛽 and 𝛼 particles emitted
by the same chains can mimic a 𝛽𝛽 event only in the
case of contaminations sufficiently close to the detectors.
Furthermore, sizable background contributions can be due
to a number of long-lived cosmogenically produced isotopes
(e.g., 68Ge with 𝜏

1/2
= 271 d, and 60Co with 𝜏

1/2
= 1925 d,
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56Co with 𝜏
1/2

= 78 d), characteristic of copper and
germanium activation, as well as a number of anthropogenic
radioisotopes (i.e., artificially produced radioisotopes as 207Bi
with 𝜏

1/2
= 31.5 yr). Thanks to the high energy resolution,

𝛽𝛽(2]) yields a completely negligible background.
GERDAandMAJORANAaimat a background reduction

of more than one order of magnitude with respect to HDM
and IGEX. While both experiments are based on the same
technology, the way they plan to achieve their background
goal is influenced by the different conclusions of the respec-
tive precursors concerning the most relevant background
sources.

In HDM the main background sources were identified
in radioactive natural/cosmogenic contaminations of the
experimental apparatus (in the lead and copper shields and
in the copper of the cryostat), with a negligible contribution
coming from Ge diodes themselves (this contribution was
excluded on the basis of the absence of 238U and 232Th 𝛼’s
peaks). This has biased the unconventional design of the
GERDA project aimed at surrounding the detectors only
with an ultrapure material acting as passive or (better) active
shield.

In IGEX, on the contrary, the background counting
rate was ascribed to radioisotopes produced by cosmic ray
neutron spallation reactions, which occurred in the detector
and cryostat components while they were above ground.
The major contributions were identified in 68Ge, 56Co, and
60Co. This has influenced the choices of the MAJORANA
collaboration that has focussed the attention on the control
and reduction of cosmogenically generated isotopes through
material preparation completely carried out underground.

As a concluding remark, in this section it is wor-
thy to underline how impressive the background achieve-
ments are—already obtained by the past generation Ge
experiments—in spite of the low 76Ge transition energy. The
extremely background counting rates characterizing these
experiments have been obtained through a careful choice
of the setup materials. Indeed, what is today the standard
procedure in the field was just pioneered by germanium
experiments.

At the present stage of the realization of the next gen-
eration experiments a new ingredient has to be added to
maintain the competitiveness of this technology: an active
background reduction based on a new detector design. This
represents the new frontier and is presently addressing large
experimental efforts.

10.2. Pulse ShapeDiscrimination inHPGeDiodes. Most of the
background sources listed in the previous section produce
events in the ROI through multiple Compton scattering
of higher energy 𝛾’s. This is the only possible contribu-
tion coming from radioactive contaminations far from the
detectors, while for contaminations in close proximity of the
diodes (or in the HPGe itself) also 𝛽’s and 𝛼’s can produce
relevant energy depositions.TheHPGe used both by GERDA
and MAJORANA are of 𝑝-type, with a large and thick 𝑛+
electrode which effectively shields the sensitive volume from
impinging 𝛽’s or 𝛼’s and a thin 𝑝+ electrode that is the

only entrance window for these particles, after an almost
negligible energy degradation. In the case of 𝛾 or 𝛽 + 𝛾
energy depositions in the sensitive volume, the topology of
the event is characterized by multiple interaction sites inside
the crystal (MSE), extending over several centimeters. Single-
site events (SSE) extend over volumes of few mm cube and
originate from single Compton scattering, fromphotoelectric
or multi site interactions very close to each other. The latter
category includes electron induced interactions and double-
escape events. Double beta events are SSE.

As discussed below, in germanium diodes SSE and MSE
have a different pulse shape which allows one to implement
background rejection techniques that can be highly efficient.
As an example, the HDM experiment measured a back-
ground counting rate of about 0.19 counts/(keV⋅kg⋅yr) in the
region from 2000 to 2080 keV and—using a PSA technique
based on neural network computations—managed to reduce
it by a factor of 3 down to 0.06 counts/(keV⋅kg⋅yr).

The reason for a different pulse shape is the lack of
uniformity of the electric field over the detector sensitive
volume. Indeed, the time structure of the charge signal
changes according to the topology of the initial energy
deposition: the current pulse is higher when charges drift
through the volume of a large weighting potential gradient
[120]. This implies that the number of sites where primary
ionization occurs and the differences in charge trajectories
and drifting times induce a shaping of the signal that can be
used to distinguish single-site event (SSE) from multiple-site
events (MSE).

The rejection capability can be optimized with a proper
design of the detector. In 𝑝-type point contact detectors
(PTPCGe) the signal electrode is very small if compared
to standard coaxial HPGe detector; this results in a com-
pletely different field distribution capable of enhancing the
differences between SSE and MSE pulses. Examples of this
technology are the commercially available Broad EnergyGer-
manium detectors (BEGe) produced by Canberra Company
andused inGERDA. Practically the samedesign is used in the
MAJORANA demonstrator (MJD). These are 𝑝-type HPGe
diodes with a point-like 𝑝+ electrode for induced charge
collection and a Li-drifted 𝑛+ contact (0.5mm thickness)
covering the whole outer surface, including most of the
bottom part. Due to their peculiar electric field configuration
and limited size of the collection implant they exhibit a
superior pulse shape discrimination performance: SSE and
MSE can be easily distinguished simply on the basis of the
ratio𝐴/𝐸 with𝐴 being the pulse amplitude (measured as the
maximum of the pulse current) and 𝐸 being the energy [121].

On the contrary, in coaxial HPGe (namely, the kind of
detectors employed in the past generation experiments, like
HDM and IGEX) the difference in shape is less pronounced
andmore varied, requiring sophisticate algorithms (as neural
network systems) for event classification.

Finally, alternative detector technologies aiming at very
efficient background rejection capabilities have been also
proposed (Canberra SEGA, [122]). Based on 𝑛-type seg-
mented diodes they are able to achieve remarkable event
discrimination but have been so far superseded by the more
practical PTCPGe design.
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Figure 12: (a) Schematic drawing of themain components of theGERDAexperiment. (b)GERDAphase I results. In the top panel is shown the
combined energy spectrum from all enriched Ge detectors without (open histogram) or with (filled histogram) PSA. The lower panel shows
the region used for the background interpolation. In the upper panel, the spectrum zoomed to 𝑄

𝛽𝛽
is superimposed with the expectations

(with PSD selection) based on the central value of KDHK [79, 80], 𝑇0]
1/2

= 1.19 × 1025 yr (red dashed line) and with the GERDA phase I result
𝑇
0]
1/2
> 2.1 × 10

25 yr at 90% C.L. (blue solid line). (Figure and description from [126].)

10.3.TheGERDAExperiment. Evolved from theHDMexper-
iment, GERDA [120] implements the concept of Ge diodes
immersed in a liquid argon (LAr) bath [123] for a radical
background suppression.The experiment, installed in LNGS,
looks today as shown in Figure 12. A stainless-steel cryostat
filled with liquid argon (∼100 tonnes) is surrounded by a
water Cherenkov detector. ∼86% isotopically enriched HPGe
detectors aremounted in strings (each of about 3–5 detectors)
which are suspended from the top in the center of the
cryostat. The water tank shields the inner part of the set-up
from 𝛾 radiation due to rock radioactivity and serves asmuon
veto (being completed—at the top of the cryostat—by plastic
scintillator panels, realizing a complementarymuon coverage
where the water Cerenkov detector is thinner). The cryostat
has an internal lining of ultrapure copper, used primarily
to reduce the 𝛾 radiation from the steel vessel itself (as a
rule of thumb copper is less radioactive than most materials,
including steel which however is preferred for its mechanical
qualities and costs). LAr serves both as a passive shield
and as a refrigerant for the HPGe diodes. The motivations
for this shielding configuration are various. With respect
to conventional set-up, the naked diodes are far from any
cladding materials (with their radioactive contaminations)

and a liquid can be easily purified to extremely low levels
of contaminants (the main worries in the case of LAr
are radon and 42Ar, discussed below). Moreover, in LAr
the 𝛾 production from muons interaction is much lower—
thanks to its low 𝑍—than in the traditionally used high Z
shielding materials (as copper and lead). Finally, LAr offers
the future possibility of reading out the Ar scintillation light
for additional background rejection. (See Table 11).

The preoperation phase of GERDA allowed one to high-
light two weak points in the project: a different behavior of
HPGe in LAr with respect to liquid nitrogen (that was the
refrigerant considered in the early phase of the project and the
one where the naked HPGe were tested) and an unexpected
high contribution from 42Ar. The former problem consisted
in an excess leakage current appearing upon 𝛾 irradiation of
the detectors; it was solved by changing the passivation layer
on theHPGe surface.The latter was ascribed to an anomalous
concentration (20 times higher than expected) of 42K close to
the detectors. 42K is the progeny of 42Ar, a known radioactive
contaminant of argon. It 𝛽 decays with a 𝑄 = 3525 keV
and 𝜏
1/2
= 12.36 h, with a most intense 𝛾 line at 1524.7 keV

(B.R. = 18.1%).When close to the detectors, the emitted 𝛾 and
𝛾 + 𝛽 particles can produce events in the ROI. The reason
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Table 11

GERDA-I 76Ge (𝑄
𝛽𝛽

= 2039 keV) running
FWHM ∼4 keV
EXPOSURE 21.6 kg × yr

MASS 13.5 kg of 76Ge, only 10.9 used for this result
(18 kg coaxial HPGe + 3.6 kg BEGe)

BKG
Rejection Single-site versus multisite events separation

Rate 1.75
+0.26

−0.024
× 10−2 counts/(keV⋅kg⋅yr) on

coaxial HPGe (with PSA)
3.6
+1.3

−1.0
× 10−2 counts/(keV⋅kg⋅yr) on BEGe

(with PSA)

Sources
42K and 222Rn in LAr + 214Bi and 228Th in
detector assembly + surface 𝛼’s

𝑇
0]
1/2

>2.1 × 1025 yr at 90% C.L. (in the Bayesian
case >1.9 × 1025 yr)

GERDA-II
76Ge (𝑄

𝛽𝛽
= 2039 keV) upgrade of

GERDA-I, under construction
FWHM 3-4 keV

MASS 30 kg of 76Ge (18 kg coaxial HPGe + 21 kg
BEGe)

BKG
Rejection Single-site versus multisite events separation

Goal 10−3 counts/(keV⋅kg⋅yr) (design value with
PSA)

𝐹
0]ZB
68%C.L.

6.0 × 1026 yr in 5 years (optimistic: assuming
zero background condition reached on both
coaxial and BEGe detectors and detection
efficiency of 66%)

𝐹
0]
68%C.L.

2.2 × 1026 yr in 5 years (conservative
approach: assuming the best background
counting rate measured by GERDA-I and
detection efficiency of 83%)

of this surprise was at the end clarified: 42K is produced,
after 42Ar decay, as a positively charged ion which migrates
toward the diodes attracted by their externally extendedweak
electrical field. The solution of the problem was obtained by
the installation of a thin (60𝜇m) copper electrostatic shield
(calledminishroud) surrounding the detectors array at a very
close distance (fewmm) and permeable to LAr. A further thin
copper shield protects the detector from radon emanation
(radon shroud).

GERDA is designed to proceed in two phases.

(i) GERDA-I (presently taking data) is going to verify the
KHDK claim [81] using the coaxial HPGe enriched
detectors inherited from the HDM and IGEX exper-
iments (∼18 kg of ∼86% enriched Ge) and few new
detectors (enriched BEGe diodes, deployed only in
June 2012, having a total mass of ∼3.6 kg of ∼88%
enriched Ge).

(ii) GERDA-II will see the deployment of additional
detector strings to achieve (21 + 18) kg of germanium
isotopically enriched in 76Ge to 86% (for the old

coaxial HPGe’s) and 88% (for the BEGe’s), aiming at a
5-year sensitivity of 1.1 × 1026 yr.

Depending on the actual physics results of the two
experimental phases, a third phase using 500 to 1000 kg of
enriched germanium detectors is planned, merging GERDA
(this is phase III) with MAJORANA.

The first result released by the collaboration was the
𝛽𝛽(2]) one, confirming previous measurements [124], and
a detailed background study [125]. While this review was
written, the unblinding of the phase I 𝛽𝛽(0]) data was
presented with a paper dedicated to background modeling
[125] (with the identification of major background) and
the paper reporting the 𝛽𝛽(0]) result. Phase I results are
summarized here.

The average energy resolution at 𝑄
𝛽𝛽

is 4.8 keV, and
3.2 keV, respectively, for the coaxial and the BEGe detectors.
The total exposure and the 𝛽𝛽(0]) counting rate are as
follows:

(i) 17.9 kg× y (gold-data) plus 1.3 kg × y (silver-data)
collected with 6 of the 8 coaxial HPGe diodes. Two
coaxial diodes had to be switched off due to excess
leakage current (one of them after having collected
a fraction of data). The silver-data corresponds the
deployment of the BEGe detectors, and for a short
period a slightly higher than usual counting rate was
observed.The corresponding𝛽𝛽(0]) rate is 1.75+0.26

−0.24
×

10
−2 counts/(keV⋅kg⋅yr) (with PSA cuts);

(ii) 2.4 kg× yr collected with 4 of the 5 BEGe diodes.
One BEGe is not used in the analysis because of
instabilities. The 𝛽𝛽(0]) rate is 3.6+1.3

−1.0
× 10
−2 counts/

(keV⋅kg⋅yr) (with PSA cuts).

No excess of signal counts is observed over the back-
ground in the ROI (𝑄

𝛽𝛽
± 5 keV) where the observed events

are 6 for the coaxial HPGe and 2 for the BEGe, reduced,
respectively, to 2 and 1 with the application of PSA cuts (see
right panel of Figure 12). This is translated into a 90% C.L.
lower limit of𝑇0]

1/2
> 2.1×10

25 yr using a frequentist approach
to be compared with a median sensitivity of 2.4 × 1025 yr
at 90% C.L. (similar results are obtained with a Bayesian
analysis). The compatibility of the result with the KDHK
claim is studied comparing the probability of two models
describing collected data: 𝐻

0
is the model of background

without 𝛽𝛽(0]) signal and𝐻
1
is the model with background

plus the same 𝛽𝛽(0]) signal found by KDHK in [79, 80]. The
Bayes factor 𝑃(𝐻

1
)/𝑃(𝐻

0
) is found to be 0.024. Assuming

model 𝐻
1
to be true, the probability of observing 0 𝛽𝛽(0])

events in GERDA, namely, the Bayes factor, is 𝑃(𝑁
0] = 0 −

𝐻
1
) = 0.01 [126]. Extending the GERDA profile likelihood to

includeHDM and IGEX spectra (i.e., using the sum exposure
or the three experiments) the Bayes factor is further reduced
to 2 × 10−4; that is, model 𝐻

1
is strongly disfavored. It is

worthy to note that the GERDA collaboration decided to
take into account only the 2004 KDHK publication [79, 80],
where 4.2𝜎 𝛽𝛽(0]) evidence was reported with a half-life of
𝑇
0]
1/2

= 1.19 × 10
25 yr. Indeed, later papers, again based on

reanalysis of the same data, are characterized by an improved
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Table 12

MJD 76Ge (𝑄
𝛽𝛽

= 2039 keV) under construction
FWHM 4keV

MASS 26 kg of 76Ge (30 kg of germanium enriched to
86%)

BKG

Rejection PSA: single-site versus multisite events
separation

Goal 7.5 × 10−4 counts/(keV⋅kg⋅yr) (with PSA)
𝐹
0]ZB
68%C.L. 4.4 × 1026 yr in 5 yr (detection efficiency 70%)

statistical significance. For example, the latest reported result
[82]) amounts to 6𝜎 evidence with 𝑇0]

1/2
= 2.23

+0.44

−0.31
× 10
25 yr.

The major background sources contributing in the ROI
are identified in 42K and 222Rn in the LAr plus 214Bi and 228Th
in detector assembly and a contribution from 𝛼’s in the 𝑝+
electrode surface (i.e., the only portion of the diode surface
where the dead layer is so thin that 𝛼’s can enter the active
volume without being too degraded in energy).

GERDA will conclude phase I (the target exposure is
already reached) as soon as it will be ready to start with the
upgrades required for phase II. 25 new BEGe detectors have
been prepared by Canberra, totaling—with the five already
installed—30 BEGe (20.8 kg of Ge) that once added to the
old coaxial HPGe will reach the phase II goal of about 21 +
18 kg of enriched Ge detectors.

The background goal of this latter phase is 10−3
counts/(keV⋅kg⋅yr), that is,more than one order ofmagnitude
lower than the BEGe counting rate recorded in phase I.
With such a low counting rate, achieved on both coaxial and
BEGe detectors, the experiment would reach a nearly zero
background condition, corresponding to a 5-year sensitivity
𝐹
0]ZB
68% C.L. = 6.0 × 10

26 yr. This is probably a very optimistic
case, since at least for coaxial detectors the achievement
of this low background condition looks very difficult (for
example, background rejection through PSA is more than
2 times better in BEGe than in coaxial diodes). A more
conservative hypothesis is to assume a counting rate of 1.7 ×
10
−3 counts/(keV⋅kg⋅yr) (the best recorded in phase I) for all

the detectors; in that case the 5-year sensitivity is reduced to
𝐹
0]
68%C.L. = 2.2 × 10

26 yr.
The upgrades foreseen for phase II include various

modifications of the apparatus to host an increased number
of detectors, with improvements on both radioactivity and
electronics. The efforts to get rid of 42K background will
focus on detector performance: with a lower noise the 𝛽 +
𝛾 events induced by 42K can be rejected using PSA. The
instrumentation of LAr (i.e., read-out of the scintillation
light of Ar) is on the other hand the way to mitigate 214Bi
background.

10.4. The MAJORANA Experiment. (See Table 12) MAJO-
RANA is an evolution of the IGEX experiment. The basic
ideas behind the project are summarized in the year 2003
White Paper [127]:

(i) realize a large mass Ge experiment (final goal is a
𝑇
0]
1/2

sensitivity of the order of 1027 yr) based on a
well known technology and design, that is, using an
array of hundreds of HPGe detectors operated in a
conventional configuration;

(ii) focus the main effort on two goals: the improvement
of HPGe technology (aiming at the use of segmented
HPGe with highly improved pulse shape capabilities)
and the selection and/or custom production of high
radiopurity materials.

Theproposed configuration [128] is based on an evolution
of the traditional HPGe set-up: close-packed arrays of HPGe
diodes (57 crystals each) are mounted inside ultraclean
electroformed conventional cryostats,minimizing in this way
the amount of structuralmaterials in-between the diodes (see
left panel of Figure 13). A number of these 57-crystal arrays
are installed in a lowbackground passive shield providedwith
a muon active veto.The entire apparatus is installed in a deep
underground laboratory. The ultimate goal of the project is
the realization of a tonne scale experiment with a counting
rate lower than 1 counts/(tonne⋅yr) in the ROI, that is, nearly
zero background condition. In addition to the extremely
difficult challenge from the point of view of background rate
achievement, both time and cost of this project are very
high, in particular forwhat concerns germaniumenrichment.
The present program of the MAJORANA collaboration is to
realize a small-scale prototype to demonstrate the viability
of the technique (the MAJORANA demonstrator [128, 129])
and to define a one-tonne scale project in collaboration with
GERDA, aiming at a sharing of costs and of knowledge,
having therefore the opportunity to benefit from the expe-
rience and skills acquired by the two initial stages of both
experiments.

The MAJORANA demonstrator (MJD) will use about 40
kg of germanium diodes (∼30 kg will be of enriched 76Ge).
The detector performance is comparable to GERDA’s (the
baseline for theMAJORANAdemonstrator is the same PTPC
Ge diodes used by GERDA) and the target background rate
is 0.75×10−3 counts/(keV⋅kg⋅yr) in the 4 keV ROI (with PSA)
[129], nearly identical to that of GERDA-II. Screening and
selection of commercially available materials may not allow
one to fulfill the background requirements; therefore, special
techniques have been developed not only for the custom
production of the MJD enriched detectors (which is quite
common in this field) but also for the custom production
of the inner shielding material (which today is a standard
procedure only for experiments using liquid detectors or
shields, but not for solids). The cryostat enclosing the HPGe
array and the inner shielding layer of the MJD are made of
copper.TheMJD radioactivity requirements for this material
are extreme: 238U and 232Th contaminations below 1 𝜇Bq/kg
(a contamination level that—by itself—is very hard to mea-
sure) and a negligible cosmic ray activation.The solution was
identified in the underground electroforming of copper. The
collaboration has realized a facility at 1500mdepth ((SUSEL),
Stanford Underground Science and Engineering Laboratory,
South Dakota, USA) where electro-forming of copper is
done in underground clean rooms, purifying in this way
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(a) (b)

Figure 13: The MAJORANA Demonstrator: (a) cross-sectional view of one cryostat and (b) of the entire apparatus showing one cryostat
while being inserted in the shield (figure from [128]).

the copper from 238U and 232Th as well as from cosmogeni-
cally generated radionuclides (60Co is an example) that will
not be regenerated thanks to the reduced cosmic ray flux.

The same facility will host the MJD operation. This will
consist (Figure 13) of two electro-formed cryostats; the first
will be ready in 2013 and will contain both natural HPGe and
enriched HPGe, surrounded by an onion-like shield made
of 5 cm of electro-formed copper, 5 cm of oxygen free high
conductivity (OFHC) copper (the procedure used for the
production of this special kind of copper ensures very high
radiopurity levels), 45 cm of lead and 30 of polyethylene with
embedded a plastic scintillator used as cosmic rays veto. The
completion of this phase is expected in 2014. The one-year
sensitivity for the MJD is (according to (10)) 𝐹0]ZB

68% C.L. ∼ 1.7 ×

10
25 yr scaling to 4.4 × 1026 yr in five years.

11. Loaded Organic Liquid Scintillators

In the last decade a new class of 𝛽𝛽 experiments started occu-
pying the international scenario. These are based on the con-
version to 𝛽𝛽(0]) decay searches of huge liquid-scintillator
or water Cherenkov detectors that were first designed and
employed for neutrino oscillation measurements. Indeed,
the need of a low background counting rate (low intrinsic
radioactivity, shielding, and underground location), of a high
detector efficiency, and of an optimized energy resolution is
common to the two research fields. Once their campaign of
measurements with solar/reactor neutrino is completed these
detectors can be dedicated—with minor modifications and
therefore at limited expenses—to DBD searches. This is what
happened with Kamland-ZEN and what is in progress with
SNO+, although the original idea dates back to 2001 with the
proposal of dissolving Xe in Borexino [130] or of placing an
array of CdWO

4
crystals inside its core (CAMEO proposal

[131]).
These experiments are characterized by the capability of

reconstructing the interaction vertex that allows one to define
a fiducial volume where the 𝛽𝛽(0]) events have to be located
in order to be accepted.This allows one to reduce the number
of background sources that can mimic a 𝛽𝛽(0]) decay. On
the other hand, the poor energy resolution achievable in
liquid scintillators implies first that 𝛽𝛽(2]) is an irreducible

Table 13

K-ZEN 136Xe (𝑄
𝛽𝛽

= 2457 keV) stopped for upgrade
FWHM 240 keV
EXPOSURE 89.5 kg (136Xe) × yr

MASS 179 kg (first data set) 125 kg (second data set)
of 136Xe

BKG

Rejection Prompt and delayed coincidences + fiducial
volume (FV)

Rate ∼1.5 × 10−4 counts/(keV⋅kg⋅yr)

Sources
110𝑚Ag (probably due to Fukushima fallout,
produces a peak near 𝛽𝛽(0]))

𝑇
0]
1/2 >1.9 × 1025 yr at 90% C.L.

background (i.e., the choice of the 𝛽𝛽(2]) candidate has to
take into account 𝛽𝛽(2]) rate) and second that the 𝛽𝛽(0])
result can be extracted only after a careful background
reconstruction (similarly to what happens in the case of most
experiments based on tracking detectors).

11.1. KamLAND-ZEN. TheKamLAND-Zen [132] experiment
is based on amodification of the existingKamLANDdetector
carried out in the summer of 2011: a miniballoon filled with
a Xe-loaded liquid scintillator has been added in the very
core of the apparatus to search for 136Xe 𝛽𝛽(0]) decay (for
a discussion of 136Xe as a 𝛽𝛽(0]) source see Section 7).
KamLAND is located in the site of the earlier Kamiokande
at a depth of 2700 m.w.e. and has been used since 2002 for
neutrino oscillation measurements (see Table 13).

The detector today looks as in Figure 14 (left panel). It
comprises the following:

(i) the inner balloon (IB) (made of a 25 𝜇m thick trans-
parent nylon film) suspended at the center of the
detector; this contains the 𝛽𝛽 source in the form of
13 tons of Xe-loaded liquid scintillator (Xe-LS);

(ii) the outer balloon (OB) (135 𝜇m thick nylon/EVOH
film) filled with 1 ktonne of liquid scintillator (LS);
this is the detector used for neutrino oscillation
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Figure 14: (a) KamLAND-ZEN detector; see text for a description (figure from [132]). (b) KamLAND-ZEN 𝛽𝛽(0]) result (figure from [134]).
In the left panel (A) the energy spectrum of selected candidate events together with the best-fit backgrounds and 𝛽𝛽(2]) decays, and the 90%
C.L. lower limit for 𝛽𝛽(0]) decays. In the right panel (B), a close-up of (A) 𝛽𝛽(0]) region after subtracting known background contributions.

measurement in KamLAND while in KamLAND-
ZEN it is used as an active shield for external gammas;

(iii) the stainless steel tank (SST) that is the containment
vessel for the two balloons. The gap between the SST
and the OB is filled with a buffer of mineral oil that
passively shields the LS from external radiation. The
inner surface of the SST is covered by an array of
1879 photomultiplier tubes (PMTs) that read out the
scintillation signal produced either in the IB (𝛽𝛽(0])

decay candidate events) or in the OB (background
events);

(iv) a 3.2 ktonne water-Cherenkov detector—read out
by 225 PMTs—that surrounds the whole structure.
This outer detector (OD) absorbs gamma-rays and
neutrons from the surrounding rock and provides a
tag for cosmic ray muons.

The LS is a mixture of 80% dodecane and 20% pseudoc-
umene plus PPO. The Xe-LS has a similar composition to
which is added a (2.52 ± 0.07)% in weight of enriched xenon
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gas (∼300 kg) with isotopic abundances (90.93 ± 0.05)% for
136Xe and (8.89 ± 0.01)% for 134Xe.

A 𝛽𝛽(0]) decay is observed through the detection of the
scintillation light from the two coincident electrons emitted
in the transition. The two particles cannot be separately
identified and only their summed energy at 2.458MeV can be
measured. Various background sources can hide this signal
due to the poor energy resolution of the detector. Indeed,
(6.6 ± 0.3)%/√𝐸[MeV] is the 1𝜎 resolution estimated with
multi-gamma calibration, which means a FWHM resolution
of ∼240 keV at the 𝛽𝛽(0]) energy.

Data acquisition and analysis aim at the reconstruction
of the background spectrum on a wide region (from ∼0.5
to 5MeV) besides using multiple cuts to select candidate 𝛽𝛽
events. These are as follows:

(i) a fiducial volume (FV) cut to select only events
originating inside the IB (the 𝛽𝛽 source);

(ii) a cut that removes both muon and muon induced
events (i.e., events occurring within 2ms after a
muon);

(iii) a delayed coincidence cut, applied to remove events
from the 214Bi-214Po cascade;

(iv) a delayed coincidence cut that removes antineutrino
induced events (mainly from reactors);

(v) a cut based on the time-charge distribution in the
vertex recorded by the photomultiplier array, that
removes poorly reconstructed events.

The FV cut is designed in order to mitigate background
coming from the radioactivity of the miniballoon. Indeed,
the study of the vertex distributions of candidate 𝛽𝛽(2]) and
𝛽𝛽(0]) events shows an increase near the IB boundary that
is ascribed to 134Cs in the case of the 𝛽𝛽(2]) region and
214Bi in the case of the 𝛽𝛽(0]) region. The FV is therefore
smaller than the IB volume, thus reducing the active mass of
136Xe. The presence of 134Cs and 137Cs and the ratio of their
activities is compatiblewith a contamination of the IB balloon
related to the Fukushima accident. Other fallout isotopes
might therefore be present (although not directly observed).

Background events surviving cuts are ascribed to three
categories: external to the Xe-LS (mainly from IB material),
from the Xe-LS, and induced by spallation. A careful study
is performed to identify and disentangle the various back-
ground sources. 𝛽𝛽(2]) and 𝛽𝛽(0]) half-lives are estimated
as the result of a best-fit spectral decomposition, MC simula-
tions are used to represent the spectral shape of the different
sources whose weight in the fit is in some case constrained
by independent measurements of the source intensity. The
result is shown in Figure 14 (right panel): the spectrum shows
a peak structure centered slightly above the 𝛽𝛽(0]) region.
To account for this peak all the isotopes in ENSDF database
[133] have been analyzed and few candidates (with the correct
spectral shape and an ancestor live time greater than 30 days)
have been identified. These are 110mAg (𝑄 = 3MeV, 𝜏 =
360 day), 88Y, 60Co, and 208Bi that can be either Fukushima
fallout products or (except 208Bi) the result of cosmogenic

Table 14

SNO+ 130Te (𝑄
𝛽𝛽

= 2527 keV) under construction

FWHM ∼240 keV (evaluation done on the basis of
photon statistic in the scintillator [137])

MASS
163 kg of 130Te (with 0.3% of natural Te in the
liquid scintillator and a fiducial volume of
∼20% [138])

BKG

Rejection Prompt and delayed coincidences + fiducial
volume (FV)

Goal ∼3 × 10−4 counts/(keV⋅kg⋅yr)
𝐹
0]
68%C.L. 2.0 × 10 26 yr

activation of Xe. These isotopes are therefore included in
the likelihood function, with unconstrained weights. The
peak structure is found to be compatible with a 110mAg
dominant contamination. The results reported in the more
recent paper [134] refer to two data-sets collected before and
after an attempt of Xe-LS purification. The second data set
has a smaller FV (125 kg instead of 179 kg of 136Xe ) due to
additional fiducial volume cuts made around the siphoning
hardware left in place after the filtration. Unfortunately the
filtration did not have the wanted effect: in the 𝛽𝛽 window
(the interval 2.2–3MeV) the background counting rate due
to 110mAg is 0.19 ± 0.02 counts/(tonne⋅day) in the first data-
set and 0.14 ± 0.03 counts/(tonne⋅day) in the second data-set.
𝛽𝛽(0]) and 𝛽𝛽(2]) results reported so far are as follows:

(i) 𝑇0]
1/2
> 1.9 × 10

25 yr at 90% C.L. with an exposure of
89.5 kg× yr of 136Xe (about 210 days) [134];

(ii) 𝑇2]
1/2

= 2.38 ± 0.02 (stat) ± 0.4 (syst) × 1021 yr for
an exposure of 30.8 kg× yr of 136Xe (77.6 days) [132],
compatible with the EXO [84, 86].

The first phase of the experiment was terminated in order
to start a purification campaign to remove the 110mAg isotope.
This is done by removing the Xe from the LS and distilling
the LS to purify it, meanwhile considering the possibility of a
substitution of the miniballoon.

11.2. SNO+. The SNO experiment, located in the one of
the deepest experimental sites (SNOlab, 6010m.w.e.), was
an imaging Cherenkov detector used in the first decade of
the year 2000 for a successful campaign of solar neutrino
measurements. The SNO detector (Figure 15) consists of a
12m diameter acrylic sphere filled with heavy water and
surrounded by a shield of ultrapure water (1700 tonnes)
contained in a 32m high, 22m diameter tank. A stainless
steel geodesic structure supports ∼9500 photomultipliers
looking toward the center of the acrylic sphere to read-out
the Cherenkov light produced by neutrino interactions on
deuterium. A smaller number of photomultipliers looking
outwards are used to tag any particle producing Cerenkov
light in the external water shield (5700 tonnes), acting as a
veto for cosmic rays and external background radiation (see
Table 14).
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Figure 15: (a) SNO detector (figure from [168]). (b) background prediction (figure from [138]).

In November 2006, the experiment was terminated and
heavy and light water were removed. At present, the SNO+
collaboration is modifying the detector by replacing the
heavy water with about 780 tonnes of liquid scintillator
(linear alkylbenzene with 2 g/L of PPO as wavelength shifter)
loaded with a 𝛽𝛽 candidate. The lower density of the scin-
tillator with respect to water has required the installation of
a rope net over the top of the acrylic sphere to anchors it
to the floor. A purification system able to ensure U and Th
concentrations in the scintillator similar to those reached in
the BOREXINO experiment (10−17 g/g of 238U and 232Th ) is
under construction [135, 136].

In a first proposal, 156Nd was the 𝛽𝛽 isotope to be studied
[137], but in April 2013 it was decided to start the first phase
of the experiment with natural tellurium. Tellurium contains
about 34% of 130Te, and has a high transition energy and
a much slower 𝛽𝛽(2]) decay than 156Nd (nearly by two
orders of magnitude). This choice has the advantage of being
cheaper than the 156Nd one, mainly because neodymium
isotopic enrichment is not obvious since it cannot be done by
centrifuge. According to preliminary studies a 0.3% loading
of the liquid scintillator will be possible, corresponding to a
mass of 130Te of 800 kg. The goal of this phase is to reach a
sensitivity that touches the IH region. If successful, a further
step will consist in increasing the tellurium loading to 3%
(8 tonnes of 130Te ) with the goal of covering the IH region.
The sensitivity of the SNO+ experiment, in this first phase
can be tentatively inferred from data and studies presented in
the 156Nd proposals [135, 137]: the FWHM energy resolution
is estimated to be ∼240 keV (evaluation done on the basis
of the scintillator photon yield: 400 photoelectron/MeV at 1
MeV), the fiducial volume is assumed to be 20% of the actual
volume (i.e., a 130Te mass of 163 kg).The main background

sources (as discussed in [138]) are expected to be the 130Te
𝛽𝛽(2]) rate and the elastic interaction of solar neutrinos (8B
line). From the figure shown in [138] (reported in the right
panel of Figure 15) a counting rate integrated over the ROI
of ∼3 × 10−4 counts/(keV⋅kg⋅yr) can be extrapolated. This
corresponds to a 5-year sensitivity of 𝐹0]

68% C.L. = 2.0 × 1026 yr.

12. Summary and Outlook

We have reviewed the status and perspectives of the search
for 𝛽𝛽(0]). Neutrinoless double beta decay is still the most
promising probe to test lepton number violation and verify if
neutrinos are Majorana particles.

The features of this challenge are more clear after the
discovery of neutrino oscillations and the measurement of
oscillation parameters. Indeed, 𝛽𝛽(0]) has turned into a
sensitive probe for neutrino masses capable of providing
relevant information on their absolute scale and ordering.

However, precise nuclear physics knowledge is required
in order to map the observed 𝛽𝛽(0]) rates into neutrinomass
constraints. Actually, several calculations exist for 𝛽𝛽(0])
nuclear matrix elements. They share common ingredients
and differ in their treatment of nuclear structure. Unfortu-
nately a relevant disagreement still exists between different
calculations. This is of course a serious problem which has
triggered in the past decade a strong effort to improve the
situation.

From the experimental point of view, good performance
(high energy resolution and very low background), a proper
scale (large number of 𝛽𝛽(0]) candidate nuclei and long
measure time), a favorable candidate, and a proper experi-
mental technique are the essential ingredients for a sensitive
experiment.These requirements are often conflicting, and no
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Figure 16: Comparison of the sensitivities of future 𝛽𝛽(0]) projects
(Figure from [68]). Isosensitivities curves are shown in the Scale
versus Performance plane (see text for the definition of these two
parameters). The yellow thick line highlights the transition to the
zero background region (which is reached by GERDA II in the
optimistic background configuration, MJD, and Lucifer). Data are
from Table 15.

next generation proposal has succeeded so far in optimizing
all of them (Table 15). Indeed, most of the projects tend to
excel in one or the other aspect, still missing the goal of
getting the best sensitivity.

In particular the high resolution calorimeters are facing
an incredible effort to achieve the best performance but
in most cases they cannot guarantee a proper scalability
(indeed some of them have crossed the ZB boundary, while
maintaining a good energy resolution).

On the contrary, the extremely massive scintillators are
found to be very effective in reaching very low (external)
background rates but are irreducibly limited on the perfor-
mance side by poor energy resolution (whichwidens the ROI,
thus increasing the 𝛽𝛽(2]) background).

This situation is pictorially summarized in Figure 16
where it is apparent how future projects tend to align along
the 1026 yr iso-sensitivity line, though spanning large intervals
in performance and scale. These two parameters, defined
in Section 5 through (11) and (12), measure respectively the
number of background events in the ROI (performance =𝑃 =
Δ ⋅ 𝐵
) per unit exposure and the exposure itself (scale = 𝑆

= 𝑛
𝛽𝛽
⋅ 𝑇) measured in number of 𝛽𝛽 moles per year. It is

important to point out that the ZB condition is dynamic and
depends on the interplay between Performance and Scale to
maintain the 𝑃 × 𝑆 ≲ 1 condition.

Then the common goal should be to approach the golden
region characterized by 𝑃 ⋅ 𝑆 ∼ 1 where the sensitivity
increases in the fastest way along the 𝑃 ⋅ 𝑆 = 1 direction
[68]. Indeed, by improving the performance, one can succeed
in entering the ZB region. Then the sensitivity can be
improved linearly by increasing the detector mass until the
ZB condition is no longer satisfied.

This is a nice picture which can translate suddenly in
a nightmare. Actually performance improvements cannot
be maintained easily (if not at all) with larger scales and
intermediate projects (demonstrators) are becoming a rule.
Moreover, all the new generation experiments tend to sit far
away (on opposite sides) from the golden region.

Demonstrators (SND, MJD, and Lucifer) are paving the
road for larger future projects, while new ideas are being
verified in a number of R&D programs. The future of the
𝛽𝛽(0]) experimental search depends critically on the richness
and variety of the technologies under development. The
most successful ones will turn quickly into real experiments
characterized by improved sensitivities and capabilities.

Let us summarize the situation by considering just the
very few projects characterized by the best conditions for
impacting the future of 𝛽𝛽(0]) research: CUORE, GERDA,
EXO, SNO+, and KamLAND-Zen. An important impact is
expected also from the demonstrators SND, the scintillating
bolometers, MJD, EXO, and NEXT, whose target is to assess
the readiness and effectiveness of the respective techniques.
Altogether, these experiments represent the most advanced
effort to guarantee the highest possible sensitivity study
of the maximum number of different nuclei with different
experimental techniques and approaches.

The future of 𝛽𝛽(0]) searches depends critically on
the actual ordering of the neutrino masses. In case nature
has selected the quasi degenerate hierarchy (i.e., |⟨𝑚]⟩| ∼

100–500meV), then the 76Ge claim could be confirmed
by GERDA. The signal could be cross-checked in 136Xe
by EXO, KamLAND-Zen (if the background problems are
solved) and NEXT (if the results with the prototypes are
confirmed). CUORE and SNO+ could detect 𝛽𝛽(0]) in 130Te
while a large scale array of scintillating bolometers could
have chances to observe the signal in 82Se or 100Mo. On the
other hand, SuperNEMO could get more insight into the
decay mechanism looking at the single-electron energy and
angular distributions in 82Se or 150Nd.The redundancy of the
candidates under study will reduce the uncertainties coming
from NME calculations.

As mentioned above, this optimistic scenario is already
in tension after the results of EXO-200. On the other hand,
GERDA-I results, expected shortly, will further clarify the
situation.

In the case of the inverted hierarchy (i.e., |⟨𝑚]⟩| ∼ 20–
50meV) the observation of 𝛽𝛽(0]) is still possible if |⟨𝑚]⟩|

is hidden just below the upper part of the error bars or if
the projects under development will be able to achieve their
planned sensitivity. CUORE (most likely enriched in 130Te)
or bolometric evolutions with improved reduction of the
surface background have good chances to detect 𝛽𝛽(0]) but
nEXO, the extension of EXO-200 under discussion, could
also succeed in 136Xe. In case of success of their present phase,
extensions of SNO+, KamLAND-Zen, and NEXT could have
the chance to cross-check the result in 130Te and 136Xe, while
GERDA-III, after merging with MAJORANA, could observe
a signal in 76Ge.

The discovery of 𝛽𝛽(0]) for three or four isotopes is
necessary for convincing evidence. This should be possible
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Table 15: List of sensitivity parameters for some of the most advanced 𝛽𝛽(0]) projects. 𝐵iso is the background per tonne of isotope mass in
units of counts/(keV⋅tonne⋅yr). The column labeled “Perf.” reports the performance index (11) in units of 10−3 counts/(𝑛

𝛽𝛽
⋅yr). The column

labeled “Sc.” reports the scale of the experiment (11) in units of 𝑛
𝛽𝛽

(number of effective moles of isotope × yr). The status of the experiment,
R (running), C (construction), and D (development), is shown in the column labelled “Status.” Sensitivities (in unit 1025 yr) are evaluated
according to (9) and (10) as appropriate, assuming 5 years of running time. |⟨𝑚]⟩| values (meV) are calculated using NME and phase space
factors from [38, 44], respectively. Asterisks label ZB conditions; in the case of GERDA II we report two different sensitivities according to
the two hypotheses discussed in Section 10.

Isotope 𝐵iso FWHM (keV) Perf. Sc. Status 𝐹
0]
68%C.L. (5 yr) |⟨𝑚]⟩|

CUORE-0 [106] 130Te 266 5.6 0.2 66 R 1.5 224
CUORE [101, 162, 163] 130Te 36 5 27 1390 C 21 60
GERDA I [126] 76Ge 21 4.8 9.2 119 R 9.4 165
GERDA II [120, 164, 165] 76Ge 20/1.1 3.2 5.7/0.3 328 C 22/60∗ 107/65∗

LUCIFER [116, 117] 82Se 1.9 13 2.7 86 D 16∗ 76∗

MJD [127–129, 166] 76Ge 0.9 4 0.4 238 C 44∗ 77∗

SNO+ [138] 130Te 0.9 240 27 1253 D 20 62
EXO [160] 136Xe 1.9 96 30 482 R 12 97
SND [91–93] 82Se 0.6 120 18 23 D 3.3 166
SuperNEMO [91–93] 82Se 0.6 130 20 366 D 13 85
KamLAND-Zen [132, 134] 136Xe 7.4 243 243 1320 R 6.9 127
NEXT [87, 167] 136Xe 0.8 13 5.4 165 D 16 82

thanks to the variety of projects and techniques under
development.

It is worth stressing that also the missed observation of
𝛽𝛽(0]) could be very important for neutrino physics. Indeed,
if the long baseline neutrino oscillation experiments would
provide evidence for an inverted neutrino hierarchy, then a
limit on |⟨𝑚]⟩| below the inverted hierarchy band would be a
strong indication in favor of a Dirac nature of neutrino.

No present or future 𝛽𝛽(0]) project seems to have any
chance to probe the direct hierarchy region. The study of
|⟨𝑚]⟩| in the range of few meV needs new revolutionary
strategies. R&D activities are crucial to stimulate the new
ideas needed to face this extreme challenge.

To conclude, 𝛽𝛽(0]) searches are living a very exciting
period characterized by a lot of enthusiasm for the possibility
to finally observe this very rare decay. A lot of projects
have been proposed either to exploit the capabilities of
present technology or to pave the road for next generation
experiments.Their sensitivity to 𝛽𝛽(0]) half-lifetime is in the
range of few 1026 yr.

Long-term predictions are not easy, but future generation
experiments will unavoidably need a multitonne scale in the
𝛽𝛽 isotope mass. It will then become difficult to maintain
the present variety of experimental approaches. On the other
hand, taking into account the past evolution of the 𝛽𝛽(0])
experimental sensitivities, an improvement by an order of
magnitude seems a likely frontier for future generation
experiments on a scale of 10–20 years.
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Lepton Flavour Violation in the charged lepton sector (CLFV) is forbidden in theMinimal Standardmodel and strongly suppressed
in extensions of the model to include finite neutrino mixing. On the other hand, a wide class of Supersymmetric theories,
even coupled with Grand Unification models (SUSY-GUT models), predict CLFV processes at a rate within the reach of new
experimental searches operated with high resolution detectors at high intensity accelerators. As the Standard model background
is negligible, the observation of one or more CLFV events would provide incontrovertible evidence for physics beyond Standard
model, while a null effect would severely constrain the set of theory parameters.Therefore, a big experimental effort is currently (and
will be for incoming years) accomplished to achieve unprecedented sensitivity on several CLFV processes. In this paper we review
past and recent results in this research field, with focus onCLFV channels involvingmuons and tau’s.We present currently operating
experiments as well as future projects, with emphasis laid on how sensitivity enhancements are accompanied by improvements on
detection techniques. Limitations due to systematic effects are also discussed in detail together with the solutions being adopted to
overcome them.

1. Introduction

In the minimal Standard model (from now on SM) processes
with Lepton Flavour Violation involving charged particles
(from now on CLFV) are not allowed at all, since the fermion
generations are put in by hand in separate doublets and
the neutrinos are assumed to be massless. Different lepton
generations (electron, muon and tau and their neutrinos)
are completely decoupled and in all processes allowed in the
model the number ofmembers of different generations is sep-
arately conserved (Lepton Flavour Conservation). However,
it is experimentally proved from reactor [1–6], accelerator [7–
11], solar [12–27] and atmospheric [28–34] neutrino exper-
iments that the Lepton Flavour Violation does take place
in the neutral sector: neutrinos are definitely massive and
oscillate between different flavours, while their total number
is conserved. Then, the natural expectation is that CLFV
reactions should be observed even in the charged sector, but,
despite a long-term experimental effort, no positive result
was obtained. This indicates that CLFV effects are tiny and
very difficult to measure; nevertheless, the interest for this
search is enormous since when one introduces new particles

beyond the SM (as, for instance the supersymmetric partners
of the ordinary particles) CLFV processes emerge as one
of the distinctive features of Beyond Standard model (from
now on BSM) theories. The experimental searches for CLFV
reactions and their impact on the BSMmodels are the subject
of this paper.

2. Theoretical Issues about CLFV

2.1. CLFV in the Standard Model. Although forbidden in the
SM, space for CLFV processes can be easily created if one
includes neutrinomasses andmixing, which are known to be
nonvanishing.The experimentallymeasured values ofmixing
angles are large (for a review see [35] and the references
therein), with the exception of 𝜃

13
, which was constrained

for several years by the CHOOZ result [36, 37] and was
only recently measured [4–6, 11]. While the absolute values
of neutrino masses are still unknown, their mass differences
were experimentally measured to lie in the sub-eV range. In
the frame of this extended SM, loop diagrams appear, which
give rise to CLFV reactions. For instance, in Figure 1 we show
how 𝜇

+
→ e+𝛾 can take place: in the first Feynman vertex a
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Figure 1: A loop diagram which induces the 𝜇+ → e+𝛾 reaction in
the SM.The closed blob corresponds to the flavour mixing of muon
and electron neutrinos.

muon converts into a muon neutrino by radiating a virtual
W boson, which emits a photon by inner bremsstrahlung;
then, the muon neutrino converts to an electron neutrino via
the neutrino mixing and the electron neutrino reabsorbs the
virtual boson at the end of the loop in the second Feynman
vertex, forming an outgoing electron. The branching ratio
(𝐵𝑅) of this process can be simply estimated by noting that
it is essentially given by the product of three factors: (1) the
usual muon decay, (2) an electromagnetic vertex for photon
emission and (3) the neutrinomixing.The last factor contains
the neutrino squared mass difference Δ𝑚2, the energy scale
where the mixing takes place (i.e., the 𝑊 boson mass 𝑚W)
and the time scale of the mixing process, which, by the
uncertainty principle, is proportional to 1/𝑚W; then, this
factor is essentially given by sin2(Δ𝑚2/𝑚W

2
) [38]. A more

accurate calculation gives the following result (see [39] and
references therein):

𝐵𝑅 (𝜇 → e𝛾) = 3𝛼

32𝜋
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, (1)

where 𝛼 is the fine structure constant, Δ𝑚2
𝑖𝑗
are the neutrino

mass-squared differences, 𝑈
𝛼𝑖

are elements of the neutrino
mixing matrix and𝑀W is the W boson mass. By substituting
the numerical values one obtains:

𝐵𝑅 (𝜇 → e𝛾) ≈ 10
−54 (2)

which is experimentally inaccessible. The reason for this
is clearly the very small value of Δ𝑚2, compared with the
electroweak mass scale. Just to give a simple idea of what the
result (2) means, one can note that the presently available
highest intensity muon beams are at level of 108muons
per second, so even assuming that this number could be
increased by some orders of magnitude, the observation of
a single 𝜇 → e𝛾 decay would require ∼1035 years. Then, we
can conclude that CLFV processes in the SM, even if possible
in principle, are forbidden in practice, so if such effects are
experimentally observed, theymust originate outside the SM.

2.2. CLFV in Supersymmetric Theories. The SM is a long-
dating theory which succeeded in being experimentally
verified with high accuracy in several experiments. The last
(but clearly not least) experimental confirmation came from

observation of Higgs Boson at LHC [40, 41], the unique,
but fundamental ingredient of the model which was not
yet discovered. Nevertheless, SM is generally regarded as a
low-energy approximation of a more fundamental unified
theory of all forces in nature. The reason for this is that
the SM does not provide answers to several fundamental
questions, like the origin and the number of generations,
the particle mass spectrum, the quantisation of the electric
charge, the hierarchy problem, the amount of CP violation,
and so forth. In the unified schemes the distinction between
leptons and quarks is partially eliminated and transitions
which imply the violation of the Lepton and Baryon Number
symmetries (or both) appear. For instance, one of the most
famous predictions of such models is the proton decay, even
if with a huge life-time. The key point of Grand Unified
Theories (from now on GUT) is that all coupling constants
of electromagnetic, weak and strong interactions evolve with
energy until they reach a common value at some unification
scale𝑀GUT ∼ 10

14 TeV, while the unification of electromag-
netic and weak interactions occurs at the electroweak scale
𝑀W. The existence of two mass scales, coupled with the
effects of radiative corrections, leads to the “hierarchy” and
“fine tuning” problems, which are solved if GUT models are
embedded in Supersymmetric (from now on SUSY) frames.
Theories where the GUT principle is inserted in the SUSY
scheme are called SUSY-GUT and, if also the gravity is
included in the symmetry group, Supergravity (from now on
SUGRA) theories. In SUGRA models the natural mass scale
for unification is even larger, because of the weakest coupling
of gravity:𝑀GUT ≈ 𝑀Planck ≈ 1.2 × 10

16 TeV.
Supersymmetry is the preferred environment for SM

extensions. In this frame each ordinary particle has a SUSY
partner, with a completely different mass, which belongs to
the opposite spin group of the particle itself: SUSY fermions
are counterparts of ordinary bosons and SUSY bosons
are counterparts of ordinary fermions. This introduces a
symmetry between bosons and fermions, which has the
fundamental property of producing cancellations, at each
order, of divergent diagrams, solving the “hierarchy” and
“fine tuning” problems; then, the renormalisability of a theory
based on the SUSY frame is guaranteed.

However, the symmetry between fermions and bosons
is manifestly broken in nature, so that SUSY-breaking terms
must be included in the theory. In the Minimal Supersym-
metric model (from now on MSSM) the scale of SUSY
breaking is around 1TeV, but in other schemes the symmetry
breaking occurs atmuch higher energies (∼10(3-4) TeV). SUSY
particles of masses ∼1 TeV could be produced in high energy
collisions and observed at accelerators as LHC (until now, no
positive effect was observed [42–66]), but for higher mass
scale the direct production is not possible and such energy
regions can be explored only indirectly by looking at lower
energy phenomena, as CLFV.The interplay between the high-
energy, the high-intensity and the high-precision frontiers is
one of the main elements of the future roadmap of particle
physics.

In SUSY (namely, SUSY-GUT) theories the slepton mass
matrix is diagonal in the flavour space at the Planck (GUT)



Advances in High Energy Physics 3

�̃�R

�̃�0

𝛾

�̃�R

𝜇

�̃�R

𝜇 �̃�0

𝛾

e

e

ẽR
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Figure 2: Loop diagrams which induce the 𝜇 → e𝛾 reaction in
SUSY-GUT SU(5) model. The closed blobs represent the flavour
transitions due to the off-diagonal terms of the slepton mass
matrices [79].

scale, but radiative corrections generate relevant off-diagonal
terms in the evolution from GUT scale to electroweak scale.
Such terms cause a strong enhancement of expected 𝐵𝑅s of
CLFV processes with respect to SM. (On the other hand,
diagonal terms induce nonzero electric dipole moments
as well as sizeable deviations of muon magnetic moment
with respect to SM predictions [67]). CLFV processes are
generated by sleptonmixing and radiative corrections in loop
diagrams, like those shown in Figures 2 and 3 for two different
models for the 𝜇 → e𝛾 decay.

After a pioneeristic work by Lee [68], several authors
calculated the expected𝐵𝑅 for CLFV processes, using various
symmetry groups. In general, different SUSY models predict
different 𝐵𝑅s, since the mixing mechanisms involve different
SUSYparticles anddifferentmembers of slepton doublets (for
a recent review see [69]). For instance, Figure 2 shows that in
the SUSY-GUT SU(5) model only right-handed components
of sleptons are subject to mixing, while in SO(10) mixing
is effective also for the left-handed components, as shown
in Figure 3. The presence of heavier particles in the loop
enhances the expected 𝐵𝑅, usually proportional to the square
of the particle mass. In SUSY-GUT the 𝜇 → e𝛾 decay
branching ratio ranges from 10

−15 to 10−13 in SU(5) models
[70–72] and from 10

−13 to 10−11 in SO(10) models [70, 71].
Nevertheless, general requirements of SUSY models, like

the request of a stable theory without need of parameter
fine tuning, introduce severe constraints, thus narrowing the
allowed range of CLFV processes 𝐵𝑅s. For example we show
in Figure 4 [73] the correlation between the expected 𝐵𝑅s for
𝜏 → 𝜇𝛾, 𝜇 → eee and 𝜇

−
𝐴 → e−𝐴 conversion in Ti

as a function of 𝐵𝑅(𝜇 → e𝛾) for the same range of SUSY
parameters and in Figure 5 [73] the expected 𝐵𝑅(𝜇 → e𝛾)
as a function of the lightest slepton mass in a SO(10) based
SUSY-GUT model.

2.3. Connection with Neutrino Oscillations. The simple inclu-
sion of neutrino mixing in the SM has no relevant effects in
the prediction of CLFV branching fractions. However, the
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Figure 4: 𝐵𝑅 for 𝜏 → 𝜇𝛾 (red), 𝜇 → eee (green), and 𝜇− 𝐴 →

e− 𝐴 conversion in Ti (blue) as a function of 𝐵𝑅(𝜇 → e𝛾) in a
SO(10) based SUSY-GUT model (adapted from [73]). The grey area
was excluded by the MEGA experiment [88, 89].

situation changes when neutrino oscillations are embedded
in SUSY frames. The most widely accepted explanations of
neutrino mass pattern are the see-saw mechanisms which,
with the addition of large mass right-handed neutrinos, give
rise to off-diagonal mass terms; these terms provide a further
source of CLFV processes.
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For instance the 𝜇 → e𝛾 branching ratio is enhanced
by 𝑉
21
, the matrix element responsible for the ]

1
− ]
2

mixing needed to explain the solar neutrino deficit [74].
Figure 6 shows the predicted 𝜇 → e𝛾 branching ratio as
a function of the mass of the right-handed gauge singlet
]
𝑅
2

for the three solutions of the solar neutrino problem,
LOW, LMA and Vacuum. After the SNO and Kamland
results, only a fraction of LMA solution survived, which
corresponds to higher branching ratios, while the other
solutions are completely ruled out. Moreover, the predicted
bands are associated with tan𝛽 values increasing along
the diagonal from right to left; since tan𝛽 < 10 is
excluded by LEP data [75], the 𝜇 → e𝛾 predictions close
to the lower bounds of the uncertainty bands are highly
disfavoured.

Figure 7 [76] shows that in SUSY see-saw schemes the
expected 𝐵𝑅s for 𝜏 → 𝜇𝛾 and 𝜇 → e𝛾 processes
are well correlated and that such predictions tend to form
separate clusters, corresponding to different values of 𝜃

13
.

Higher 𝜃
13

values favour higher 𝐵𝑅 values for both the
𝜇 → e𝛾 and the 𝜏 → 𝜇𝛾 decays. For comparison, the
same correlation is shown in Figure 8, for a different class of
SUSY see-saw models, where the absence of positive signals
of SUSY particles at LHC [42–66] is taken into account by
allowing that only one of three squark generations has a
mass in the few TeV scale [77]. In non-GUT SUSY models
the predicted 𝐵𝑅s for CLFV processes are generally more
dependent on the choice of parameters, but in any case the
recent measurements of 𝜃

13
[4–6, 11] in the range (7–10)∘

favour more optimistic predictions [76].

2.4. Effective Lagrangian for CLFV. Since several BSM sce-
narios were proposed, each one producing its own pre-
dictions for CLFV reaction rates, it is useful to discuss
the sensitivity of searches for CLFV in a (almost) model-
independent way.This allows also to compare different CLFV
channels, one with each other, and to determine the level
of information about BSM theory parameters which can be
extracted fromany individual search andby appropriate com-
binations of multiple searches. This comparison is usually
done by means of an “effective lagrangian,” which explicitly
contains a dimensional parameter related to the scale of new
physics (Λ) and a dimensionless parameter (𝜅) which gives
the relative weight of the possible CLFV inducing mecha-
nisms [39, 78]. Such lagrangian contains several terms [79],
but two subsets can be extracted to illustrate some general
aspects of the search for CLFV. In the subsets shown here the
leptonic operators mediate the transitions between electrons
and muons, but the extension to transitions between tau and
lighter leptons is straightforward.

The first subset is

LCLFV =

𝑚
𝜇

(𝜅 + 1) Λ
2
𝜇
𝑅
𝜎
𝜇]e𝐿𝐹
𝜇]

+
𝜅

(𝜅 + 1) Λ
2
𝜇
𝐿
𝛾
𝜇
e
𝐿
(𝑢
𝐿
𝛾
𝜇
𝑢
𝐿
+ 𝑑
𝐿
𝛾
𝜇
𝑑
𝐿
) .

(3)

The first operator in (3) has a magnetic dipole structure and
directly mediates 𝜇→ e𝛾 and 𝜇→ eee decays and 𝜇

−
𝐴 →

e− 𝐴 conversions in nuclei at order 𝛼. The second term
involves a four-fermion current and mediates 𝜇− 𝐴 → e− 𝐴
conversions at leading order and 𝜇 → e𝛾 at the one-loop
level. It is clear that the first operator dominates if 𝜅 ≪ 1,
while the second dominates if 𝜅 ≫ 1; for 𝜅 ∼ 1, both terms
are important. Figure 9(a) shows the sensitivity of 𝜇 → e𝛾
and 𝜇− 𝐴→e− 𝐴 conversion experiments in the (𝜅, Λ) plane.
The regionwhich can be explored by an experiment of a given
sensitivity lies below the line corresponding to that sensitivity.
For instance, using the expected sensitivity of the upgraded
MEG experiment (few ×10

−14, see later) one can conclude
that for not-too-large 𝜅’s this project should probe Λ values
up to (2–4) ×103 TeV. A 𝜇

−
𝐴 → e−𝐴 conversion experiment

can be competitive if its sensitivity is higher by at least a
couple of orders of magnitude. On the other hand, for 𝜅 ≫ 1

only𝜇−𝐴 → e−𝐴 conversion experiments are sensitive to the
thousands-of-TeV mass scale.

The second subset is

LCLFV =

𝑚
𝜇

(𝜅 + 1) Λ
2
𝜇
𝑅
𝜎
𝜇]e𝐿𝐹
𝜇]

+
𝜅

(𝜅 + 1) Λ
2
𝜇
𝐿
𝛾
𝜇
e
𝐿
(e𝛾𝜇e)

(4)

and is particularly useful to discuss the sensitivity of𝜇 → eee
experiments. The first operator is the same as that in (3), but
the second one is based on a four left-handed lepton current,
without quarks. Since this operator contains only leptons, it
mediates 𝜇 → eee at the tree level and 𝜇 → e𝛾 at the one-
loop level. Figure 9(b) shows the sensitivity of 𝜇 → e𝛾 and
𝜇 → eee experiments in the (𝜅, Λ) plane, as predicted by (4).
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and

of the largest of the masses of right handed neutrinos; the measured
value of 𝜃

13
is in the range (7–10)∘ [4–6, 11].

A 𝜇 → eee experiment can explore mass scales up to 4 ×

10
3 TeV for all 𝜅 values if its sensitivity is as good as 10−16.
The message which can be extracted by both subsets

(3) and (4) is that, despite the enormous importance of
a positive observation of a CLFV reaction, the amount of
information about new physics which can be extracted by
a single measurement is rather limited. While a negative
signal would exclude some regions in the (𝜅, Λ) plane, a
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e𝛾 𝐵𝑅s in SUSY see-saw models where only one of squark families
has amass in the TeV range [77], while the others are allowed to have
higher masses.

single positive signal would not allow to measure 𝜅 and
Λ separately. Then, to learn more about BSM physics, one
needs to combine results coming from experiments which
explore different CLFV channels, as 𝜇 → e𝛾, 𝜇 → eee,
𝜇
−
𝐴 → e− 𝐴 conversion and tau lepton flavour violating

decays. Searches for new physics not directly related to CLFV,
like search for SUSY particles at LHC, measurements of 𝑔−2,
Electrical Dipole Moment and so forth, can also contribute
to form an as much as possible comprehensive picture of
BSM particle world. As an example of this interplay, we show
in Figure 10 the predicted 𝜇 → e𝛾 decay rate obtained by
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scanningmSUGRAparameter space for tan𝛽 = 10 and𝑈e3 =
0.11 [80]. Red points correspond to PMNS-like mixing and
blue points to CKM-like mixing. In the right side the same
colours are used to show the distribution of the models in
the (𝑀

0
,𝑀
1/2
) plane, taking into account the bound imposed

by the 2011MEG result (now superseded). The region below
the red line is excluded by direct SUSY searches performed
at LHC [42–66]. Reference [81] is an example of a combined
analysis which takes into account recent results on neutrino

oscillations, CLFV, cosmological bounds, measurement of
Higgs mass and direct searches for Supersymmetric particles.

3. Experimental Searches: Generalities

The search for CLFV processes dates back to late 1940s [82]
and had a fundamental role in the development of particle
physics. The absence of positive observations of 𝜇 → e𝛾
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was one of the main arguments in favour of the emission of
two neutrinos in themuon decay (for spin conservation); this
led to the conclusion that the muon is not an excited state of
the electron and that two different types of neutrinos exist.
Moreover, the formulation of the Standard model, where
the lepton flavour conservation is set in by hand from the
beginning, was clearly driven by the experimental evidence
of the absence of CLFV reactions.

The CLFV channels which have been studied experimen-
tally include rare muon and tau decays (𝜇+ → e+𝛾, 𝜇+ →

e+e−e+, 𝜏± → 𝜇
±
𝛾, 𝜏± → e±𝛾, 𝜏 → 3ℓ and 𝜏 →

ℓ + ℎ(𝑠)), rare kaon decays (K0
𝐿

→ e𝜇, K+ → 𝜋
0e±𝜇∓),

direct conversions between leptons of different flavours in
nuclear fields (𝜇−𝐴 → e−𝐴, 𝜇 → 𝜏) and more exotic
processes involving hadronic resonances or heavy quarks.
The possible production of SUSY particles at high energy
colliders opens also the possibility of searching for their
CLFV decays. Figure 11 shows the experimental limits, as a
function of time, for branching fractions of CLFV processes
involving muons and tau’s.

4. The Muonic Channel

Muons are very sensitive probes to study CLFV processes,
since intensemuon beams can be obtained at meson factories
(PSI, TRIUMPH, LANL, etc) by hitting light targets with low
energy protons (<1 GeV) or at proton accelerators (J-PARC,
Fermilab, etc) as by-products of high energy collisions.
Moreover, the relatively long muon lifetime (2.2 𝜇s [83])
makes the detection of muon induced events easier than
that of reactions induced by more unstable particles. Because
of energy-momentum conservation, only a few channels
are allowed for CLFV reactions involving muons, the most
important ones being the 𝜇 → e𝛾 and 𝜇 → eee CLFV

decays and the 𝜇−𝐴 → e−𝐴 conversion in a nuclear field.
The present experimental limits are reported in Table 1. Note
that 𝐵𝑅s on 𝜇 → e𝛾 and 𝜇 → eee decays are normalised to
the SM muon decay, while 𝐵𝑅(𝜇−𝐴 → e−𝐴) conversion is
normalised to the rate of muon capture in the material where
the 𝜇−𝐴→ e−𝐴 process is searched for.

4.1. 𝜇+→𝑒
+
𝛾. The 𝜇+ → e+𝛾 decay is the historical channel

for studying CLFV decays: the first attempt was done in 1948
by Hincks and Pontecorvo [82] using cosmic rays and since
then this search was repeated several times. (Negative muons
are not used in the 𝜇 → e𝛾 search since they are efficiently
captured in nuclear matter.) [84–92].

Positive muons coming from decay of positive pions
produced in proton interactions on fixed target are brought
to stop and decay at rest, emitting simultaneously a photon
and a positron in back-to-back directions. Since the positron
mass is negligible, both particles carry away the same kinetic
energy: 𝐸e+ = 𝐸

𝛾
= 𝑚
𝜇
/2 = 52.83MeV. The signature is very

clear but, because of the finite experimental resolution, it can
be mimicked by two types of background:

(a) the correlated background, due to the radiative muon
decay (from now on RMD): 𝜇+ → e+]

𝜇
]e𝛾; the 𝐵𝑅

of RMD process is (1.4 ± 0.2)% of that of usual muon
Michel decay 𝜇+ → e+]

𝜇
]e for 𝐸𝛾 > 10MeV [83];

(b) the accidental or uncorrelated background, due to the
coincidence, within the analysis window, of a positron
coming from the usual muon decay and a photon
coming from RMD, positron-electron annihilation in
flight, positron bremsstrahlung in a nuclear field and
so on.
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Table 1: Present experimental limits on CLFV reactions involving
muons.

Process Experiment Upper limit Ref.
𝜇
+
→ 𝑒
+
𝛾 MEG 5.7 × 10

−13 [92]
𝜇
+
→ 𝑒
+
𝑒
−
𝑒
+ SINDRUM 1.0 × 10

−12 [108]

𝜇
−
𝐴 → 𝑒

−
𝐴 SINDRUMII 6.1 × 10

−13 (Ti),
7.1 × 10

−13 (Au) [115, 116]

While signal and RMD rates are proportional to the muon
stopping rate 𝑅

𝜇
, the accidental background rate is propor-

tional to 𝑅
2

𝜇
, since both particles come from the beam; the

accidental background is therefore dominant and sets the
limiting sensitivity of an experiment searching for 𝜇+ → e+𝛾
decay. Then, a continuous muon beam is better suited than
a pulsed beam to avoid stripping particles in short bunches
and 𝑅

𝜇
must be carefully chosen to optimise the signal-to-

noise ratio. (Presently, the most intense continuous muon
beam is the PSI 𝜋𝐸5 line, used by the MEG experiment
(see later), which can provide >108 stopped positive muons
per second. However, we can note that most of the meson
factorymachines are usually coupledwith other facilities, like
spallation neutron sources, which put severe constraints on
the fraction of original proton beam which can be lost on the
pion/muon production target. Dedicated muon production
systems, like that of the MuSIC project [93], would improve
the pion/muon production efficiency by (2-3) orders of
magnitude with respect to present machines, reaching a
similar muon intensity without need of very powerful proton
accelerators. A project of a 1010 positive muons per second
beam line, to be extracted from the spallation neutron source,
is also under investigation at PSI (see Section 4.2). The
number of background events depends on the sizes of the
signal region, which are determined (at fixed signal detection
efficiency) by the experimental resolutions: better resolutions
allow smaller signal windows, reducing the number of back-
ground events. Physical effects in the target which degrade
the resolution, as multiple scattering and energy loss, are
dumped by using “surface” muons; that is, muons produced
by pions stopped very close to the surface of pion production
target. Such muons are fully polarised along the momentum
axis and have an almost monochromatic momentum of
29.79MeV/c (the corresponding kinetic energy is 4.1MeV),
even if in order to maximise the muon intensity a bit
reduced value (𝑝 ≈ 28MeV/c) is used. Their range in
ordinary matter is 120mg/cm2, so that they can be stopped
in relatively thin muon targets, coupled with appropriate
degraders. Moreover, with appositely suited beam lines, the
rate of muon production and the ratio between muons and
contaminating positrons can be made to increase with a
power of the momentum, reach a maximum at 29.8MeV,
and then drop. Another possibility, especially in presence of
very intense muon beams, is to use “sub-surface” muons,
produced below the pion target surface, which have a bit
smaller momentum (𝑝 ≈ 25MeV/c or lower), but a reduced
range straggling in the stopping target. Direct measurements
[94] show that the range straggling is proportional to 𝑝3.5.

Table 2 shows the figures of merit and the corresponding
90% C.L. upper limits on 𝐵𝑅(𝜇+ → e+𝛾) obtained by recent
𝜇
+
→ e+𝛾 experiments. We included also the final goal and

the improvement expected at the end of upgrade phase [94]
of the MEG experiment.

4.1.1. The MEGA Experiment. The MEGA experiment [88,
89], located at Los Alamos Meson Physics Facility (LAMPF),
used 100% polarised surface muons, stopped in a 76 micron
target, inclined by 82.8∘ with respect to muon beam direction
to have enough mass in the crossing direction to stop muons
and, at the same time, reduce the amount of matter along
the positron path. The muon decay products were detected
by a high precision magnetic spectrometer formed by two
separate parts.

(a) A low mass system of Multiple Wire Proportional
Chambers (MWPC) to track the positron orbits,
coupled with 87 plastic scintillators for timing mea-
surement; the amount of material in MWPC cor-
responded to only 3 × 10

−4 radiation lengths, in
order tominimise energy loss,multiple scattering and
photon annihilation in flight and to improve positron
resolution and photon background. Azimuthal angle
and radial information was extracted from the anodic
wire address and from signal induced on stereo strips
in cathodic foils, respectively.

(b) A gamma-ray detector to measure photon energy,
direction, conversion time and location, formed by
three coaxial, cylindrical pair spectrometers, each one
composed by a scintillation barrel and 250 micron of
Pb-conversion foils, sandwiching aMWPC, and three
layers of drift chambers. Signals of three photon spec-
trometers were fed in a hardware trigger, designed
to identify positron-electron pairs coming from a
photon of at least 37MeV. The photon vector was
reconstructed by assuming a coincident vertex with
the positron.The photon detector almost surrounded
the positron detection system to maximise the solid
angle acceptance.

The system was embedded in a 1.5 T solenoidal magnetic
field; the detection system was cylindrical in shape with
cylinder axis (2m in length and 1.8m in diameter) parallel
to the solenoidal field. A schematic view of the MEGA
experiment is shown in Figure 12. The muon stopping rate
was 2.5×108Hz, but the duty cycle was only (6-7)% so that the
instantaneous trigger rate was 18 kHz. The small duty cycle
was caused by the pulsed structure of the LAMPF beam and
by a large crowding of the spectrometer due to the solenoidal
magnetic field, which allowed low longitudinal momentum
positrons to spiral in the chamber system several times. The
final data storage rate was 60Hz thanks to a 𝜇+ → e+𝛾 online
filter.

Two auxiliarymeasurementswere done: a photon calibra-
tion based on the Charge Exchange (CEX) reaction:

𝜋
−p → 𝜋

0n (5)
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Table 2: The performances of recent 𝜇+ → 𝑒
+
𝛾 experiments, compared with the best limit set by MEG [92] and the expected sensitivy

obtainable at the end of MEG running and (later on) of its upgrade stage [94]. All quoted resolutions are FWHM. ∗shows an average of the
numbers given in [88, 89]; ∗∗is the predicted 90 % C.L. sensitivity.

Place, experiment Year Δ𝐸
𝑒
/𝐸
𝑒

Δ𝐸
𝛾
/𝐸
𝛾

Δ𝑡
𝑒𝛾
(ns) Δ𝜃

𝑒𝛾
(mrad) Upper limit Reference

SIN 1977 8.7% 9.3% 1.4 — <1.0 × 10−9 [84]
TRIUMF 1977 10% 8.7% 6.7 — <3.6 × 10−9 [85]
LANL 1979 8.8% 8% 1.9 37 <1.7 × 10−10 [86]
LANL-crystal box 1986 8% 8% 1.8 87 <4.9 × 10−11 [87]
LANL-MEGA 1999 1.2%∗ 4.5%∗ 1.6 17 <1.2 × 10−11 [88, 89]
PSI-MEG 2013 1.7% 5.4% 0.28 30 <5.7 × 10−13 [92]
PSI-MEG 2014 1.7% 5.4% 0.28 30 <5 × 10−13∗∗ [94]
PSI-MEG upgrade 2017 0.5% 3.4% 0.19 18 <5 × 10−14∗∗ [94]
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Figure 12: The MEGA Experiment.

and a dedicated run to detect the RMD signal. The CEX
reaction, usually based on a liquid hydrogen target, is a widely
used technique to calibrate detectors for photons of tens-of-
MeV energies: the 𝜋0 decay produces two photons, with a flat
spectrum within the kinematical limits imposed by energy-
momentum conservation. Photons at the lower bound of the
spectrum (∼(50–60)MeV) can be easily obtained and singled
out by using in coincidence an independent electromagnetic
calorimeter in a back-to-back configuration. The CEX run
was used to extract energy and timing resolution for 52.8MeV
photons obtainingΔ𝐸/𝐸 = (3.3–5.7)%(FWHM) and𝜎(𝑇

𝛾
) =

0.57 ns. Special runs at much lower muon stopping rate
(60 times lower), with reduced magnetic fields (25% of
nominal value) and without 𝜇+ → e+𝛾 online filter, were
needed to identify a signal due to RMD events above a huge
uncorrelated background. This signal appears in the relative
timing plot as a Gaussian shape with 𝜎(Δ𝑇e+𝛾) = 0.77 ns.

The analysis used five kinematical variables: the photon
energy 𝐸

𝛾
, the positron energy 𝐸e+ , the relative timing Δ𝑇e+𝛾,

the relative angle ΔΘe+𝛾, and the photon trace-back angle
ΔΘ
𝑧
, defined as the difference between the photon direction

reconstructed by the line-of-flight and by tracing electron-
positron pairs. The resolution in ΔΘ

𝑧
was dominated by

multiple scattering in Pb converters.
The positron momentum resolution was obtained by

fitting the spectrum ofMichel decay positrons 𝜇+ → e+]e]𝜇.
The line shape expected for the signal was determined by
folding a Gaussian + polynomial curve with the theoretical
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Figure 13: Spectrum of Michel decay positrons measured by the
MEGA experiment. The continuous line is the global fit of the
spectrum and the dashed line is the positron response function
extracted from the fit and used in the likelihood analysis [88].

spectrum and the detector acceptance, as shown in Figure 13.
The gaussian sigma was in the range (0.21–0.36)MeV, corre-
sponding to (0.9–1.6)% FWHM, depending on the number
of positron turns in the field and on the number of crossed
chambers. The resolution on the relative angle measurement
was extracted byMonte Carlo (from now onMC) simulation,
getting FWHM (cos(ΔΘe+𝛾)) = 1.21 × 10

−4 for Θe+𝛾 close to
180 degrees.

A sample of 4.5 × 10
8 events was written on magnetic

tapes, which was reduced to 3971 events by a preprocessing
with loose cuts in energies, relative timing and angle. The
remaining dataset was enough large to study the background.
The integrated acceptance was evaluated by MC and cor-
rected by visual scanning of MC and data events, obtaining
a global efficiency of 3.4 × 10−3.

The 3971 survived events were analysed by a maximum
likelihood procedure. The PDFs were extracted from exper-
imental data for uncorrelated background, calculated for
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Figure 14: Layout of the MEG experiment.

RMD taking into account the detector response and extracted
fromMC simulations and calibration data for signal.The best
fit for the number of signal events was consistent with zero;
a simultaneous fit to RMD events gave a result in agreement
with MC expectations (30 ± 8 ± 15 measured, 36 ± 3 ± 10

expected). A 90% C.L. level upper limit on the number of
signal events was then extracted: NSIG ≤ 5.1, which, taking
into account the normalisation factor, converted in an upper
limit on the rate of 𝜇+ → e+𝛾 process: 𝐵𝑅(𝜇+ → e+𝛾) <

1.2 × 10
−11 [88, 89].

Compared with previous experiments (see Table 2),
MEGA improved significantly the energy resolution for
positron and photon and, to a lesser extent, the relative angle
resolution, while the relative timing resolution was similar
to that of the previous projects, since it was limited by the
pair spectrometer technique. The experiment operated at a
much more intense muon stopping rate (two or three orders
of magnitude higher than that of previous experiments),
which, in principle, would have allowed to improve theUpper
Limit on 𝐵𝑅(𝜇

+
→ e+𝛾) by a corresponding amount.

However, this was not the case, since the experiment could
not efficiently handle the huge number of positron tracks in
the spectrometer. The small duty cycle and global efficiency
worsened the result by more than one order of magnitude,
with respect to the project proposal.

4.1.2. The MEG Experiment. The MEG experiment [95] is
searching for 𝜇+ → e+𝛾 decay since several years, with an
expected final sensitivity of ≈ 5 × 10

−13 (at 90% C.L.) with
respect to the usual muon decay.

The experiment, schematically shown in Figure 14, uses
the secondary 𝜋𝐸5 muon beam line extracted from the PSI
(Paul Scherrer Institute, [96]) proton cyclotron, the most
powerful continuous hadronic machine in the world (the
maximumproton current is 𝐼 = 2.2mAfor a proton energy of
590MeV; the corresponding power is 1.3MWatt). A 3×10

7
/s

positive muon beam is stopped in a 205micron polyethylene
target, slanted by 20.5∘ with respect to the beam axis, in a
1.2 × 1.2 cm2 spot. The positron momentum is measured by
a magnetic spectrometer, composed by an almost solenoidal

magnet (COBRA)with an axial gradient field and by a system
of sixteen ultrathin drift chambers (from now on DC). The
axial gradient was chosen to obtain a rough measurement of
the positron momentum, almost independent of the zenith
emission angle, and to remove low longitudinal momentum
positrons, one of the main reasons of the small duty cycle
problem suffered by MEGA. The longitudinal magnetic field
varies from 1.27T at detector center to 0.49T at both ends;
conventional Helmholtz coils compensate the stray field
in the location of photon detector photomultipliers. The
chamber wires provide the measurement of the positron
azimuthal and radial coordinate, while vernier cathode pads
on chamber walls allow the measurement of the coordinate
along the wire direction. The positron timing is measured
by two arrays of plastic scintillators (Timing Counters, from
now on TC), each one formed by 15 scintillating bars. The
photon energy, interaction point and timing are measured in
a≈800 ℓ volume liquid xenon (fromnowonLXe) scintillation
detector, equippedwith a thinwindow in the photon entrance
face. The LXe as scintillating medium was chosen because of
its large light yield (comparable with that of NaI) in the VUV
region (𝜆 ≈ 178 nm), its homogeneity and the fast decay
time of its scintillation light (≈45ns for photons and ≈22 ns
for 𝛼 particles [97, 98]). The LXe volume is viewed by 846
Hamamatsu 2

 PMTs, specially produced to be sensitive to
UV light and to operate at cryogenic temperatures. Possible
water or oxigen impurities in LXe are removed by circulating
the liquid through a purification system. A FPGA-FADC
based digital trigger system was specifically developed to
perform a fast estimate of the photon energy, timing and
direction and of the positron timing and direction; the whole
information is then combined to select events which exhibit
some similarity with the 𝜇+ → e+𝛾 decay [99]. The signals
coming from all detectors are digitally processed by a 2GHz
[100] custommade waveform digitiser system (Domino Ring
Sampler, DRS) to identify and separate pile-up hits.

Several calibration tools (LEDs, point-like 𝛼 sources
deposited on tungsten wires [101], Am-Be sources, Michel
decays, through going cosmic ray muons, a neutron gener-
ator, 55MeV and 83MeV 𝛾’s from CEX reaction (5) [97],
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monochromatic 𝛾-lines from nuclear reactions induced
by a Cockroft-Walton accelerator (from now on CW)
[102], monochromatic positron beams which undergo Mott
scattering. . .) are frequently used to measure and optimise
the detector performances and tomonitor their time stability.
The drift chamber alignment is obtained by using cosmic rays
and Michel positron tracks, combined with optical surveys.
Resolutions on photon energy, vertex and intrinsic timing
are extracted by CEXmeasurements, on positron energy and
direction by looking at tracks which cross the spectrometer
twice (double turn method) and on positron timing by
looking at tracks traversing at least two bars [91, 92].The LXe
versus TC relative time stability is continuously checked by
means of pairs of 𝛾-lines produced by interactions of CW-
protons on boron targets.

The measured experimental resolutions are: 𝜎
𝑝
/𝑝 =

(0.7–0.8)% for positrons, 𝜎
𝐸
/𝐸 = (1.7–2.1)% for photons,

𝜎
𝜙e+𝛾

= 9 mrad, 𝜎
𝜃e+𝛾

= (15.5–16.5) mrad and 𝜎
Δ𝑇e+𝛾

=

(127–135) ps for positron-photon relative angles and tim-
ing. The relative timing resolution is measured by look-
ing at RMD events, which emerge in the normal data
stream as a nice gaussian peak above the uncorrelated
background.

The data are analysed with a combination of blind and
likelihood strategy. The kinematical variables are positron
(𝐸e+) and photon (𝐸

𝛾
) energies, relative timing (Δ𝑇e+𝛾) and

relative polar angles (𝜃e+𝛾 and 𝜙e+𝛾). Events are preselected
on the basis of loose cuts, requiring the presence of a track
and |Δ𝑇e+𝛾| < 4 ns. Preselected data are processed several
times with improving calibrations and algorithms and events
falling within a tight window (“blinding box”, from now on
BB) in the (𝐸

𝛾
, Δ𝑇e+𝛾) plane are hidden. The BB is defined

as 48MeV < 𝐸
𝛾

< 58MeV and |Δ𝑇e+𝛾| < 0.7 ns.
The remaining preselected events fall in “sideband” regions
and are used to optimise the analysis parameters, study the
background and evaluate the experimental sensitivity under
the zero signal hypothesis. When the optimisation procedure
is completed, the BB is opened and a maximum likelihood
fit is performed, in order to extract the number of Signal
(𝑆), RMD (𝑅) and Accidental Background (𝐵) events. The
Probability Distribution Functions (PDFs) are determined by
using calibration measurements and MC simulations for 𝑆,
theoretical formulae folded with experimental resolution for
𝑅 and sideband events for 𝐵 (In RMD events the kinematical
boundaries introduce a correlation between 𝐸e+ , 𝐸𝛾, Δ𝜃e+𝛾,
and Δ𝜙e+𝛾 which must be taken into account in the PDFs.).
Correlations between variables induced by reconstruction
procedures (i.e., Kalman filter for tracking) are included in
PDF definition. The normalisation factor needed to convert
an upper limit on 𝑆 into an upper limit on 𝐵𝑅(𝜇

+
→ e+𝛾)

is obtained by two different methods, one based on Michel
positrons, collected by a specialised prescaled trigger and one
based on the identification, in theΔ𝑇e+𝛾 distribution, of RMD
events above the flat background. Note that, differently from
what happened for MEGA, the RMD signal in MEG is easily
visible in the relative timing distribution because of themuch
better timing resolution (5-6 times higher) and of the smaller
crowding of positron spectrometer; then, no RMD specific

runs are needed. Different groups operate independent anal-
yses, which differ in the used PDFs, in the statistical approach
(frequentistic and bayesian) and in the handling of sideband
information.The statistical consistency between the numbers
extracted by these analyses is a condition established by the
collaboration to publish the results.

The analysis procedurewas applied for the first time to the
data collected in 2008, with reduced statistics and not optimal
apparatus performances and a first result was published [90]:
𝐵𝑅(𝜇
+

→ e+𝛾) ≤ 2.8 × 10
−11 at 90% C.L. A much more

significant result was published in 2011 [91], based on data
collected in 2009 and 2010 and corresponding to a total
number of 1.75×1014 muons stopped on target, 65% of them
collected in 2010. In the 2009 alone sample a possible excess
of events was observed, which disappeared in higher statistics
2010 dataset; the combined result established an upper bound

𝐵𝑅 (𝜇
+
→ e+𝛾) ≤ 2.4 × 10

−12 (6)

four times better than the MEGA limit [88, 89].
In 2011 the analysis was improved by the introduction of

better quality algorithms for the treatment of photon pile-
up rejection, DCH noise rejection and positron tracking,
which increased the efficiencies and the global resolution
of the experiment. Then, data collected in 2009 and 2010

were reanalysed with these new algorithms and, later on,
the full blind and likelihood procedure was applied to the
data collected in 2011, corresponding to 1.85 × 1014 stopped
muons. The sensitivity of the experiment, evaluated by using
a large ensemble of simulated experiments with zero signal
hypothesis, was 1.6 × 10

−12 for 2009-2010 dataset in the old
analysis. With the new analysis algorithms, this sensitivity
improved to 1.3 × 10

−12 and reached 7.7 × 10
−13 for the

whole 2009–2011 dataset, in agreement with what expected
from the increased statistics. Figure 15 shows the results of the
maximum likelihood fit to the five kinematical variables for
2009–2011 data. The best fit for the number of signal events
is −0.4 or 0 within the physical domain. The distributions of
BB events for the combined 2009–2011 dataset in the (𝐸e+ , 𝐸𝛾)
(left) and in the (cosΔΘe+𝛾, Δ𝑇e+𝛾) (right) planes (ΔΘe+𝛾 is the
positron-photon stereo angle) are shown in Figure 16 [92].
Since no excess of events was found, a new upper limit on
𝐵𝑅(𝜇
+
→ e+𝛾) was set:

𝐵𝑅 (𝜇
+
→ e+𝛾) ≤ 5.7 × 10

−13
, (7)

an improvement of a factor 20 with respect to the pre-
MEG era. The actual upper limit (7) is ≈25% lower than
the sensitivity, while the previous limit (6) was ≈50% higher
than the sensitivity obtained with the old analysis. Both these
results were due to statistically reasonable event fluctuations,
a negative one in the former case and a positive one in
the latter case. The experiment ended its data taking in the
summer of 2013; the final data sample is expected to be about
two times larger than the 2009–2011 dataset and the projected
final sensitivity is ∼5 × 10−13.

4.1.3. The MEG Upgrade. A major improvement of MEG
sensitivity, to be accomplished in a reasonably short running
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Figure 15: Results of MEG maximum likelihood analysis on full 2009–2011 dataset. From top to bottom, from left to right: Δ𝑇e+𝛾, 𝐸e+ , 𝐸𝛾,
𝜃e+𝛾, and 𝜙e+𝛾. Signal PDFs are in green, RMD PDFs in red, accidental background PDFs in magenta and total PDFs in blue. The black dots
represent the experimental data. The best fit value for the number of signal events is zero within the physical domain.

time (∼3-4 years), requires a higher muon stopping rate and
improved detectors efficiencies, in order to enhance the signal
while keeping the accidental background at a sufficiently
low level. So an increase in the muon beam intensity must
be accompanied by a consistent improvement of the exper-
imental resolutions. The MEG measured resolutions and
efficiencies are compared in Table 3 with the values initially
foreseen in the MEG proposal.

The resolutions of the positron spectrometer are quite
worse than the designed values. This is true also for the
photon energy and for the relative e+𝛾 timing. However in
the latter case the resolution is again substantially affected
by the drift chambers tracking performances since Δ𝑇e+𝛾
contains the length of the positron track from the target
to the timing counter, which is measured by the positron
tracker.
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Figure 16: Distribution of events for 2009–2011 MEG data sample in the (𝐸e+ , 𝐸𝛾) (a) and in the (cosΔΘe+𝛾, Δ𝑇e+𝛾) (b) planes. The signal
PDF contours (1, 1.64, and 2𝜎) are also shown [92].

Table 3: Foreseen and measured resolutions (sigma’s) for the MEG
detector.

Variable Foreseen Obtained
Δ𝐸
𝛾
(%) 1.2 1.9

Δ𝑇
𝛾
(ps) 43 67

𝛾 position (mm) 4(𝑢, V), 6(𝑤) 5(𝑢, V), 6(𝑤)
𝛾 efficiency (%) >40 60
Δ𝑝
𝑒
+ (KeV) 200 380

𝑒
+ angle (mrad) 5(𝜙

𝑒
+ ), 5(𝜃

𝑒
+ ) 11(𝜙

𝑒
+ ), 9(𝜃

𝑒
+ )

Δ𝑇
𝑒
+ (ps) 50 107

𝑒
+ efficiency (%) 90 40
Δ𝑇
𝑒
+
𝛾
(ps) 65 120

Concerning efficiencies, there is substantial room for
improvements on the tracker side.The low tracking efficiency
is mainly due to the position of the chambers front-end
electronics and mechanical support which intercept a big
fraction of positrons in their path to the timing counter.
Another critical point of these chambers is the use of cathodes
in the form of conductive thin foils. The foils are segmented
so that the charge induced on the several segments (Vernier
pads) is used to precisely reconstruct the Z-coordinate.

The coordinate perpendicular to the wire is instead
precisely reconstructed by using the drift time information.
The drawback of using cathode foils is twofold:

(i) the amplitude of the signals induced on the cathodes
is only of a few mV; therefore even a small noise can
easily spoil the Z-coordinate reconstruction;

(ii) the operation of the chambers presents some instabil-
ities: their use in a high radiation environment leads
to the formation of deposits on the cathodes surfaces
which in turn give rise to discharges preventing
the use of the chamber. This implies a fortiori the
impossibility of operating these chambers at higher
muon stopping rates.

Based on these arguments, a new tracking chamber was
conceived to overcome all the listed problems, namely, with
improved efficiency, momentum and angular resolutions and
able of steady operation at high rates.The planned resolutions
for the proposed tracker, together with a thinner stopping
target will yield a substantial improvement in the determina-
tion of the positron kinematical variables. A combinationwas
proposed of a surface muon beam (in the present MEG beam
configuration) with a target thickness of 140 𝜇 and an angle of
15
∘ with respect to the muon beam, for a total running time

of 3-4 years.
Other major upgrades of the current detector are

(i) upgrading the liquid xenon detector, in order to
improve the photon energy and position resolutions,
by using a larger number of photo sensors with
smaller dimension;

(ii) building a new pixelated timing counter to improve
the resolution in the 𝑇e+𝛾 measurement and eliminate
the present cumbersome PMTs helium protection;

(iii) building a new mixed trigger/digitiser DAQ board in
order to fulfil the needs of a much increased number
of channels to be read-out and of a higher bandwidth
of the DRS analog front-end.
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The high resolutions on the 𝛾 and e+ variables, needed
for reaching the goals of the improved MEG, have to be
maintained during the experiment. This is obtained with
the already discussed calibration methods which were fully
developed and used during the experiment.

The upgraded proposal [94], with an estimated sensitivity
of 6 × 10−14 in 3 years of data taking, was approved by PSI in
2013.

4.1.4. Long Term Future for 𝜇+ → 𝑒
+
𝛾. Supersymmetry is

a wide class of theories, depending on a large number of
parameters; then, changing some of them one can vary the
expectations for BSM reaction rates by orders of magnitude.
For instance, values of 𝐵𝑅(𝜇 → e𝛾) < 10

−15 are obtained
in some SUSY-GUT SU(5) models with various assumptions
about the Bino mass𝑀

1
and/or the universal trilinear scalar

coupling 𝐴
0
[72]. Future accelerators, like NuFact at CERN

[103, 104] and Project-X/Proton Improvement Plan (PIP)-II
at Fermilab [105, 106], are expected to deliver high intense
(∼1015 p/s) proton beams, with energy of tens of GeV or
higher; then, secondary muon beams up to ∼1014 𝜇/s could
be available in the future. Then, one can ask whether CLFV
searches can take benefit from these future high intensity
machines and eventually at which level.

Unfortunately, for experiments searching for 𝜇
+

→

e+𝛾 decay, this is not an easy task, since, as observed
before, these experiments are unavoidably faced with the
bottle neck caused by accidental background. Since such
background scales with 𝑅

2

𝜇
, a simple increase of the muon

stopping rate does not improve the sensitivity. The MEG
upgrade project, which was designed to gain an order of
magnitude in sensitivitywith respect towhatwas expected for
the original experiment, requires significant changes of the
detector, even if with limited costs and in a rather short time
scale. More ambitious goals demand substantial progresses
in experimental techniques, since the performances to be
reached by the MEG upgrade subdetectors are at the limit
of present technologies. Some possibilities are under study,
as, for example, the use of high-resolution 𝛽 spectrometers
and of finely segmented and/or active targets. Note that active
targets are typically obtained by using scintillating fibres,
whose sizes cannot be reduced too much (otherwise, the
signal would be too small to be detected); then, this appears in
contrast with the request of smaller dimension targets. Finely
segmented targets also require a very high tracking resolution
in order to unambiguously identify the target element where
the positron comes from.Therefore, pushing the sensitivity of
this search below 10

−14 seems at the moment rather unlike.

4.2. 𝜇 → 3𝑒. In the 𝜇 → eee decay the final state is
composed by charged particles only (As for 𝜇 → e𝛾, this
process is searched for by using positive muons; then, we
will refer to it as 𝜇 → eee or 𝜇+ → e+e−e+.). In many
models, for instance SUSY-GUT, its𝐵𝑅 is related to𝐵𝑅(𝜇+ →
e+𝛾) by a factor 𝛼, since the positron-electron pair is thought
to originate from a virtual photon; then, a sensitivity of ∼
10−15 is needed to be competitive with a ∼10−13 sensitivity for
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Figure 17: Feynman diagrams which induce the 𝜇+ → e+e−e+
reaction in SUSY-GUT models via photon domination (top) or at
tree level (bottom). See [107] and references therein.

𝜇
+
→ e+𝛾. However, in other models the 𝜇 → eee process

receives contributions also at the tree level by diagramswhich
include new couplings and new intermediate particles, like
doubly charged Higgs particles, scalar neutrinos and so on
(see [107] and reference therein). Such diagrams can enhance
the 𝜇+ → e+e−e+ rate up to exceed 𝐵𝑅(𝜇

+
→ e+𝛾) for

some particular choices of SUSY parameters. We remind to
the discussion in Section 2.4 for the amount of information
which can be extracted by combining data of experiments
searching for 𝜇+ → e+e−e+ and 𝜇

+
→ e+𝛾. Figure 17

shows the Feynman diagram for 𝜇+ → e+e−e+ decay in
the case of photon domination (top) and at the tree level
(bottom). The search for the 𝜇+ → e+e−e+ process is based
on kinematical criteria: all possible triplets of electron tracks
are formed and 𝜇+ → e+e−e+ candidate events are selected
requiring a zero total momentum, an invariant mass equal
(within the resolution) to the muon mass 𝑚

𝜇
, and three

simultaneous tracks, originating from a common vertex; the
energy of each track must be ≤ 𝑚

𝜇
/2 because of phase

space constraints. As for 𝜇+ → e+𝛾, the background for
𝜇
+
→ e+e−e+ decay has a a correlated component, coming

from the internal conversion of radiative muon decay 𝜇+ →
e+]e]𝜇e

+e− and an uncorrelated component, given by the
accidental coincidence of a Michel positron and a positron-
electron Bhabha pair produced by the scattering of another
Michel positron on target or on other detector materials.
As for the 𝜇+ → e+𝛾 process, the accidental background
scales quadratically with the muon rate and is the domi-
nating one. The possibility of improving the experimental
limit is then, also in this case, related to improvements in
detector technologies. Since no photons must be detected,
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Figure 18: Schematic view of the SINDRUM experiment.

one does not need an electromagnetic calorimeter with its
limited resolution and the experimental detection relies on
spectrometric techniques only; however, the spectrometer
must have a wide acceptance, a large solid angle (not far from
4𝜋) and a relatively low momentum threshold. Therefore, for
an intense muon beam a very high rate is expected in the
tracking system, which can cause relevant problems of dead
time, trigger and pattern recognition.

The present experimental limit [108] dates back by 25

years and only recently a new experiment was approved at
PSI to significantly improve this upper bound.

4.2.1. Past Experiments: SINDRUM. The SINDRUM experi-
ment [108] searched for 𝜇+→ e+e−e+ decay by using a ∼5 ×
106 subsurface positivemuon beam, stopped in a double-cone
shaped target of 58 × 220mm2. A sketch of the SINDRUM
experiment is shown in Figure 18. Muon decay products
were detected by a magnetic spectrometer, made by five
Multi Wire Proportional Chambers and a cylindrical array
of 64 scintillators, arranged in a 0.33T solenoidal magnetic
field. The spectrometer solid angle was ΔΩ/4𝜋 = 0.73.
The experiment was equipped with a trigger hodoscope,
which selected events with at least two positively and at least
one negatively charged track within 7 ns. The experimental
resolutions at 50MeV were 𝜎

𝑝
/𝑝 = 5.1%, 𝜎

Δ𝑡
< 1 ns,

𝜎
𝜃

= 28mrad and 𝜎Vertex < 1mm. About 106 events
survived the online selections and were processed by a 3D
reconstruction procedure to select tracks with the correct
time and vertex topology and which satisfied the kinematical
constraints. Triplets formed by two positively (positrons) and
one negatively charged (electron) tracks were classified in
“uncorrelated” and “correlated,” depending on the relative
timing and the matching at event vertex of the three tracks.
As already observed, correlated events are thought to come
from a RMD process, with the inner bremsstrahlung photon
converting in a positron-electron pair. The events were
looked for in the (total energy, total momentum) plane and
compared with a large sample of simulated 𝜇

+
→ e+e−e+

decays; the results are shown in Figure 19 (taken from [69]).
No experimental event felt in the region containing 95% of
simulated events.Then, taking into account the experimental
acceptances and efficiencies and the total number of stopped
muons, an upper bound

𝐵𝑅 (𝜇
+
→ e+e−e+) < 1.0 × 10

−12 (8)

was set at 90% C.L. [108].

4.2.2. The Future: Mu3e. A new experiment searching for
𝜇
+
→ e+e−e+ process, calledMu3e, was approved in January

2013 at PSI, aiming at a 𝐵𝑅 sensitivity of 10−16 [107, 109].
The experiment is planned in two phases: the first one will
be based on the present 𝜋𝐸5muon beam and it is expected to
reach a sensitivity ∼10−15; the second one will use a higher
intensity muon beam (still under project) with upgraded
detector performances to arrive at the project sensitivity.This
new beam line (High intensity Muon Beam-Line, HiMB)
would use surface muons produced in the target of the Swiss
Spallation Neutron Source (SINQ, [110]) and would deliver a
muon decay rate 𝑅

𝜇
> 2 × 10

9, an order of magnitude more
intense than the present line.

The main challenges this experiment will be faced with
are a high rate capabilitity (to sustain muon decay rates at
level of 1GHz), a timing resolution ∼100 ps and a vertex
resolution ∼200𝜇m (to suppress the accidental background),
and a momentum resolution ∼0.5MeV/c (to reject the RMD
induced background). Both the momentum and vertex reso-
lution demand an extremely lowmaterial budget tominimise
the multiple scattering. To satisfy these requests, the detector
will take advantage from recent tracking technologies and
high resolution timing detectors. A schematic view of the
Mu3e experiment is shown in Figure 20. The target, made by
aluminum foils, will have a double hollow cone shape, with
10 cm length, 2 cm diameter, and a different thickness in the
front (30 𝜇m) and in the rear (80 𝜇m) cone, to obtain a more
homogenous distribution of decays within the two cones and
to reduce the multiple scattering effects for decay particles
traversing the target. The large size will allow an efficient
separation of decay events; a capability of vertex separation
better than 200 𝜇m by using track extrapolation is envisaged.
The stopping efficiency will be 83%.

The target will be surrounded by a cylindrical multilayer
tracking and timing system, formed by two inner and two
outer pixel layers, interleaved by scintillating fibres. In the
second phase of the experiment this system will be comple-
mented by a system of scintillator tiles and a further pixel
detector to measure momentum of recurling particles. By
combining the recurl pixel layer with the inner and outer
pixel layer information, a multiple measurement of particle
momentum will be available, which will allow to cancel, at
the first order, the multiple scattering effects, thus improving
the momentum resolution.

The two inner layers will cover 12 cm in length and a
radius of 1.9 cm and of 2.9 cm, respectively; the two outer
layers will be 36 cm in length and 7.6 cm and 8.9 cm in
radius. The pixel sizes will be 80 𝜇m × 80 𝜇m with 50 𝜇m
thickness, arranged in high voltage monolithic active pixel
sensors (HV-MAPS) of 1.1 cm × 2 cm (inner layers) and
2 cm × 2 cm (outer layers) size. HV-MAPS have high electric
field and high charge collection efficiency and combine the
advantages of hybrid pixels sensors with integrated analog
and digital electronics. Note that the pixel size is smaller than
the expected uncertainty in the vertex reconstruction due to
the multiple scattering (𝜎MS ≈ 150 𝜇m); then, the pixel size
will not be a limiting factor for the position resolution. Pixel
sensors should provide also a 10 ns resolution measurement
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Figure 19: Distribution of triplets of tracks collected by SINDRUM experiment in the (total energy, total momentum) plane. (a) Uncorrelated
events; (b) correlated events; (c) MC simulation. The diagonal line is the kinematical limit imposed by a muon decaying at rest for events
coming from RMD decay, with internal conversion of the photon in a positron-electron pair (taken from [69]).

of positron timing. The expected total number of pixels
is 275 million. Because of the high power consumption
(150mW/cm2) the pixel detectors will be equipped with a
helium-based cooling system. The geometrical acceptance of
the tracker will be ∼50% and thematerial budget will amount
to 0.044% radiation lengths per layer.Themechanical frames,
made by 25 𝜇m Kapton foils, are light and rigid and have
been optimised for a small radiation length. The mechanical
prototype of the inner pixel detector is shown in Figure 21
[107]. The recurl pixel layers will have a structure identical to
that of the outer layers. The expected momentum resolution
of the tracker is ≈0.7MeV/c in the first phase (without recurl
pixel layers) and ≲ 0.5MeV/c in the second phase.

The timing detectors are needed to suppress the com-
binatorial background at high muon rates. The scintillating
fibre hodoscope will be located between the inner and outer
pixel layers, around the target, at a radius of 6 cm and with a
total length of 36 cm.They should provide a timing resolution
of few × 100 ps even for low momentum particles. Thin
(250 𝜇m) scintillating fibre layers will be used tominimise the
momentum degradation induced by traversed material; the
exact number of fibre layers is under study. The scintillating
tiles will be located within the pixel recurl station. Since a
small amount of material will be no more necessary, the tiles
can be much thicker: the individual tail size is expected to
be 1 cm × 1 cm × 1 cm. The larger thickness will result in
a much higher number of scintillation photons and then in
a better timing resolution <100 ps. All timing detectors will
be equipped with SiPMs, with good photon efficiency and
timing resolution. The tracking and timing system will be
immersed in a 1T solenoidal magnetic field, known with a
10
−4
𝛿𝐵/𝐵 accuracy.
The experimentwill have a triggerless continuous readout

and a track based online event filter. Timestamps, generated
by a 20MHz system clock, and pixel addresses provided by
HV-MAPS will be collected with a new version (DRS5) of

the custom sampling chip DRS [100] developed at PSI, at a
rate of 800Mbit/s and processed by a system of FPGAs and
Graphical ProcessingUnits (GPUs), whichwill perform track
reconstruction and momentum determination in real time.
The rate of data storage is expected to be ∼10MBytes/s.

The detector commissioning is scheduled for 2015,
together with the first data acquisition at a reduced rate; the
physics run of first phase at 108 stopped muons/s rate is
envisaged for 2016. The construction of recurl pixel stations
and tile detectors will be conducted in parallel and is expected
to finish in 2017. The second phase of data taking will start in
2017 or 2018, depending on the availability of HiMB.

4.3. 𝜇 → 𝑒 Conversion. The 𝜇− 𝐴 → e− 𝐴 conversion is a
CLFV process which could take place when negative muons
are stopped in the nuclear matter. Stopped negative muons
form muonic atoms in the ground state (𝐴 = mass-, 𝑍 =
proton-number of nucleus) according to the reaction:

𝜇
−
+ (𝐴, 𝑍) → 𝜇

−
(𝐴, 𝑍)

+

1𝑆
. (9)

Then the bound muons get captured by the nuclei (first
reaction in (10)) or decay in orbit into an electron and two
neutrinos (second reaction in (10)):

𝜇
−
(𝐴, 𝑍)

+

1𝑆
→ (𝐴,𝑍 − 1) + ]

𝜇
,

𝜇
−
(𝐴, 𝑍)

+

1𝑆
→ (𝐴,𝑍) + e− + ]

𝜇
+ ]e.

(10)

The relative weight of the first reaction increases with the
nuclear charge 𝑍: for instance, the capture probability of
muonic titanium (𝑍 = 22) is 85%, which corresponds to a
muon lifetime of 329 ns, and that of muonic gold (𝑍 = 79)
is ≈97%. Assuming that CLFV can occur at some level, the
muons may also convert into single electrons:

𝜇
−
(𝐴, 𝑍)

+

1𝑆
→ (𝐴,𝑍) + e−. (11)
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This process is known as 𝜇
−
𝐴 → e−𝐴 conversion. The

final nuclear state can be in the ground or in an excited
state. The first case, which is called “coherent” capture, is
usually dominant, with an enhancing factor given by the
number of nucleons in the nucleus. The coherent capture is
advantageous from the experimental point of view, since the
outgoing electron is monochromatic. Its energy 𝐸

𝜇e is given
by

𝐸
𝜇e = 𝑚

𝜇
− 𝐸
𝐵
(𝐴, 𝑍) − 𝐸

𝑅
(𝐴, 𝑍) , (12)

where 𝐸
𝐵
(𝐴, 𝑍) and 𝐸

𝑅
(𝐴, 𝑍) are the binding and recoil

energy of the nucleus. Since 𝐸
𝐵
and 𝐸

𝑅
depend on the

capturing nucleus (as a first approximation, 𝐸
𝐵
∝ 𝑍
2 and

𝐸
𝑅
∝ 𝐴
−1), the 𝐸

𝜇e value is ≈ 105MeV for Al, 104.3MeV for
Ti, 95.6MeV for Au and 94.9MeV for Pb.

The theoretical predictions for 𝜇− 𝐴 → e− 𝐴 conversion
range by some orders of magnitude, depending on the
mechanisms which mediate the process. In SUSY frames this
transition is dominated by the exchange of a virtual photon
(dipole transition) and

𝐵𝑅 (𝜇 → e) ∼ 10
−(2-3)

𝐵𝑅 (𝜇 → e𝛾) (13)

but in other models more exotic schemes, like Leptoquarks,
Heavy Neutrinos, a second Higgs doublet and so forth, are
invoked [111]; moreover 𝐵𝑅(𝜇−𝐴 → e−𝐴) is a function of
the nuclear 𝑍. We stress again that the search for 𝜇 → e𝛾
decay and the search for 𝜇− 𝐴 → e− 𝐴 conversion provide
complementary information. Figure 22 shows an example of
predictions for the𝜇−𝐴 → e−𝐴 process onTi in SUSYmodels
[112]. In 𝜇 → e conversion experiments, a pulsed negative
muon beam is formed from the decay of pions produced in
proton collisions on fixed target and brought to stop in a layer
of thin targets, where muon captures take place. The signal is
given by a single monochromatic electron, with energy𝐸

𝜇e as
expressed in (12).

Note that the 𝜇
−
𝐴 → e−𝐴 conversion experimental

sensitivity is not limited by the accidental background,
because there is only one particle in the final state. Electrons
in the signal energy window can originate from a couple of
beam-related background sources, the muon decay in orbit
(MDIO, the second process in (10)) and the radiative muon
(RMC, 𝜇−𝐴 → ]

𝜇
𝛾𝐴
∗) and pion (RPC, 𝜋−𝐴 → 𝛾𝑋)

captures. Sporadic high energy electrons can also come from
muons decaying in flight and cosmic rays.

The RPC background can be taken under control by
reducing the pion contamination in the beam (“beam

Figure 21: Mechanical prototype of the Mu3e inner pixel detector
[107].

purity”) by means of moderators inserted within the beam
line and that due to muons decaying in flight by selecting a
muon beam with momentum 𝑝

𝜇
< 70MeV/c, in order to

reduce the Lorentz boost of decaying electrons. The energy
spectrum of electrons fromMDIO can reach 𝐸

𝜇e if neutrinos
carry away very little energy and the energy-momentum
conservation is ensured by the recoiling nucleus. Close to
the end point 𝐸

𝜇e, the energy spectrum of MDIO electrons
behaves as (𝐸 − 𝐸

𝜇e)
5.

Another technique for reducing the beam related back-
ground is based on the observation that muonic atoms have
some hundreds of ns lifetime (for instance, 329 ns in Ti and
860 ns in Al); then, one can use a pulsed beamwith very short
buckets (≲100 ns), leave pions decay and search for 𝜇− 𝐴 →

e− 𝐴 process in a delayed time window. This requires,
however, that the fraction of protons arriving on the pion
production target between two separate bunches (“out-of-
time” protons) is as small as possible (∼10−9): this “extinction
factor” is one of the key parameters in determining the final
sensitivity of 𝜇− 𝐴 → e− 𝐴 conversion experiments.

Finally, a high resolution tracking detector is needed
for reducing the spill-in of MDIO background electrons
into the signal window and cosmic ray induced events are
rejected by using veto counters and external shieldings and
by the identification of their characteristic signals in tracking
devices and calorimeters.

4.3.1. Past Experiments: SINDRUM II. TheSINDRUM II [115,
116] experiment at PSI searched for 𝜇−𝐴 → e−𝐴 conversion
in Ti, Pb and Au, exploring also the possibility of a 𝜇− → e+
conversion. In this particular process the change of lepton
electrical charge is compensated by an appropriate change
of the nuclear electrical charge, but, differently from most of
other CLFV processes, not only the muonic and electronic
leptonic flavours, 𝐿

𝜇
and 𝐿e, are separately violated, but also

their sum, with a variation Δ(𝐿
𝜇
− 𝐿e) = −2.

In the SINDRUM II experiment a high intensity muon
beam was stopped in a target and the energy of emitted
electrons was measured with a cylindrical magnetic spec-
trometer inside a superconducting solenoid. Figure 23 shows
a sketch of the SINDRUM II experiment. The spectrometer
was formed by various cylindrical detectors surrounding
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the target on the beam axis. Two drift chambers provided
the tracking while scintillation and Cerenkov hodoscopes
were used for the timing of track elements and for electron
identification.

A scintillation beam counter in front of the target helped
to recognise prompt background electrons produced by
radiative capture of beam pions or beam electrons scattering
off the target. The RPC background was largely reduced and
made negligible by using a 8mm thick CH

2
degrader. The

further background induced by cosmic rays was identified
by producing additional signals in the spectrometer. The
electron momentum was calculated by reconstructing the
helicoidal path within the spectrometer.

The spectrometer momentum calibration and resolution
were checked by stopping a beam of positive pions in a low
mass foam target and measuring the monoenergetic decay
positrons, after reversing the magnetic field and scaling it to
the lower momentum of the positrons (𝑚

𝜋
/2). Themeasured

energy resolution was not in perfect agreement with the
simulation on light target, but in much better agreement in

more massive targets, like titanium, where it was completely
dominated by the energy loss inside the target itself. The
simulation of 𝜇−𝐴 → e−𝐴 electrons yielded an overall energy
resolution of 2.3MeV (FWHM), which was the key factor to
remove MDIO electrons, the dominant background source
for this experiment.

Figure 24 (top) shows the electron (and positron) energy
spectrum measured after removing the prompt forward
events, attributed to electrons from 𝜋 → e] decay and
identified by using the correlation with the radiofrequency
signal [118]. The prompt forward events are shown in the
bottom plot. The event distribution was consistent with
simulation for pure background,mainly coming fromMDIO.
Isolated high energy events were identified as cosmic ray
muons.

With a total number of stoppedmuons∼1014 and a typical
efficiency ∼(10–20)%, SINDRUM II reached a sensitivity at
level of few ×10

−13 on𝐵𝑅(𝜇−𝐴 → e−𝐴) reactions. SINDRUM
II results on various targets are reported in Table 4.
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4.3.2. New Projects. Presently there are two ambitious pro-
jects of 𝜇−𝐴 → e−𝐴 conversion experiments, Mu2E at
Fermilab (Illinois) and COMET/PRISM at J-PARC (Japan),
the latter one scheduled in two distinct stages. Both projects
require a 10−9 (at least) proton beam extinction factor; this
is not a trivial task and both projects are considering the
possibility of equipping their accelerators and proton beam
lines with a group of kicker magnets in addition to those
which are already present.

4.3.3. The Mu2E Experiment. Mu2E [124] (Figure 25) is
derived from the original MECO project [125], which was
cancelled by budget reasons in 2005. The experiment will
use a 8GeV, 25 kWatt proton beam, with 100 ns bunches,
separated by 1.7 𝜇s, to produce a pion-muon beam. Sec-
ondary particles will be captured by a large acceptance
capture solenoid surrounding the proton target and will
be driven through a curved transport solenoid, arranged
to single out negative muons and reject antiprotons and
positive and neutral particles. The required extinction factor
will be obtained by using a system of resonant AC dipoles,
which sweeps out-of-time protons into collimators. The
expected extinction factor is at level of 10−10. The charge and
momentum selectionwill be operated by using the shift of the
centre of the helicoidal trajectory of a charged particle in the
direction perpendicular to the plane of the curved solenoid.

Since the shift is a function of particle charge andmomentum,
interesting particles can be singled out by placing appropriate
collimators.

Selected negative muons will be brought to stop in thin
aluminum foils and electrons from muon decay or capture
will be looked for by using a high resolution (≈900 keV
FWHM at 105MeV/c) spectrometer, with a gradedmagnetic
field, and an electromagnetic calorimeter. The magnetic
field configuration would allow selecting high energy (𝑝 >

90MeV/c) and recovering backward going electrons.
A total number of stopped muons 𝑁

𝜇
≈ 10

18 are
foreseen in two years of data taking; assuming 𝐵𝑅(𝜇−𝐴 →

e−𝐴) = 10
−15 and a 10−9 extinction factor, a 40-event signal

is expected, with an estimated background < 0.5 events. On
the other hand, in case of no signal Mu2E would set an upper
limit: 𝐵𝑅(𝜇−𝐴 → e−𝐴) ≤ 6 × 10

−17 at 90% C.L.

4.3.4. The COMET/PRISM Experiment. At J-PARC proton
accelerator facility a two-stage search for 𝜇

−
𝐴 → e−𝐴

conversion is planned: the goal of the first phase is to reach
a sensitivity on 𝐵𝑅(𝜇

−
𝐴 → e−𝐴) < 10

−16 in the COMET
experiment and that of the second phase is to improve this
sensitivity by two orders of magnitude in the PRISM/PRIME
experiment.

COMET (COherent Muon to Electron Transition,
Figure 26, [126]) will use a 8GeV, 56 kWatt pulsed proton
beam with ≈1𝜇s bunch separation (the lifetime of muons in
muonic aluminum) and short buckets (∼100 ns). In two-year
running time, the expected number of collected stopped
muons is 𝑁

𝜇
= 1.5 × 10

18. The experiment is conceptually
similar to Mu2E, with a pion capture system, a pion decay
and muon transport section and the detector. The main
differences with respect to Mu2E are

(a) a C-shape, 180∘ bending, transport solenoid instead
of the Mu2E S-shape transport solenoid;

(b) a curved solenoidal spectrometer instead of theMu2E
straight solenoidal spectrometer.

The C-shaped solenoid was chosen to optimise the muon
momentum selection by coupling it with a suitable vertical
magnetic field, provided by tilted solenoidal coils, which
improves the transport of high energy electrons through
the collimator system. This enhances the rejection efficiency
of muons with momentum higher than 75MeV/c, which
can produce dangerous high energy electrons by decaying
in flight. The curved spectrometer was chosen to reject
low energy electrons from MDIO, thus reducing the single
counting rates in the detector. A bunch kick injectionmethod
will be used to reach the needed extinction factor; recent tests
indicate that this technique can reduce the fraction of out-of-
time protons at level of 3 × 10−11.

A preliminary data acquisition is scheduled for 2015

without the muon transport system and with a simplified
lower resolution detector. A sensitivity of 3×10−15 is expected
in this phase, which will be also devoted to carry out the R&D
of the final project elements. With the completed detector in
operation (estimated for 2017) and an estimated background
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of 0.4 events, COMET would be sensitive to 𝐵𝑅(𝜇
−
𝐴 →

e−𝐴) ≥ 3 × 10
−17.

In the second stage, the pion decay and muon transport
sections of the COMET experiment will be modified and
coupled with a very intense muon beam source, PRISM
(Phase Rotation Intense Slow Muon source, Figure 27) [117].
A beam intensity of 10(11-12) 𝜇/s is aimed, with a central
momentum of 68MeV/c. The 𝜋/𝜇 beam will be passed
through a large aperture muon storage ring, equipped with a
FFAG (Fixed Field Alternating Gradient) synchrotron, where
the survived pions will decay and the momentum spread
will be reduced from the original ±30% to ±3% by using the
phase rotation technique. A so small energy spread would
allow stopping enough muons in very thin foils, minimising
the resolution worsening due to electron interactions in the
target. A final momentum resolution of 350 keV FWHM at
105MeV/c is envisaged.The combined effect of the increased
resolution and of the intense muon beam would allow to be
sensitive to 𝐵𝑅(𝜇

−
𝐴 → e−𝐴) ≥ 10

−18. The experimental
demonstration of the phase rotation in the PRISM-FFAG ring
is underway.

4.3.5. The DeeMe Experiment. The DeeMe experiment [127]
is a less ambitious but of shorter time scale experiment
for 𝜇
−
𝐴 → e− 𝐴 conversion which plans to reach a

sensitivity of 10−14, 20 times better than SINDRUM II. The
idea is to get electrons from 𝜇

−
𝐴 → e− 𝐴 conversion

directly from production target (a situation analogue to
that of surface muons), without need of complex muon
and pion transport sections. The experiment is expected
to operate at J-PARC Material and Life Science facility
(MLF/MUSE), an intense muon beam source extracted from
a 3GeV, 1MW Rapid Cycling Synchrotron (RCS). Muons
will be produced and stopped in a SiC target and subsequent
electrons will be transported by a beam line composed of
focusing solenoids, prompt kickers and bending magnets to
an electron spectrometer. The spectrometer will be equipped
with MWPC and is expected to reach a resolution of 𝜎

𝑃
=

0.5MeV/c at 100MeV. The resolution is needed to reject
the MDIO background, which is the dominant source of
high energy electrons for this experiment. Particular care
will be devoted to the elimination of the out-of-time proton
background due to secondary turns in the RCS accelerator
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Table 4: The results of the SINDRUM II experiment in various searches for 𝜇− 𝐴 → 𝑒
−
𝐴 conversion [115, 116].

Year Target Period (days) Number of 𝜇− Capture probability 𝜇𝑒 efficiency B.R. upper limit
1989 Titanium 25 5 × 10

12
0.85 0.13 4.3 × 10

−12

1992 Lead 10 2 × 10
12

0.97 0.06 4.6 × 10
−11

1993 Titanium 50 3 × 10
13

0.85 0.146 6.1 × 10
−13

2003 Au 81 4.4 × 10
13

0.97 22 7.1 × 10
−13

Pion capture section
A section to capture pions with a large
solid angle under a high solenoidal
magnetic field by superconducting
magnet

Pion-decay and
muon-transport section
A section to collect muons from
magnetic field.

Muons

5m

Protons

Pions

Muon phase rotation section
A section to make high luminosity
and high purity of a muon beam, based on
the phase rotation method in a fixed
filed alternating gradient (FFAG)
ring with large acceptance

PRIME
A detector to search for
muon-to-electron
conversion processes

decay of pions under a solenoidal

Figure 27: Layout of the PRISM/PRIME experiment.

at a level of 10−18. The data taking is planned to start in
2015.

4.4. Long Term Future for 𝜇→ 𝑒 Conversion. Unlike 𝜇 → e𝛾
and 𝜇 → eee, 𝜇−𝐴 → e−𝐴 conversion experiments are
not rate-limited, since their signal is an isolated high-energy
electron.Therefore they can, at least in principle, benefit from
the very intense muon beams expected from future high-
intensity accelerators. However, this kind of experiments
has also some limitations, mainly related to beam purity
(extinction factor) and background control. For instance,
Project-X/PIP-II at Fermilab is expected to provide at least
ten times more muons to the Mu2E experiment and the
major challenge for the collaboration will be to maintain the
background at a level of <1 event. Other main concerns are
the target radiation heating (with risks of melting !) and the
beam spread, which could take advantage from PRISM-like
ring technology.

4.5. 𝜇 → 𝜏 Conversion: A Brief Mention. Few years ago
some interest was devoted to the possibility of studying the
𝜇 → 𝜏 conversion in nuclei as a promising CLFV channel
[128–130]. In many supersymmetric models this process can
take place through two different reactions, the elastic 𝜇𝐴 →

𝜏𝐴 and the deep inelastic scattering 𝜇𝐴 → 𝜏𝑋; various
calculations (e.g., [130]) indicate that the cross section for the

latter reaction is a steep function of the muon energy and is
significantly enhanced for muon energies >50GeV, thanks to
the contribution induced by the sea 𝑏-quarks.

Note that the experimental approach in the search for
𝜇 → 𝜏 conversion is completely different than in case
of 𝜇+ → e+𝛾 decay or 𝜇

−
𝐴 → e− 𝐴 conversion,

since a muon energy of several tens of GeV is required.
The expected signal ranges from some hundreds to several
tens of thousands of taus for a muon beam intensity of
∼1020 𝜇/year, within the reach of a muon or neutrino factory.
The 𝜏 signal should be selected by looking at tau decays
into hard hadrons, which should be emitted at a relatively
large angle from the beam direction and with some missing
momentum. However, at so high muon rate the background
could be substantial; misidentified hard muons from elastic
scattering or hadrons from target could mimic the tau decay
signal. Realistic MC simulations and detector designs are
mandatory for evaluating the real possibilities of observing
the CLFV 𝜇 → 𝜏 conversion.

5. The Tauonic Channel

Thetau lepton is in principle a very promising source ofCLFV
decays. Thanks to the large tau mass (𝑚

𝜏
≈ 1.777GeV ≈

18𝑚
𝜇
), many CLFV channels are open: 𝜏 → 𝜇𝛾, 𝜏 → e𝛾,

𝜏 → 3ℓ, and 𝜏 → ℓ + ℎ(𝑠), . . . (𝑙 indicates a light charged
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Figure 28: Predictions for 𝜏 → 𝜇𝛾 branching ratio obtained by scanning the LHC accessible SUSY-GUT (SO(10)) parameter space for two
different values of tan𝛽 as a function of𝑀

1/2
[112]. Green (PMNS) and red (CKM) points indicate two different assumptions for the neutrino

Yukawa coupling (𝑌]). The experimental bound set by B factory experiments is reported, together with the expected sensitivities of Super B
and SuperBelle (indicated with Super F) projects.

lepton, muon or electron and ℎ a hadronic state (𝜋, K, . . .)),
and in several SUSY and SUSY-GUT schemes the𝐵𝑅𝑠 of these
decays are enhanced with respect to the muon CLFV decays
by a factor (𝑚

𝜏
/𝑚
𝜇
)
𝛾, 𝛾 ≥ 3. Therefore one expects [131–133]:

𝐵𝑅 (𝜏 → 𝜇𝛾)

𝐵𝑅 (𝜇 → e𝛾)
≈ 10
(3–5) (14)

and experiments searching for 𝜏 → 𝜇𝛾 must reach a
sensitivity ∼ 10

−(9-10) to be competitive with dedicated muon
CLFV decay experiments. Examples of SUSY predictions for
𝐵𝑅(𝜏 → 𝜇𝛾) for two different values of tan𝛽 are shown in
Figure 28 [112].The branching ratios of other CLFVprocesses
are generally expected to be smaller than that of 𝜏 → 𝜇𝛾:
for instance, 𝐵𝑅(𝜏 → e𝛾) is usually disfavoured because of
the small coupling between first and third generation and
𝜏 → 3ℓ is suppressed by a factor 𝛼 in the amplitude,
due to an intermediate virtual photon. However, in models
with heavy Dirac neutrinos or inverted slepton hierarchy,
values of 𝐵𝑅(𝜏 → e𝛾) which exceed 𝐵𝑅(𝜏 → 𝜇𝛾) are
predicted. Therefore, as in the case of muonic channel, the
complementarity between various CLFV channels is essential
in the search for new physics and for a deeper understanding
of the flavour structure.

From the experimental point of view, however, a difficulty
immediately arises: tau is an unstable particle, with a very
short lifetime (𝜏 = 2.91 × 10

−13 s [83]). Then, tau beams
cannot be realised and large tau samples must be obtained
in intense electron or proton accelerators, operating in an
energy range where the tau production cross section is large,
and coupled with refined detectors, with good capabilities
on particle identification, tracking reconstruction and calori-
metric measurements to select very rare events. Until the end
of nineties, the best experimental limit had been set by the
CLEO experiment at CERN: 𝐵𝑅(𝜏 → 𝜇𝛾) < 1.1 × 10

−6

[134]; however, the situation improved significantly at the
beginning of our millennium when two experiments oper-
ating at B factory machines, BABAR [135] (Figure 29) at
PEP-II Collider at SLAC (Usa) and Belle [136] (Figure 30)
at KEKB (Japan), went online. Both experiments operated
at a total center of mass (CM) energy at the peak of the
𝑌(4𝑆) resonance (√𝑠 = 10.54GeV); at this energy 𝜎(e+e− →
𝜏
+
𝜏
−
) ≈ 0.9𝜎(e+e− → 𝑏𝑏) so that the B factories are

𝜏 factories too. Moreover, in electron-positron colliders the
initial state is very well known and high resolution detector
technologies are employed. Belle and BaBar are large central
detectors, equipped with a combination of tracking devices,
particle identification (PID) systems, vertex detectors and
calorimeters. The main difference is related to the PID
technique, based on a threshold Čerenkov counter, the time-
of-flight and the tracker 𝑑𝐸/𝑑𝑥 for Belle and on a RICH and
𝑑𝐸/𝑑𝑥 in the trackers for BaBar. Several CLFV decays were
searched for: the gamma-leptonic 𝜏 → ℓ𝛾 (ℓ = 𝜇, e), the
purely leptonic 𝜏 → 3ℓ, and the leptonic-hadronic ones
𝜏 → ℓ + ℎ(𝑠).

In all these searches the event world is divided in two
hemispheres, defined by the thrust axis: the “tag side” and
the “signal side.” Events with 𝜏

+
𝜏
− pairs are selected by

identifying in the tag side a SM tau decay, while possible
CLFV decays are searched for in the signal side. Note that in
this case there is no limitation in the sign of tau charge: both
positive and negative taus can be looked for in the tag and in
the signal side too.The tagging is based on the purely leptonic
𝜏 → ℓ]] decay or on decays involving a tau neutrino and
at least one prong, while in the signal side CLFV candidates
are selected on the basis of the appropriate topology of each
individual channel.The preferred tag channel is the tau decay
in one prong + neutrino, because this channel has an 85%
branching ratio and a reduced missing momentum, since
only one neutrino is present. Preliminary topological cuts
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Figure 30: Layout of the Belle experiment.

are applied to CLFV candidates and then a blind strategy
is used: the signal region is hidden and sideband data and
MC simulations are used to estimate the background and
optimise the selection criteria. The selection efficiency for
CLFV searches is usually in the range ∼(3–10) %.

The Belle and BaBar upper limits on tau CLFV decays
continuously improved since 2004, according to the increase
of the collected and analysed data samples.

5.1. Searches for 𝜏 → ℓ𝛾 Decays. The 𝜏 → ℓ𝛾 conversion
(𝜏 → 𝜇𝛾 and 𝜏 → e𝛾) is the most studied CLFV tau decay.
The search strategy is based on the identification of the tau
decay products, on their invariant mass and on their total
energy. In the signal side 𝜏 → ℓ𝛾 candidates are preselected
by requiring a single muon or electron track and at least one
photon. The main background comes from the coincidence
of a photon from initial (ISR) or final state radiation and an
isolated lepton from the usual tau decay. Radiative processes
like e+e− → 𝜇

+
𝜇
−
𝛾 or 𝑐𝑐 pairs are also relevant background

sources. It is important to note that the ISR represents an
irreducible andunavoidable noise, which limits the sensitivity
of these experiments to 𝜏 → ℓ𝛾 decays. We will discuss later
this point.

The BaBar data sample analysed so far in the 𝜏 → ℓ𝛾

search corresponds to a total luminosity ∫L 𝑑𝑡 > 500 fb−1;
the calculated number of 𝜏 decays is (963 ± 7) × 10

6. Cuts
are imposed in the tag side on missing momentum (due
to neutrinos), on detector acceptance and on kinematical
variables in order to reduce backgrounds from radiative
Bhabha scattering and dimuon events. After applying all
preliminary selections, the 𝜏 → 𝜇𝛾 and 𝜏 → e𝛾 candidate
events are studied in the (Δ𝐸,𝑀

ℓ𝛾
) plane, where Δ𝐸 is the

difference between the total energy of the (ℓ + 𝛾) pair and the
beam energy in the CM frame and 𝑀

ℓ𝛾
is the (ℓ + 𝛾) pair

invariant mass. For a CLFV tau decay one expects Δ𝐸 = 0

and 𝑀
ℓ𝛾

= 𝑀
𝜏
, but because of the finite resolution one

must consider a two-dimensional region. All possible (ℓ + 𝛾)
pairs are formed to take into account the presence of spurious
photons from ISR background. Events in a 3𝜎 window are
blinded and the expected background is evaluated; then, the
blinded region is opened and one looks at the events observed
in the 2 and 3𝜎windows around the nominal values. Figure 31
shows the distribution of selected events in the (Δ𝐸,𝑀

ℓ𝛾
)

plane for 𝜏 → 𝜇𝛾 (left) and 𝜏 → e𝛾 (right): the red dots
are experimental points, the black ellipses are the 2𝜎 contours
and the yellow and green regions contain 90% and 50% of
MC signal events. The number of measured events in the 2𝜎
ellipses was 0 for 𝜏 → e𝛾 and 2 for 𝜏 → 𝜇𝛾 decay, to be
compared with expected backgrounds of 1.6 ± 0.4 (𝜏 → e𝛾)
and 3.6 ± 0.7 (𝜏 → 𝜇𝛾), respectively. Since no excess was
observed in both cases, the following limits were set:𝐵𝑅(𝜏 →

𝜇𝛾) ≤ 4.4 × 10
−8 and 𝐵𝑅(𝜏 → e𝛾) ≤ 3.3 × 10

−8 [121] at
90% C.L.

The Belle data sample for this search is almost equivalent
(954 × 10

6
𝜏 decays) and the strategy is quite similar.

Kinematical selections on missing momentum and opening
angle between particles are used to clean the sample. Since
in this detector the radiative pair annihilation processes
e+e− → 𝜇

+
𝜇
−
𝛾 and e+e− → e+e−𝛾 constitute an important

background source, the request of no muon (electron) tracks
in the tag side is added for 𝜏 → 𝜇𝛾 (𝜏 → e𝛾). For the
𝜏 → 𝜇𝛾 search the most important residual background
comes from 𝜏

+
𝜏
− pairs decaying in a muon and a neutrino or

a pion and a neutrino (with misidentified pion) coupled with
an ISR photon. For the 𝜏 → e𝛾 search, on the other hand,
the surviving background is dominated by radiative decays of
𝜏
+
𝜏
− pairs. Figure 32 shows the distributions of Belle events

in the (𝑀
ℓ𝛾
, Δ𝐸) plane for 𝜏 → 𝜇𝛾 (a) and 𝜏 → e𝛾 (b).

The dashed and dotted-dashed ellipses represent the 3𝜎 and
2𝜎 contours, the diagonal dashed lines define the 2𝜎 band
of the shorter ellipse axis and the shaded boxes indicate the
signal MC events. The number of signal events was extracted
by a maximum likelihood fit obtaining −3.9+3.6

−3.2
for 𝜏 → 𝜇𝛾

and −0.14
+2.18

−2.45
for 𝜏 → e𝛾; the corresponding limits are

𝐵𝑅(𝜏 → 𝜇𝛾) ≤ 4.5 × 10
−8 and 𝐵𝑅(𝜏 → e𝛾) ≤ 1.2 × 10

−7

[122] at 90% C.L.

5.2. Searches for 𝜏 → 3𝐿𝑒𝑝𝑡𝑜𝑛𝑠. The search for 𝜏 → 3ℓ

decay is potentially more interesting from the experimental
point of view, since with only charged particles in the
final state the mass resolution is excellent and there are
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Figure 32: Results of the Belle search for 𝜏 → 𝜇𝛾 (a) and 𝜏 → e𝛾 (b) CLFV decays [122].

no irreducible sources of noise. The search strategy for
both experiments consists of forming all possible triplets of
charged leptons with the required total charge and of looking
at the distribution of events in the (𝑀

3ℓ
, Δ𝐸) plane, where

𝑀
3ℓ

is the invariant mass of the 3-lepton combination. The
main background comes from 𝑞𝑞 andBhabha pairs which can
be efficiently rejected by appropriate topological cuts, based
on missing momentum, missing mass squared and opening

angle between tracks and thrust magnitude, thanks to the
high tracking reconstruction capabilities of the two detectors;
the residual noise in the signal region (𝑀

3ℓ
≈ 𝑀

𝜏
and

Δ𝐸 ≈ 0) is therefore very low. Table 5 shows the results of the
BaBar (468 fb−1 data sample) [119] and Belle (782 fb−1 data
sample) [120] searches for 𝜏 → 3ℓ CLFV decays (Results are
shown for 𝜏−, but, as observed before, the charge conjugation
is implied: then, for instance 𝜏− → e−e+e− includes 𝜏+ →
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Figure 33: Summary of 90% C.L. upper limits on CLFV tau decay branching ratios (adapted from [123]).

e+e+e− too.). The 90% C.L. upper limits on CLFV decay 𝐵𝑅𝑠
range from 1.8 to 3.3 × 10

−8 for BaBar and from 1.5 to
2.7 × 10

−8 for Belle, depending on the individual channel.
We must note that the very low background of the

𝜏 → 3ℓ searches is an important point in the view of
possible improvements obtainable with the highest intensity
machines: in fact, the sensitivity scales as the inverse of
the total integrated luminosity ∫L 𝑑𝑡 if (and only if !) the
experiment is background free; otherwise, on the basis of the
Poisson statistics, one expects a sensitivity improvement pro-
portional to 1/√∫L 𝑑𝑡 only. Therefore, with today detector
technologies the 𝜏 → 3ℓ channel looks one of the most
promising in future searches for CLFV at higher intensity
electron-positron colliders.

5.3. Other Searches Involving Tau Lepton. Finally, both Belle
and BaBar searched for CLFV 𝜏 → ℓ + ℎ(𝑠) decays, where a
charged lepton of the same sign of the tau is emitted together
with a combination of pseudoscalar or vector hadrons (e.g.,
𝜏 → ℓ𝜋

0, 𝜏 → ℓ𝜔, 𝜏 → ℓ𝜋
+
𝜋
−
, etc.). Many of these

channels are very clean, without irreducible backgrounds. In
the signal side events are preselected searching for an isolated
lepton plus the combination of hadronic tracks expected for
the individual channel (e.g., for 𝜏 → ℓ + 𝐾

0

𝑆
a lepton and

a 𝜋+𝜋− pair). No evidence for CLFV decays was found in
all channels; the corresponding 90% C.L. upper limits on
𝐵𝑅𝑠(𝜏 → ℓ+ℎ(𝑠)) processes lie between 2 and 20 × 10

−8. A
summary of the experimental results of searches forCLFV tau
decays is shown in Figure 33 (adapted from [123]). Combined
analyses were also performed to obtain global Belle+BaBar
90% C.L. upper limits on CLFV decays, both in bayesian and
frequentistic framework. For a review see [114].

5.4. Future Perspectives

5.4.1. Super B Factories and Tau-Charm Factory. The Super
B machines [137, 138] are projects of very intense e+e−
accelerators, operating at 𝑌(4𝑆) peak, which would reach
integrated luminosities ∫L 𝑑𝑡 ≈ (50–75) ab−1, ∼50 times
larger than the combinedBelle+Babar data sample.With such
a big increase in luminosity one could expect a sensitivity
improvement on the tau CLFV searches by two orders of
magnitude. However, it is necessary to remember that the
sensitivity scales as 1/ ∫L 𝑑𝑡 only for a background-free

experiment; otherwise, it scales only as 1/√∫L 𝑑𝑡 and
the expected improvement is much less significant. In the
BaBar and Belle searches, the “golden” channel 𝜏 → ℓ𝛾

is affected by a small, but not negligible background and
the ISR represents an irreducible noise. Extrapolating the
present limits on the basis of the increasing luminosity only,
one obtains a predicted sensitivity on 𝜏 → ℓ𝛾 decays
of ∼ 2 × 10

−9, not completely satisfactory. A factor two
improvement is expected by the use of polarised beams and
of appropriate analysis selections; refinements in detector
technologies are also foreseen [139]. On the other hand,
the purely leptonic channel 𝜏 → 3ℓ is potentially more
promising, since background-free searches seem feasible; no
background events were observed by Belle and BaBar and the
expected number of noise events was 𝑁bkg < 1 (Table 5).
Super B projects aim to reach a sensitivity ∼2 × 10−10 on
𝜏 → 3ℓ CLFV decays. Finally, the 𝜏 → ℓ + ℎ(𝑠) decays
represent an intermediate situation, since they are almost
background free but the efficiencies are largely different from
channel to channel.Thepredicted sensitivities are in the range
(2–6) × 10−10.
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Table 5: Efficiencies, number of expected background and observed events and 90 %C.L. BR upper limits (BR90) for 𝜏 → 3ℓCLFV searches
for BaBar and Belle (adapted from [119, 120]).

Mode BaBar Belle
𝜖 (%) 𝑁bkg 𝑁obs BR90 𝜖 (%) 𝑁bkg 𝑁obs BR90

𝑒
−
𝑒
+
𝑒
−

8.6 ± 0.2 0.12 ± 0.02 0 2.9 × 10
−8

6.0 0.21 ± 0.15 0 2.7 × 10
−8

𝜇
−
𝑒
+
𝑒
−

8.8 ± 0.5 0.64 ± 0.19 0 2.2 × 10
−8

9.3 0.04 ± 0.04 0 1.8 × 10
−8

𝜇
+
𝑒
−
𝑒
−

12.7 ± 0.7 0.34 ± 0.12 0 1.8 × 10
−8

11.5 0.01 ± 0.01 0 1.5 × 10
−8

𝑒
+
𝜇
−
𝜇
−

10.2 ± 0.6 0.03 ± 0.02 0 2.6 × 10
−8

10.1 0.02 ± 0.02 0 1.7 × 10
−8

𝑒
−
𝜇
+
𝜇
−

6.4 ± 0.4 0.54 ± 0.14 0 3.2 × 10
−8

6.1 0.10 ± 0.04 0 2.7 × 10
−8

𝜇
−
𝜇
+
𝜇
−

6.6 ± 0.6 0.44 ± 0.17 0 3.3 × 10
−8

7.6 0.13 ± 0.06 0 2.1 × 10
−8
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Figure 34: Schematic view of the LHCb experiment.

Two Super B projects, one in Italy [137] and one in Japan
[138], were under study until 2012, when the Italian project
was cancelled for budget reasons. The Japanese project,
SuperBelle, is under development and is expected to be online
in few years; a luminosity > 10

35 cm2 s−1 is aimed.
A possible alternative to the Super B factory project is

under study from the technical and financial point of view in
Italy: the Tau-Charm factory [140], a lower energy machine,
operating at a CM energy between 3 (including the 𝐽/𝜓 peak)
and 5GeV. Such project is expected to reach an integrated
luminosity ∼10 ab−1 in three years of running; the corre-
sponding number of 𝜏+𝜏− pairs is ∼3 × 1010. With respect to
the Super B factories, the lower luminosity is compensated by
the higher cross section for tau pairs production: 𝜎(e+e− →

𝜏
+
𝜏
−
) > 2 nb for energies between 3.7 and 5GeV, to be

compared with 0.9 nb at 𝑌(4𝑆) resonance. The sensitivity of
a Tau-Charm project to the 𝜏 → ℓ𝛾 processes is potentially
higher than that of Super B factories, since the ISR, which is
the dominant photon background source at √𝑠 = 10.6GeV,
does not give a significant contribution for √𝑠 ≲ 4.1GeV.
Sensitivities at level of (1–3) × 10

−9 on 𝜏 → 𝜇𝛾 process are
expected, which could be improved by a factor ∼3–5 by an
efficient𝜋−𝜇 separation.The leptonic channel 𝜏 → 3ℓwould
be background free even with this type of accelerator and the
aimed sensitivity is (1-2) × 10−10.

5.4.2. Searches for CLFV at LargeHadron Collider: ATLAS and
CMS. Tau leptons are copiously produced in the LHC accel-
erator,mainly via B andDdecays and, to amuch lesser extent,
via W and Z0 decays. Detailed studies of possible detection

of 𝜏 → 𝜇𝛾 decay in CMS and ATLAS were performed [141,
142]: because of the unavoidable background, the sensitivity
to this channel is not competitive with that of B factory
experiments. The 𝜏 → 3𝜇 channel looks more promising
[69], even if only taus from W or Z0 decays could produce
CLFV processes acceptable by the trigger schemes of such
experiments. Dedicated trigger algorithms with improved
efficiency for muons from decay of taus originating from B
orDmesons are under study. Assuming that the backgrounds
can be effectively suppressed by appropriate selection criteria,
one obtains 95%C.L. upper limits in the range (3.8–7) × 10−8

for an integrated luminosity of (10–30) fb−1, comparable with
the sensitivity levels reached by B factory experiments.

CLFV signatures might be also observed at LHC if
Supersymmetric particles are discovered, since these particles
naturally generate CLFV couplings in the slepton mixing
matrix. For instance, excited states of sleptons could give rise
to CLFV decays to their bound state in processes like

ℓ̃
+
ℓ̃
−
→ ℓ
+
ℓ
−
𝜒
0
𝜒
0 (15)

or

𝜒
0

2
→ 𝜒

0

1
𝜇𝜏. (16)

If new particles are discovered at the TeV scale, it is very
likely that precision CLFV experiments will discover CLFV
through radiative loops, measuring the CLFV coupling at
that scale. On the other hand, the absence of such particles
would leave open the space for a higher SUSY scale, at level of
thousands of TeV, which can be explored only by the indirect
searches performed by CLFV dedicated projects.

5.5. Results of CLFV Searches at LHCb Experiment. The
LHCb experiment [143], schematically shown in Figure 34,
published in 2012 the first bound on 𝜏

−
→ 𝜇
−
𝜇
+
𝜇
− decay

obtained at a hadronic collider. This result was based on an
integrated luminosity of 3 fb−1 (2 fb−1 at √𝑠 = 8TeV and
1 fb−1 at √𝑠 = 7TeV), corresponding to the data collected
in 2011 and 2012. Tau leptons were produced mainly by the
leptonicD−

𝑠
→ 𝜏
−]
𝜏
decay. Differently fromwhat happens at

B factories, taus at LHC are not produced in pairs, so, there
is no tag-side and the background is more severe; however,
thanks to the huge production cross section, the size of tau
sample is larger: 8 × 10

10 taus at LHC, to be compared with
10
9 tau pairs at B factories. Events with three muon tracks
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of correct signs are selected by looking at their invariant
mass and by using two multivariate classifiers (M

3body and
MPID), respectively related to the kinematical and geometri-
cal properties of the decay and to the particle identification.
The normalisation is provided by the measured number
of 𝐷+
𝑆

→ 𝜙𝜋
+ decays, used as control sample since the

branching fractions 𝐵𝑅(𝐷+
𝑆
→ 𝜙𝜋

+
) and 𝐵𝑅(𝐷+

𝑆
→ 𝜏
+]
𝜏
)

are known, taking into account the appropriate trigger and
analysis efficiencies of the two processes. The combinatorial
background (accidental coincidences of threemuon tracks) is
dominating; a lower contribution to the background comes
from the decay D → 𝜂𝜇]

𝜇
followed by the decay of the 𝜂

particle in two muons. The experiment established a limit on
the 𝜏 → 3ℓ branching ratio of 6.3 × 10

−8 at 90%C.L., about
a factor 3 worse than the BaBar/Belle results [144]. However,
the expected integrated luminosity over the whole LHCb life
is 57 fb−1, 20 times higher than the luminosity of the analysed
sample. Then, assuming that refinements in background
control could be realised, a significant improvement of this
result seems likely.

6. Conclusions

In the context of searches for BSM physics, CLFV processes
represent one of the most promising tools; thus, an extensive
program is underway or in project of searches for CLFV
reactions in several channels. While the MEG experiment is
continuously improving its upper bound on the benchmark
decay 𝜇+ → e+𝛾 and B factory experiments have analysed
most of their tau sample in search for possible tau CLFV
decays, various new projects are in their R&D phase, includ-
ing the MEG upgrade. In the meanwhile, the first significant
results on CLFV at a hadron collider were obtained by the
LHCb experiment. We expect that in the next ten years
sensitivities at level of few ×10

−14 for 𝜇+ → e+𝛾, ∼10−16 for
𝜇
+
→ e+e−e+ and ∼10−17 for 𝜇− 𝐴 → e− 𝐴 conversion will

be reached in the muonic sector, while in the tauonic sector
projects like SuperBelle or (maybe) Tau-Charm factory could
explore the 𝐵𝑅s of CLFV tau decays down to 10

−9 or less.
These sensitivities cover a large fraction of parameter space
of many BSM theories, including several SUSY and SUSY-
GUT schemes. So, it is reasonable to presume that in the
first quarter of our century CLFV experiments, together with
experiments at high-energy colliders, which look at direct
production of SUSY particles, will provide a lot of important
insights on our comprehension of the particle physics world
beyond the SM.
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NEXT is an experiment dedicated to neutrinoless double beta decay searches in xenon. The detector is a TPC, holding 100 kg
of high-pressure xenon enriched in the 136Xe isotope. It is under construction in the Laboratorio Subterráneo de Canfranc in
Spain, and it will begin operations in 2015. The NEXT detector concept provides an energy resolutionbetter than 1% FWHM and
a topological signal that can be used to reduce the background. Furthermore, the NEXT technology can be extrapolated to a 1
ton-scale experiment.

In memoriam of our friend and mentor James White

1. Introduction

This paper presents the current status and future prospects
of the Neutrino Experiment with a Xenon TPC (NEXT)
(http://next.ific.uv.es/next). The primary goal of the project
is the construction, commissioning, and operation of the
NEXT-100 detector, a high-pressure xenon (HPXe) time
projection chamber (TPC). NEXT-100 will search for neutri-
noless double beta decay (𝛽𝛽0]) events using 100 kg of xenon
enriched at 90% in the isotope 136Xe. The experiment will
operate at the Laboratorio Subterráneo de Canfranc (LSC),
starting in 2015. The NEXT collaboration includes institu-
tions from Spain, Portugal, USA, Russia, and Colombia.

The discovery potential of a HPXe TPC combines four
desirable features that make it an almost-ideal experiment for
𝛽𝛽0] searches, namely,

(1) excellent energy resolution (0.5–0.7% FWHM in the
region of interest),

(2) a topological signature (the observation of the tracks
of the two electrons),

(3) a fully active, very radiopure apparatus of large mass,
(4) the capability of extending the technology to a ton-

scale experiment,

Currently, two xenon-based experiments, with a mass
in the range of hundred kilograms, are dominating the
field of 𝛽𝛽0] searches. These are EXO-200 (a liquid xenon
TPC) [1] and KamLAND-Zen (a large, liquid scintillator
calorimeter, where xenon is dissolved in the scintillator) [2].
NEXT features a better resolution and the extra handle of the
identification of the two electrons, which could result in a
discovery, in spite of a late start. If evidence is found by EXO-
200 or KamLAND-Zen of the existence of a signal, NEXT
would be ideally suited to confirm it in an unambiguous
way, in particular given the discriminating power of the
topological signature.

The negative results of EXO-200 and KamLAND-Zen
indicate that the effective neutrino mass (the quantity mea-
sured in 𝛽𝛽 decays, as further discussed later in the text)
must be smaller than 120–250meV, where the mass range is
due to uncertainties in the nuclear matrix elements. On the
other hand, recent measurements of the cosmic microwave
background (CMB) by the Planck experiment [3, 4] yield an
upper limit for the sum of the three light neutrino masses
of 230meV. The latter result excludes most of the so-called
degenerate spectrum, in which the three neutrino masses
are relatively large and similar to each other. The current
sensitivity of the 𝛽𝛽0] experiments is not enough to explore

significantly the so-called inverse hierarchy, which require
sensitivities to effective neutrino masses in the range of
20meV (if nature has chosen the so-called normal hierarchy
as her preferred pattern for neutrino masses the search for
𝛽𝛽0] processes becomes extremely difficult if not hopeless).
It follows that the next generation of 𝛽𝛽0] experiments must
improve their sensitivity by typically one order of magnitude
in the effective neutrinosmass, or two orders of magnitude in
the period of the𝛽𝛽0] decay.This, in turn, requires increasing
by a factor 100 the exposure from the “typical” values of the
current generation of experiments (thus going from ∼100 kg
per year to ∼one ton per 10 years), while at the same time
decreasing by a factor 100 the residual backgrounds (e.g.,
going from few events per 100 kg to ∼0.1 events per ton).

This tremendous challenge requires a detector capable to
deploy a large source mass of pure isotope at a reasonable
cost. Currently, only xenon has demonstrated this capability.
There is already more than one ton of enriched xenon in
the world, owned by KamLAND-Zen (800 kg), EXO-200
(200 kg), and NEXT (100 kg). Furthermore, xenon detectors
are fully active (the detection medium is the same as the
isotope source) and scalable, being either TPCs (EXO-200,
NEXT) or scintillating calorimeters with the xenon dissolved
in the scintillator (KamLAND-Zen).

The physics case of a HPXe TPC is outstanding, given
the combination of excellent energy resolution and the high
background rejection power that the observation of the two
electrons provides. In that respect, NEXT-100 will serve also
as a springboard for the next generation of ton-scale, HPXe
experiments.

This paper is organised as follows. Section 2 describes the
physics of Majorana neutrinos and 𝛽𝛽0] searches, reviews
xenon experiments, and discusses their discovery poten-
tial. The NEXT detector is described with some details
in Section 3, while Section 4 gives details of the NEXT
background model. Section 5 describes our two electrolu-
minescence prototypes, NEXT-DEMO and NEXT-DBDM.
Finally, conclusions are presented in Section 6.

2. The Physics of NEXT

2.1. Majorana Neutrinos and 𝛽𝛽0] Experiments. Neutrinos,
unlike the other Standard Model fermions, could be truly
neutral particles, that is, indistinguishable from their antipar-
ticles. The existence of such Majorana neutrinos would
imply the existence of a new energy scale of physics that
characterizes new dynamics beyond the Standard Model and
provides the simplest explanation of why neutrino masses
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Figure 1: Feynmandiagram for𝛽𝛽0] through the exchange of a light
Majorana neutrino.

are so much lighter than the charged fermions. (The term
Majorana neutrino honors the Italian physicist Majorana,
who, in 1937, published a fundamental paper [5] in which
he was able “to build a substantially novel theory for the
particles deprived of electric charge.” Even if in those times
the only known “charge”was the electric charge, theMajorana
implicitly assumed particles deprived of all the possible
charges. In modern language, neutrinos should not have any
lepton number. In other words, Majorana theory describes
completely neutral spin 1/2 particles, which are identical
to their antiparticles.) Understanding the new physics that
underlies neutrino masses is one of the most important open
questions in particle physics. It could have profound impli-
cations in our understanding of the mechanism of symmetry
breaking, the origin of mass, and the flavor problem [6].

Furthermore, the existence of Majorana neutrinos would
imply that lepton number is not a conserved quantum
number. This, in turn, could be the origin of the matter-
antimatter asymmetry observed in the universe. The new
physics related to neutrino masses could provide a new
mechanism to generate that asymmetry, called leptogenesis
[7, 8]. Although the predictions are model dependent, two
essential ingredients must be confirmed experimentally: (1)
the violation of lepton number and (2) CP violation in the
lepton sector.

The only practical way to establish experimentally that
neutrinos are their own antiparticle is the detection of
neutrinoless double beta decay (𝛽𝛽0]). This is a postulated
very slow radioactive process in which a nucleus with 𝑍

protons decays into a nucleus with𝑍+2 protons and the same
mass number 𝐴, emitting two electrons that carry essentially
all the energy released (𝑄

𝛽𝛽
). The process can occur if and

only if neutrinos are massive, Majorana particles.
Several underlying mechanisms—involving physics

beyond the Standard Model—have been proposed for 𝛽𝛽0],
the simplest one being the virtual exchange of light Majorana

neutrinos, shown in Figure 1. Assuming this to be the
dominant process at low energies, the half-life of 𝛽𝛽0] can
be written as

(𝑇
0]
1/2
)
−1

= 𝐺
0]
𝑀
0]

2

𝑚
2

𝛽𝛽
. (1)

In this equation, 𝐺0] is an exactly calculable phase-space
integral for the emission of two electrons;𝑀0] is the nuclear
matrix element (NME) of the transition, which has to be
evaluated theoretically; and 𝑚

𝛽𝛽
is the effective Majorana

mass of the electron neutrino:

𝑚
𝛽𝛽

=



∑

𝑖

𝑈
2

𝑒𝑖
𝑚
𝑖



, (2)

where 𝑚
𝑖
are the neutrino mass eigenstates and 𝑈

𝑒𝑖
are

elements of the neutrino mixing matrix. Therefore, a mea-
surement of the decay rate of 𝛽𝛽0] would provide direct
information on neutrino masses.

The relationship between 𝑚
𝛽𝛽

and the actual neutrino
masses 𝑚

𝑖
is affected by the uncertainties in the measured

oscillation parameters, the unknown neutrino mass order-
ing (normal or inverted), and the unknown phases in the
neutrino mixing matrix. The current knowledge on neutrino
masses and mixings provided by neutrino oscillation exper-
iments is summarised in Figure 2(a). The diagram shows
the two possible mass orderings that are compatible with
neutrino oscillation data, with increasing neutrino masses
from bottom to top. The relationship between 𝑚

𝛽𝛽
and the

lightest neutrino mass 𝑚light (which is equal to 𝑚
1
or 𝑚
3
in

the normal and inverted mass orderings, resp.) is illustrated
in Figure 2(b).

The upper bound on the effective Majorana mass corre-
sponds to the experimental constraint set by the Heidelberg-
Moscow (HM) experiment, which was until very recently the
most sensitive limit to the half-life of𝛽𝛽0]:𝑇0]

1/2
(
76Ge) ≥ 1.9×

10
25 years at 90% CL [9]. A subgroup of the HM experiment

interpreted the data as evidence of a positive signal, with a
best value for the half-life of 2.23 × 1025 years, corresponding
to an effective Majorana mass of about 300meV [10]. This
claim was very controversial and the experimental effort of
the last decade has been focused on confirming or refuting
it. The recent results from the KamLAND-Zen and EXO
experiments have almost excluded the claim, and new data
fromother experiments such asGERDA [11],Majorana [12],
and CUORE [13] will definitively settle the question shortly.

2.2.The Current Generation of 𝛽𝛽0] Experiments. The detec-
tors used to search for 𝛽𝛽0] are designed, in general, to
measure the energy of the radiation emitted by a 𝛽𝛽0]
source. In a neutrinoless double beta decay, the sum of the
kinetic energies of the two released electrons is always the
same and equal to the mass difference between the parent
and the daughter nuclei: 𝑄

𝛽𝛽
≡ 𝑀(𝑍,𝐴) − 𝑀(𝑍 + 2, 𝐴).

However, due to the finite energy resolution of any detector,
𝛽𝛽0] events would be reconstructed within a given energy
range centred around𝑄

𝛽𝛽
and typically following a Gaussian

distribution. Other processes occurring in the detector can
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Figure 2: The left image shows the normal (a) and inverted (b) mass orderings. The electron, muon, and tau flavor content of each neutrino
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in the inverted ordering. The right plot shows the effective neutrino Majorana mass,𝑚

𝛽𝛽
, as a function of the lightest

neutrino mass, 𝑚light. The green band corresponds to the inverse hierarchy of neutrino masses, whereas the red corresponds to the normal
ordering.The upper bound on the lightest neutrino mass comes from cosmological bounds; the bound on the effective Majorana mass comes
from 𝛽𝛽0] constraints.

fall in that region of energies, thus becoming a background
and compromising the sensitivity of the experiment [14].

All double beta decay experiments have to deal with an
intrinsic background, the standard two-neutrino double beta
decay (𝛽𝛽2]), which can only be suppressed by means of
good energy resolution. Backgrounds of cosmogenic origin
force the underground operation of the detectors. Natural
radioactivity emanating from the detector materials and
surroundings can easily overwhelm the signal peak, and
hence careful selection of radiopure materials is essential.
Additional experimental signatures, such as event topolog-
ical information, which allow the distinction of signal and
background, are a bonus to provide a robust result.

Besides energy resolution and control of backgrounds,
several other factors such as detection efficiency and scala-
bility to large masses must be taken into consideration in the
design of a double beta decay experiment. The simultaneous
optimisation of all these parameters is most of the time con-
flicting, if not impossible, and consequently many different
experimental techniques have been proposed. In order to
compare them, a figure of merit, the experimental sensitivity
to𝑚
𝛽𝛽
, is normally used [14]:

𝑚
𝛽𝛽

∝ √
1

𝜀
(
𝑏𝛿𝐸

𝑀𝑡
)

1/4

, (3)

where 𝜀 is the signal detection efficiency,𝑀 is the 𝛽𝛽 isotope
mass used in the experiment, 𝑡 is the data-taking time, 𝛿𝐸
is the energy resolution, and 𝑏 is the background rate in the
region of interest around 𝑄

𝛽𝛽
(expressed in counts per kg of

𝛽𝛽 isotope, year, and keV).
Among the ongoing and planned experiments, many

different experimental techniques are utilised, each with its

pros and cons. The time-honored approach of emphasis-
ing energy resolution and detection efficiency is currently
spearheaded by germanium calorimeters like GERDA and
Majorana, as well as tellurium bolometers such as CUORE.
Other experiments that will operate in the next few years
are the tracker-calorimeter SuperNEMO demonstrator [15]
and the liquid scintillator calorimeter SNO+ [16], in which
the isotope is dissolved in the scintillator. For a detailed
discussion of the status of the field we refer the reader to
several recent reviews [15, 17–20].

A different and powerful approach proposes the use of
xenon-based experiments. Two of them, EXO-200 [21] and
KamLAND-Zen [22], are already operating, as mentioned
in Section 1, while NEXT [23] is in the initial stages of
construction and is foreseen to start taking data in 2015.

2.3. Xenon Experiments. Xenon is an almost-optimal element
for 𝛽𝛽0] searches, featuring many desirable properties, both
as a source and as a detector. It has two naturally occurring
isotopes that can decay via the 𝛽𝛽 process, 134Xe (𝑄

𝛽𝛽
=

825 keV) and 136Xe (𝑄
𝛽𝛽

= 2458 keV). The latter, having a
higher 𝑄 value, is preferred since the decay rate is pro-
portional to 𝑄

5

𝛽𝛽
and the radioactive backgrounds are less

abundant at higher energies. Moreover, the 𝛽𝛽2] mode of
136Xe is slow (∼2.3 × 10

21 years [22, 24]) and hence the
experimental requirement for good energy resolution to
suppress this particular background is less stringent than for
other 𝛽𝛽 sources. The process of isotopic enrichment in the
isotope 136Xe is relatively simple and cheap compared to that
of other 𝛽𝛽 isotopes. Xenon has no long-lived radioactive
isotopes and, being a noble gas, can be easily purified.

As a detector, xenon is a noble gas, and therefore one can
build a time projection chamber (TPC) with pure xenon as
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detection medium. Both a liquid xenon (LXe) TPC and a
(high-pressure) gas (HPXe) TPC are suitable technologies.
Nevertheless, energy resolution is much better in gas than
in liquid, since, in its gaseous phase, xenon is characterized
by a small Fano factor, meaning that the fluctuations in the
ionization production are smaller than the ones due to pure
Poisson statistics. The largest HPXe chamber ever operated
in the world before NEXT was the Gotthard TPC [25]. It
had a total mass of 5 kg of xenon and a pressure of ∼5 bar.
The technology of the time (the Gotthard experiment was
being run in themid-90s) allowed achieving amodest energy
resolution (around 7%). The two current experiments using
xenon are the EXO-200 collaboration, which has chosen the
LXe approach, and the KamLAND-Zen experiment, which
dissolves the isotope in liquid scintillator.

2.3.1. EXO. The EXO-200 detector [21] is a symmetric LXe
TPC deploying 110 kg of xenon (enriched to 80.6% in 136Xe).

In EXO-200, ionization charges created in the xenon by
charged particles drift under the influence of an electric field
towards the two ends of the chamber. There, the charge is
collected by a pair of crossed wire planes which measure
its amplitude and transverse coordinates. Each end of the
chamber includes also an array of avalanche photodiodes
(APDs) to detect the 178 nm scintillation light. The sides of
the chamber are covered with Teflon sheets that act as VUV
reflectors, improving the light collection. The simultaneous
measurement of both the ionisation charge and scintillation
light of the event may in principle allow reaching a detector
energy resolution as low as 3.3% FWHMat the 136Xe𝑄 value,
for a sufficiently intense drift electric field [26].

The EXO-200 detector achieves currently an energy
resolution of 4% FWHM at 𝑄

𝛽𝛽
and a background rate of

1.5 × 10
−3 counts/(keV⋅kg⋅y) in the region of interest (ROI).

The region of interest is the energy interval around the 𝑄
𝛽𝛽

corresponding to the resolution achieved by an experiment,
inside which it is impossible to distinguish the background
from the signal. The experiment has also searched for 𝛽𝛽0]
events. The total exposure used for the published result is
32.5 kg⋅year. They have published a limit on the half-life of
𝛽𝛽0] of 𝑇0]

1/2
(
136Xe) > 1.6 × 10

25 years [1].

2.3.2. KamLAND-Zen. The KamLAND-Zen experiment is
a modification of the well-known KamLAND neutrino
detector [22]. A transparent balloon, with a ∼3m diameter,
containing 13 tons of liquid scintillator loaded with 320 kg
of xenon (enriched to 91% in 136Xe) is suspended at the
centre of KamLAND. The scintillation light generated by
events occurring in the detector is recorded by an array
of photomultipliers surrounding it. The position of the
event vertex is reconstructed with a spatial resolution of
about 15 cm/√𝐸(MeV). The energy resolution is (6.6 ±

0.3)%/√𝐸(MeV), that is, 9.9% FWHM at the 𝑄 value of
136Xe.The signal detection efficiency is ∼0.42 due to the tight
fiducial cut introduced to reject backgrounds originating in
the balloon.The achieved background rate in the energy win-
dowbetween 2.2MeVand 3.0MeV is 10−3 counts/(keV⋅kg⋅y).
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Figure 3:MonteCarlo simulation of a 136Xe𝛽𝛽0] event in xenon gas
at 10 bar: the ionization track, about 30 cm long, is tortuous because
of multiple scattering and has larger depositions or blobs in both
ends.

KamLAND-Zen has searched for 𝛽𝛽0] events with an
exposure of 89.5 kg⋅year. They have published a limit on the
half-life of 𝛽𝛽0] of 𝑇0]

1/2
(
136Xe) > 1.9 × 10

25 years [2].
The combination of the KamLAND-Zen and EXO results

yields a limit 𝑇0]
1/2
(
136Xe) > 3.4 × 10

25 years (120–250meV,
depending on the NME) [2], which essentially excludes
the long-standing claim of Klapdor-Kleingrothaus and col-
laborators [27].

2.3.3. NEXT: A Preview. The NEXT experiment will search
for 𝛽𝛽0] in 136Xe using a high-pressure xenon gas (HPXe)
time projection chamber (TPC) containing 100 kilograms of
enriched gas, and called NEXT-100. Such a detector offers
major advantages for the search of neutrinoless double beta
decay as follows.

(i) Excellent energy resolution, with an intrinsic limit of
about 0.3% FWHM at 𝑄

𝛽𝛽
and 0.5–0.7% demon-

strated by theNEXT prototypes, as explained in detail
in Sections 5.1 and 5.2. For reference, the best energy
resolution in the field is achieved by germanium
experiments, such as GERDA and Majorana, or
bolometers such as CUORE, with typical resolutions
in the range of 0.2%FWHMat𝑄

𝛽𝛽
. NEXT-100 targets

a resolutionwhich is a factor twoworse than these but
a factor 8 (20) better than that of EXO (KamLAND-
Zen), the other xenon experiments [1, 2].

(ii) Tracking capabilities that provide a powerful topologi-
cal signature to discriminate between signal (two elec-
tron tracks with a common vertex) and background
(mostly, single electrons). Neutrinoless double beta
decay events leave a distinctive topological signature
in gaseous xenon: an ionization track, about 30 cm
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Figure 4: The cosmological constraint on the sum of the neutrino
mass derived from Planck combined with other data, together with
the best limits from 𝛽𝛽0] experiments (KamLAND-Zen + EXO)
and the expected limit that can be reached by the high-performing
experiments in the ton scale, in particularNEXT. |𝑚
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| is the effective

Majoranamass defined in (2), and IH andNH stand for inverted and
normal hierarchy, respectively. Adapted from [4].

long at 10 bar, tortuous due to multiple scattering,
and with larger energy depositions at both ends
(see Figure 3). The Gotthard experiment proved the
effectiveness of such a signature to discriminate
signal from background. The topological signature
results in an expected background rate of the order
of 5 × 10

−4 counts/(keV⋅kg⋅y), improving EXO and
KamLAND-Zen by a factor two [1, 2] and the ger-
manium calorimeters and tellurium bolometers by a
factor five to ten.

(iii) A fully active and homogeneous detector. Since 3-
dimensional reconstruction is possible, events can be
located in a fiducial region away from surfaces, where
most of the background arises. This is a common
feature with the two other xenon experiments.

(iv) Scalability of the technique to largermasses, thanks to
the fact that: (a) xenon is noble gas, suitable for detec-
tion and with no intrinsic radioactivity; (b) enriched
xenon (in Xe-136) can be procured at a moderately
limited cost, for instance a factor 10 cheaper than the
baseline 76Ge choice. This is also a common feature
with the other two xenon experiments.

2.4. Discovery Potential of Xenon Experiments. Recently, an
upper limit at 95% confidence level for the sum of the
three light neutrino masses has been reported by Planck
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Figure 5: Sensitivity to the effective Majorana neutrino mass of
the three xenon experiments as a function of the running time,
assuming the parameters described in Table 1. We consider a run of
8 years for EXO-200 and KamLAND-Zen (2012 to 2020) and a run
of 5 years for NEXT (2015 to 2020).

measurements of the cosmic microwave background (CMB)
[3, 4]:

∑𝑚] ≡ 𝑚
1
+ 𝑚
2
+ 𝑚
3
< 0.230 eV (95% CL) , (4)

where ∑𝑚] is the sum of the three neutrino masses 𝑚
1
, 𝑚
2
,

and𝑚
3
.

Figure 4 shows the implications of such a measurement,
when combined with the current limits from KamLAND-
Zen and EXO. As it can be seen, the current sensitivity is
not enough to explore significantly the inverse hierarchy,
while Planck data exclude most of the so-called degenerate
hierarchy. It follows that the next generation of 𝛽𝛽0] experi-
ments must aim for extraordinary sensitivities to the effective
neutrino mass. In particular, we will show that a sensitivity
of 20meV in 𝑚

𝛽𝛽
is within the reach of a ton-scale HPXe

detector. However, with luck, a discovery could be made
before, if𝑚

𝛽𝛽
is near 100meV.

In order to gain a feeling of the potential of the
NEXT technology it is interesting to compare the experi-
mental parameters of the three xenon experiments, which
are collected in Table 1. The parameters of EXO-200 and
KamLAND-Zen are those published by the collaborations
[1, 2]. The resolution in NEXT corresponds to the most
conservative result obtained by the NEXT prototypes [29],
and the predicted background rate and efficiency come from
the full background model of the collaboration [23, 30],
assuming a conservative background level for the dominant
source of background (the energy-plane PMTs). Notice that
the background rate of all the experiments is very good. The
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Table 1: Experimental parameters of the three xenon-based double beta decay experiments: (a) total mass of 136Xe, 𝑀; (b) 𝛽𝛽 isotope
enrichment fraction 𝑓, meaning the fraction of the mass enriched in the relevant isotope for 𝛽𝛽0]; (c) total efficiency, 𝜀, defined as the
percentage of the total mass actually used as source times the signal detection efficiency, which depends on the fraction of signal that escapes
detection; (d) energy resolution, 𝛿𝐸, at the 𝑄 value of 136Xe; and (e) background rate, 𝑏, in the region of interest around 𝑄

𝛽𝛽
expressed in

counts/(keV⋅kg⋅y) (shortened as ckky) [28].

Experiment 𝑀 (kg) 𝑓 𝜀 𝛿𝐸 (% FWHM) 𝑏 (10−3 ckky)
EXO-200 110 0.81 52 3.9 1.5
KamLAND-Zen 330 0.91 62 9.9 1.0
NEXT-100 100 0.91 30 0.7 0.5

Table 2: Expected experimental parameters of the three xenon-
based double beta decay technologies in a possible ton-scale experi-
ment: (a) signal detection efficiency, which depends on the fraction
of signal that escapes detection, 𝜀; (b) energy resolution, 𝛿𝐸, at the
𝑄 value of 136Xe; and (c) background rate, 𝑏, in the region of interest
around 𝑄

𝛽𝛽
expressed in counts/(keV⋅kg⋅y).

Experiment 𝜀 𝛿𝐸 (% FWHM) 𝑏 (10−3 ckky)
LXe 38 3.2 0.1
XeSci 42 6.5 0.1
HPXe 30 0.5 0.1

HPXe technology offers less efficiency than the other two but
a much better resolution.

Figure 5 shows the expected performance of the three
experiments, assuming the parameters described in Table 1
and the central value of the nuclearmatrix elements described
in [14]. The experimental sensitivity was computed follow-
ing [14] and includes only statistical fluctuations. A full
analysis including systematic errors would require a deeper
knowledge of all the three experiments. We consider a run
of five years for NEXT (2015 to 2020) and a longer run
of eight years for EXO-200 and KamLAND-Zen (2012 to
2020). A total dead-time of 10% a year for all experiments
is assumed. It follows that all three experiments will have
a chance of making a discovery if 𝑚

𝛽𝛽
is in the range of

100meV.The fact that the experiments are based on different
experimental techniques, with different systematic errors,
makes their simultaneous running even more attractive. The
combination of the three can reach a sensitivity of about
65meV [28]. Notice that, in spite of its late start, NEXT
sensitivity can surpass that of the other xenon experiments.

2.5. Towards the Ton Scale. To cover the full range allowed
by the inverse hierarchy, one needs masses in the range of
one ton of isotope. Xenon experiments have the potential
to deploy those large masses (for instance, to enrich 76Ge
is 10 times more expensive than 136Xe). This characteristic,
together with the fact that one can build large xenon-based
TPCs or calorimeters, makes them a preferred choice for the
next-to-next generation of experiments.

Table 2 summarises a projection [28] of the experimental
parameters for the three technologies, while Figure 6 shows
the expected performance of xenon experiments assuming
the parameters described in Table 2, up to a total exposure
of 10 ton⋅year. At the maximum exposure, the XeSci detectors
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Figure 6: Sensitivity of the three technologies experiments as a
function of the total exposure, assuming the parameters described
in Table 2 [28].

reach a draw at ∼32meV, while the HPXe detector reaches
25meV. For further details, we refer the reader to [28].

To summarise, the NEXT experiment has an enormous
interest for 𝛽𝛽0] searches not only due to its large physics
potential—that is, the ability to discover that neutrinos are
Majorana particles—but also as a springboard to the next-to-
next generation of very challenging, ton-based experiments.

3. The NEXT Detector

3.1. The SOFT Concept. Xenon, as a detection medium,
provides both scintillation and ionization as primary signals.
To achieve optimal energy resolution, the ionization signal
is amplified in NEXT using electroluminescence (EL). The
electroluminescent light provides both a precise energy mea-
surement and tracking. Following ideas introduced in [31]
and further developed in ourCDR [32], the chamberwill have
separated detection systems for tracking and calorimetry.
This is the so-called SOFT concept, illustrated in Figure 7.
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Figure 7:The Separate, Optimized Functions (SOFT) concept in the
NEXT experiment: EL light generated at the anode is recorded in
the photosensor plane right behind it and used for tracking; it is also
recorded in the photosensor plane behind the transparent cathode
and used for a precise energy measurement.

The detection process is as follows. Particles interacting in
the HPXe transfer their energy to the medium through
ionization and excitation.The excitation energy is manifested
in the prompt emission of VUV (∼178 nm) scintillation
light (S1). The ionization tracks (positive ions and free
electrons) left behind by the particle are prevented from
recombination by an electric field (0.03–0.05 kV/cm/bar).
The ionization electrons drift toward the TPC anode (right
part of the figure), entering a region, defined by two highly
transparent meshes, with an even more intense electric field
(3 kV/cm/bar). There, further VUV photons are generated
isotropically by electroluminescence (S2). Therefore, both
scintillation and ionization produce an optical signal, to be
detected with a sparse plane of PMTs (the energy plane)
located behind the cathode. The detection of the primary
scintillation light constitutes the start-of-event, whereas the
detection of the EL light provides an energy measurement.
Electroluminescent light provides tracking as well, since it is
detected also a few millimeters away from production at the
anode plane, via an array of 1mm2 SiPMs, 1 cm spaced (the
tracking plane).

3.2. The Apparatus. Figure 8 shows a drawing of the NEXT-
100 detector, indicating all themajor subsystems.These are as
follows.

(i) The pressure vessel, built with stainless steel and
designed to withstand a pressure of 15 bar, described
in Section 3.2.1. A copper layer on the inside shields
the sensitive volume from the radiation which origi-
nated in the vessel material.

(ii) The field cage, electrode grids, HV penetrators, and
light tube, described in Section 3.2.2.

(iii) The energy plane, made of PMTs housed in copper
enclosures, described in Section 3.2.3.

(iv) The tracking plane, made of SiPMs arranged into dice
boards (DBs), described in Section 3.2.4.

(v) The gas system, capable of pressurizing, circulating,
and purifying the gas, described in Section 3.2.5.

Figure 8: A 3D drawing of the NEXT-100 detector, showing the
pressure vessel (gray), the internal copper shield (brown), and the
field cage (green). The PMTs of the energy plane are shown in blue.

(vi) The front-end electronics, placed outside the cham-
ber, described in Section 3.2.6.

(vii) Shielding and other infrastructures, described in
Section 3.2.7.

The NEXT TDR [23] gives the details of the design and
components of the detector, whichwe summarise briefly here.

3.2.1. The Pressure Vessel. The pressure vessel, shown in
Figure 9, consists of a barrel central sectionwith two identical
torispheric heads on each end, their main flanges bolted
together, and is made of stainless steel, specifically the low-
activity 316Ti alloy. In order to shield the activity of the vessel,
we introduce an inner copper shield, 12 cm thick and made of
radiopure copper. It will attenuate the radiation coming from
the external detector (including the vessel and the external
lead shield) by a factor of 100.

The vessel has been built strictly to ASME Pressure Vessel
Design Code, Section VIII, by the Madrid-based company
MOVESA. It has been designed almost entirely by the
collaboration, under the leadership of the Lawrence Berkeley
National Laboratory (LBNL) and the Instituto de Fı́sica Cor-
puscular (IFIC) in València. IFIC is in charge of supervision
of fabrication, testing, certification, and transport to LSC.

3.2.2. The Field Cage. The main body of the field cage will
be a high-density polyethylene (HDPE) cylindrical shell,
2.5 cm thick, which will provide electric insulation from
the vessel. Three wire meshes separate the two electric field
regions of the detector. The drift region, between the cathode
and the first mesh of the electroluminescence region, is a
cylinder of 107 cm of diameter and 130 cm of length. Copper
strips are attached to the HDPE and are connected with low
background resistors to the high voltage, in order to keep the
field uniform across the drift region.The electroluminescence
region is 1.0 cm long.

All the components of the field cage have been prototyped
with theNEXT-DEMOdetector (see Section 5.1).TheNEXT-
100 field cage and ancillary systems will be built by our USA
collaborators.

3.2.3.TheEnergy Plane. Theenergymeasurement inNEXT is
provided by the detection of the electroluminescence light by
an array of photomultipliers, the energy plane, located behind
the transparent cathode (Figure 10). Those PMTs will also
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(b)

Figure 9: NEXT-100 vessel in the final stages of the production.
Main body of the vessel (a) and endcap with the port to extract the
different signals and circulate the gas (b).

A

A

Figure 10: A drawing of the detector showing the energy plane
inside the pressure vessel.

record the scintillation light that indicates the start of the
event.

A total of 60 Hamamatsu R11410-10 photomultipliers
(Figure 11) covering 32.5% of the cathode area constitute
the energy plane. This 3-inch phototube model has been
specially developed for radiopure, xenon-based detectors.
The quantum efficiency of the R11410-10model is around 35%
in the VUV and 30% in the blue region of the spectrum, and
the dark count rate is 2-3 kHz (0.3 photoelectron threshold)
at room temperature [33].

Pressure-resistance tests run by themanufacturer showed
that the R11410-10 cannot withstand pressures above 6 atmo-
spheres.Therefore, in NEXT-100 they will be sealed into indi-
vidual pressure-resistant, vacuum-tight copper enclosures

Figure 11: The Hamamatsu R11410-10.

Figure 12: The pressure-resistant enclosure or “can” protecting the
PMTs inside the pressure vessel.

coupled to sapphire windows (see Figure 12). The window,
5mm thick, is secured with a screw-down ring and sealed
with an O-ring to the front-end of the enclosure. A similar
backcap of copper seals the back side of the enclosures.
The PMT must be optically coupled to the window. The
specific optical pad or gel to be used for this purpose is
still being investigated. A spring on the backside pushes
the photomultiplier against the optical pads. Since UV light
is absorbed by sapphire more than blue light, the sapphire
windows will be coated with a wavelength shifter material,
in order to shift the UV light of the scintillation of xenon to
blue wavelengths.

These PMTmodules are allmounted to a common carrier
plate that attaches to an internal flange of the pressure vessel
head (see Figure 13). The enclosures are all connected via
individual pressure-resistant, vacuum-tight tubing conduits
to a central manifold and maintained at vacuum well below
the Paschen minimum, avoiding sparks and glow discharge
across PMT pins. The PMT cables are routed through the
conduits and the central manifold to a feedthrough in the
pressure vessel nozzle.

The design of the energy plane has been shared between
the IFIC, the UPV (Universidad Politécnica de València), and
the LBNL groups. The PMTs have already been purchased
and tested and are currently being screened for radioactivity
at the LSC. Prototype PMT enclosures have been built and
a full prototype energy plane including 14 PMTs is under
construction and will be tested at LSC in 2013.The full energy
plane will be installed in the detector during 2014.
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Figure 13:The full energy plane of NEXT-100mounted in the vessel
head.

3.2.4. The Tracking Plane. The tracking function in NEXT-
100 will be provided by a plane of silicon photomultipliers
operating as sensor pixels and located behind the transparent
EL gap. The chosen SiPMs are the S10362-11-050P model
by Hamamatsu. This device has an active area of 1mm2,
400 sensitive cells (50𝜇m size), and high photon detection
efficiency in the blue region (about ∼50% at 440 nm). For
this reason, they need to be coated with the same wavelength
shifter used for the windows of the copper cans. SiPMs are
very cost effective and their radioactivity is very low, given
their composition (mostly silicon) and very small mass.

The SiPMs will be mounted in dice boards (DBs), iden-
tical to those prototyped in NEXT-DEMO (see Section 5.1).
The electronics for the SiPMswill also be an improved version
of the electronics for the DEMOdetector. Also, like in NEXT-
DEMO, all the electronics will be outside the chamber. The
large number of channels in NEXT-100, on the other hand,
requires the design and fabrication of large custom-made
feedthroughs to extract the signals.

In order to cover the whole field cage cross section with
a pitch between sensors of 1 cm, we need ∼8000 SiPMs. The
design of the DBs and the front-end electronics have been
made at IFIC and UPV. The DBs have been fully tested in
NEXT-DEMO and are ready for production.

A prototype of the LCFT will be tested in 2013. The full
tracking plane can be installed in 2014.

3.2.5. The Gas System. The gas system, shown in Figure 14,
must be capable of pressurizing, circulating, purifying, and
depressurizing the NEXT-100 detector with xenon, argon,
and possibly other gases with negligible loss and without
damage to the detector. In particular, the probability of any
substantial loss of the very expensive enriched xenon (EXe)
must be minimized. A list of requirements, in approximate
decreasing order of importance, considered during the design
is given below.

(1) Pressurize vessel, from vacuum to 15 bar (absolute).
(2) Depressurize vessel to closed reclamation system,

15 bar to 1 bar (absolute), on fault, in 10 seconds
maximum.

(3) Depressurize vessel to closed reclamation system,
15 bar to 1 bar (absolute), in normal operation, in 1
hour maximum.

(4) Relieve pressure (vent to closed reclamation system)
for fire or other emergency condition.

(5) Allow amaximum leakage of EXe through seals (total
combined) of 100 g/year.

(6) Allow a maximum loss of EXe to atmosphere of
10 g/year.

(7) Accommodate a range of gasses, including Ar andN
2
.

(8) Circulate all gasses through the detector at a maxi-
mum rate of 200 standard liters per minute (slpm) in
axial flow pattern.

(9) Purify EXe continuously. Purity requirements: <1 ppb
O
2
, CO
2
, N
2
, and CH

4
.

The most vulnerable component of the gas system is the
recirculation compressor, which must have sufficient redun-
dancy to minimize the probability of failure and leakage. The
compressor chosen is made with metal-to-metal seals on all
the wetted surfaces. The gas is moved through the system
by a triple stainless steel diaphragm. Between each of the
diaphragms there is a sniffer port to monitor gas leakages. In
the event of a leakage, automatic emergency shutdown can be
initiated.

The gas system will be equipped with both room-
temperature and heated getters by SAES Pure Gas which
remove electronegative impurities (O

2
, H
2
O, etc.) from the

xenon.
An automatic recovery system of the expensive EXe

will also be needed to evacuate the chamber in case of an
emergency condition. A 35m3 expansion tank will be placed
inside the laboratory to quickly reduce the gas pressure in the
system. Additionally, for controlled gas evacuation, we will
cryopump EXe into a liquid nitrogen cooled vessel.

The gas system has been designed as a collaboration
between IFIC and the University of Zaragoza, taking advan-
tage of the experience gained with our prototypes. The basic
gas system needed for the initial operation of the NEXT-100
apparatus has already been purchased and shipped to LSC,
but the systemmust be upgraded during 2014 for the enriched
xenon run in 2015.

3.2.6. Electronics. The NEXT-100 data-acquisition system
(DAQ), shown in Figure 15, follows a modular architecture
named the Scalable Readout System (SRS), already described
in our CDR [32]. At the top of the hierarchy, a PC farm
running the DAQ software, DATE, receives event data from
the DAQ modules via Gigabit Ethernet links. The DATE
PCs (local data concentrators, LDCs) assemble incoming
fragments into subevents, which are sent to one or more
additional PCs (global data concentrators, GDCs).TheGDCs
build complete events and store them on disk for offline
analysis.

TheDAQmodules used are front-end concentrator (FEC)
cards, which serve as the generic interface between the DAQ
system and application-specific front-end modules. The FEC
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Figure 14: Scheme for the gas system of NEXT-100.
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Figure 15: Scheme of the DAQ of NEXT-100.

module can interface different kinds of front-end electronics
by using the appropriate plug-in card. The FEC card and
the overall SRS concept have been developed within the
framework of the CERN RD-51 collaboration [34]. Three
different FEC plug-in cards are used in NEXT-100 (energy
plane readout digitization, trigger generation, and tracking
plane readout digitization).

Electronics for the Energy Plane. The front-end electronics
for the PMTs in NEXT-100, shown in Figure 16, will be very
similar to the system developed for the NEXT-DEMO and
NEXT-DBDM prototypes. The first step in the chain is to
shape and filter the fast signals produced by the PMTs (less
than 5 ns wide) to match the digitizer and eliminate the high
frequency noise. An integrator is implemented by simply
adding a capacitor and a resistor to the PMT base.The charge
integration capacitor shunting the anode stretches the pulse
and reduces the primary signal peak voltage accordingly.

Our design uses a single amplification stage based on a
fully differential amplifier, which features low noise (2 nV/
√Hz) and provides enough gain to compensate for the
attenuation in the following stage, based on a passive RC
filter with a cut frequency of 800 kHz.This filtering produces
enough signal stretching to allow acquiring many samples
per single photoelectron at 40MHz, in the first stage of the
DAQ.

Electronics for the Tracking Plane. The tracking plane will
have ∼8000 channels. On the other hand, the electronics
for the SiPMs is simplified given the large gain of these
devices. Our design consists of a very simple, 64-channel
front-end board (Figure 17). Each board takes the input of a
single DB (transmitted via low-crosstalk Kapton flat cables)
and includes the analog stages, ADC converters, voltage
regulators, and an FPGA that handles, formats, buffers, and
transmits data to the DAQ. LVDS clock and trigger inputs
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Figure 16: Scheme of the front-end for the energy plane.

are also needed. A total of 110 boards are required. The
architecture of the boards is described in our TDR [23].

The design of the electronics is a collaboration between
UPV and LBNL. It will be an evolution of the electronics
currently operational at NEXT-DEMO. The DAQ is the
responsibility of UPV, and it will also be an improved version
of the DEMO DAQ.

3.2.7. Shielding and Other Infrastructures. To shield NEXT-
100 from the external flux of high energy gamma rays a
relatively simple lead castle, shown in Figure 18, has been
chosen, mostly due to its simplicity and cost-effectiveness.
The lead wall has a thickness of 20 cm and is made of layers
of staggered lead bricks held with a steel structure. The lead
bricks have standard dimensions (200 × 100 × 50mm3), and,
by requirement, an activity in uranium and thorium lower
than 0.4mBq/kg.

The lead castle is made of two halves mounted on a
system of wheels that move on rails with the help of an
electric engine. The movable castle has an open and a closed
position. The former is used for the installation and service
of the pressure vessel; the latter position is used in normal
operation. A lock system fixes the castle to the floor in any of
the two configurations to avoid accidental displacements.

Thedesign of the lead castle has been led by theUniversity
of Girona, in collaboration with UPV and IFIC. The design
is completed and the shield is ready to be built pending the
availability of funds.

The construction of the infrastructures needed for the
NEXT-100 experiment (working platform, seismic pedestal)
is currently underway. They will be fully installed at LSC by
the end of 2013.

Figure 19 shows an image of Hall A, future location
of NEXT-100. The pool-like structure is intended to be a
catchment reservoir to hold xenon or argon—a liquid-argon
experiment, ArDM, will be neighbouring NEXT-100 in Hall
A—gas in the event of a catastrophic leak. Therefore, for
reasons of safety all experimentsmust preclude any personnel
working below the level of the top of the catchment reservoir.

An elevated working platform has already been built.
It is designed to stand a uniform load of 1500 kg/m2 and
a concentrated load of 200 kg/m2. It is anchored to the

hall ground and walls. The platform floor tiles are made of
galvanized steel and have standard dimensions to minimize
cost.

Due to themild seismic activity of the part of the Pyrenees
where LSC is located, a comprehensive seismic study has been
conducted as part of the project risk analysis. As a result, an
antiseismic structure that will hold both the pressure vessel
and the shielding has been designed. This structure will be
anchored directly to the ground and independent of the
working platform to allow seismic displacements in the event
of an earthquake.

4. NEXT Background Model

The NEXT background model describes the sources of
radioactive contaminants in the detector and their activity. It
allows us, via detailed simulation, to predict the background
events that can be misidentified as signal.

4.1. Sources of Background

4.1.1. Radioactive Contaminants in Detector Materials. After
the decay of 214Bi, the daughter isotope, 214Po, emits a number
of deexcitation gammas with energies above 2.3MeV. The
gamma line at 2447 keV, of intensity 1.57%, is very close to
the 𝑄 value of 136Xe. The gamma lines above 𝑄

𝛽𝛽
have low

intensity and their contribution is negligible.
The daughter of 208Tl, 208Pb, emits a de-excitation photon

of 2614 keV with a 100% intensity. The Compton edge of
this gamma is at 2382 keV, well below 𝑄

𝛽𝛽
. However, the

scattered gamma can interact and produce other electron
tracks close enough to the initial Compton electron so they
are reconstructed as a single object falling in the energy ROI.
Photoelectric electrons are produced above the ROI but can
lose energy via bremsstrahlung and populate the window, in
case the emitted photons escape out of the detector. Pair-
creation events are not able to produce single-track events in
the ROI.

4.1.2. Radon. Radon constitutes a dangerous source of back-
ground due to the radioactive isotopes 222Rn (half-life of
3.8 d) from the 238U chain and 220Rn (half-life of 55 s) from
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Figure 17: Scheme of the front-end for the tracking plane.

Figure 18: Drawing of the NEXT-100 lead castle shield in its open
configuration.

Figure 19: View of Hall A of the Laboratorio Subterráneo de
Canfranc prior to any equipment installation.

the 232Thchain. As a gas, it diffuses into the air and can enter
the detector. 214Bi is a decay product of 222Rn and 208Tl a
decay product of 220Rn. In both cases, radon undergoes an
alpha decay into polonium, producing a positively charged
ion which is drifted towards the cathode by the electric field
of the TPC. As a consequence, 214Bi and 208Tl contaminations
can be assumed to be deposited on the cathode surface.
Radon may be eliminated from the TPC gas mixture by
recirculation through appropriate filters. In order to suppress
radon in the volume defined by the shielding, it is possible to
use continuously flowing nitrogen inside a bag that occupies
the whole space left between the TPC and the shielding.

Radon control is a major task for a 𝛽𝛽0] experiment and will
be of uppermost importance for NEXT-100.

4.1.3. Cosmic Rays and Laboratory Rock Backgrounds. Cos-
mic particles can also affect our experiment by producing
high energy photons or activating materials. This is the
reason why double beta decay experiments are conducted
deep underground. At these depths, muons are the only
surviving cosmic ray particles, but their interactions with
the rock produce neutrons and electromagnetic showers.
Furthermore, the rock of the laboratory itself is a rather
intense source of 208Tl and 214Bi backgrounds as well as
neutrons.

The flux of photons emanating from the LSC walls is (see
our TDR and references therein [23])

(i) 0.71 ± 0.12 𝛾/cm2/s from the 238U chain,
(ii) 0.85 ± 0.07 𝛾/cm2/s from the 232Th chain.

These measurements include all the emissions in each
chain. The flux corresponding to the 208Tl line at 2614.5 keV
and the flux corresponding to the 214Bi line at 1764.5 keV
were also measured (from the latter it is possible to deduce
the flux corresponding to the 2448 keV line). The results are

(i) 0.13 ± 0.01 𝛾/cm2/s from the 208Tl line,
(ii) 0.006 ± 0.001 𝛾/cm2/s from the 214Bi line at 2448 keV.

The above backgrounds are considerably reduced by the
shielding. In addition, given the topological capabilities of
NEXT, the residual muon and neutron background do not
appear to be significant for our experiment.

4.2. Radioactive Budget of NEXT-100. Information on the
radiopurity of the materials expected to be used in the
construction of NEXT-100 has been compiled, performing
specific measurements and also examining data from the lit-
erature for materials not yet screened. A detailed description
is presented in [35]. A brief summary of the results presented
there for the main materials is shown in Table 3.

4.3. Expected Background Rate. The only relevant back-
grounds for NEXT are the photons emitted by the 208Tl line
(2614.5 keV) and the 214Bi line (2448 keV).These sit very near
𝑄
𝛽𝛽

and the interaction of the photons in the gas can fake
the 𝛽𝛽0] signal. NEXT-100 has the structure of aMatryoshka
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Table 3: Activity (in mBq/kg) of the most relevant materials used in NEXT.

Material Subsystem 238U 232Th Reference
Lead Shielding 0.37 0.07 [35]
Copper Inner copper shielding <0.012 <0.004 [35]
Steel (316Ti ) Vessel <0.57 <0.54 [35]
Polyethylene Field cage 0.23 <0.14 [36]
PMT (R11410-MOD, per piece) Energy plane <2.5 <2.5 [36]

Table 4: Acceptance of the selection cuts for signal and back-
grounds.

Selection cut Fraction of events
𝛽𝛽0] 214Bi 208Tl

Confined, single track 0.48 6.0 × 10
−5

2.4 × 10
−3

Energy ROI 0.33 2.2 × 10
−6

1.9 × 10
−6

Topology 𝛽𝛽0] 0.25 1.9 × 10
−7

1.8 × 10
−7

(a Russian nesting doll). The flux of gammas emanating from
the LSC walls is drastically attenuated by the lead castle,
and the residual flux, together with that emitted by the lead
castle itself and the materials of the pressure vessel, is further
attenuated by the inner copper shielding. One then needs to
add the contributions of the “inner elements” in NEXT: field
cage, energy plane, and the elements of the tracking plane not
shielded by the ICS.

AdetailedGeant4 [37] simulation of theNEXT-100 detec-
tor was written in order to compute the background rejection
factor achievable with the detector. Simulated events, after
reconstruction, were accepted as a 𝛽𝛽0] candidate if

(a) they were reconstructed as a single track confined
within the active volume;

(b) their energy fell in the region of interest, defined as
±0.5 FWHM around 𝑄

𝛽𝛽
;

(c) the spatial pattern of energy deposition corresponded
to that of a 𝛽𝛽0] track (blobs at both ends).

The achieved background rejection factor together with
the selection efficiency for the signal is shown in Table 4. As
can be seen, the cuts suppress the radioactive background by
more than 7 orders of magnitude.This results in an estimated
background rate of about 5 × 10−4 counts/(keV⋅kg⋅y).

5. The NEXT EL Prototypes

To prove the innovative concepts behind theNEXTdesignwe
have built two EL prototypes.

(i) NEXT-DEMO, operating at IFIC. This is a large
prototype, which can hold a mass similar to that of
the Gotthard experiment. It is conceived to fully test
and demonstrate the EL technology.

(ii) NEXT-DBDM, operating at LBNL. This was our first
operative prototype and has demonstrated a superb
resolution, which extrapolates to 0.5%FWHMat𝑄

𝛽𝛽
.

The two prototypes are fully operational since 2011 and
our initial results and operation experience have recently
been published [29, 38, 39].

5.1. NEXT-DEMO. In this section we describe in more detail
the NEXT-DEMO demonstrator and our first results. The
main goal of the prototype was the demonstration of the
detector concept to be used in NEXT-100, more specifically

(1) to demonstrate good energy resolution (better than
1% FWHM at 𝑄

𝛽𝛽
) in a large system with full spatial

corrections,
(2) to demonstrate track reconstruction and the perfor-

mance of SiPMs.
(3) to test long drift lengths and high voltages,
(4) to understand gas recirculation in a large volume,

including operation stability and robustness against
leaks,

(5) to understand the light collection of the detector, with
and without using a wavelength shifter.

The apparatus, shown in Figure 20, is a high-pressure
xenon electroluminescent TPC implementing the SOFT con-
cept. Its active volume is 30 cm long. A 5mm thick tube of
hexagonal cross section made of PTFE is inserted into the
active volume to improve the light collection. The TPC is
housed in a stainless-steel pressure vessel, 60 cm long and
with a diameter of 30 cm, which can withstand up to 15 bar.
Natural xenon circulates in a closed loop through the vessel
and a system of purifying filters.The detector is not radiopure
and is not shielded against natural radioactivity. It is installed
in an operation room (see Figure 21) at IFIC, in València,
Spain.

The time projection chamber itself is shown in Figure 22.
Three metallic wire grids—called cathode, gate, and anode—
define the two active regions: the 30 cm long drift region,
between cathode and gate, and the 0.5 cm long EL region,
between gate and anode. The electric field is created by
supplying a large negative voltage to the cathode and then
degrading it using a series of metallic rings of 30 cm in
diameter 5mm spaced and connected via 5GΩ resistors.The
gate is at negative voltage so that a moderate electric field—
typically of 2.5 to 3 kVcm−1 bar−1—is created between the
gate and the anode, which is at ground. A buffer region of
10 cm between the cathode and the energy plane protects the
latter from the high voltage by degrading it safely to ground
potential.
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Figure 20: Cross section drawing of the NEXT-DEMO detector
with all major parts labelled.

Figure 21: The NEXT-DEMO detector and ancillary systems (gas
system, front-end electronics, and DAQ) in their location in the
operation room at IFIC.

The high voltage is supplied to the cathode and the gate
through custom-made high voltage feedthroughs (HVFT),
shown in Figure 23, built pressing a stainless-steel rod into a
Tefzel (a plastic with high dielectric strength) tube, which is
then clamped using plastic ferrules to a CF flange. They have
been tested to high vacuum and 100 kV without leaking or
sparking.

A set of six panels made of polytetrafluoroethylene
(PTFE) are mounted inside the electric-field cage forming a
light tube of hexagonal cross section (see Figure 24) with an
apothem length of 8 cm. PTFE is known to be an excellent
reflector in a wide range of wavelengths [40], thus improving
the light collection efficiency of the detector. In a second
stage, the panels were vacuum-evaporated with tetraphenyl
butadiene (TPB)—which shifts the UV light emitted by
xenon to blue (∼430 nm)—in order to study the improvement
in reflectivity and light detection. Figure 24(b) shows the light
tube illuminated with a UV lamp after the coating.

Six bars manufactured from PEEK, a low outgassing
plastic, hold the electric-field cage and the energy plane
together.Thewhole structure is attached to one of the endcaps
using screws and introduced inside the vessel with the help
of a rail system. All the TPC structures and the HVFT were
designed and built by Texas A&M.

The energy plane (see Figure 25) is equipped with 19
Hamamatsu R7378A photomultiplier tubes. These are 1 inch,

Anode
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Shield

Drift region (300mm)

Buffer region (100mm)

EL region (5mm)

Figure 22: External view of the time projection chamber mounted
on one endcap.The approximate positions of the different regions of
the TPC are indicated.

Figure 23: The NEXT-DEMO high-voltage feedthrough, designed
and built by Texas A&M.

pressure-resistant (up to 20 bar) PMTs with acceptable quan-
tum efficiency (∼15%) in the VUV region and higher effi-
ciency at TPB wavelengths (∼25%). The resulting photocath-
ode coverage of the energy plane is about 39%.The PMTs are
inserted into a PTFE holder following a hexagonal pattern.
A grid, known as shield and similar to the cathode but with
the wires spaced 0.5 cm apart, is screwed on top of the holder
and set to ∼500 V. As explained above, this protects the PMTs
from the high-voltage set in the cathode and ensures that
the electric field in the 10 cm buffer region is below the EL
threshold.

The initial operation of NEXT-DEMO implemented a
tracking plane made of 19 pressure-resistant photomultipli-
ers, identical to those used in the energy plane but operated
at a lower gain. Instrumenting the tracking plane with PMTs
during this period simplified the initial commissioning,
debugging, and operation of the detector due to the smaller
number of readout channels (19 PMTs in contrast to the
256 SiPMs currently operating in the tracking plane) and
their intrinsic sensitivity to the UV light emitted by xenon.
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(a) (b)

Figure 24: View of the light tube from the position of the tracking plane. (a)The meshes of the EL region can be seen in the foreground, and
in the background, at the end of the light tube, the PMTs of the energy plane are visible. (b)The light tube of NEXT-DEMO illuminated with
a UV lamp after being coated with TPB.

Figure 25: The energy plane of NEXT-DEMO, equipped with 19
Hamamatsu R7378A PMTs.

Since October 2012, NEXT-DEMO has been operating with a
full tracking plane made with SiPMs, as shown in Figure 26.
It consists of four boards, containing 8 × 8 SiPMs each,
1 cm spaced. Its higher granularity allows a finer position
reconstruction in the plane orthogonal to the drift axis, thus
increasing the fiducial volume of the chamber. SiPMs are not
sensitive toVUV light, but they are to blue light, and therefore
they had to be coatedwith TPB.The isotropical light emission
of TPB, together with an improvement of the reflectivity of
PTFE for wavelengths in the blue range, produced an overall
increase of the collected light.

Figure 27 shows themeasured energy spectrumof 511 keV
gamma rays from 22Na in the fiducial volume of NEXT-
DEMO. A Gaussian fit to the photoelectric peak indicates
an energy resolution of 1.82% FWHM. Extrapolating the
result to the 𝑄 value of 136Xe (2458 keV) assuming a 𝐸−1/2
dependence, we obtain a resolution of 0.83% FWHM, better
than the NEXT target resolution of 1% FWHM at 𝑄

𝛽𝛽
.

The DEMO apparatus measures electrons in a large fiducial
volume, and therefore this result can be safely extrapolated
to NEXT-100. We believe that an ultimate resolution of 0.5%

Figure 26: Dice boards installed in NEXT-DEMO, containing 64
(8 × 8) MPPCs each. There will be about 100 such boards in NEXT-
100.

FWHM, as found by DBDM (see the next section), can
eventually be attained.

A first approximation of the event topology reconstruc-
tion is performed subdividing the charge in time slices (𝑧-
dimension) and reconstructing a single 𝑥𝑦 point per slice.
A further detailed analysis to allow the reconstruction of
multiple depositions per slice is being studied. For this
analysis, a slice width of 4𝜇s is used as it gives enough
information in the tracking plane to achieve a reliable 𝑥𝑦
reconstruction and it is also comparable to the time an
electron needs to cross the EL gap.The 𝑥𝑦 position of a slice is
reconstructed using the averaged position of the SiPMs with
higher recorded secondary scintillation signal, weighted with
their collected integrated charge. The energy associated with
this position is recorded in the cathode for the same time
interval, so that the 𝑑𝐸/𝑑𝑧 of the event can be studied. The
energy and position information are then used to calculate a
cubic spline between the individual points in order to obtain
a finer description of the path (see Figure 28).

The first reconstructed events (Figure 29) demonstrate
the topology capabilities of the NEXT technology. The
reconstructed electrons show a random walk into the gas
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Figure 27: Energy spectra for 22Na gamma-ray events within the fiducial volume of NEXT-DEMO. (a) The whole spectrum. (b) Zoom-in
the photoelectric peak [41].
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Figure 28: Example of the reconstruction of a 137Cs track.The charge of the different SiPMs is split into slices of 4mm in width in 𝑧 (a). One
point is calculated for each slice using the barycentre method and the energy of the points is then associated with the measurement made in
the cathode (b). A cubic spline is used to interconnect the different points. The result is shown in the bottom line: 𝑌𝑍 projection (c) and 3D
image (d) of the reconstructed track [41], where the 𝑧 coordinate is the axis of the cylindrical TPC and 𝑥𝑦 define the orthogonal plane.
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Figure 29: Examples of 22Na (a), 137Cs (b), and muon (c) track 𝑥𝑦 plane projections. (d) The three events with the same energy scale. The
endpoint of the electron is clearly visible for 22Na and 137Cs while the energy deposition for themuon is almost constant. Tracks reconstructed
from NEXT-DEMO data [41].

with a clearly visible endpoint at the end of the track with
a higher energy deposition (blob). On the other hand, the
reconstruction of a muon track shows a straight line through
the detector with a fairly uniform energy deposition.

NEXT-DEMO has been running successfully for two
years, proving perfect high voltage operation and a great
stability against sparks. The gas system, completed with a
hot getter, has demonstrated to be leakproof (less than 0.1%
leakage per day) and has allowed a continuous recirculation
and purification of the gas, which resulted in a measured
electron lifetime of up to tens of milliseconds. The light
collection efficiency has been thoroughly understood, by
studies of both primary and electroluminescent scintillation
signals. The TPB coating on the PTFE reflectors in the drift
region produced an increase in the EL light collection of
a factor of three [29], thus improving light statistics. Data
produced with an alpha source have allowed studies of
primary scintillation signals along the whole drift length,

leading to a better understanding of light reflectance and
loss in our detector, through the support of Monte Carlo
simulations [39].

To summarise, the NEXT-DEMO detector is operating
continuously at IFIC since 2011. The current configuration,
with a SiPM tracking plane, a PMT energy plane, and a light
tube coatedwith TPB, demonstrates the design chosen for the
NEXT-100 detector, exercises all the technical solutions, and
shows excellent energy resolution and electron reconstruc-
tion. Furtherwork is currently in progress analysing themany
millions of events acquired with the chamber.

5.2. NEXT-DBDM. The basic building blocks of the NEXT-
DBDM xenon electroluminescent TPC are shown in Figures
30 and 31: a stainless-steel pressure vessel, a gas system that
recirculates and purifies the xenon at 10–15 atm, stainless steel
wire meshes that establish high-voltage equipotential planes
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Pressure vessel
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PTFE reflectors
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Figure 30: The NEXT-DBDM electroluminescent TPC configuration. An array of 19 photomultipliers (PMTs) measures S1 primary
scintillation light from the 8 cm long drift region and S2 light produced in the 0.5 cm electroluminescence (EL) region. Two 5 cm long buffer
regions behind the EL anode mesh and between the PMTs and the cathode mesh grade the high voltages (up to ± 17 kV) down to ground
potential.

Figure 31: The NEXT-DBDM prototype, operating at LBNL. Inser-
tion of the time projection chamber into the stainless-steel pressure
vessel.

in the boundaries of the drift and the EL regions, field cages
with hexagonal cross sections to establish uniform electric
fields in those regions, a hexagonal pattern array of 19 VUV
sensitive PMTs inside the pressure vessel, and an associated
readout electronics and data-acquisition system.

In the NEXT-DBDM detector the PMT array and the EL
region, which are both hexagonal areas with 12.4 cm between
opposite sides, are 13.5 cm away from each other.Thus, point-
like isotropic light produced in the EL region illuminates the
PMT array with little PMT-to-PMT variation.This geometric
configuration also makes the illumination pattern and the
total light collection only very mildly dependent on the
position of the light origin within the EL region. The diffuse
reflectivity of the TPC walls increases this light collection
uniformity further. As a result, the device provides good
energy measurements with little dependence on the position
of the charge depositions. On the other hand, without a light
sensor array near the EL region precise tracking information

is not available. Still, the position reconstruction achievable
allows the fiducialization of pulses to select events/pulses
within regions of the TPC with uniform light collection
efficiencies.

The field configuration in the TPC is established by five
stainless steel meshes with 88% open area at a 𝑧 position of
0.5 cm (cathode buffer or PMT mesh), 5.5 cm (cathode or
drift start mesh), 13.5 cm (field transition or EL-start mesh),
14.0 cm (anode or EL-endmesh), and 19.0 cm (anode buffer or
ground mesh) from the PMT windows. Electroluminescence
occurs between 13.5 and 14.0 cm. The meshes are supported
and kept tense by stainless steel frames made out of two parts
and tensioning screws on the perimeter. The TPC side walls,
made out of 18 individual rectangular assemblies 7.1 cm wide
(and 5 and 8 cm long) connecting adjacent meshes (except
around the 0.5 cm EL gap), serve the dual purpose of light
cage and field cage. Each side wall assembly is made of a
0.6 cm thick PTFE panel and a ceramic support panel. The
PTFE panels are bare on the side facing the active volume and
have copper stripes parallel to the mesh planes every 0.6 cm
on the other side. The bare PTFE serves as reflector for the
VUV light. Adjacent copper stripes are linked with 100MΩ

resistors to grade the potential and produce a uniform
electric field. The ceramic support panels are connected,
mechanically and electrically, to the outer perimeter of the
mesh support frames and to the first and last copper stripes on
their corresponding PTFE panel. High voltage connections to
establish the TPC fields (HHV) aremade directly to themesh
frames.

In Figure 32 the energy spectrum in the 662 keV full
energy region obtained at 10 atm is shown. A 1.1% FWHM
energy resolution was obtained for events reconstructed in
the central 0.6 cm radius region. A small drift-time depen-
dent correction for attachment losses with 𝜏 = 13.9ms
was applied. The xenon X-ray escape peak is clearly visible,
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Figure 32: Energy resolution at 10 atm for 662 keV gamma rays [38].
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Figure 33: Energy resolution at 10 atm for 30 keV xenonX-rays [38].

∼30 keV below the main peak. For the spectrum taken at
15 atm a 1% FWHM resolution was obtained. This resolution
extrapolates to 0.52% FWHM at 𝑄

𝛽𝛽
= 2.458MeV if the

scaling follows a statistical 1/√𝐸 dependence and no other
systematic effect dominates.

In order to study the EL TPC energy resolution at lower
energies, full energy 662 keV events that had a well separated
X-ray pulse reconstructed in the central 1.5 cm radius region
were used. Events with only an X-ray deposition are difficult
to trigger, because of the low energy. However, X-ray depo-
sitions are also present in events with the photoelectron fully
contained and the 30 keV disexcitation X-ray well separated.
Figure 33 shows the energy spectrum obtained at 10 atm with
a 5% FWHM resolution.

Figure 34 summarises our measurements and under-
standing of the EL TPC energy resolution. The lower diag-
onal line represents the Poisson statistical limit from the
measurement of a small fraction of the photons produced
by the EL gain while the upper diagonal line includes the
degradation (mostly from PMT afterpulsing) due to PMT
response. The circle data points show the energy resolutions
obtained for dedicated LED runswith varying light intensities
per LEDpulse.TheLEDpoints follow the expected resolution
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Figure 34: Energy resolution in the high-pressure xenon
NEXT-DBDM electroluminescent TPC. Data points show the
measured energy resolution for 662 keV gammas (squares),
∼30 keV xenon X-rays (triangles), and LED light pulses (circles)
as a function of the number of photons detected. The expected
resolution including the intrinsic Fano factor, the statistical
fluctuations in the number of detected photons, and the PMT
charge measurement variance is shown for X-rays (dot dot dashed)
and for 662 keV gammas (solid line). Resolutions for the 662 keV
peak were obtained from 15.1 atm data runs while X-ray resolutions
were obtained from 10.1 atm runs [38].

over the two-decade range studied. The two horizontal lines
represent the xenon gas nominal intrinsic resolution for 30
and 662 keV, respectively, and the two curved lines are the
expected EL TPC resolutions with contributions from the
intrinsic limit and the photons’ measurement. Our 662 keV
data (squares) and xenon X-ray data (triangles) taken with
various EL gains follow the expected functional form of the
resolution but are 20–30% larger possibly due to the 𝑥𝑦

response nonuniformity. Detailed track imaging fromadense
photosensor array near the EL region, such as the one recently
commissioned for the NEXT-DBDM prototype, will enable
the application of 𝑥𝑦 position corrections to further improve
the energy measurement.

6. Conclusions

In this paper, the current status and future prospects of the
NEXT project and in particular of the NEXT-100 experiment
at LSC have been described. NEXT has a large discovery
potential and the capability to offer a technique that can be
extrapolated, at a very competitive cost, to the ton scale.

The collaboration has developed the advanced technology
of high-pressure chambers, and, in particular, NEXT-DEMO
is the first large-scaleHPXeTPCusing the EL technology.The
innovations include the use of SiPMs for the tracking plane,
a technology that was in its infancy only five years ago.

The collaboration has published results that illustrate the
physics case and demonstrate the good performance of the EL
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technology. Very good energy resolution, better than 1%
FWHM, has been measured and the topological signature of
electrons has been clearly established.

The NEXT-100 detector is now in the initial stages of
construction and is expected to be taking data in 2015.
The scientific opportunity is extraordinary and the cost to
scientific impact ratio is relatively modest. In addition to
contributing to the current scientific development, NEXT
could be the springboard for a future, large-scale experiment
that could finally demonstrate that the Ettore Majorana
insight was correct.
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[17] J. J. Gómez-Cadenas, J. Mart́ın-Albo, M.Mezzetto, F. Monrabal,
and M. Sorel, “The search for neutrinoless double beta decay,”
Rivista del Nuovo Cimento, vol. 35, no. 2, pp. 29–98, 2012.

[18] O. Cremonesi, “Experimental searches of neutrinoless double
beta decay,” Nuclear Physics B, vol. 237-238, pp. 7–12, 2013.

[19] A. Giuliani and A. Poves, “Neutrinoless double-beta decay,”
Advances in High Energy Physics, vol. 2012, Article ID 857016,
38 pages, 2012.

[20] K. Zuber, “Neutrinoless double beta decay experiments,” Acta
Physica Polonica B, vol. 37, no. 7, Article ID 061000, pp. 1905–
1921, 2006.

[21] M. Auger, D. Auty, P. Barbeau, L. Bartoszek, E. Baussan et al.,
“The EXO-200 detector, part I: detector design and construc-
tion,” Journal of Instrumentation, vol. 7, no. 5, Article ID P05010,
2012.

[22] A. Gando, Y. Gando, H. Hanakago et al., “Measurement of
the double-𝛽 decay half-life of 136Xe with the KamLAND-Zen
experiment,”Physical ReviewC, vol. 85, no. 4, Article ID 045504,
2012.
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The Majorana Demonstrator will search for the neutrinoless double-beta (𝛽𝛽(0])) decay of the isotope 76Ge with a mixed
array of enriched and natural germanium detectors. The observation of this rare decay would indicate that the neutrino is its own
antiparticle, demonstrate that lepton number is not conserved, and provide information on the absolute mass scale of the neutrino.
TheDemonstrator is being assembled at the 4850-foot level of the SanfordUnderground Research Facility in Lead, SouthDakota.
The array will be situated in a low-background environment and surrounded by passive and active shielding. Here we describe the
science goals of the Demonstrator and the details of its design.

1. Introduction

1.1. Neutrinoless Double-Beta Decay. Despite being discov-
ered well over a decade ago [1–3], the incorporation of neu-
trino mass and mixing into the standard model (SM) of par-
ticle physics remains elusive. A minimalistic Higgs coupling
leaves the SM fine-tuned, with the neutrino masses lying
some 6 orders-of-magnitude or more below that of the
other SM leptons. Avoiding such unnaturalness requires new
physics. One highly attractive option, afforded by the electric
neutrality of the neutrino, is the addition of a lepton-number-
violating Majorana mass term [4]. Majorana neutrinos have
the novel property that particle and antiparticle are distin-
guished only by chirality. A Majorana mass term provides a
natural explanation for the lightness of the SM neutrino via
the seesaw mechanism [5, 6]. Majorana neutrinos also pro-
vide plausible scenarios for leptogenesis capable of account-
ing for the excess of matter over antimatter in the observable
universe [7, 8].

Neutrinoless double-beta (𝛽𝛽(0])) decay searches rep-
resent the only viable experimental method for testing the
Majorana nature of neutrinos [9].Theobservation of this pro-
cess would immediately imply that lepton number is violated
and that neutrinos areMajorana particles [10].The decay rate
may be written as
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where𝑈
𝑒𝑖
specifies the admixture of neutrinomass eigenstate

𝑖 in the electron neutrino.
Until very recently, the most sensitive limits on 𝛽𝛽(0])

decay came from Ge detectors enriched in 76Ge, namely,

theHeidelberg-Moscow experiment [11] and the IGEX exper-
iment [12–14]. Recent results from the EXO-200 experiment
[15, 16] and from the KamLAND-Zen experiment [17, 18]
have claimed stronger bounds on neutrinomass. It is difficult,
however, to determine the best limit because of the uncertain-
ties in the nuclear matrix elements. Previous-generation 76Ge
experiments also yielded a claim of the direct observation of
𝛽𝛽(0]) decay by Klapdor-Kleingrothaus [19]. This claim has
not been widely accepted by the neutrino community [20–
22]. While the EXO-200 and KamLAND-Zen results are in
conflict with this claim, the recent results from GERDA [23–
25] show that the observed peak is not an indication of𝛽𝛽(0])
decay in a 76Ge experiment, which can compare its results
with the Klapdor-Kleingrothaus claim without depending
on the nuclear matrix elements. For recent comprehensive
experimental and theoretical reviews, see [26–35].

A measurement of the 𝛽𝛽(0]) decay rate would yield
information on the absolute neutrino mass. Measurements
of atmospheric, solar, and reactor neutrino oscillation [36]
indicate a large parameter space for discovery of𝛽𝛽(0]) decay
just beyond current experimental bounds below ⟨𝑚

𝛽𝛽
⟩ ∼

50meV. Moreover, evidence from the SNO experiment [2] of
a clear departure from nonmaximal mixing in solar neutrino
oscillation implies a minimum effective Majorana neutrino
mass of ∼15meV for the inverted hierarchy scenario. This
target is within reach of next-generation 𝛽𝛽(0]) searches. An
experiment capable of observing this minimum rate would
therefore definitively determine theMajorana orDirac nature
of the neutrino for inverted hierarchical neutrino masses.

Recent developments in germanium detector technology
make a 𝛽𝛽(0])-decay search feasible using 76Ge. In this
paper, we describe the Majorana Demonstrator as an
experimental effort under construction in the SanfordUnder-
ground Research Facility (SURF) whose goal is to demon-
strate the techniques required for a definitive next-generation
𝛽𝛽(0])-decay experiment with enriched Ge detectors. The
Demonstrator will also test the Klapdor-Kleingrothaus
claim and will be sensitive to other non-𝛽𝛽(0]) physics
signals in Ge. A complementary effort in Ge with similar sen-
sitivity, the GERDA experiment [37], is presently operating
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in the Laboratori Nazionali del Gran Sasso (LNGS). The
GERDA and Majorana collaborations intend to join in a
proposal for the construction of a tonne-scale experiment. A
nearly background-free tonne-scale 76Ge experiment would
be sensitive to effective Majorana neutrino masses below ∼20
meV, potentially covering the parameter space corresponding
to the inverted neutrino-mass hierarchy.

1.2. Non-𝛽𝛽(0])Physics with theMajoranaDemonstrator.
The Ge-detector design used by Majorana has an energy
threshold of ∼500 eV. This low threshold not only is critical
for reducing 𝛽𝛽(0]) background (Section 5), but also, in
combination with low backgrounds, opens up new physics
programs for theMajoranaDemonstrator. Recent exper-
iments [38–41] have shown the sensitivity of P-type, Point-
Contact (P-PC) Ge detectors to light WIMP (<10GeV/𝑐2)
dark matter via direct detection. A very recent excess of
low-energy events reported by the CDMS collaboration [42]
lends further motivation for doing such a measurement. The
Demonstratormay improve the current lightWIMP limits
by two orders of magnitude [43].

In addition to lightWIMPS,Majoranawill also be sensi-
tive to solar axions that interact in the Ge crystals via several
possible axion-electron coupling mechanisms. One of these
mechanisms of particular interest to Majorana relies on the
Primakoff conversion of axions into photons within the Ge
crystal latticewhen aBragg condition is satisfied [44, 45].This
technique requires knowledge of the crystal axis orientation
relative to the sun at all times to maximize sensitivity. The
collaboration will measure the detector crystal orientation
for this purpose. The Majorana Demonstrator can also
search for solar axions generated by the bremsstrahlung
mechanism in the sun [46] and detected by the axioelectric
effect [47]. Since this axion spectrum peaks at about 0.6 keV
and falls sharply by an order of magnitude by about 3 keV, the
low threshold and background are keys for thismeasurement.

Majorana will also be sensitive to Pauli exclusion prin-
ciple violating (PEPV) decays [48]. In this process, an atomic
electron in a Ge atom spontaneously transitions from an
upper shell to the K-shell, resulting in 3-ground shell elec-
trons. During this deexcitation, a photon of energy close to
that of a K-shell X-ray (10 keV) is emitted. The slight differ-
ence in energy is due to the extrascreening of the nucleus by
the two K-shell electrons.The detection of this photon would
indicate a PEPV decay. Given the large number of atoms
present in 40 kg of Ge, this will be a sensitive test of PEPV
effects.

P-PC detectors were originally proposed for detecting
coherent nuclear scattering of reactor neutrinos [49] and
there is interest in usingHPGe detectors to do a similarmeas-
urement with higher energy neutrinos at the spallation
neutron source at Oak Ridge National Laboratory or similar
sources [50, 51]. A cryostat full of natural germanium detec-
tors, similar to that planned for the Demonstrator,
deployed at a shallow underground site near the spallation
neutron source target should have sufficient sensitivity to
make an observation of this process. Such an effort could
demonstrate the feasibility of P-PC technology for reactor
monitoring and nuclear treaty verification.

2. The Majorana Demonstrator:
An Overview

The Majorana Demonstrator is an array of enriched and
natural germanium detectors that will search for the 𝛽𝛽(0])
decay of the isotope 76Ge.The specific goals of theMajorana
Demonstrator are

(1) demonstrate a path forward to achieve a background
rate at or below 1 cnt/(ROI-t-y) in the 4 keV region
of interest (ROI) around the 2039 keV 𝑄-value for
76Ge 𝛽𝛽(0]) decay. This is required for tonne-
scale germanium-based searches that will probe the
inverted hierarchy parameter space for 𝛽𝛽(0]) decay;

(2) show technical and engineering scalability toward a
tonne-scale instrument;

(3) test the Klapdor-Kleingrothaus claim [19];
(4) perform searches for physics beyond the standard

model, such as the search for dark matter and axions.

Majorana utilizes the demonstrated benefits of enriched
high-purity germanium (HPGe) detectors. These include
intrinsically low-background source material, understood
enrichment chemistry, excellent energy resolution, and
sophisticated event reconstruction. The main technical chal-
lenge is the reduction of environmental ionizing radiation
backgrounds by about a factor 100 below what has been
achieved in previous experiments.

We have designed a modular instrument composed of
two cryostats built fromultrapure electroformed copper, with
each cryostat capable of housing over 20 kg of P-PC detectors.
P-PC detectors were chosen after extensive R&D by the
collaboration and each has a mass of about 0.6–1.0 kg. The
baseline plan calls for 30 kg of the detectors to be built from
Gematerial enriched to 86% in isotope 76 and 10 kg fabricated
from natural Ge (7.8% 76Ge). The modular approach will
allow us to assemble and optimize each cryostat independ-
ently, providing a fast deployment with minimum interfer-
ence on already-operational detectors.

Starting from the innermost cavity, the cryostats will be
surrounded by an inner layer of electroformed copper, an
outer layer of oxygen-free high thermal conductivity (OFHC)
copper, high-purity lead, an active muon veto, polyethylene,
and borated polyethylene. The cryostats, copper, and lead
shielding will all be enclosed in a radon exclusion box. The
entire experiment will be located in a clean room at the 4850
level (1478m) of the Sanford Underground Research Facility
(SURF) in Lead, South Dakota.

3. The P-PC-Detector Technology

At the heart of Majorana is its enriched p-type point-
contact HPGe detectors [49, 52]. These detectors have all
the benefits of coax HPGE detectors traditionally used for
𝛽𝛽(0]), but also possess superb pulse-shape analysis (PSA)
discrimination between single-site interactions (such as
𝛽𝛽(0])-decay events) and multisite interaction events (such
as Compton scattering of 𝛾-ray backgrounds), making them
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highly suitable for 𝛽𝛽(0]) searches. Their small capacitance
results in superb energy resolution and a low-energy thresh-
old, making them suitable for event correlation techniques
usingX-rays. Furthermore, they are relatively robust and sim-
ple to produce.Their simplicity has the advantage of reducing
the characterization studies and detector-to-detector tuning
required for an effective PSA algorithm.

Like coaxial Ge detectors, P-PC detectors are cylindrical
in shape.The electron holes, however, are collected on a small,
shallow contact, rather than a long-extended electrode as in
a coaxial detector. In the detectors, made for Majorana, this
“point contact” varies in diameter fromabout 2 to 6.5mmand
in depth from less than amicron (for implanted contacts) to a
few mm. Since they have no long inner contact, P-PC detect-
ors are generally limited in their length-to-diameter aspect
ratio. If a crystal is too long, it can result in having a “pinch-
off” island of undepleted material in the center, especially if
the Point-Contact end of the crystal has a lower net impurity
concentration than the opposite end. This can be alleviated
by using crystals with larger impurity gradients and ensuring
that the point contact is placed at the end of the crystal where
the material is of higher impurity (generally the seed end).

The Majorana collaboration has procured 20 kg of
natural-germanium modified-BEGe detectors from CAN-
BERRA industries [53], modified so as not to have the thin
front window that permits sensitivity to low-energy external
𝛾-rays. These detectors typically have masses in the range of
600–700 g and use a thin, implanted contact. Detectors from
enriched 76Ge material are being produced by AMETEK/
ORTEC [54]. These detectors have a mass of around 1 kg
each, with a greater length-to-diameter ratio than that of the
BEGe detectors. We anticipate that approximately 30 kg of
these detectors will be produced for the Majorana Demon-
strator from the 41.6 kg of 86% enriched 76Ge material
supplied to AMETEK/ORTEC.

Figure 1 illustrates our modeling of a sample P-PC detec-
tor, 5 cm in diameter and 5 cm long. The color scale shows
hole drift speeds, in mm/ns, the black lines show charge drift
trajectories, and the light grey lines show “isochrones”-loci of
equal hole drift time for events in the detector bulk. We have
adapted such drift-time calculations to create a PSA heuristic
for Geant4 simulations (see Section 5.3) of the remaining
background in theMajoranaDemonstrator following the
PSA cut. For this PSA heuristic, multiple interactions within
an event are examined for their relative drift times, and that
information is combined with each individual energy deposit
to determine whether the PSA algorithmwould be capable of
rejecting the event.

Measured signals from a P-PC detector are shown in
Figure 2. Both current and charge pulses are shown, for both
a single-site (a) and a multisite (b) 𝛾-ray events. The differ-
ence in signal shape is readily apparent, with four distinct
interactions evident in (b).TheMajorana collaboration uses
two different types of PSA algorithm to discriminate between
these two classes of events.The first of these, developed by the
GERDA collaboration [55], compares the maximum height
of the current pulse (𝐴) to the total energy of the event (𝐸)
as determined from the height of the charge pulse. Multiple
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Figure 1: Calculated hole drift in a 5 cm diameter × 5 cm long P-PC
detector.

interactions result inmultiple charge pulses separated in time
and therefore in a reduced value of 𝐴/𝐸.

An alternative approach [56] uses a library of unique,
measured single-site signals to perform event-by-event 𝜒2
fitting of experimental pulse shapes. A method for building
this library from a large number of measured signals has
been developed and tested with simulation and experimental
studies. Results of this optimized PSA algorithm on P-PC
data are shown in Figure 3, where the high spectrum is for all
events from a 232Thsource, and the low spectrum is for events
that pass the PSA cut. The strong peak remaining is the
double-escape peak from the 2615 keV 208Tl 𝛾-ray, which is
a proxy for single-site 𝛽𝛽(0])-decay events. The algorithm
retains at least 95% of these events while rejecting up to 99%
of the single-escape, multisite events. One should compare
this to the A/E results of [55] where the double-escape peak
events are accepted at 89% and the single-escape peaks are
rejected at 93%.

More recently, we have also developed a model for slow,
partial-energy events from interactions within the lithium
contact layer on the outer edge of P-PC detectors. This layer
is typically 1mm in thickness but is not entirely inactive
material. Hence, events within that layer can produce signals
with long rise-times and partial-energy collection. We now
understand these signals as the result of competition between
the diffusion of holes out of the Li layer with the recombina-
tion of electrons and holes at Li precipitates [57, 58]. Since
these slow events can potentially generate much of the back-
ground at very low energies, a detailed and comprehensive
understanding of this process is crucial for darkmatter, axion,
and other low energy-dominated physics sensitivity.

4. The Majorana Demonstrator

Construction and Facility

4.1. Enrichment, Ge Reduction and Refinement, and Detector
Production. TheDemonstratorbaseline plan calls for 30 kg
of enriched Ge detectors. The Collaboration acquired 42.5 kg
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Figure 2: Current and charge pulse responses of a P-PC detector to single- andmultisite 𝛾-ray events.The pulse shapes in (a) show the charge
(top) and current (bottom) signals resulting from a typical single-site interaction, while (b) shows how the pulse-shape response to amultisite
interaction is clearly different.

of 76Ge in the form of 60.5 kg of 76GeO
2
, which was produced

by the Joint Stock Company Production Association Electro-
chemical Plant (ECP) in Russia. The order was delivered to
Oak Ridge, TN, United States, in two shipments. The first
20 kg was delivered in September 2011, while the rest was
delivered in October 2012. A special steel container was con-
structed to minimize the exposure of the enriched 76Ge to
cosmic rays during transport. The calculated cosmic ray pro-
duction of 68Ge and 60Co is reduced by a factor 10 and 15,
respectively, for samples transported within this container.
Shielded storage for the enriched material being processed

in Oak Ridge is provided by a cave located about 8 km
from the processing and detector manufacturing facilities.
The cave has an overburden of 40m of rock, which is more
than adequate for shielding the enriched material from the
hadronic component of cosmic rays.

Electrochemical Systems Inc. (ESI), in Oak Ridge, TN,
provided the first stage of material preparation. Before pro-
cessing any enriched material, pilot tests with natural GeO

2

were performed to qualify the procedures. The delivered
76GeO

2
from ECP underwent a high-temperature reduc-

tion in a hydrogen atmosphere. When the resistivity of
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Figure 3: Pulse-shape analysis results for P-PC data. The red spec-
trum is for all events within the energy range, while the blue spec-
trum is for events that pass the PSA cut.

the reduced material was greater than 3Ω cm, the material
was then purified by zone refinement to reach a resistivity of
>47Ω cm. The processing by ESI provided a yield of 98% of
enriched material suitable for further refinement and detec-
tor manufacturing. In addition to the process qualification of
the refinement at ESI, AMETEK/ORTEC produced two P-PC
detectors fabricated from natural Ge that had been reduced
and purified by ESI.

The refined enriched material from ESI was further puri-
fied by zone refining at AMETEK/ORTEC before being used
as charge in a Czochralski crystal puller. Detector blanks were
cut from the pulled crystals (∼70mm diameter), followed
by the standard detector manufacturing steps of lithiation,
implantation of the p+ contact, and passivation. At each
step, the mass of the enriched materials being handled was
recorded for inventory control. In the production of the
enriched P-PC detectors, slurries from detector cutting and
shaping processes, as well as small samples cut from the
pulled crystal for evaluation, were saved and reprocessed by
ESI for reuse in detector production. Acids that were used
in the detector manufacturing process were not saved. At
all stages of the detector fabrication process, any enriched
materials that were not being worked on were transported
back to the cave for storage.

Once an enriched detector ismanufactured, it is mounted
in a PopTop capsule and tested for performance.The PopTop
detector capsule, which can be detached from the cold finger,
offers superior portability and ease of disassembly—qualities
that are essential for transferring the detector from the
capsule to the low-background string mounts used in the
Demonstrator. In order to mitigate contamination of the
mounted detector in a PopTop capsule, the parts that are in
direct contact with the detector aremade fromonly radiopure
materials. For example, indium contacts are replaced by gold
or clean tin contacts, and synthetic charcoal with low radon
emanation rate is used tomaintain the vacuum in the capsule.

The production of enriched detectors began inNovember
2012. As of April 2013, ten enriched detectors with a total
mass of approximately 9.5 kg have been fabricated with eight
delivered to SURF.The detectors were transported by ground
to SURF, and a portable muon counter [59] was used to log
the cosmic-ray exposure during the trip.

4.2. Detector Array Configuration. The detector array for
Demonstrator is designed with many goals in mind. The
functional requirements are as follows.

(i) Only the most radiopure materials are used to con-
struct the detector holder. All the detector and string
components are made out of two possible materials:
underground electroformed Cu (UGEFCu) from the
temporary clean room (TCR) (Section 4.3.2) or NXT-
85 (a Teflon that is specially manufactured in a clean
room environment, Section 5). The UGEFCu has a
maximum thickness of 1.27 cm and the NXT-85 parts
are fabricated from 15.875 cm long rods that are
3.175 cm in diameter. The NXT-85 mass is minimized
and used only where electrical insulation is required.

(ii) UGEFCu and NXT-85 parts are processed in the
cleanroom machine shop (Section 4.7), so designs
must be compatible with themachine tools purchased
for this shop. Use of wire electric dischargemachining
(EDM) is preferred as a clean material removal tech-
nique.

(iii) A 5mm vacuum gap or 1mm of NXT-85 is required
to isolate high voltage from neutral components.

(iv) The detectors have variable dimensions in order to
maximize the yield of enriched germanium. Unique
parts are minimized in order to allow a wide range of
detector sizes to be packaged while still providing a
high packing factor of germanium in each cryostat.

(v) Threaded connections are difficult to produce and
keep clean. We minimized the number of threaded
connections, and where that was not practical, special
methods are employed to ensure quality, cleanliness,
and repeatability of threaded connections.

Each detector is housed in a frame referred to as a detector
unit (Figure 4). The crystal mounting plate (CMP) is the
foundation, while 3 hollow hex rods and high-voltage (HV)
nuts provide connection to the HV ring, which clamps the
detector in place. The crystal insulators provide electrical
isolation between theHV surface of the detector and the neu-
tral CMP. The crystal insulators are also sized to compensate
for the different coefficients of thermal expansion of copper
and germanium, providing equivalent clamping force when
operating warm and cold.

The crystal insulators snap into place on the CMP, as does
the contact pin bushing. The contact pin and low mass front
end (LMFE) board are held in place by the spring clip, which
provides contact pressure between the pin and detector. The
spring clip is held in place and tensioned by parylene-coated
number 4–40Cu nuts on thread-milled studs in the CMP.
Parylene coating of these nuts provides a higher strength
connection than that of NXT-85 nuts while providing thread
lubrication to prevent copper galling.

Up to five detector units are stacked into a string
(Figure 5). The string is clamped together with tie rods. The
string adapter plate connects the string to the coldplate. The
tie rod bottom nuts and adapter plate nuts, also parylene
coated, provide a strong clamping force for thermal contact.
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Figure 4: A rendering of the detector unit design (see text for details).
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Figure 5: A rendering of the string design (see text for details).

The LMFE board is built on a 0.025 cm thick fused silica
substrate, with all of the cold electronics mounted on the
board.TheLMFEassembly is then inserted into spring fingers
on the spring clip.This assembly is thenmounted to the CMP.
After the contact pin and detector are mounted, the spring
clip tensioning nut is set to apply the appropriate contact pres-
sure.

The detector units are designed to accommodate a wide
range of detector sizes frommultiple vendors. Detectors have
the shape of a right cylinder and can have a diameter of 50–77
mm and a height up to 65mm. Variations in diameter and
corner sharpness can be accounted for by producing custom
crystal insulators. Variations in the details of the pin contact
with respect to the overall shape are accounted for by having
2 different pin lengths. Variations of less than 0.5mm in this
geometry can be accounted for by adjusting the spring clip
tension starting point.

The special methods for threaded connections include
the use of dedicated tools, as with all parts machined

underground, to avoid cross contamination. The number 4–
40 studs on the CMP are threadmilled from bulkmaterial, so
instead of having independent screws, there are in place
studs that protrude from the interior surface. Interior threads
are made using roll-form taps, which produce a consistent
thread quality and no burr. All interior threads are of the
smallest depth necessary for strength, and there are no blind
tapped holes. This makes cleaning and drying parts easier.
All threaded parts are verified by hand before release for final
cleaning.

4.3. The Electroformed Copper Cryostats, the Thermosyphon,
and the Vacuum System

4.3.1. The Majorana Demonstrator Module. The Major-
ana Demonstrator is a modular instrument as the detec-
tor strings are deployed in two copper cryostats, each is
outfitted with its own vacuum and cryogenic systems for
independent operation. This modular scheme allows for
phased deployment of detectors as they become available
and suggests a scheme for development of a tonne-scale
76Ge experiment; a larger experiment can be constructed by
deploying several similar cryogenic modules. The cryostats
designed for the Demonstrator are each capable of housing
seven of the previously described detector strings, for a
total capacity of ∼20 kg of HPGe detectors apiece. The first
cryostat, Cryostat 1, will contain detectors produced from
both natural and enriched germanium. The second cryo-
stat, Cryostat 2, will only contain detectors produced from
enriched germanium. The cryostats are constructed from
copper: a design decision motived by the ability to produce
ultrapure copper through chemical electroforming. Cryostats
1 and 2 are fabricated from this ultrapure copper, while an
initial prototype cryostat is fabricated from commercially
sourced copper. The prototype cryostat will only contain
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two strings of detectors produced from natural germanium.
It serves as a testbed for mechanical designs, fabrication
methods, and assembly procedures that will be used for the
construction of the electroformed copper Cryostats 1 and 2.

4.3.2. Electroforming. The primary requirement for the cop-
per used in the Majorana Demonstrator is that it is suf-
ficiently purified. This includes removal of naturally occur-
ring radioactivity from U and Th, as well as the elimination
and prevention of reformation of cosmogenic radioisotopes
species. Due to its large total mass, the radiopurity goal for
the copper that is used in the inner shield and detector com-
ponents is very stringent. To attain the background goal of
3 cnts/(ROI-t-y), the required purity levels are<0.3 𝜇Bq 238U/
kg Cu (or 2.4× 10−14 g 238U/g Cu), and <0.3 𝜇Bq 232Th/kg Cu
(or 7.5×10−14 g 232Th/gCu). Electroforming copper in a care-
fully controlled manner within a clean environment allows
one to produce copper with the required radiopurity [60].

A secondary requirement for the electroformed copper
relates to its physical properties. The mechanical properties
of electroformed copper can vary drastically depending on
the conditions under which it was formed. Conditions that
favor high purity can form large crystalline structures with
poor mechanical strength. Small polycrystalline formations
can exhibit adequate tensile strength but lower purities.These
conditions, which are seemingly at odds with one another,
require that a careful balance of operational parameters
should be obtained in the electroforming production process.

Design considerations for load bearing components were
carried out using conservative estimates for material prop-
erties such as yield strength. The design yield stress value
used for electroformed copper was estimated to be 48MPa.
Mechanical testing and evaluation is necessary to prove the
plated material’s ability to withstand the loading conditions
without failure. Mechanical evaluation has shown the yield
strength to be 83.2MPa [61] on average with a significant
degree of strain hardening observed. The UGEFCu has,
therefore, shown compliance with the design criteria.

The electroformed material for the Demonstrator has
been fabricated mostly from cylinders that are up to 35.6 cm
in diameter (the inside diameter of the cryostats). The ther-
mosyphonwas formed on amandrel 1.90 cm in diameter.The
copper produced can range from a few tens ofmicrons to very
thick plates near 1.4 cm.Time constraints are the primary lim-
itation when producing very thick electroforms. The current
plating rate for the demonstrator’s copper is typically from
38 to 64 𝜇m per day, depending on a variety of parameters.
While this rate can be increased, it is at the expense of purity
and mechanical properties of the electrodeposited material.
From the plating rate indicated, a 1.4 cm thick electroform
takes approximately 8–12 months to complete.

4.3.3. CryostatDesign. Thecryostat is a copper vacuumenclo-
sure that includes an electron-beam-welded vessel assembly
along with removable top and bottom lids (see Figure 6).
The vacuum seals between these components are a custom
Majorana design that uses thin (51 𝜇m thick) parylene gas-
kets sandwiched between tapered surfaces machined into

the copper components. Copper rail sectors and clamp bolts
are used to maintain parallelism during assembly and pump
down. Vacuum forces are sufficient to maintain the seal, so
bolt strength is not a factor in effective sealing.

Detector strings aremounted to a copper coldplate, which
rests onVespel pins that provide support and alignmentwhile
maintaining a thermal break from the room temperature
vacuum vessel. An infrared (IR) shield is mounted to the
underside of the coldplate to reduce detector leakage current
generated by IR radiation. The cryostat is supported at its
crossarm by a copper frame (not shown in Figure 6) inside
the lead stack. A transition is made to stainless steel conflat
vacuum hardware at the far end of the crossarm tube via a
copper/stainless explosion-bonded transition flange. All of
the stainless steel vacuum hardware is located outside of the
Demonstrator’s passive shielding.

4.3.4. Vacuum System. Each cryostat is mounted to its own
vacuum system and constructed from all-metal ultrahigh
vacuum components. A 200 lpm oil-free diaphragm pump
provides rough vacuum, a 300 lps turbo-molecular pump is
used for initial pump down to UHV pressures, and a 1500
lps cryopump is used for steady state operation. A nonevap-
orable getter (NEG) pump is used to remove built-up non-
condensable gasses. A residual gas analyzer provides mass
spectrometry analysis of the vacuum.All of the active compo-
nents, including valves, are remotely operable, and an appli-
cation has been developed tomonitor and control the system,
allowing full-remote operation (see Section 4.5). Pressures
are continuously uploaded to a slow-control database for
history viewing.

4.3.5. Cryogenics. The detector strings are cooled via the
coldplate by means of a thermosyphon [62]. The thermosy-
phon is a closed tube within the crossarm that joins the cold-
plate to a condenser volume residing outside the shield and
inside a dewar containing liquid nitrogen.The thermosyphon
contains nitrogen that is liquefied at the condenser and
transported by gravity down the length of the crossarm to the
coldplate, where, as it evaporates, it cools the coldplate. The
evaporated nitrogen travels back to the condenser where it is
reliquefied. In this cycle, heat is transported from the cold-
plate to liquid nitrogen in the dewar. The liquid nitrogen in
the dewar then evaporates and is replenished froman external
supply. The dual-phase nitrogen within the thermosyphon
has a large effective thermal conductivity providing the
required cooling power for the Demonstrator. The oper-
ating temperature can be tuned by adjusting the amount of
thermosyphon nitrogen. By producing only a thin layer of
condensed nitrogen at the coldplate, microphonics from
evaporation is minimized.

The thermosyphon system consists of a thermosyphon
tube, custom liquid nitrogen dewar, gaseous N

2
plumbing

for loading nitrogen into the tube, and an external ballast
tank. The thermosyphon tube is constructed from the same
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Figure 6: The Majorana Demonstrator module. Detector Strings are housed within ultralow background cryostats, each of which are
supplied with its own vacuum and cryogenic systems (see text for details of vacuum and cryogenic system function).

grade of UGEFCu as that from which the cryostat is fab-
ricated. The liquid nitrogen dewar is a custom-fabricated
device which includes the condenser volume with an in-vac-
uum connection to the thermosyphon tube and an in-air
connection to the N

2
supply. The external ballast tank is pri-

marily a safety feature, allowing for evaporation of condensed
thermosyphon-tube nitrogen in the case of a loss of liquid
nitrogen supply, without creating a hazardous overpressure
condition. Additionally, since the ballast tank is isolated from
the thermosyphon tube, nitrogen can be stored for sev-
eral 222Rnhalf-lives (3.8 days) before it is loaded into the ther-
mosyphon tube. In this way we can ensure that the nitrogen
circulated in the thermosyphon tube is radon-free.

4.4. Detector Acceptance, Characterization, and Calibration.
There are a number of experimental characteristics that need
to be monitored during the course of the experiment includ-
ing:

(i) energy scale and linearity;
(ii) absolute efficiency for double-beta decay within each

detector;
(iii) energy resolution and peak shape;

(iv) background and signal tagging efficiencies;

(v) pulse waveforms response.

We have developed a three-phase plan to ensure that the
required data are acquired. The phases include acceptance,
characterization, and calibration. The acceptance testing is
the initial phase of evaluating the detector performance.This
type of testing is done upon receipt of the detectors from their
manufacturers and is performed in the transport cryostats
with the original manufacturer-supplied preamplifiers. The
tests conducted during this phase are relatively cursory and
meant solely to establish that the received detectors meet
some minimum qualifications. The basic tests performed are
energy scale and resolution, relative efficiency, leakage cur-
rent or capacitance at depletion, initial estimate of the dead
layer, and detector mass and dimensions.

Characterization measurements are conducted to fully
determine the operating behavior of a detector. This includes
energy scale, resolution, capacitance measurements, single-
site and multiple-site event separation performance, dead-
layermeasurements, and crystal-axismeasurements. Charac-
terization measurements are done with detectors in the final
string configuration both within a test cryostat and within
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the Demonstrator cryostat prior to operation, that is, prior
to commissioning.

The calibration measurements are designed to monitor
the stability of the system during run-time operation. Ini-
tially, hour-long calibrations with a 228Thsource will be con-
ducted on aweekly basis.These runswillmeasure the stability
of the energy scale and resolution, efficiency, and pulse-shape
analysis (PSA) efficiency. Once the stability of the detect-
ors has been established, the time period between the source
calibrations can be extended to twice monthly or even
monthly.

In the detector and string characterization stage, mea-
surements are being performed with button sources ( 133Ba,
60Co, and 241Am) in a clean room environment. Once the
detector strings are loaded into the cryostat, access will be
limited. Each monolith will have a low-background source
pathway of PTFE tubing that spirals around the outside of the
cryostat. A line source of 228Thwill be remotely fed into the
pathway, enabling the calibration of the entire cryostat with a
single source either during final testing or after the monolith
is placed in the shield. Simulations have shown that in an
hour-long run we can accumulate the necessary statistics to
monitor the efficiency, PSA performance, energy scale, and
resolution while simultaneously keeping the count rate below
the signal pile-up threshold of ∼100Hz. The source will be
parked in an external garage separated from the shield-pen-
etrating section of the pathway by an automated valve system.
During calibration runs, the valve will be open, and the
entire pathway will be purged with liquid nitrogen boil-off.
During production runs, the shield-penetrating section of the
pathway will be sealed off from the garage. The source itself
will be encased in two plastic tubes to prevent leaving residual
radioactivity within the pathway.

4.5. Electronics and Data Acquisition

4.5.1.The Detector Readout Electronics. Each of the two cryo-
stat modules in the Demonstrator contains seven strings,
with each string holding up to five detectors. Figure 7 illus-
trates the basic design of the low-noise, low-radioactivity
signal-readout electronics. It consists of the LMFE [63], a
circuit containing the input FET and feedback components,
which is located close to the detector in order to minimize
stray input capacitance. It also includes the preamplifier,
which lies outside the cryostat and is connected to the LMFE
by a long cable. The main challenges to the practical realiza-
tion of this design are sourcing components for the front end
that are low in both noise and radioactivity and dealing with
the long cable in the feedback loop.

The LMFE is a resistive feedback circuit.This architecture
has various benefits over the common pulse reset alternative;
namely, that it is simpler and avoids interference from reset
pulses: a problem for multiple-detector systems. The LMFE
is 20.5 × 7mm2 in size and weights approximately 80mg.
The substrate is fused silica, which was chosen for its high
radiopurity, low dielectric losses, and low thermal conduc-
tivity. Its low thermal conductivity means that a significant
temperature gradient can be maintained across the board. By

Detector

Front end Cable Preamplifier

Figure 7: A high-level illustration of the signal readout scheme for
each detector channel (see text for details on this readout design and
the typical values for the components).

choosing an appropriate geometry and thermal conductivity
for the substrate, the FET can be maintained at its optimal
operating temperature for noise performance by self-heating
which is adjustable by controlling drain to source voltage.
The chosen FET is a bare Moxtek MX-11 JFET low-noise die
with high transconductance and very low-input capacitance.
It is attached to the silica board with silver epoxy via its
gate substrate, while the source and drain pads are connected
to traces with Al–Si wire bonds. The feedback resistor is
formed by sputtering a layer of amorphous Ge (a-Ge) and
has a resistance of ∼10–100GΩ at cryogenic temperatures.
The feedback capacitance of ∼0.2 pF is formed by the stray
capacitance between traces on the front end.

Extraordinarily, low-noise levels can be achieved using
the front end design previously described. The equivalent
noise charge achieved without a detector was 55 eV FWHM,
and with a detector, a small P-PC, it was 85 eV. The noise
levels are not representative of what will be achieved in the
Demonstrator because of the greater detector capacitance,
but they indicate that the noise resulting from the materials
and components of the front end board will not be the
limiting factor. To minimize the material budget and thermal
dissipation in the cryostat, a 0.4mm diameter, ∼2m long
miniature 50Ω coaxial cable is used to drive signals from the
LMFE to the first stage of the preamplifier, based on a classic-
folded cascode transistor design. The preamp. is capable of
rise times below 10 ns with judicious choice of front end com-
ponents and a short cable connecting it to the front end.With
the long cable used in theDemonstrator configuration, this
rise time increases to ∼40–70 ns, depending on the length of
the cable.

The preamplifiers are organized by string position on
motherboards. On themotherboard, each detector has a low-
gain and a high-gain signal output for digitization, resulting
in a maximum of 70 channels per cryostat. The digitization
electronics for each cryostat are in separate VME crates. Each
crate has a single-board computer to read out the digitizers in
that crate and the entire system is controlled by a central DAQ
computer. A conceptual schematic of the data acquisition
electronics is given in Figure 8.

The collaboration is using GRETINA digitizer boards
[64] developed as part of the GRETINA experiment (we
gratefully thank the GRETINA collaboration for digitizer
board loans). The GRETINA cards are a combination of a
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Figure 8: A high-level schematic of the DAQ system. Each detector uses a low- and a high-gain digitizer channel for a total of 70 channels
per crate. Each VME crate has one single-board computer (SBC) that reads out all electronics in its crate, sending the resulting data to ORCA.
Data is buffered locally underground and then transferred to the surface. There will be one VME crate per module. The veto electronics will
reside only in one of the two crates.

digitizer and digital signal processor, which accept 10 inputs
directly from the detector preamplifiers and digitize at a
nominal frequency of 100MHz with 14 bit ADC precision. A
field-programmable gate array (FPGA) performs digital lead-
ing edge and/or constant fraction discrimination, trapezoidal
shaping, and pole-zero correction. Some special firmware
extensions were specifically developed for the Demonstra-
tor. These modifications allow for independent configura-
tions of the 10 input channels that allow the traces to be deci-
mated in such a way as to simultaneously capture a fully
sampled rising edgewith presummed regions before and after
the edge for studying slow pulses.The capability ofmeasuring
the input trigger rate (triggers/second) for each individual
input channel is another feature added to the card specifically
for the Demonstrator. Data records are fixed at 2020
samples/event and the card allows these samples to be the
sum of various ADC output values. This summing capability
allows the card to achieve selectable time windows (20, 40,
80, 160, and 200𝜇s) for the acquired data while maintaining a
constant event length. In the case of the Demonstrator, dif-
ferent crystal geometries can be plugged into the same card,
and therefore it is mandatory to be able to accommodate the
different time constants of the different crystals.

A controller card communicates between the moth-
erboard and the digitization electronics. The controller
card contains 16 pulse generator outputs with individually
controlled amplitudes, 16 DAC levels outputs for setting

the drain-to-source voltage of the FETs, and 16 ADC inputs to
monitor the first stage outputs of the preamplifiers.The pulser
outputs of the controller card are used for electronics calibra-
tion, monitoring the gain stability of independent channels,
and monitoring the trigger efficiency. The controller cards
are implemented in the overall DAQ system and slow-control
processor.

4.5.2. Other Data Acquisition and Electronic Systems. The
passive lead shield is surrounded by scintillator panels that
are used for an anticoincidence (veto) shield. The veto (see
Section 4.6) has separate electronics in one of the VME crates
with some additional electronics in a separateNIMBIN.Data
from the veto is read out by the main DAQ software and inte-
grated into the detector data stream. All veto events are time
stamped using a scaler that counts the common clock pulses.

To ensure accurate time-stamping of the signals, a com-
mon clock from a global positioning system (GPS) module
is distributed among the digitizer cards and the veto system.
A common reset is used as a system synchronization pulse
to simultaneously reset counters on all digitization and veto
boards, thus providing an absolute time reference for each
event.

Separate computer-controlledHVbias supply systems are
used for the detector array and the photomultipliers of the
veto shield. Each detector and phototube are powered by an
independent HV channel, allowing for optimization of the
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Figure 9: The shield system in cross section, shown with both
cryostats installed.

HV setting for each detector and enabling any detector to be
taken offline without affecting the rest of the array.

Data are transferred from theDAQcomputer to an under-
ground 32 TBRAID system and from there to the above-
ground analysis computer system. The underground RAID
storage is used as a buffer to prevent loss of data in the case of
an underground-to-surface network failure.

4.5.3. The Data Acquisition Software. TheDAQ software sys-
tem used by the Demonstrator is the object-oriented real-
time control and acquisition (ORCA) [65] application.ORCA
is a general purpose, highly modular, object-oriented, acqui-
sition, and control system that can be configured at run time
to represent different hardware configurations and data read-
out schemes by dragging items from a catalog of objects into
a configuration window. Since each object is composed of
its own fully encapsulated data structures as well as support
and diagnostic code, ORCA can easily support specific exper-
iments, such as the Demonstrator.

4.6. The Shielding Configuration. The passive shield consists
of graded shield materials starting outside of the cryostat and
extending out to the overfloor table, or base plate, uponwhich
the experiment is assembled. This system also includes the
integral calibration source track and drive system, the trans-
port mechanisms for installing and retracting the cryostat
from the bulk of the shield for access, and a radon scrubbing
and nitrogen delivery system for providing purge gas to the
internal portions of the shield. A high-level summary of
shield components is given in Table 1, and the complete shield
assembly is shown in Figure 9.

Gamma rays from the inner region of the shielding
contribute to the background. Therefore, materials with
extremely low radioactivity must be used in this region. Cop-
per can be purchased very pure and made ultrapure via
electroforming (see Section 4.3.2) to meet the specifications
required by the background budget. The innermost layer of
the shield will be 5 cm thick and built of UGEFCu sheet. The
practical upper limit on the thickness for electroforming in
our baths is about 1.40 cm, so this shield is constructed of four
layers of 1.25 cm thick plates.

Defector room
Eforming room

Machine shop
Utilities

Yates shaft

Davis Cavern
LUX

Davis Campus

80
,

Figure 10: The layout of the Davis Campus at SURF showing the
three Majorana labs and the location of the LUX experiment at
the Davis Cavern. The corridor that joins the two projects is a clean
space.

The outer copper shield is made of 5 cm thick OFHC
copper plates and machined and bolted together to provide
the mechanical reference points for the experiment. This
shield “box” is supported off the overfloor table on four
OFHC copper legs to allow for precision alignment and
reference independent of the lead shield bricks. The lead
shield consists of a 45 cm thick layer of 5.1 × 10.2 × 20.3 cm3
bricks to be stacked in place and machined as needed.

The copper and lead shield will be contained inside a
semisealed aluminum box. This box will permit for the con-
trolled purging of the gas within the inner cavity that contains
the detector modules. The box is constructed of a welded
and bolted aluminum structural frame, with 0.3175 cm thick
bolted Al panels. All seams and openings are sealed, with
the exception of the seals around the monolith, which are
gasketed and bolted for easy removal and replacement.

Two layers of veto panels surround the radon exclusion
box. Each panel consists of a 2.54 cm thick scintillating acrylic
sheet.This sheet has small longitudinal grooves machined for
wavelength-shifting fibers and is wrapped in a custom-made
reflecting layer to compensate for light attenuation along the
fibers. Light from the fibers is read out by a single 1.27 cm
photomultiplier tube.The scintillator assembly is enclosed in
a light-tight aluminum box.There are a total of 32 veto panels
surrounding the radon exclusion box, including a number
that reside within openings of the overfloor. Sheets of 2.54 cm
thick high density polyethylene (HDPE) panels, stacked up
to 30 cm of total thickness, make up the poly shield structure.
The inner 2 layers consist of borated HDPE.

4.7. Underground Facilities. TheHomestake Mine is home to
the Sanford Underground Research Facility (SURF) that has
been developed by the state of South Dakota as a site for
experiments requiring underground laboratory space. The
state of South Dakota, along with private donor T. Denny
Sanford, has committed funds that have allowed refurbish-
ment and access to underground space. Operation of SURF
is funded by the U.S. Department of Energy and the state of
South Dakota.

The Majorana laboratory space at SURF consists of
three cleanrooms in the Davis Campus complex (Figure 10),
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Table 1: A summary of the shield components.

Shield component Material Thickness
Inner copper shield 4 layers, 1.25 cm thick UGEFCu 5 cm
Outer copper shield OFHC copper, commercial 5 cm
Lead shield 5.1 × 10.24 × 20.3 cm3 bricks 45 cm
Radon exclusion box Al sheets 0.32–0.635 cm
Veto panels Scintillating acrylic 2 layers, 2.54 cm each
Poly shield HDPE 30 cm, inner layer borated

Figure 11: A view of the detector laboratory at the Davis Campus
at SURF. In this view, the glove box is to the left, and the prototype
module is at the center. In the rear, a soft-wall cleanroom is shown
that serves the purpose of an area of increased cleanliness.

near the Yates shaft, at the 4850 level (∼4260m.w.e. [66]) of
the mine. These rooms consist of a detector room, a general
purpose lab space, and a machine shop. Figure 11 shows
a picture of the detector room at SURF. This room will
house the Demonstrator and has dimensions of 32 × 40.
Next to the detector room is the machine shop. Here, all the
copper and NXT-85 parts for the Demonstrator are fab-
ricated, thus further reducing theUGEFCu’s surface exposure
to cosmic rays. The machine shop is approximately 1000 ft2
and includes two lathes, two mills, an oven, a wire electric
discharge machine, a press, a drill press, and a laser engraver.
The final room is a general purpose lab and is used for testing
the detectors prior to their installation into the Demonstra-
tor. The room is approximately 550 ft2 and was originally
designed for electroforming activities; hence, its formal name
is the electroforming room.

The final Majorana laboratory is the temporary clean-
room (TCR) (not pictured in Figure 11), which sits on the
same level as the Davis Campus and is approximately 1 km
away. It consists of a cleanroom building, shown in Figure 12,
that contains 10 electroforming baths and a small annex for
changing into cleanroom garb. The total area of the building
is 12 × 40 with the annex room consuming 8 × 12 of that
area. The TCR was required, prior to beneficial occupancy
of the Davis Campus, for initiating the slow process of
electroforming copper in order for parts to be ready on time
for assembly of the Demonstrator.

5. The Background Model and the Majorana

Demonstrator Sensitivity

The projected background in the Demonstrator is signifi-
cantly improved over previous-generation experiments. This
reduction is a result of fielding the detectors in large arrays

Figure 12: A photograph of the TCR used for electroforming on the
4850level at SURF.

that share a cryostat and minimizing the amount of inter-
stitial material. Further background suppression is achieved
through the aggressive reduction of radioactive impurities
in construction materials and minimization of exposure to
cosmic rays. Majorana will also make use of event signa-
tures to reject backgrounds that do appear, including pulse-
shape characteristics, detector hit granularity, cosmic-ray
veto tags, and single-site time correlations. In this section, we
describe these aspects of the Majorana Demonstrator
design and their impact on the projected backgrounds and
physics sensitivity.

5.1. Pure Materials. The production process for enriched
germanium detectors (enrichment, zone refining, and crystal
growth) efficiently removes natural radioactive impurities
from the bulk germanium. The cosmogenic activation iso-
topes, 60Co and 68Ge, are produced in the crystals, while they
are aboveground but can be sufficiently reduced by minimiz-
ing the time to deployment underground and by the use of
passive shielding during transport and storage.

For the main structural material in the innermost region
of the apparatus, we choose copper for its lack of naturally
occurring radioactive isotopes and its excellent physical
properties. By starting with the cleanest copper stock we have
identified and then electroforming it underground to elim-
inate primordial radioactivity and cosmogenically produced
60Co, we have achieved several orders-of-magnitude back-
ground reduction over commercial alternatives. Electro-
formed copper will also be employed for the innermost pas-
sive, high Z-shield. Commercial copper stock is clean enough
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for use as the next layer of shielding. For all uses of copper, we
have certified the cleanliness of samples via assay. Modern
lead is available with sufficient purity for use as the bulk
shielding material outside of the copper layers.

Several clean plastics are available for electrical and ther-
mal insulation. For the detector supports, we use a pure poly-
tetrafluoroethylene (PTFE), DuPont Teflon NXT-85. Thin
layers of low-radioactivity parylene will be used as a coating
on copper threads to prevent galling and for the cryostat seal.
For the few weight-bearing plastic components requiring
higher rigidity, we have sourced pure stocks of PEEK (poly-
ether ether ketone), produced by Victrex, and Vespel, pro-
duced by DuPont.

The front-end electronics are also designed to be low-
mass and ultralow background because they must be located
in the interior of the array adjacent to the detectors in order to
maintain signal fidelity. The circuit board is fabricated by
sputtering thin traces of pure gold and titanium on a silica
wafer, upon which a bare FET is mounted using silver epoxy.
A ∼GΩ-level feedback resistance is provided by depositing
intrinsically pure amorphous Ge. Detector contact is made
via an electroformed copper pin with beads of low-back-
ground tin at either end.An electroformed copper spring pro-
vides the contact force. Our signal- and high-voltage cables
are extremely low-mass miniature coaxial cable. We have
worked with the vendor to cleanly fabricate the final product
using pure stock thatwe provide for the conductor, insulation,
and shield. Cable connectors within the cryostat are made
from electroformed copper, PTFE, and the same silica circuit
boards used for the front-end electronics.

The high material purities required for the Majorana
Demonstrator necessitated the development of improved
assay capabilities. These capabilities are needed not only to
establish that the required purities can be achieved, but also
to monitor construction processes to verify that cleanliness is
maintained. We rely primarily on three assay methods: 𝛾-
ray counting, inductively coupled plasma mass spectrometry
(ICP-MS), and neutron activation analysis (NAA).

5.2. Background Rejection. One key advantage of HPGe
detectors is their inherent excellent energy resolution. Back-
ground rejection in our P-PC detectors is significant due to
not only the energy resolution, but also array granularity
(interdetector coincidences), pulse-shape discrimination,
and event time correlation. These techniques rely on the
differentiation of the spatial and temporal distributions of
𝛽𝛽(0])-decay events from most background events. Back-
ground signals from radioactive decay often include a 𝛽
and/or one or more 𝛾-rays. Such 𝛾-rays frequently undergo
multiple scatters over several centimeters. Since 𝛽𝛽(0])-
decay energy deposition typically occurs within a small
volume (≈1mm3), it is a single-site energy deposit. The two
different topologies can be separated by PSA (see Section 3).
Rejection of decay-product series using single-site time-
correlation analysis techniques is also possible in these
ultralow event rate experiments. For example, 68Ga𝛽+ decays
can only result in background to 𝛽𝛽(0]) decay if one of the
annihilation 𝛾-rays interacts in the same crystal that contains

the 𝛽+. Hence it is always a multiple-site energy deposit and
we reject much of this background through PSA. In addition,
however, 68Ga decays are preceded by the electron capture
decay of the parent 68Ge. The low threshold of the P-PC
detectors permits additional rejection by a time-correlation
cut with the 68Ge 10 keV K and 1 keV L X-rays.

5.3. Monte Carlo Simulations. The Majorana and GERDA
collaborations have jointly developed a simulation software
framework, mage, that is based on the Geant4 [67, 68]
simulation toolkit. Mage is used to simulate the response of
ultralow radioactive background detectors for ionizing radi-
ation. The development of a common simulation framework
used by both collaborations reduces duplication of effort,
eases comparison between simulated data and experiment,
and simplifies the addition of new simulated detector geome-
tries. The Mage package is described in more detail in [69].

Mage has interfaces with numerous external packages
including software that simulates charge pulse generation in
HPGe detectors. The Mage framework contains the geome-
try models of common detector objects, experimental pro-
totypes, test stands, and the Demonstrator itself. It also
implements customized event generators, Geant4 physics
lists, and output formats. All of these features are available
as class libraries that are typically compiled into a single
executable.The user selects the particular experimental setup
implementation at run time via macros. In the prototyping
phase, the simulation was used as a virtual test stand guiding
detector design, allowing an estimate of the effectiveness of
proposed background reduction techniques, and providing
an estimate of the experimental sensitivity. During operation,
Mage will be used to simulate and characterize backgrounds
to determine the ultimate sensitivity of the experiment. It
will also provide probability distribution functions (PDFs) for
likelihood-based signal extraction analyses.

Majorana has developed a detailed geometry of the
Demonstrator in Mage that consists of more than 3, 800
components. The collaboration has performed detailed sim-
ulations of 60, 000 background contributions from different
isotopes in these components that required 60 kCPU-hrs on
different Linux clusters. The simulations include estimates of
the rejection efficiencies from the analysis cuts discussed in
Section 5.2. The PSA cut efficiencies, in particular, are esti-
mated using a heuristic calculation in which multiple inter-
actions in a detector are examined for their relative drift time
using isochrone maps such as that depicted in Figure 1. That
information is combined with the energies of the interactions
to determine whether the PSA algorithmwould be capable of
rejecting the event. The summary of the background expec-
tation after all cuts is given in Figure 13. These simulation
results were used for the current background estimates and
will be used in future analyses of data.

The collaboration has also developed an automated val-
idation suite that thoroughly tests all the critical physics
processes that are being simulated by Mage and Geant4
against validated experimental data. This suite is run every
time there is amajor update toMage or geant4 to verify that
the critical physics processes are not altered between versions.
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5.4. Predicted Sensitivity of the Majorana Demonstrator.
The sensitivity of a neutrinoless double-beta decay search
increases with the exposure of the experiment but ultimately
depends on the achieved background level. This relationship
is illustrated for the Demonstrator in Figure 14, in which
wehave used the Feldman-Cousins [70] definition of sensitiv-
ity in order to transition smoothly between the background-
free and background-dominated regimes. The background
expectation for the Demonstrator is 3 cnts/(ROI-t-y) in a
4 keV energy window at the 𝛽𝛽(0])-decay endpoint energy.
A minimum exposure of about 30 kg-y is required to test the
recent claim of an observation of 𝛽𝛽(0]) decay [19].

6. Status, Prospects, and Conclusions

6.1. Status of the Majorana Demonstrator Project. The
Majorana collaboration obtained beneficial occupancy of
its Davis Campus underground laboratories in May 2012. At
the time of this writing in June 2013, the collaboration has
completed outfitting the labs, established cleanliness (the
detector room is typically better than 500 particles/ft3 of
diameter 0.5 𝜇m or smaller), and is proceeding with the
construction and assembly of the array. The underground
electroforming laboratories, which started operation in the
summer of 2011, have now produced more than 75% of the
required copper. The 42.5 kg of 86% enriched 76Ge has been
reduced from GeO

2
and refined to electronic grade Ge with

a yield of 98%. Ten enriched P-PC detectors with a total mass
of 9.5 kg have been produced by ORTEC, with eight now
underground to SURF. A prototype cryostat, the same as the

ultraclean cryostats, but fabricated from commercial copper,
has been assembled and operated with its associated vacuum
system. Two strings of natural Ge detectors have been built
in the glove boxes and are undergoing testing before they are
installed in the prototype cryostat. Cryostat 1 has been
machined from the UGEFCu. Samples obtained from all
materials being used in the Demonstrator are being
assayed. Slow-control systems and their associated sensors
are in continuous operation in all UG laboratories. Data
acquisition for detector acceptance testing, string testing, and
the main array are operational.

The prototype cryostat will be commissioned in the
summer of 2013. Cryostat 1, which will contain seven strings
of both enriched and natural Ge detectors, is scheduled to
be completed in late 2013. Cryostat 2, which is expected to
contain all enriched detectors, is expected to be assembled
in 2014. The full array should be in operation in 2015. The
Demonstrator will be operated for about 3 years in order
to collect ∼100 kg-years of exposure.

6.2. The Future Large-Scale Experiment. TheMajorana and
GERDA collaborations are working together to prepare for
a single-tonne-scale 76Ge experiment that will combine the
best technical features of both experiments. The results of
the two experiments will be used to determine the best path
forward.

The present generation of experiments will likely produce
results with limits on ⟨𝑚

𝛽𝛽
⟩ below about 100meV. The next

generationwill strive to cover the inverted hierarchy region of
the effective Majorana neutrino mass. To accomplish this,
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Figure 14: 90%C.L. sensitivity as a function of exposure for 𝛽𝛽(0])-
decay searches in 76Geunder different background scenarios.Matrix
elements from [71] were used to convert half-life to neutrino mass.
The blue band shows the region where a signal would be detected if
the recent claim [19] is correct.

an experiment will require ⟨𝑚
𝛽𝛽
⟩ sensitivity down to about

20meV. Such small neutrino masses would indicate a half-
life longer than 1027 y. As seen in Figure 14, to observe such
a long half-life, one will need a tonne or more of isotope and
backgrounds below 1 cnt/(ROI-t-y).
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double-beta decay,”Reports on Progress in Physics, vol. 75, no. 10,
Article ID 106301, 2012.

[36] J. Beringer, J.-F. Arguin, R. M. Barnett et al., “Review of particle
physics,”Physical ReviewD, vol. 86, no. 1, Article ID 010001, 1528
pages, 2012.

[37] K.-H. Ackermann, M. Agostini, M. Allardt et al., “The GERDA
experiment for the search of 0]𝛽𝛽 decay in 76Ge,”The European
Physical Journal C, vol. 73, article 2330, 2013.

[38] C. E. Aalseth, P. S. Barbeau, D. G. Cerdeño et al., “Experimental
constraints on a dark matter origin for the dama annual modu-
lation effect,” Physical Review Letters, vol. 101, no. 25, Article ID
251301, 4 pages, 2008.

[39] C. E. Aalseth, P. S. Barbeau, N. S. Bowden et al., “Results from a
search for light-mass dark matter with a p-type point contact
germanium detector,” Physical Review Letters, vol. 106, no. 13,
Article ID 131301, 4 pages, 2011.

[40] C. E. Aalseth, P. S. Barbeau, J. Colaresi et al., “Search for an
annual modulation in a p-type point contact germanium dark
matter detector,” Physical Review Letters, vol. 107, no. 14, Article
ID 141301, 5 pages, 2011.

[41] C.E. Aalseth,M. Amman, F. T. Avignone III et al., “Astroparticle
physics with a customized low-background broad energy ger-
manium detector,” Nuclear Instruments and Methods in Physics
Research A, vol. 652, no. 1, pp. 692–695, 2011.

[42] R. Agnese, Z. Ahmed, A.J. Anderson et al., “Silicon detector
dark matter results from the final exposure of CDMS II,”
Physical Review Letters, vol. 111, no. 25, Article ID 251301, 6
pages, 2013.

[43] G. K. Giovanetti, E. Aguayo, F. T. Avignone et al., “Dark matter
sensitivities of the Majorana Demonstrator,” Journal of Physics,
vol. 375, no. 1, Article ID 012014, 2012.

[44] F. T. Avignone III, D. Abriola, R. L. Brodzinski et al., “Exper-
imental search for solar axions via coherent Primakoff conver-
sion in a germanium spectrometer,” Physical Review Letters, vol.
81, no. 23, pp. 5068–5071, 1998.

[45] R. J. Creswick, F. T. Avignone III, H. A. Farach et al., “Theory
for the direct detection of solar axions by coherent Primakoff
conversion in germanium detectors,” Physics Letters B, vol. 427,
no. 3-4, pp. 235–240, 1998.

[46] A. V. Derbin, A. S. Kayunov, V. V. Muratova et al., “Constraints
on the axion-electron coupling for solar axions produced by a
Compton process and bremsstrahlung,” Physical Review D, vol.
83, no. 2, Article ID 023505, 7 pages, 2011.

[47] F. T. Avignone III, “Potential for large germanium detector
arrays for solar-axion searches utilizing the axio-electric effect
for detection,” Physical Review D, vol. 79, no. 3, Article ID
035015, 5 pages, 2009.

[48] S. R. Elliott, B. H. LaRoque, V. M. Gehman, M. F. Kidd, and M.
Chen, “An improved limit on Pauli-exclusion-principle forbid-
den atomic transitions,” Foundations of Physics, vol. 42, no. 8,
pp. 1015–1030, 2012.

[49] P. S. Barbeau, J. I. Collar, and O. Tench, “Large-mass ultralow
noise germanium detectors: performance and applications in
neutrino and astroparticle physics,” Journal of Cosmology and
Astroparticle Physics, vol. 2007, no. 9, article 009, 2007.

[50] K. Scholberg, “Prospects for measuring coherent neutrino-
nucleus elastic scattering at a stopped-pion neutrino source,”
Physical Review D, vol. 73, no. 3, Article ID 033005, 9 pages,
2006.

[51] A. J. Anderson, J. M. Conrad, E. Figueroa-Feliciano, K. Schol-
berg, and J. Spitz, “Coherent neutrino scattering in dark matter
detectors,” Physical Review D , vol. 84, no. 1, Article ID 013008,
2011.

[52] P. N. Luke, F. S. Goulding, N. W. Madden, and R. H. Pehl, “Low
capacitance large volume shaped-field germanium detector,”
IEEE Transactions on Nuclear Science, vol. 36, no. 1, pp. 926–
930, 1989.

[53] “Broad energy Ge detectors,” Canberra Industries, Meriden,
Conn, USA, 2009.

[54] “ORTEC,” Oak Ridge, Tenn, USA, 2009.
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As we enter the age of precision measurement in neutrino physics, improved flux sources are required. These must have a well
defined flavor content with energies in ranges where backgrounds are low and cross-section knowledge is high. Very few sources
of neutrinos can meet these requirements. However, pion/muon and isotope decay-at-rest sources qualify. The ideal drivers for
decay-at-rest sources are cyclotron accelerators, which are compact and relatively inexpensive. This paper describes a scheme to
produce decay-at-rest sources driven by such cyclotrons, developed within the DAE𝛿ALUS program. Examples of the value of the
high precision beams for pursuing Beyond Standard Model interactions are reviewed. New results on a combined DAE𝛿ALUS—
Hyper-K search for CP violation that achieve errors on the mixing matrix parameter of 4∘ to 12∘ are presented.

1. Introduction

As we reach the 100th anniversary of the birth of Bruno
Pontecorvo, neutrino physics is facing a transition. Neutrino
oscillations are well established, albeit in a different form
from what Pontecorvo expected [1, 2]. We have a data-driven
“Neutrino Standard Model,” (]SM) which, despite questions
about its underlying theoretical description, is remarkably
predictive. Now, the neutrino community must pivot from
“searches” to “precision measurements,” in which we can test
the ]SM.The transition requires new andbetter tools for these
measurements and further calls for original approaches to
experiments.

The ]SM is simply described in Figure 1.The three known
neutrino flavors mix within three mass states. The separa-
tions between the states, or “mass splittings,” are defined as
Δ𝑚
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the existence of each. The early solar [3–6] and atmospheric
[7–9] experiments have been joined by new results [10–15] to
establish this phenomenology [16].

The mixings are described with a 3 × 3 matrix,
commonly called the Pontecorvo-Maki-Nakagawa-Sakata
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) to the flavor eigenstates (]

𝑒
, ]
𝜇
, and ]

𝜏
):

𝑈 = (

𝑈
𝑒1

𝑈
𝑒2

𝑈
𝑒3

𝑈
𝜇1

𝑈
𝜇2

𝑈
𝜇3

𝑈
𝜏1

𝑈
𝜏2

𝑈
𝜏3

)

= (

0.795 − 0.846 0.513 − 0.585 0.126 − 0.178

0.205 − 0.543 0.416 − 0.730 0.579 − 0.808

0.215 − 0.548 0.409 − 0.725 0.567 − 0.800

) ,

(1)

where the ranges indicate our knowledge of each of the entries
[27]. Together with the mass splittings, the mixing matrix is
pictorially represented in Figure 1, in which the lengths of the
colored bars are proportional to the squared moduli of the
matrix elements, |𝑈

𝛼𝑖
|
2.
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Figure 1: Illustration of the “]SM” showingmass states andmixings.
Note that this drawing depicts only one possible mass ordering.
There remain many open questions that surround this data-driven
picture of neutrinos and oscillations.

As can be seen, our current knowledge of the mixing
matrix values is imprecise. The last entry, 𝑈

𝑒3
, was found to

be nonzero just two years ago [28–31]. Our current state of
measurement of the neutrino mixing matrix is analogous to
that of the quark sector in 1995 [32], immediately after the
discovery of the top quark. Unlike in the quark sector and its
utilization of strong production, neutrino physicists are faced
with the difficulty of both weak production and weak decay.
Our route to precision therefore drives us to high-intensity
sources coupled with ultralarge detectors.

Even at this relatively early stage, the ]SM has been
remarkably predictive. For example, the |𝑈

𝑒3
| element was

found with the Δ𝑚
2

atm splitting [33] as expected from the
model. However, many open questions remain. For example,
we know the sign of the squared mass splitting between
the two states involved in solar oscillations [16], but not the
sign involved in atmospheric oscillations. Figure 1 shows a
“hierarchy” of the mass states, after arranging the large and
small splittings so that the orientation is consistent with what
is seen in the quark sector. It is unclear if the neutrinos are
oriented in this “normal hierarchy” (𝑚

1
< 𝑚
2

< 𝑚
3
), as

shown, or if the orientation is actually “inverted” (𝑚
3

<

𝑚
1

< 𝑚
2
). Further, although the magnitudes of each of

the splittings have been measured, the absolute mass of the
neutrino is not known. We know that there is a 3 × 3 matrix
that describes the mixing but we do not know if there is CP
violation present as in the quark sector. There are also more
exotic questions surrounding the neutrino and oscillations.
For example, are there new forces appearing in neutrino inter-
actions and oscillations? Do exotic noninteracting (“sterile”)
neutrinos mix with the known active flavors? Hints for all
of these possibilities exist [34–38] with evidence extending
up to 4𝜎. The next generation of neutrino experiments must
investigate these results and clarify the present picture. If
history is any indicator of the future, it is quite likely that these
experiments, along with the more conventional ones within
the ]SM, will raise even more surprises.

Thenext step in neutrino physics requires improved tools,
in particular, sources fromwhich the energy distribution and
flavor content are very well defined. The beam energy must
be in a range where the neutrino interaction cross-section
is understood, backgrounds are low, and the detectors are
highly efficient. Decay-at-rest (DAR) sources satisfy these
requirements and provide an opportunity for the precision
measurements required for the future of neutrino physics.

This paper explores cyclotrons as a relatively low cost
means of producing DAR sources at or near underground
laboratories. We begin by discussing the pros and cons of
DAR for neutrino physics. Next, we review the history of
and development of cyclotrons. We then describe the two-
cyclotron system under development within the DAE𝛿ALUS
program.This is a phased programwhich ultimately results in
three sites that produceDARfluxes, located near an ultralarge
detector. The final sections of this paper provide examples
of the precision science opened up by the DAR sources. We
explore tests in neutrino oscillations and neutrino scattering.
We also discuss the potential impact beyond particle physics.

2. Decay-at-Rest Sources of Neutrinos

Themost common source presently used in neutrino physics
is the “conventional muon-neutrino beam.” Such a source is
produced with GeV-scale protons striking a target, resulting
in pions and kaons which decay-in-flight (DIF) to produce
neutrinos.The energy distribution and relevant backgrounds
of a given DIF beam are dependent on the design of the
beamline. For example, the characteristics of a beam are
quite sensitive to the magnetic focusing and decay region
geometry as well as primary/secondary hadron production
and interaction physics in the target. These complications
make first principles predictions of the flavor-dependent
neutrino energy distributions for both signal and background
from DIF beams quite difficult.

A number of techniques are available for DIF-based
experiments to understand the neutrino flux. Experiments
with very high interaction rates can use data to constrain
the flux. For example, the MiniBooNE experiment has suc-
cessfully used ]

𝜇
interactions, which come largely via pion

DIF from the Booster Neutrino Beamline (BNB) at Fermi
National Laboratory, to constrain the ]

𝑒
backgrounds that

are due to the subsequent decay of the pion’s daughter muon
[39]. Long baseline experiments use both a near detector and
a far detector to reduce flux uncertainties. This comparison
works well for charged current interactions, in which the
neutrino energy can be fully reconstructed. Neutrinos which
are within the acceptance of the far detector are considered
in measuring the flux of the near detector. However, this
approach is significantly less precise for neutral current
background events, because the neutrino energy cannot be
fully reconstructed. Lastly, a wide range of event topologies
are produced by conventional beams, which range in energy
from hundreds of MeV (e.g. JPARC [40], BNB [39]) up
to tens of GeV (e.g. NuMI [41], CNGS [42]). The cross-
sections for neutral current events and topologies involving
pion production are not well measured and understood [43]
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Figure 2: The 8Li isotope DAR anti-electron-neutrino flux.

and the pions (and their decay products) produced in the
events can lead to electron-like backgrounds.

DAR neutrino sources, produced through 𝜋 → 𝜇 →

] and isotope decay, offer a precision alternative to DIF
beams. DAR flux sources have well defined flavor content
and energy distributions, as can be seen with the flux from
a 𝜋 → 𝜇 → ] source shown in Figure 3. However, the
neutrino energy is low compared to DIF—ranging from a
few MeV to 52.8MeV. The low energy of a DAR source is
both an advantage and a disadvantage. A great advantage
is that two of the best-known neutrino cross-sections, each
with less than 1% uncertainty, are accessible at DAR beam
energies. The first is the inverse beta decay interaction (IBD,
]
𝑒
+ 𝑝 → 𝑒

+
+ 𝑛). This has a cross-section that is well

known because it is connected to neutron decay, which is
measured very precisely [46]. IBD can be efficiently observed
by requiring a coincidence between the prompt positron and
delayed neutron capture signal [12, 28–30]. The coincidence
signature also allows the signal to be easily distinguished from
background, especially, if the background is low as is the case
for an underground detector.The second is neutrino electron
elastic scattering (] + 𝑒 → ] + 𝑒). This cross-section is
well constrained by Standard Model measurements of 𝑒+𝑒−
scattering [47]. Although this interaction lacks a coincidence
signal, it is highly directional, even at DAR energies. On the
other hand, the low energy neutrinos from a DAR source
means that the relevant interactions have low absolute cross-
sections, leading to the high flux requirement. A DAR source
therefore has the overall disadvantage of requiring a very
intense source that can be installed at or near a detector
in an underground location. Also, DAR fluxes are isotropic,
and, depending on the 𝐿/𝐸 demanded by the experiment, the
detector may subtend small solid angle. Below, we will show
that cyclotrons, as DAR neutrino drivers, have sufficiently
high intensity and small enough size to overcome these
disadvantages.

DAR sources range in energy from up to a few MeV
from isotope decay, where we use 8Li decay as our example
(see Figure 2), to 52.8MeV from the 𝜋

+
→ 𝜇
+ chain (see

Figure 3). The flux from isotope decay is pure in flavor, while
the pion/muon decay has well defined flavor ratios.
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Figure 3:Neutrino flux distribution fromapion/muonDAR source,
from [17].

Thepion/muonDARbeam is best produced by impinging
low energy ∼ 800MeV protons on a light target to produce a
high rate of pions through the Δ-resonance. The target must
be surrounded by heavy material to stop the outgoing pions
before DIF. In this case, the neutrinos originate primarily
from𝜋

+ or𝜇+ decay.Thenegatively charged pions andmuons
stop and capture on nuclei before they can decay to produce
neutrinos [48]. The production of kaons or heavier mesons,
which could produce unwanted backgrounds, is negligible if
the primary proton energy is below about 1 GeV. The ]

𝑒
flux

can be maintained at the level ∼ 5 × 10
−4 of the ]

𝜇
flux in the

20 < 𝐸] < 52.8MeV energy range. As a result, the source is
well suited to search for ]

𝑒
appearance through oscillations

[49], as discussed below.
An isotope DAR source produces a pure electron flavor

flux through𝛽-decay. Such a source can be produced through
high-intensity, low-energy (60MeV/n) protons impinging on
a beryllium target. These and subsequent interactions result
in a flood of neutrons that are captured on surrounding
material to produce the isotope of interest. Precision exper-
iments are best performed using neutrinos above 3MeV,
where environmental backgrounds are low.As a result, high𝑄

value isotopes are favored. This process produces a very pure
]
𝑒
flux of well defined energy that can be used for scattering

and neutrino disappearance experiments.
Below, we discuss the use of 8Li as the decaying isotope,

produced by neutron capture in a 99.99% pure 7Li sleeve
surrounding the target. The 6Li content must be removed
because this isotope has a high neutron capture cross-section
that competes with the 7Li. Lithium was chosen because
99.99% isotopically pure 7Li is used by molten salt reactors
and hence can be obtained. We examined other isotopes,
including, in particular, 11Bwhich can produce 12B through
neutron capture. However, in this case, we could not find
commercially available 11B at sufficient purity to achieve a
high flux.

The IBD interaction has a large cross-section at these
MeV-scale energies, as shown in Figure 4. We note, however,
that, as the IBD interaction requires free protons as an
interaction target, this approach is relevant for water- and
scintillator-based detectors only. The IBD interaction has
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Figure 4: Overlay of high flux regions on the IBD cross-section.

a distinguished history. Pontecorvo himself first suggested a
search for this interaction, in a 1946 report to the National
Research Council of Canada [50, 51], and it was the first
type of neutrino interaction observed [52]. IBD is the signal
interaction now widely used in reactor experiments. The
reactor IBD range is shown in Figure 4 in comparison to the
DAR fluxes.

3. Cyclotrons as DAR Source Drivers

Cyclotrons represent ideal drivers for the DAR sources
discussed above. These machines are compact and of low
cost compared to most particle physics accelerators. The size,
power, and cooling requirements are sufficiently modest that
it is possible to install cyclotrons at underground laborato-
ries where these sources can be paired with existing large
scintillator and water detectors. Cyclotrons date back to Pon-
tecorvo’s era. However, and as in the case of neutrino physics,
cyclotrons have come a long way since their origin. Modern
cyclotrons are capable of producing the very high intensity
flux required for modern precision neutrino measurements.

This section reviews the history of cyclotrons, with
some discussion about how cyclotrons work. We consider
important examples in use today and then discuss their
development within the DAE𝛿ALUS project.

3.1. A Brief History of Cyclotrons. Unbeknownst to Ernest O.
Lawrence, the cyclotron was first invented by Leo Szilard,
who received a German patent for the device in 1929, but
Szilard never attempted a practical realization of his idea.
Lawrence’s own invention stemmed from his study of a paper
by Rolf Wideroe on resonant acceleration in linear structures
using radio frequency (RF) voltages. Although Lawrence
could not understand German, he was able to understand
enough of the concept from the drawings and equations to
come to his own invention.

In the Wideroe linear accelerator, a beam of ions was
accelerated through a series of small gaps between hollow

metal tubes, called drift tubes, connected in series to the
radio frequency (RF) voltage generator. At any instant of time
successive gaps carry a voltage of opposite sign—the voltage
between successive gaps is shifted by 180 degrees of RF phase.
While traversing the drift tubes the ions are shielded from
the time-varying electric field. The length of each drift tube
is chosen so that the voltage changes sign during the time it
takes the ion to traverse the tube, allowing the ion to increase
its energy. Since the nonrelativistic ions increase their velocity
in passing through the gaps, each successive drift tube must
be longer (proportional to the ion velocity times the RF-
wavelength) for the ion motion to remain in synchronism
with the RF generator. Higher and higher energy meant that
the length of the accelerator increased nonlinearly, at least
initially. The final beam energy is just the RF voltage times
the number of gaps.

To reach energies of 1MeV or more, Lawrence’s insight
was that, for nonrelativistic particles injected into a dipole
magnetic field perpendicular to the particle velocity, the
revolution frequency is independent of the particle energy.
Higher energy particles travel on larger orbits, maintaining
synchronous (or isochronous) motion. If the ion orbits are
contained within two hollow “D”-shaped electrodes (“dees”)
which are connected to an RF-voltage source, one can
accelerate ions to energies not possible with DC-voltage
structures. Beam is injected at the center of the device and
spirals outward.

Lawrence’s ideas were soon realized in practice for pro-
tons by his student M. Stanley Livingston. As has been the
case since the first accelerators, the Lawrence team pushed
forward on two fronts: particle energy and beam intensity.
The strong limitations on intensity were imposed by losses
of ions on the vertical surfaces of the cyclotron’s vacuum
chamber. This problem was mitigated when magnetic field
shims were introduced to provide a radial component to
the magnetic field. The radial component increased with
distance from the center of the cyclotron. The result was a
vertical restoring force (vertical focusing) that confines the
beam to the median horizontal plane. With vertical focusing,
many successive bunches of beam particles, each with a
different kinetic energy, could be accelerated in the cyclotron;
that is, the Lawrence cyclotron delivered a continuous train
of bunches of ions spaced by one RF period. In fact, the
synchronism between ion motion and the RF voltage only
requires that the revolution period equals an integer times the
RF-period. Any odd integer, 𝑁, will work. Choosing 𝑁 > 1

allows even more bunches in the cyclotron at any one time;
even high beam currents are possible.

Trying to increase the proton energy significantly beyond
10MeV provided a different difficulty. The revolution fre-
quency (cyclotron frequency) began to decrease due to the
relativistic increase in the proton mass. Even a change as
small as 1 to 2% is enough for the revolution frequency to
be outside of the frequency bandwidth of the RF generator
and therefore to lose synchronism with the RF voltage. The
solution to this limitation seems simple: modulate the RF
to lower values to maintain synchronism with the highest-
energy beam particles. The frequency modulated cyclotron
(or synchrocyclotron) allowed the Lawrence team to achieve
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energies as high as 340MeV with their 184-inch cyclotron.
At the University of Chicago, Enrico Fermi’s team reached
450MeV with the slightly smaller 170 inch cyclotron. In the
early 1950s this machine produced copious pions via the
Δ(3,3)-resonance.The age of accelerator-generated neutrinos
had begun. It is noteworthy that Fermi and Szilard were also
responsible for the invention of another important source of
man-made neutrinos: the nuclear reactor.

Even larger machines were built in Russia. Russia’s effort
culminated in the giant 1 GeV proton synchrocyclotron at
the Leningrad Institute for Nuclear Physics in Gatchina.
This machine was built around the world’s largest one-piece
electromagnet with a pole diameter of 7m and iron weight
of almost 8000 tonnes. Maintaining synchronism through
frequency modulation had come at a price. Only one bunch,
that is, protons of only a single energy, could be accelerated
at any one time. Therefore, the Gatchina machine could only
accelerate 0.2𝜇A, hundreds of times less than classical fixed-
frequency cyclotrons.

Generating continuous trains of ion bunches at energies
exceeding 10MeV per nucleon required yet another inven-
tion that would preserve particle synchronism despite the
acceleration being provided by fixed frequency RF power.
The solution published by Thomas in 1938 [53] showed
that conditions for both synchronism and vertical focusing
could be maintained if the vertical magnetic field, 𝐵

𝜃
, varied

with polar angle. This variation (so-called hills and valleys
of the magnetic field or field flutter) introduces a radial
component to the velocity, V

𝑟
, of the ions and therefore an

additional focusing effect due to the cross product B
𝜃
× kr.

This combination leads to scalloped orbits rather than simple
spirals. If, in addition to the azimuthal variation, the vertical
field increases in strength at larger radii, the revolution period
can remain constant (isochronous) independent of energy of
the ions over the full range of operation of the cyclotron.

Donald Kerst introduced a further improvement of
Thomas’ scheme of azimuthal variation by radial sectors.
Kerst suggested using spiral sectors to increase axial focusing
of the beam even more through the application of the
alternating gradient principle, which was by then being
designed into synchrotrons. Spiral sectors are now used in
almost all cyclotrons over ∼40MeV, enormously increasing
both the energies and the intensities available and thereby
providing a factor of ∼1000 more intense beams for 𝜋, 𝜇, n,
and neutrino production at low energies.

The energy and intensity (or current) range provided
by historical and present-day cyclotrons, compared to other
types of circular accelerators, is shown in Figure 5. Various
types of cyclotrons are noted: FF is the fixed field or clas-
sical cyclotron; FM is the frequency modulation (synchro-)
cyclotron; and AVF is the azimuthal varying field cyclotron.
One can see that, at the low energies needed for DAR beams,
cyclotrons are ideal drivers. Linear accelerators are also an
option but require much higher power and havemuch higher
cost per unit energy than cyclotrons.

Research on two existing cyclotrons has provided impor-
tant intellectual input for the 800MeV machine ultimately
envisioned for the DAE𝛿ALUS cyclotron program. These
are the separated-sector ring cyclotron at the Paul Scherrer
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Figure 5: Proton energy versus current for various existing
machines. The type of accelerator is indicated. Various types of
cyclotrons are noted, where FF is the fixed field or classical cyclotron;
FM is the frequency modulation (synchro-) cyclotron; and AVF is
the azimuthal varying field cyclotron. This plot is taken from [18].

Institute (PSI) in Villigen, Switzerland [54], and the super-
conducting ring cyclotron (SRC) at RIKEN,Wako, Japan [55].
In separated-sector cyclotrons, the sectors have individual
yokes and coils; the valleys are magnetic field-free and are
available for RF power, beam injection and extraction, and
diagnostics. Suchmachines require amedium energy (several
tens of MeV) injector. With an energy of 590MeV and
beam current of 2.4mA, the PSI ring cyclotron is currently
the world’s most powerful accelerator in this energy range,
delivering 1.4MW of protons [54], as seen in Figure 5. The
PSI complex routinely achieves 99.98% extraction efficiency,
and this sets the bar for future accelerators such as those in
the DAE𝛿ALUS program.

The RIKEN SRC is the world’s first ring cyclotron that
uses superconducting magnets, and it has the strongest beam
bending force among the cyclotrons.This cyclotron, although
designed for high-energy highly stripped heavy ion beams,
represents an engineering “proof-of-practice” design for a
cyclotron magnet applicable for the 800MeV/n DAE𝛿ALUS
SRC. RIKENdoes not appear on Figure 5 because it is a heavy
ion rather than a proton machine. As such, the current from
the RIKEN machine is limited by the available shielding,
and not by the machine design. RIKEN can boost the ion
beam energy up to 440MeV/nucleon for light ions and up
to 350MeV/nucleon for very heavy ions, such as uranium
nuclei, to produce intense radioactive beams. The SRC
consists of six major superconducting sector magnets with
a maximum field of 3.8 T. The total stored energy is 235MJ,
and its overall dimensions are 19m diameter, 8m height, and
8,300 tons. The magnet system assembly was completed in
August 2005 and successfully reached the maximum field in
November 2005. After magnetic field measurements for two
months, the superconducting magnet was installed and the
first beam was extracted from the SRC in December 2006.

3.2. Cyclotrons as Pion/Muon Factories. Cyclotrons have been
used to produce pions and muons for many years; what
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is novel about DAE𝛿ALUS is their application as drivers
for DAR sources, in which the pions and muons come
to rest and decay to neutrinos. In fact, two out of three
of the major “meson factories” commissioned in the 1970s
were cyclotron-based. These were TRIUMF, in Vancouver,
BC, Canada [56], and SIN [57] (now PSI) in Villigen,
Switzerland. The competing technology was LAMPF [58]
(now LANSCE) at Los Alamos, which was an 800MeV
linear accelerator. These two cyclotron facilities remain at
the forefront of precision pion and muon studies to this
day. TRIUMF, a 500MeV H− cyclotron, produces several
hundred 𝜇A. This program has expanded to also become a
world-leading laboratory for radioactive ion beams. PSI is
currently the world’s most powerful accelerator in this energy
range with 590MeV protons. At 1.4MW of beam power,
this cyclotron is a shining example of high-quality beams
with extremely high extraction efficiency (99.98%) and low
beam losses (<200W per cyclotron vault). An example of the
beautiful muon physics now being published from PSI is the
precision measurement of 𝐺

𝐹
from the MuLan experiment

[59]. However, the PSI program with the primary beam is
now evolving toward being primarily directed at production
of low-energy (meV) neutrons via the spallation process for
neutron scattering and diffraction studies of materials. These
cyclotrons, which have been a tremendous asset to the field,
inform the DAE𝛿ALUS design below.

Although neither the TRIUMF nor PSI machines have
been applied to the neutrino field, DAR experiments were
conducted at Los Alamos with the competing LAMPF beam
[60, 61]. Also, it should be noted that other low-energy
synchrotrons have also hosted or are considering important
neutrino decay-at-rest experiments, namely, the 700MeV
ISIS machine at the Rutherford Appleton Lab in UK (KAR-
MEN [62]) and the SNS at Oak Ridge [63].

3.3. The DAE𝛿ALUS Cyclotrons. The DAE𝛿ALUS cyclotron
system accelerates ions through a series of two cyclotrons.
The full system is called an “accelerating module.” Figure 6
shows the schematic layout of one of the H+

2
accelerating

modules. The DAE𝛿AUS injector cyclotron (DIC) captures
up to 5mA (electrical) of H+

2
and accelerates the beam to

about 60MeV/n.This beam is extracted electrostatically.This

beam can then be used for a stand-alone program (IsoDAR)
or for injection into the DSRC for further acceleration
(DAE𝛿ALUS). This second machine consists of 8 wedge-
shaped superconducting magnets and 6 RF cavities (4 of
the PSI single-gap type, 2 double-gap). The stripper foil is
located at the outer radius, at the trailing edge of one of
the sector magnets, and the extraction channel comes out
roughly along one of the valleys about 270∘ away. Figure 6
also shows schematically one of the beam dumps, a graphite
block with a hole shaped to correspond to the beam profile
so the energy is uniformly distributed over a wide area. The
graphite is surrounded by a copper, water-cooled jacket and
is expected to dissipate 6MW of beam power.

A key aspect of the design is acceleration ofH+
2
.This novel

choice of ion was selected by Calabretta [64] in response
to a suggestion by Rubbia in the 1990s to use high-current,
∼1 GeV cyclotrons for driving thorium reactors [65]. Since
most cyclotrons accelerate protons or H−, the pros and cons
of this choice are worth examining.

A drawback of H+
2
is that the higher rigidity of this ion

(𝑞/𝐴 = 0.5) compared to bare protons or H− (both with |𝑞|/𝐴

= 1) requires a cyclotron of relatively large radius. However,
the size of the machine is practical given the higher fields
available from superconducting magnets. In fact, the RIKEN
SRC is close to the field and size specifications required.

By choosing the H+
2
ion, one can use a stripping foil to

cleanly extract the beam from the cyclotron. Although strip-
ping extraction is not available to proton accelerators, it has
been used extremely effectively in lower-energy cyclotrons
that accelerate H− beams. The value of stripping extraction
is that turn separation is no longer an issue. All ions will
pass through the stripper foil, even if turn separation is not
clean. Ions will be stripped from several turns, probably not
more than two or three, and the protons will carry the energy
associated with their turn number. The extraction channel,
which will pass through the central region of the DSRC (as
the protons are bent in rather than out as is the case with H−),
will need adequate momentum acceptance to transmit all the
protons from the turn where they are stripped.

It is the lower binding energy (0.7 eV) of the H− ion that
renders it unusable in a high-energy machine like the DSRC.
ThismakesH− susceptible to Lorentz stripping in fields as low
as 2 T and energies below 70MeV.The higher binding energy
of the H+

2
ion (2.7 eV, at least in its ground state) renders it

more stable and able to survive to 800MeV in the highest 6 T
fields anticipated in the DSRC.

Lastly, a great advantage of H+
2
is reduction of space-

charge effects.The space charge of the particle beamproduces
a repulsive force inside the beam, which generates detuning
effects. A measure of the strength of this effect, the “general-
ized perveance,” is defined by

𝐾 =
𝑞𝐼

2𝜋𝜖
0
𝑚𝑐3𝛾3𝛽3

, (2)

where 𝑞, 𝐼, 𝑚, 𝑐, 𝛾, and 𝛽 are the charge, current, rest mass,
speed of light, and the relativistic parameters of the particle
beam, respectively [66]. The higher the value of 𝐾 is, the
stronger the space-charge detuning effects are.
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According to (2), the space-charge effects for the 5mA
of H+
2
beam in the DSRC are equivalent to a 2.5mA proton

beam with the same 𝛾. Consequently, they are similar to
the space-charge effects present in the 2.4mA proton beam
currently being accelerated at PSI. Another degree of freedom
to reduce space-charge effects is the choices injection energy
and acceleration voltage. Given this premise, we have carried
out precise beam dynamics studies, including the 3D space-
charge effects (excluding the central region of the DIC), with
self-consistent 3D models implemented in the code Object
Oriented Parallel Accelerator Library (OPAL) [67].The beam
dynamics model is described in detail in [68, 69]. For the
DSRC, we have implemented a simple stripper model into
OPAL in order to study the complex extraction trajectories
of the stripped protons.

DAE𝛿ALUS R&D related to H+
2
acceleration has begun

at a test stand at Best Cyclotrons, Inc., in Vancouver, BC,
Canada. These studies employ the VIS, or Versatile Ion
Source, a nonresonant Electron Cyclotron Resonance (ECR)
source [70] built at the Laboratori Nazionali del Sud (LNS) in
Catania, Italy, which has been shipped to Vancouver for these
tests. Aswith any ion source, protons,H+

2
, and evenH+

3
will be

emitted. We have begun studies of emittance, inflection into
the cyclotron, capture, and acceleration of H+

2
.

In summary, the DAE𝛿ALUS program has developed a
plan for the production of two high power cyclotrons, one
producing beam at 60MeV/n and the other at 800MeV/n.
The former provides the injector to the latter, which then
can produce pion/muon DAR neutrino fluxes. As discussed
below, the injector can also be used by itself to produce
isotope DAR beams.

3.4. Application of the DIC Cyclotron to Isotope Production.
The remainder of this paper will describe the value of
the DAE𝛿ALUS cyclotrons for basic research in neutrino
physics. However, it is worth pausing to note that these
cyclotrons have practical applications. This has attracted
industry involvement inDAE𝛿ALUS development. Examples
range frommedical applications to accelerator driven systems
for thorium reactors. We concentrate on the former here and
note that [71] provides amore extensive description of isotope
production for medicine using the DIC cyclotron.

Even from Pontecorvo’s days, isotopes produced by
cyclotrons were being investigated for suitability in medical
diagnostics and therapeutics. The first direct therapeutic
use of beams occurred in 1937 with trials using neutrons
produced from the 60MeV Crocker Cyclotron at Berkeley.
Incidentally, this machine is still in use, primarily for pro-
ton treatments of eye tumors at UC Davis. Higher energy
cyclotrons were built in the 1940’s, the 800MeV 184-inch syn-
chrocyclotron at Berkeley, and two similar-sized machines at
Dubna and St. Petersburg. Medical treatments played promi-
nent roles in all three machines, starting with stereotactic
microsurgery with very fine beams for pituitary ablation.
Then, when diagnostic tools such as CT scanners became
available that could carefully measure the density of material
upstream of a tumor to accurately predict the stopping point

of the beam, Bragg-peak therapy with alpha-particle beams
was instituted at the 184 inch Synchrocyclotron.

Cyclotrons are now used extensively for therapy with
proton beams,with several commercial companiesmarketing
highly effective cyclotron-based systems for proton therapy
with beam energies of around 250MeV [72]. As beam
currents needed for radiotherapy are only in the nA range,
even with the losses inherent in degrading the fixed-energy
beams down to match the required range in the patient,
adequate beam brightness can be achieved with beams of no
more than a 𝜇A of protons extracted.

Meanwhile, radioactive isotopes produced with cyclo-
trons of energies of 30MeV or less have become widely used
in medical diagnostics and therapy, with an ever-increasing
demand as techniques are refined and results improved. Beam
currents in the range of 750 𝜇A to 2mA are now being
extracted from commercial and research isotope-producing
cyclotrons; the limiting factor is often heat-dissipation in
the complex targets that are needed for effective isotope
production. Increased production capacity is being obtained
by multiple extraction ports enabled by acceleration of H −
beams that can be extracted by stripping. Sharing the total
beam power between two target stations enables greater
production capacity.

TheDAE𝛿ALUS injector cyclotron, used for IsoDAR, will
become a powerful tool for isotope production along two
different directions. As a source of 60MeVprotons at 600 kW,
beam powers are substantially higher than existing isotope
machines. This could enable either significantly greater yield
on a single target, should the technology be developed to use
all this beam power on a single target or increased versatility
of the isotope factory by sharing the beam between many
targets. As H+

2
ions are extracted from the cyclotron via a

conventional septum, a narrow stripper can be placed over a
portion of the beam to convert ions passing through the strip-
per into protons that can then be cleanly separated from the
body of the beam and transferred to a production target. The
remaining beam is transported to further stripping stations,
each peeling off a small portion of the beam to deliver it to
a different target. In this way the power limits on any given
target will not be exceeded, and high efficiency for use of the
whole beam is maintained. Examples of the isotopes which
can be produced, and their applications, are shown in Table 1.

A second isotope application of the H+
2
cyclotron is

that ions of the same charge-to-mass ratios can also be
accelerated. Specifically, He++ (alpha-particle) beams can be
accelerated at currents limited only by the availability of
such He++ ion sources. There are many isotopes that have
tremendous application potential and are limited today only
by the very restricted availability of suitable high-current
alpha beams. In fact, the first prototype cyclotron to be built
for testing injection of the high-current H+

2
beams, to be built

at the LNS in Catania, Italy, is being designed to be used
directly following the H+

2
injection tests as a dedicated alpha-

particle cyclotron for producing radiotherapeutic isotopes.
One example will be 211At, which is in short supply for even
long term clinical studies
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Table 1: Medical isotopes relevant to IsoDAR energies, reprinted
from [18].

Isotope Half-life Use

52Fe 8.3 h
The parent of the PET isotope 52Mn and
iron tracer for red-blood-cell formation
and brain uptake studies.

122Xe 20.1 h The parent of PET isotope 122I used to
study brain blood flow.

28Mg 21 h A tracer that can be used for bone studies,
analogous to calcium

128Ba 2.43 d
The parent of positron emitter 128Cs.
As a potassium analog, this is used for
heart and blood-flow imaging.

97Ru 2.79 d A 𝛾-emitter used for spinal fluid and liver
studies.

117mSn 13.6 d A 𝛾-emitter potentially useful for bone
studies.

82Sr 25.4 d

The parent of positron emitter 82Rb, a
potassium analogue
This isotope is also directly used as a PET
isotope for heart imaging.

The DAE𝛿ALUS superconducting ring cyclotron, in
extending the performance of today’s record-holding PSI
by increasing energy from 590 to 800MeV and a factor
of five in current, becomes a member of the GeV-10MW-
class of machines. Many such machines have been designed
and proposed but cost has been an impediment to their
realization. To date, only one such project has progressed to
the advanced R&D and construction phase: MYRRHA [73]
to be sited in Mol, Belgium. These projects all fall within the
Accelerator-Driven Systems (ADS) category, such as nuclear
waste transmutation, driving of subcritical thorium-based
reactors, and tritium production.

Along with the physics possibilities previously described,
the DAE𝛿ALUS cyclotrons provide new opportunities in this
field by offering beams at a substantially reduced cost over the
linear accelerators which until now have been viewed as the
only viable technology to reach these levels of beam power
in the GeV energy range. With successful development of
these cyclotrons, a substantial growth in the ADS field can
be anticipated, with the cost hurdle being surpassed.

3.5. R&D Status and Plans for the Program. We are employ-
ing a four-phase, step-wise approach for the development
of the components of the DAE𝛿ALUS cyclotrons. While no
single component must operate far beyond existing technol-
ogy, when the smaller steps are combined, the result is a
substantial leap forward.

Phase I involves development and testing of an ion source
and low-energy beam transport system, including design of
the inflection system that guides the beam into the cyclotron.
Phase II establishes the injector cyclotron, which is used,
with relatively small modifications, for IsoDAR. Phase III
will produce the DSRC and associated target/dump, which
represent the first full acceleratormodule.Thismodule can be
used for near-accelerator physics with an ultralarge detector

for short baseline Beyond Standard Model Searches [74, 75].
Phase IV introduces the necessary design modifications for
high-power running needed at the mid and far sites for CP
violation studies.

Of the four phases, phase I is most advanced. This study
aims to axially inject 40 to 50mA of H+

2
into a test cyclotron,

with 5mA captured and accelerated to few MeV energies.
As the first step, we have installed a ∼15mA H+

2
ion source

at the test stand at Best Cyclotron Systems (BCS), Inc. This
allows us to gain information for simulating the final spiral
inflector. The inflector is unusually large to account for
the high beam current and large beam size which must be
inflected from the vertical to the horizontal plane. The gap
between the electrodes is 15mm, instead of the typical 6 to
10mm gaps found in most cyclotrons. As a result of the size,
the spiral inflector occupies a region where the variation of
the magnetic field is not negligible, as is assumed in the
analytical treatment of spiral inflector design. This effect
must be carefully taken into account in the shaping of the
electrodes. The design must also minimize the introduction
of a high energy spread during the beam transport through
the device. Beam neutralization and image charge effects add
to the difficulties in producing a reliable design on the first
iteration. Our approach has been to take the simulations
as far as possible, producing a first spiral inflector, which
we are now running at BCS. From this, we are obtaining
experimental measurements which will allow us to adjust the
design.Thiswill informour second iteration test stand, which
will be built at INFN in Catania, Italy.

An interesting technical challenge that is unique to the
CP program, and not to IsoDAR, is the removal of ions in
the high vibrational states from the H+

2
beam. At 800MeV,

in the 6 T field outer field of the DSRC, the high vibrational
states will Lorentz-strip, producing asmuch as 10%beam loss.
Calculations show that the lowest four states will be stable
[76] and so we are investigating ways to remove vibrational
states above these. Work in collaboration with Oak Ridge
National Laboratory retested the methods of Sen [77], which
involve introducing a noble gas into the ion source. Results
were difficult to interpret in the first round of tests; however,
dissociation by this mechanism is believed to require long
(millisecond) residency times of the ions in the source. If
so, then we must consider a redesign of the source [77] or
a method of removing the vibrational states after the H+

2
exits

the source. Alternative sources are now under discussion.
Phase II is also underway. This crucial step, which is the

construction of an IsoDAR source described in the following
section, produces a high-current cyclotron very similar to
the DAE𝛿ALUS injector, at which we extract 5mA of H+

2

(or 10mA of protons) at 60MeV/amu. As discussed above,
success of these cyclotrons depends largely on control of
beam “blowup” from space charge. The difficulty of the
problem can be gauged using the benchmark of generalized
perveance, given in (2), to compare space-charge effects to
existing machines. The 5mA H+

2
beam injected into the

cyclotron at 70 keV (35 keV/amu) results in a𝐾 value similar
to that of existing cyclotrons that inject 2mA of protons at
30 keV. Thus, while space charge issues are a challenge, we
have a reason to expect that the problems can be solved.
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The primary issue for phase III development is the DRSC.
Our plans for this have been described above. The 1MW
target is part of the phase III development. Although our
machines are designed to operate at higher power, we can
limit the average power on target to 1MW. This is done
through extracting via multiple stripping foils to separate
dumps. Note that the beamwill be painted over a 30 cm target
face, greatly reducing power issues.

Phase IV, which is at the least advanced stage, takes
phase III system to high power. The collaboration has several
competing conceptual designs on how to achieve this. One
involves interleaving beam from two injector cyclotrons,
while another involves injecting two beams into the central
region.

4. IsoDAR

IsoDAR is phase II step of DAE𝛿ALUS. IsoDAR represents
both a novel concept of application to neutrino physics
measurements and a demonstration of the 60MeV/n injector
cyclotron relevant to the larger program.

The baseline cyclotron design for IsoDAR is a 5mA H+
2

machine that will accelerate beam to 60MeV per nucleon.
Beam would be injected at 70 keV (35 keV/amu) via a spiral
inflector. The cyclotron design used for IsoDAR is very
similar to that used for the DIC.

The current plan for IsoDAR is to locate a cyclotron
accelerator underground in an experimental hall close to the
KamLANDdetector, in Kamioka, Japan.This is a continuous-
wave source with a 90% duty cycle to allow for machine
maintenance. The resulting beam will be transported for a
short distance up the drift at KamLAND to a target located
in a room. The end of the beam dump is assumed to be 16m
from the detector center.

We continue to optimize the target for the production
of 8Li, a 𝛽-emitter, and the source of the ]

𝑒
for the mea-

surement. The baseline design for the target is a cylinder
of 9Be, 20 cm long and 20 cm in diameter. This cylinder is
surrounded by an additional 5 cm of D

2
O which works to

bothmoderate neutrons and provide target cooling.TheD
2
O

is then surrounded by a cylindrical sleeve of 99.99% pure
7Li, 150 cm long and 200 cm in outer diameter. Some 8Li is
produced directly in the 9Be target but the majority of the
8Li is produced by many neutrons made in the 9Be target
capturing on 7Li. The isotopic purity of the 7Li sleeve is
needed to avoid production of tritium by neutrons on 6Li.
Further, this production cross-section is several orders of
magnitude larger than neutron capture on 7Li and therefore
reduces the production of 8Li severely. The needed level of
7Li purity for the sleeve is available as it is commonly used in
the nuclear industry. A nominal running period of five years
with a 90%duty cycle produces 1.29×1023 antineutrinos from
the decay of 8Li.

When paired with a liquid scintillator detector, this
isotope DAR flux opens a number of opportunities for
precision neutrino measurements. This paper presents two
examples.The first is a high sensitivity sterile neutrino search.
The second is a search for new physics in the neutrino sector

fromneutrino electron scattering. Both cases describe pairing
with KamLAND, to provide specific information on rates
and backgrounds. An example involving the detection of
coherent neutrino scattering is also provided although such
a measurement would require a dark-matter-style detector
sensitive to keV-scale excitations.

4.1. Connection between the IsoDAR and DAE𝛿ALUS Injector
Cyclotrons. While the IsoDAR cyclotron has the same mag-
netic circuit of the DIC, there are some differences in the
acceleration systemand the central region in order to improve
the high intensity beam production to the level required
of the physics we discuss below. An important difference
between the DIC and the IsoDAR machine is the duty cycle.
The IsoDAR cyclotron will work in CW mode, while the
duty cycle of DIC is only 20%, with the modulation on
the millisecond scale. The resulting higher beam power of
IsoDAR poses a very strong constraint on the fractional beam
losses.

The IsoDAR cyclotron will most likely be installed
underground, while the DIC cyclotrons can be built at sites
on the surface. Of the experimental sites under discussion,
KamLAND, at the Kamioka mine in Japan, has particularly
narrow access. The horizontal and vertical aperture sizes are
2.4m and 3.2m, respectively, so both transport and assembly
pose critical constraints to the cyclotron design. All the
machine components must be limited in size and weight, but
the machine features like optimum vacuum of 10−6 Pa must
be maintained. A plan has been developed by the INFN-
Catania group for cutting the elements into pieces.While this
step sounds drastic, the TRIUMF 500MeV cyclotron is an
existence proof that cyclotrons can be sliced.

4.2. Sterile Neutrino Searches. Searches for light sterile neu-
trinos with mass ∼1 eV are motivated by observed anomalies
in several experiments. Intriguingly, these results come from
a wide range of experiments covering neutrinos, antineutri-
nos, different flavors, and different energies. Short baseline
accelerator neutrino oscillation experiments [61, 78], short
baseline reactor experiments [20, 79], and even the radioac-
tive source experiments, which were originally intended as
calibrations for the chemical solar neutrino experiments [4,
5], have all observed anomalies that can be interpreted to be
due to one or more sterile neutrinos.

To understand these anomalies in terms of the ]SM for
neutrino oscillations, the observations must be compared
to the data from the large range of experiments with null
results [62, 80–82] and then to a model. These “global fits”
are most often to models with one or more sterile neutrinos
added to the oscillation probability calculation [83]. The
extended models are referred to as “3 + 1”, “3 + 2”, or “3 + 3”
neutrino models depending on the number of additional
sterile neutrinos. The global fits tend to prefer 3 + 2 and
3 + 3 models with CP violation; 3 + 1 models are very hard
to reconcile between the experiments with signals and those
with null results [38].

The diversity of experiments showing these anomalous
results has motivated a number of proposals to address them.
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Figure 7: Example data sets for 5 years of running for 3 + 1 (a) and 3 + 2 (b) oscillation scenarios.

Suggestions range from repeating the source experiments,
to specially designed reactor antineutrino experiments, to
accelerator-based experiments. Many of these proposals,
however, do not have sufficient sensitivity tomake a definitive
>5𝜎 statement about the existence of sterile neutrinos in all
of the relevant parameter space. The experiments that are
designed to make a definitive measurement are based on
pion or isotope DAR sources. Notably, the full DAE𝛿ALUS
complex could be used to generate a pionDAR beam for such
a measurement. However, the IsoDAR concept calls simply
for the DAE𝛿ALUS injector cyclotron to be used to generate
an isotope DAR source. Such a complex situated next to a
kiloton-scale scintillator detector such as KamLAND would
enable a definitive search for sterile neutrinos by observing
a deficit of antineutrinos as a function of the distance 𝐿

and antineutrino energy 𝐸 across the detector—the definitive
signature of neutrino oscillation. This is the concept behind
the IsoDAR proposal [84].

The proposed IsoDAR target is to be placed adjacent to
the KamLAND detector. The antineutrinos propagate 9.5m
through a combination of rock, outer muon veto, and buffer
liquid to the active scintillator volume of KamLAND. The
scintillator is contained in a nylon balloon 6.5m in radius
bringing the total distance from target to detector center
to 16m. The antineutrinos are then detected via the IBD
interaction. This interaction has a well known cross-section
with an uncertainty of 0.2% [85] and creates a distinctive
coincidence signal between a prompt positron signal, 𝐸

𝑒
+ =

𝐸]
𝑒

− 0.78MeV, and a delayed neutron capture giving a
2.2MeV gamma ray within ∼200 𝜇s.

KamLAND was designed to efficiently detect IBD. A
standard analysis has a 92% efficiency for identifying IBD
events [86]. In IsoDAR’s nominal 5-year run, 8.2 × 10

5 IBD
events are expected. The largest background comes from the
100 reactor antineutrino IBD events detected by KamLAND
per year [87]. The reactor antineutrino rate is dependent on
the operation of the nuclear reactors in Japan which has
been significantly lower in 2012 and 2013 [88]. The sterile
neutrino analysis uses an energy threshold of 3MeV. Due to
the effective background rejection efficiency provided by the
IBD delayed coincidence signal, this threshold enables use of

Table 2: The KamLAND detector parameters used in calculating
the sterile neutrino search sensitivity.

Parameter Value
Run period 5 years (4.5 years live time)
]
𝑒
flux 1.29 × 10

23 ]
𝑒

Fiducial mass 897 tons
Target face to detector center 16m
Detection efficiency 92%
Vertex resolutions 12 cm/√𝐸(MeV)

Energy resolutions 6.4%/√𝐸(MeV)

Prompt energy threshold 3MeV
IBD event total 8.2 × 10

5

the full KamLAND fiducial volume, 𝑅 < 6.5m, and 897 tons,
with negligible backgrounds from sources other than from
the aforementioned reactor antineutrinos.

The sterile neutrino analysis makes use of neutrino
oscillations 𝐿/𝐸 signature. Therefore, the energy and ver-
tex resolutions are essential in determining sensitivity.
The KamLAND detector has a vertex reconstruction res-
olution of 12 cm/√𝐸(M𝑒V) and an energy resolution of
6.4%/√𝐸(M𝑒V) [86]. Example data sets for reasonable 3
+ 1 and 3 + 2 sterile models are shown in Figure 7 for
the nominal detector parameters, summarized in Table 2. In
most currently favored oscillation scenarios, the 𝐿/𝐸 signal
is observable. Furthermore, separation of the various 3 + 𝑁

models may be possible as exemplified by Figure 7(b).
To understand the sensitivity relative to other propos-

als, the IsoDAR 95% CL is compared to other electron
antineutrino disappearance experiments in the two-neutrino
oscillation parameter space in Figure 8. In just five years of
running, IsoDAR rules out the entire global 3 + 1 allowed
region; sin22𝜃new = 0.067 and Δ𝑚

2
= 1 eV2 at 20𝜎. This is

the most definitive measurement among the proposals in the
most probable parameter space of Δ𝑚

2 between 1–10 eV2.

4.3. Precision Electroweak Tests of the Standard Model. In
addition to the 8.2 × 10

5 IBD interactions, the IsoDAR
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neutrino source [23], when combined with the KamLAND
detector [89], can collect the largest sample of low-energy ]

𝑒
-

electron (ES) scatters that has been observed to date. More
than 7200 ES events will be collected above a 3MeV visible
energy threshold over a 5-year run, and both the total rate and
the visible energy can be measured. This can be compared to
the samples from the Irvine experiment (458 events from 1.5
to 3MeV [90]); TEXONO (414 events from 3 to 8MeV [91]);
Rovno (41 events from 0.6 to 2MeV [92]); and MUNU (68
events from 0.7 to 2MeV [93]).

In the StandardModel, the ES differential cross-section is
given by

𝑑𝜎

𝑑𝑇
=

2𝐺
2

𝐹
𝑚
𝑒

𝜋
[𝑔
2

𝑅
+ 𝑔
2

𝐿
(1 −

𝑇

𝐸]
)

2

− 𝑔
𝑅
𝑔
𝐿

𝑚
𝑒
𝑇

𝐸2]
] , (3)

where 𝑇 ∈ [0, 2𝐸
2

]/(𝑚𝑒 + 2𝐸])] is the electron recoil energy,
𝐸] is the energy of the incoming ]

𝑒
, and the weak coupling

constants 𝑔
𝑅
and 𝑔

𝐿
are given at tree level by 𝑔

𝑅
= sin2𝜃

𝑊

and 𝑔
𝐿

= 1/2 + sin2𝜃
𝑊
. Equation (3) can also be expressed

in terms of the vector and axial weak coupling constants, 𝑔
𝑉

and 𝑔
𝐴
, using the relations 𝑔

𝑅
= (1/2)(𝑔

𝑉
− 𝑔
𝐴
) and 𝑔

𝐿
=

(1/2)(𝑔
𝑉
+ 𝑔
𝐴
).

The ES cross-section can be therefore be used as a probe
of the weak couplings, 𝑔

𝑉
and 𝑔

𝐴
, as well as sin2𝜃

𝑊
, a

fundamental parameter of the Standard Model as described
in [94]. Although sin2𝜃

𝑊
has been determined to high

precision [95], there is a longstanding discrepancy [16]
between the value obtained by 𝑒

+
𝑒
− collider experiments and

the value obtained by NuTeV, a precision neutrino-quark
scattering experiment [96]. Despite having lower statistics
than the NuTeV, IsoDAR would measure sin2𝜃

𝑊
using the

purely leptonic ES interaction, which does not involve any

nuclear dependence. This could therefore shed some light
on the value of sin2𝜃

𝑊
measured by neutrino scattering

experiments.
The ES cross-section is also sensitive to new physics in

the neutrino sector arising from nonstandard interactions
(NSIs), which are included in the theory via dimension of
six, four-fermion effective operators. NSIs give rise to weak
coupling corrections and modify the Standard Model ES
cross-section given in (3) to

𝑑𝜎
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(4)

where 𝑔
𝑅
= 𝑔
𝑅
+ 𝜖
𝑒𝑅

𝑒𝑒
and 𝑔

𝐿
= 𝑔
𝐿
+ 𝜖
𝑒𝐿

𝑒𝑒
. The NSI parameters

𝜖
𝑒𝐿𝑅

𝑒𝜇
and 𝜖

𝑒𝐿𝑅

𝑒𝜏
are associated with flavor-changing-neutral

currents, whereas 𝜖
𝑒𝐿𝑅

𝑒𝑒
are called nonuniversal parameters.

We can estimate IsoDAR’s sensitivity to these parameters by
fitting (4) to the measured ES cross section, assuming the
Standard Model value for sin2𝜃

𝑊
. In general, lepton flavor

violating processes are tightly constrained so we focus only
on IsoDAR’s sensitivity to the two non-universal parameters
𝜖
𝑒𝐿𝑅

𝑒𝑒
.
The ES interaction used for these electroweak tests of the

Standard Model is very different than the IBD interaction
used for the sterile neutrino search. The IBD signal consists
of a delayed coincidence of a positron and a 2.2MeV neutron
capture 𝛾, whereas the ES signal consists of isolated events in
the detector. Another difference is that, at IsoDAR energies,
the IBD cross-section is several orders of magnitude larger
than the ES cross section. In fact, if just 1% of IBD events
are misidentified as ES events, they will be the single largest
background. On the other hand, as was suggested in [97],
the IBD signal can also be used to reduce the normalization
uncertainty on the ES signal to about 0.7%. A final difference
is that the incoming ]

𝑒
energy for IBD interactions in

KamLAND can be inferred from the visible energy on an
event-by-event basis, while the incoming ]

𝑒
energy for ES

interactions in KamLAND cannot.Therefore, the differential
ES cross-section is measured in visible energy bins corre-
sponding to the kinetic energy of the recoil electron, and
the dependence on the incoming ]

𝑒
energy is integrated out

according to the IsoDAR flux.
The backgrounds to the ES signal can be grouped into

beam-related backgrounds, which are dominated bymisiden-
tified IBD events, and nonbeam backgrounds, arising from
solar neutrino interactions, muon spallation, and environ-
mental sources. We adopt a strategy similar to the one
outlined in [98] to reduce the nonbeam backgrounds. First,
a cosmic muon veto is applied to reduce the background
due to radioactive light isotopes produced inmuon spallation
inside the detector.This reduces the live time by 62.4%. Next,
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Table 3: Total signal and background events in KamLANDwith𝐸vis
between 3 and 12MeV given the IsoDAR assumptions in Table 2 and
the selection cuts outlined in text.

Events
Elastic scattering (ES) 2583.5
IBD Mis-ID Background 705.3
Nonbeam Background 2870.0
Total 6158.8

Table 4: Estimated sin2𝜃
𝑊

measurement sensitivity for various
types of fits to the 𝐸vis distribution. The second column indicates
the background reduction factor.

Background
factor 𝛿 sin2𝜃

𝑊

𝛿 sin2𝜃
𝑊

sin2𝜃
𝑊

𝛿 sin2𝜃stat−only
𝑊

Rate + shape 1.0 0.0076 3.2% 0.0057
Shape only 1.0 0.0543 22.8% 0.0395
Rate only 1.0 0.0077 3.2% 0.0058
Rate + shape 0.5 0.0059 2.5% 0.0048
Rate + shape 0.0 0.0040 1.7% 0.0037

a visible energy threshold of 3MeV is employed to reduce the
background from environmental source which pile up at low
energies. Finally, a fiducial radius of 5m is used to reduce the
background from external gamma rays emanating from the
rock or stainless steel surrounding the detector. To reduce the
beam-related backgrounds, an IBD veto is employed to reject
any ES candidate that is within 2ms of a subsequent event
with visible energy>1.8MeV in a 6mfiducial radius.The IBD
veto is estimated to have an efficiency of 99.75% ± 0.02%,
where the uncertainty is assumed to come from the statistical
uncertainty on measuring the IBD selection efficiency with
50,000 AmBe calibration source events.

Table 3 shows the expected signal and background event
totals assuming a nominal 5-year IsoDAR run with a 90%
duty factor. We assume that the energy spectrum of the
nonbeam backgrounds can be measured with 4.5 years of
KamLAND data before the IsoDAR source turns on. The
energy spectrum of the nonbeam background, misiden-
tified IBD events, can be extracted from beam-on data
with a dedicated delayed coincidence selection. Given these
assumptions, Table 4 gives the IsoDAR sensitivity to sin2𝜃

𝑊

from a combined fit to the rate and spectral “shape” of the
differential ES cross section, as well as each individually.
Sensitivities are also shown for the case of a 50% background
reduction and for the case of a 100% background reduction.

To compare the sensitivity of IsoDAR with that of other
experiments, the fits to the ES cross-section can also be
done in terms of 𝑔

𝑉
and 𝑔

𝐴
. Figure 9 shows the IsoDAR 1𝜎

contour in the 𝑔
𝑉
-𝑔
𝐴
plane as well as contours from other

experiments. IsoDAR would be the most sensitive ]
𝑒
𝑒/]
𝑒
𝑒

experiment to date and could test the consistency of ]
𝑒
𝑒/]
𝑒
𝑒

couplings with ]
𝜇
𝑒/]
𝜇
𝑒 couplings.

Finally, we can also estimate IsoDAR’s sensitivity to the
non-universal NSI parameters 𝜖

𝑒𝐿

𝑒𝑒
and 𝜖

𝑒𝑅

𝑒𝑒
, assuming the

Standard Model value for sin2𝜃
𝑊

= 0.238. The results are
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Figure 9: IsoDAR’s sensitivity to 𝑔
𝑉
and 𝑔

𝐴
along with allowed

regions from other neutrino scattering experiments and the elec-
troweak global best fit point taken from [16]. The IsoDAR, LSND,
and TEXONO contours are all at 1𝜎 and are all plotted in terms
of 𝑔]𝜇𝑒
𝑉,𝐴

= 𝑔
]𝑒𝑒
𝑉,𝐴

− 1 to compare with ]
𝜇
scattering data. The ]

𝜇
𝑒/]
𝜇
𝑒

contour is at 90% C.L.

shown in Figure 10 along with the current global allowed
region [24]. In the region around 𝜖

𝑒𝐿

𝑒𝑒
and 𝜖

𝑒𝑅

𝑒𝑒
∼ 0, the

IsoDAR 90% confidence interval significantly improves the
global picture.

4.4. Coherent Neutrino Scattering at IsoDAR. As discussed
in the previous section, an intense source of neutrinos
provides an immense opportunity for a number of physics
measurements other than a sterile neutrino search. Along
with the weak mixing angle measurement and sensitivity to
nonstandard neutrino interactions, such a source could allow
the first detection and subsequent high statistics sampling of
coherent, neutrino-nucleus scattering events. Although the
process is well predicted by the Standard Model and has
a comparatively large cross-section in the relevant energy
region (∼10–15MeV), neutral current coherent scattering has
never been observed before as the low energy nuclear recoil
signature is difficult to observe.

Amodest sample of a few hundred events collected with a
keV-scale-sensitive dark matter style detector could improve
upon existing nonstandard neutrino interaction parameter
sensitivities by an order of magnitude or more. A deviation
from the ∼5% predicted cross-section could be an indication
of new physics. Furthermore, the cross-section is relevant to
understanding the evolution of core collapse supernovae as
well as characterizing future burst supernova neutrino events
collected with terrestrial detectors.

A dark matter style detector with keV-scale sensitivity to
nuclear recoil events, perhaps based on germanium crystal
or single phase liquid argon/neon technology, in combination
with an intense proton source such as IsoDAR, could perform
the physics discussed above. The technology currently exists
for such a detector (with requisite passive and active shield-
ing) to be deployed on the surface or underground. Note that



Advances in High Energy Physics 13

0.2

0.0

−0.2

−0.4

−0.6

−0.8

−1.0

−1.2

−1.4

−1.6

−1.8
−0.6 −0.5 −0.4 −0.3 −0.2 −0.1 0 0.1

𝜖e
L ee

𝜖eRee

IsoDAR 90% CL
Global analysis 90% CL (Forero and Guzzo)

(a)

0.15

0.1

0.05

0

−0.05

−0.1

−0.15
−0.15 −0.1 −0.05 0 0.05 0.1

𝜖e
L ee

𝜖eRee

IsoDAR 90% CL
Global analysis 90% CL (Forero and Guzzo)

(b)

Figure 10: (a) IsoDAR’s sensitivity to 𝜖
𝑒𝐿

𝑒𝑒
and 𝜖
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. The current global allowed region, based on [24], is also shown. (b) A zoomed-in version
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and 𝜖
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∼ 0, is shown.
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Figure 11: (a) Coherent event rate in terms of antineutrino energy with a 1000 kg argon detector at a 10m average baseline from the IsoDAR
source. (b) The event rate in terms of nuclear recoil energy.

the KamLAND detector is not sensitive enough for such a
measurement.

Figure 11 shows the expected rates in terms of neutrino
energy andnuclear recoil energy for an IsoDAR source (2.58×
10
22]
𝑒
/year) in combination with a 1000 kg argon detector

at a 10m average baseline from the source with a 1 keV
nuclear recoil energy threshold and 20% energy resolution.
Given these assumptions, about 1200 events per year could
be collected for a high statistics sampling of this event class. A
first observation of the process is clearly possible with a more
modest size detector as well.

5. DAE𝛿ALUS

5.1. CPViolation Searches. CPviolation can occur in neutrino
oscillations if there is a complex phase, 𝛿CP, in the 3 × 3

neutrinomixingmatrix between the neutrino flavor andmass

eigenstates. Observation of CP violation in the light neutrino
sector would be a first hint of such effects in the early universe
where GUT-scale Majorana neutrinos can have CP violating
decays that lead to the matter-antimatter asymmetry that we
now observe. This process is called “leptogenesis” [99–101].

The parameter 𝛿CP is accessible through the muon-to-
electron neutrino flavor oscillation probability. For oscilla-
tions in a vacuum, the probability is given by [102]

𝑃
𝜇→𝑒

= sin2𝜃
23
sin22𝜃
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12
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21
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21
,
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where Δ
𝑖𝑗

= Δ𝑚
2

𝑖𝑗
𝐿/4𝐸]. In the second term, the −(+) refers

to neutrino (antineutrino) operation.
A critical parameter for measuring CP violation is the

size of the mixing angle 𝜃
13
, which determines the size of

the first three terms in (5). Recently, several reactor neutrino
disappearance experiments (Double Chooz, Daya Bay, and
RENO) have made precision measurements of 𝜃

13
giving a

global average of 𝜃
13

= 8.75
∘
± 0.43

∘ [45]. The fact that 𝜃
13

is now known to be fairly large makes the search for CP
violation viable and a key next step in particle physics.

For long baseline experiments, searches for CP violation
rely on comparing neutrino and antineutrino oscillation
probabilities, thus exploiting the above change of sign in
order to isolate 𝛿CP.This type of measurement is complicated
by matter effects, in which the forward scattering amplitude
for neutrinos and antineutrinos differs due to the presence of
electrons, rather than positrons, in matter.

The matter effects result in a modification of (5) giving

𝑃
matter
𝜇→𝑒

= sin2𝜃
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(6)

In this equation, 𝑎 = 𝐺
𝐹
𝑁
𝑒
/√2 and ∓ refer to neutrinos

(antineutrinos). Matter effects only appear when 𝐿 is large,
because 𝑎 ≈ (3500 km)

−1 (with 𝜌𝑌
𝑒

= 3.0 g/cm3) is
small. Short-baseline experiments such as DAE𝛿ALUS have
negligible matter effects and moderate baseline experiments
such as T2K at 𝐿 = 295 km suffer only modest (∼ ±10%)

matter effects. On the other hand, long baseline experiments
such as NO]A and LBNE have significant matter effects
[44]. The terms that are modified by the matter effects also
depend on sign(Δ𝑚

2

31
), making the corrections dependent

on knowing this sign, commonly called the “mass hierarchy.”
Measurement of the mass hierarchy is a goal of several
upcoming experiments, including NO]A [103] and PINGU
[104]; however it is unclear how well the hierarchy will be
known at the time when LBNE will run.

For long baseline accelerator oscillation experiments,
gathering sufficient antineutrino data sets is difficult due to
the reduced negative pion production rate by accelerator
protons and by the reduced interaction cross-section of
antineutrinos. The current event estimates for the LBNE
experiment with a 34 kton liquid argon detector at 1300 km
from the Fermilab site are shown in Figure 12 [44] for the
normal mass hierarchy.

In contrast, the DAE𝛿ALUS experiment will be a search
only in the antineutrino mode ]

𝜇
→ ]

𝑒
with no mat-

ter effects, and with reduced backgrounds and systematic
uncertainties, plus a unique experimental layout in which
several low-cost neutrino sources are at different distances
from one large detector.With an antineutrino-only beam, the
oscillation probability is given by (5), and the sensitivity toCP
violation comes about through the interference between Δ

12

and Δ
13
transitions, which have a distinctive 𝐿 dependence.

Specifically, DAE𝛿ALUS will search for ]
𝜇

→ ]
𝑒
oscilla-

tions using neutrinos from three stopped-pion DAR sources,
which interact in a single large 200 to 500 kton Gd-doped
waterCherenkov or a large 50 kton liquid scintillator detector.
The spectrum of ]

𝜇
’s that can oscillate into ]

𝑒
’s is shown in

Figure 4. The detection of the electron antineutrinos is done
through the IBD process where the outgoing positron is once
again required to have a delayed coincidence with a neutron
capture on Gd for the water detector or on hydrogen for the
scintillator detector. This process has a high cross-section at
≈ 50MeV but requires Gd doping for either a water detector
or a scintillator detector to detect the outgoing neutron and
separate the IBD events from the preponderance of charged-
current ]

𝑒
events.

The accelerators will be positioned at 1.5, 8, and 20 km
from the large detector as shown in Figure 13, all above
ground to reduce the installation and running complexity.
This also allows for the proton beam on target to be easily
directed somewhat upward, so that any decay-in-flight neu-
trinos are directed away from the detector. Each accelerator
provides different physics data for the CP violation search.
The 1.5 km accelerator allows measurement of the beam-on
backgrounds and the normalization. The 8 km site is at an
oscillation wavelength of about 𝜋/4 at 50MeV and the 20 km
site is at oscillation maximum for this energy. Each site will
be run for 20% of the time so that the events from a given
source distance can be identified by their time-stamp with
respect to this running cycle. This will leave 40% of the time
for beam-off running to measure the nonbeam backgrounds
and provide other physics data.The baseline plan is for a ten-
year runwith 1MW, 2MW, and 5MWneutrino sources at the
1.5, 8, and 20 km sites, respectively.

Combining the data from the three accelerators helps to
minimize the systematic uncertainties associated with the
beam and detector and leads to a highly sensitive search
for CP violation. The shape of the DAR flux with energy
is known to be of high precision and is common among
the various distances; thus shape comparisons will have
small uncertainties. The interaction and detector systematic
errors are low since all events are detected in a single
detector. The fiducial volume error on the IBD events is
also small due to the extreme volume-to-surface-area ratio
of the ultralarge detector. Therefore, the main errors for the
measurements are related to the statistics of the data and to
normalization uncertainties.Thenormalization uncertainties
are dominated by the uncertainty of the neutron tagging
efficiency, assumed to be 0.5%, and the antineutrino flux
uncertainties that are constrained as described next.

TheDAE𝛿ALUSCP violation analysis follows three steps.
First, the absolute normalization of the flux from the near
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Figure 12: Estimated events for the LBNE experiment running for 5 years of neutrino and 5 years of antineutrino with 700 kW of 120GeV
protons on target and with the assumption that sin22𝜃 = 0.1. Backgrounds and changes with 𝛿CP are also shown. These plots are from [25].
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Figure 13: Schematic of the DAE𝛿ALUS experiment. Three neutrino source locations are used in conjunction with a large water Cherenkov
or scintillator-based detector.

accelerator is measured using the >21,000 neutrino-electron
scatters from that source in the detector, for which the
cross-section is known to 1%.The relative flux normalization
between the sources is then determined using the com-
parative rates of charged current ]

𝑒
-oxygen (or ]

𝑒
-carbon)

interactions in the the detector. Since this is a relative
measurement, the cross-section uncertainty does not come in
but the high statistics is important. Once the normalizations
of the accelerators are known, then the IBD data can be
fit to extract the CP violating parameter 𝛿CP. The fit needs
to include all the above systematic uncertainties along with
the physics parameter uncertainties. For sin22𝜃

13
, sin2𝜃

23
,

and Δ𝑚
2

atm, the errors are 0.005, 0.01, and 5.4 × 10
−5 eV2,

respectively.
DAE𝛿ALUS must be paired with water or scintillator

detectors that have free proton targets. The original case
was developed for a 300 kt Gd doped water detector at
Homestake, in coordination with LBNE [105]. Subsequently,

DAE𝛿ALUS was incorporated into a program with the
50 kt LENA detector [106] (called “DAE𝛿ALUS@LENA”).
This paper introduces a new study, where DAE𝛿ALUS
is paired with the Gd-doped 560 kt Hyper-K [26]
(“DAE𝛿ALUS@Hyper-K”). This results in unprecedented
sensitivity to CP violation when “DAE𝛿ALUS@Hyper-K”
data is combined with data from Hyper-K running with the
750 kW JPARC beam (“DAE𝛿ALUS/JPARC@Hyper-K”). In
this scenario, JPARC provides a pure ]

𝜇
flux, rather than

running in neutrino and antineutrinomode.This plays to the
strength of the JPARC conventional beam, while DAE𝛿ALUS
provides a high statistics ]

𝜇
flux with no ]

𝜇
contamination.

A summary of the assumptions for the various configuration
scenarios is provided in Table 5. CP violation sensitivities
have been estimated for 10-year baseline data sets for all
the configurations given in Table 5 using a Δ𝜒

2 fit with pull
parameters for each of the systematic uncertainties. For the
DAE𝛿ALUS configurations, data from all three neutrino
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Table 5: Configurations considered in the various CP violation sensitivity studies.

Configuration
name Source(s) Average long baseline

beam power Detector Fiducial volume Run length

DAE𝛿ALUS@LENA DAE𝛿ALUS only N/A LENA 50 kt 10 years
DAE𝛿ALUS@Hyper-K DAE𝛿ALUS only N/A Hyper-K 560 kt 10 years
DAE𝛿ALUS/JPARC(nu
only)@Hyper-K

DAE𝛿ALUS &
JPARC 750 kW Hyper-K 560 kt 10 years

JPARC@Hyper-K JPARC 750 kW Hyper-K 560 kt 3 years ] +
7 years ] [26]

LBNE FNAL 850 kW LBNE 35 kt 5 years ]
5 years ] [44]

sources are included along with the neutrino electron and ]
𝑒
-

oxygen (or ]
𝑒
-carbon) normalization samples. As an example,

Table 6 and Figure 14 present a summary of the events by
category for the DAE𝛿ALUS@Hyper-K configuration.
The precision for measuring the 𝛿CP parameter in the
DAE𝛿ALUS@Hyper-K configuration is given in Table 7 for
sin22𝜃

13
= 0.10 [45], both for the total and statistical-only

uncertainty. The distribution of the uncertainty as a function
of 𝛿CP is shown in Figure 15. From these estimates, it is clear
that, even with the large Hyper-K detector, the measurement
is dominated by statistical uncertainty. Also estimates of
the measurement uncertainties for the proposed Hyper-K
[26] and LBNE [107] experiments for ten-year runs with
the proposed upgraded beam intensities (0.75MW for
HyperK and an average 0.85MW for LBNE) are shown
in the table. Depending on the true value, DAE𝛿ALUS
has comparable sensitivity for measuring 𝛿CP but has very
different systematic uncertainties. Thus, DAE𝛿ALUS could
provide key information that can be used in conjunction with
the other experiments to reduce the global measurement
uncertainty.

The DAE𝛿ALUS high-statistics antineutrino data can
be combined with a neutrino-only long baseline measure-
ment to provide improved sensitivity for measuring 𝛿CP.
One possibility is a ten-year neutrino-only run of the
JPARC@Hyper-K configuration combined with a ten-year
DAE𝛿ALUS@Hyper-K exposure. The complementarity of
the two experiments allows for a very precise search for CP
violation with uncertainties estimated to be around 5

∘. For
this discussionwemake the same assumptions that were used
for Table 6: a 560 kton Gd-doped water detector, sin22𝜃

13
=

0.1, and 𝜃
23

= 49
∘ [45].

The power of the combined run is shown in Figure 15.
Figure 15(a) shows the expectation for the two experiments
individually. Nominal JPARC@Hyper-K running assumes
three years of running in neutrino mode.This data set would
yield the uncertainty indicated by the green diamonds. This
would be followed by seven years of running in antineutrino
mode. This data set, alone, results in the curve indicated
by the green × symbols. One clearly sees that the strength
of JPARC@Hyper-K is in neutrino running, as one would
expect from a conventional neutrino beam. Combining these
two data sets gives the green solid curve with triangles.
DAE𝛿ALUS@Hyper-K alone, with a 10-year run, results in

Table 6: Event samples for the DAE𝛿ALUS@Hyper-K running
scenario for a 10-year run with sin22𝜃

13
= 0.1 [45].

Event type 1.5 km 8 km 20 km
IBD oscillation events (𝐸vis > 20MeV)

𝛿CP = 0
0

Normal hierarchy 2660 4456 4417
Inverted hierarchy 1838 3268 4338

𝛿CP = 90
0

Normal hierarchy 2301 4322 5506
Inverted hierarchy 2301 4328 5556

𝛿CP = 180
0

Normal hierarchy 1838 3263 4295
Inverted hierarchy 2660 4462 4460

𝛿CP = 270
0

Normal hierarchy 2197 3397 3206
Inverted hierarchy 2197 3402 3242

IBD from intrinsic ]
𝑒
(𝐸vis > 20MeV) 1119 79 31

IBD Nonbeam (𝐸vis > 20MeV)
Atmospheric ]

𝜇
𝑝 “invisible muons” 505 505 505

Atmospheric IBD 103 103 103
Diffuse SN neutrinos 43 43 43

]—e elastic (𝐸vis > 10MeV) 40025 2813 1123
]
𝑒
—oxygen (𝐸vis > 20MeV) 188939 13281 5305

Table 7: DAE𝛿ALUS@Hyper-K 1𝜎 measurement uncertainty (in
degrees) on 𝛿CP for sin2𝜃

13
= 0.10 assuming the baseline 10-year

data sample with a 560 ktonGd-doped water detector. (statistical-
only errors are shown in parentheses). Also an estimate for the
JPARC@Hyper-K sensitivity for a 560 kton water detector run for
7.5MWyrs (3 years ] and 7 years ]) is shown assuming 5% systematic
errors and the LBNE experimentwith a 35 kton liquid argon detector
run for 8.5MW yrs (5 years ] and 5 years ]).

𝛿CP −180∘ −90∘ 0∘ 90∘ 135∘

DAE𝛿ALUS@Hyper-K
Stat-only

9.2
(8.8)

12.9
(11.5)

10.8
(10.5)

18.1
(15.8)

16.9
(16.2)

JPARC@Hyper-K 7.8 15.2 7.8 15.0 9.1
LBNE 10.4 18.5 10.4 15.9 11.4

the solid red curve. One can see that DAE𝛿ALUS@Hyper-
K has a similar shape to the JPARC@Hyper-K antineutrino
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Figure 14: The event energy distributions for signal and background of the DAE𝛿ALUS@Hyper-K running scenario with sin22𝜃
13

= 0.10.
Black, green, and violet histograms show signals for 𝛿CP = 0, 45∘ and −45

∘. The blue histogram shows the intrinsic ]
𝑒
beam-on background.

The red histogram shows the beam-off backgrounds. (a) and (b) show events from the near (1.5 km) andmiddle (8 km) accelerators. (c) shows
events from the far (20 km) accelerator.

running, where the differences come from the additional
purity of the ]

𝑒
flux and the lack of a mass hierarchy effect

in the antineutrino data sample from DAE𝛿ALUS. We are
proposing to combine a JPARC@Hyper-K run in neutrino-
mode only with the DAE𝛿ALUS@Hyper-K pure antineu-
trino data set. The result is shown on Figure 15(b), by the
black curve. The individual contributions of the experiments
are also shown. One can see the complementarity, where
DAE𝛿ALUS@Hyper-K provides the strong reach for 𝛿CP < 0

and JPARC@Hyper-K provides the strong reach for 𝛿CP > 0.

Finally, Figure 16 shows the cross-comparison of the
experimental configurations shown in Table 5.The combina-
tion of DAE𝛿ALUS/JPARC(nu-only)@Hyper-K configura-
tion is compared to the two DAE𝛿ALUS-only configurations
using the LENA and Hyper-K detectors in Figure 16(a) and
to JPARC@Hyper-K and LBNE in Figure 16(b). From this fig-
ure, it is clear that the DAE𝛿ALUS/JPARC(nu-only)@Hyper-
K configuration has impressive sensitivity to 𝛿CP with a
significantly smaller measurement error as compared to any
of the other scenarios. Figure 17 shows a comparison of
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Figure 15: (a) 1 𝜎 measurement sensitivities for the nominal JPARC@Hyper-K run (solid green with triangles) compared to
DAE𝛿ALUS@Hyper-K (solid red) assuming the normal mass hierarchy. Dashed green curves show contributions of neutrino and
antineutrino running to the total sensitivity of JPARC@Hyper-K. (b) DAE𝛿ALUS/JPARC(nu only)@Hyper-K combined measurement
sensitivity assuming the normal mass hierarchy.The contribution to the combinedmeasurement fromDAE𝛿ALUS antineutrinos is indicated
in red and the contribution from JPARC neutrinos is indicated in green.
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Figure 16: (a) The sensitivity of the CP violation search in various configurations assuming the normal mass hierarchy:
dark blue:DAE𝛿ALUS@LENA, red:DAE𝛿ALUS@Hyper-K, and black:DAE𝛿ALUS/JPARC(nu-only)@Hyper-K. (b) pink:LBNE; green:
JPARC@Hyper-K [26], and black:DAE𝛿ALUS/JPARC(nu-only)@Hyper-K (same as above). See Table 5 for the description of each
configuration.

the 𝛿CP regions where an experiment can discover CP viola-
tion by excluding the 𝛿CP = 0

∘ or 180∘ at 3𝜎 or 5𝜎. Again, the
DAE𝛿ALUS/JPARC(nu-only)@Hyper-K experiment clearly
has substantially better coverage.

5.2. Other Physics with DAE𝛿ALUS. A number of other
potential physics opportunities complement the main goal
of a measurement of the neutrino CP violating phase with

DAE𝛿ALUS. These experiments can be located near any of
the three cyclotron locations. We provide three examples
here.

A large water detector, used for a sin2𝜃
𝑊

measurement
using ]

𝑒
-electron scattering [74], would be complementary

to the ]
𝑒
-electron search in two ways. First, it explores dif-

ferences in neutrinos versus antineutrinos that can be intro-
duced by new physics processes. Second, with the ultrahigh
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Figure 17: The 𝛿CP regions where an experiment can discover CP
violation by excluding 𝛿CP = 0

∘ or 180∘ at 3𝜎 or 5𝜎. See Table 5 for
the description of each configuration.

statistics of the DAE𝛿ALUS machines, an energy-dependent
analysis, rather than a rate analysis, becomes possible.

A search for ]
𝜇

→ ]
𝑒
appearance at high Δ𝑚

2, hence
short-baseline, can be performed to address the LSND [61]
andMiniBooNE [78] signals if the DAE𝛿ALUS configuration
uses a large scintillator detector such as LENA [75]. In this
case, the cyclotron must be located underground, within tens
of meters of the detector. Like the ]

𝑒
disappearance search of

IsoDAR, this study searches for the oscillation wave across
the detector. Thus it would be powerful confirmation of a
sterile-neutrino-related oscillation signal as the source of this
highΔ𝑚

2 anomaly.The ]
𝑒
flux can also be used for oscillation

studies via the disappearance channel [75].
Lastly, a discovery of coherent neutrino scattering is also

possible at a DAE𝛿ALUS cyclotron. Notably, a cyclotron can
provide the source of neutrinos for a coherent discovery at a
deep undergrounddetector 1.5 kmaway from the source [108]
with only a small effect on such a detector’s darkmatter search
exposure. Furthermore, hundreds of coherent events can
be collected with a dark-matter-style detector close to such
a source for nonstandard neutrino interaction sensitivity.
A sensitive, unique neutral-current-based sterile neutrino
search using coherent events can also be accomplished [17].

6. Conclusion

At the 100th anniversary of Pontecorvo’s birth, neutrino
physics is entering a new “precision era.” To achieve our goals
for the next 100 years, improved flux sources are needed.
Decay-at-rest sources, driven by cyclotron accelerators, offer
neutrino beams of well defined flavor content and with
energies in ranges where backgrounds are low and knowledge
of the cross-section is high. This paper describes schemes
to produce isotope and pion/muon decay-at-rest sources,
developed as a part of the DAE𝛿ALUS program.

This paper has provided examples of the value of the
high precision beams for pursuing new physics. In particular,
new results on a combined DAE𝛿ALUS-Hyper-K search for
CP violation are presented. This study shows that errors on

the mixing matrix parameter ranging from 4% to 12% are
achievable. While this result is a centerpiece of the program,
DAE𝛿ALUS and its early phase program, IsoDAR, allow for
a wide range of important measurements and searches. Many
examples have been presented here, focussing primarily
on searches for Beyond Standard Model Physics through
oscillations and nonstandard interactions.This establishment
of this rich new program is a great way for today’s neutrino
physicists—the intellectual descendants of Pontecorvo—to
celebrate the anniversary of his birth.
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The discovery of neutrinomixing and oscillations over the past decade provides firm evidence for new physics beyond the Standard
Model. Recently, 𝜃

13
has been determined to be moderately large, quite close to its previous upper bound. This represents a

significant milestone in establishing the three-flavor oscillation picture of neutrinos. It has opened up exciting prospects for current
and future long-baseline neutrino oscillation experiments towards addressing the remaining fundamental questions, in particular
the type of the neutrinomass hierarchy and the possible presence of aCP-violating phase. Another recent and crucial development is
the indication of non-maximal 2-3mixing angle, causing the octant ambiguity of 𝜃

23
. In this paper, I will review the phenomenology

of long-baseline neutrino oscillations with a special emphasis on sub-leading three-flavor effects, which will play a crucial role in
resolving these unknowns. First, I will give a brief description of neutrino oscillation phenomenon.Then, I will discuss our present
global understanding of the neutrinomass-mixing parameters and will identify the major unknowns in this sector. After that, I will
present the physics reach of current generation long-baseline experiments. Finally, I will conclude with a discussion on the physics
capabilities of accelerator-driven possible future long-baseline precision oscillation facilities.

1. Introduction and Motivation

We are going through an exciting phase when the light of
new findings is breaking apart our long-held understanding
of the Standard Model of particle physics. This revolution
started in part with thewidely confirmed claim that neutrinos
have mass, and it will continue to be waged by currently
running and upcoming neutrino experiments. Over the last
fifteen years or so, fantastic data from world-class exper-
iments involving neutrinos from the sun [1–7], the Earth
atmosphere [8, 9], nuclear reactors [10–16], and accelerators
[17–22] have firmly established the phenomenon of neutrino
flavor oscillations [23, 24]. This implies that neutrinos have
mass and they mix with each other, providing an exclusive
example of experimental evidence for physics beyond the
Standard Model.

The most recent development in the field of neutrinos is
the discovery of the smallest lepton mixing angle 𝜃

13
. Finally,

it has been measured to be nonzero with utmost confidence
by the reactor neutrino experimentsDaya Bay [13] andRENO
[14]. They have found a moderately large value of 𝜃

13
:

sin22𝜃
13
|Daya Bay (rate-only) = 0.089 ± 0.010 (stat) ±

0.005 (syst) [13],
sin22𝜃

13
|RENO (rate-only) = 0.113 ± 0.013 (stat) ±

0.019 (syst) [14],
which is in perfect agreement with the data provided by
the another reactor experiment Double Chooz [15, 16] and
the accelerator experiments MINOS [20] and T2K [22].
All the three global fits [25–27] of all the world neutrino
oscillation data available indicate a nonzero value of 𝜃

13
at

more than 10𝜎 and suggest a best-fit value of sin2𝜃
13
≃ 0.023

with a relative 1𝜎 precision of 10%. Daya Bay experiment is
expected to reduce this uncertainty to a level of 5% by 2016
when they will finish collecting all the data [28]. This recent
high-precision measurement of a moderately large value of
𝜃
13

signifies an important breakthrough in validating the
standard three-flavor oscillation picture of neutrinos [29].
It has created exciting opportunities for current and future
neutrino oscillation experiments to address the remaining
fundamental unknowns. This fairly large value of 𝜃

13
has

provided a “golden” avenue to directly probe the neutrino
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mass hierarchy (two possibilities are there: it can be either
normal (NH) if Δ𝑚2

31
≡ 𝑚
2

3
− 𝑚
2

1
> 0 or inverted (IH) if

Δ𝑚
2

31
< 0, as described in Figure 1) using the Earth matter

effects and to search for leptonic CP violation (if the Dirac CP
phase, 𝛿CP differs from 0

∘ or 180∘) in accelerator-based long-
baseline neutrino oscillation experiments [30, 31]. Another
recent and important development related to neutrino mix-
ing parameters is the hint of nonmaximal 2-3 mixing by
the MINOS accelerator experiment [32, 33]. However, the
maximal value of 𝜃

23
is still favored by the atmospheric neu-

trino data, dominated by Super-Kamiokande [34]. Combined
analyses of all the neutrino oscillation data available [25–27]
also prefer the deviation from maximal mixing for 𝜃

23
; that

is, (0.5− sin2𝜃
23
) ̸=0. In ]

𝜇
survival probability, the dominant

term mainly depends on sin22𝜃
23
. Now, if sin22𝜃

23
differs

from 1 as indicated by the recent neutrino data, then we get
two solutions for 𝜃

23
: one < 45

∘, named as lower octant
(LO) and the other > 45∘, named as higher octant (HO).
In other words, if the quantity (0.5 − sin2𝜃

23
) is positive

(negative), then 𝜃
23

belongs to LO (HO). This leads to the
problem of octant degeneracy of 𝜃

23
[35] which is a part of

the overall eightfold degeneracy [36, 37], where the other two
degeneracies are (𝜃

13
, 𝛿CP) intrinsic degeneracy [38] and the

(hierarchy, 𝛿CP) degeneracy [39]. The resolution of the three
fundamental issues in the neutrino sector: neutrino mass
hierarchy, octant of 𝜃

23
, and CP violation is possible only

by observing the impact of three-flavor effects in neutrino
oscillation experiments [40, 41].

The information on neutrino mass hierarchy is very
important in order to settle the structure of neutrino mass
matrix which in turn can give crucial piece of information
towards the underlying theory of neutrinomasses andmixing
[42]. This is also a vital ingredient for neutrinoless double
beta decay searches investigating the Majorana nature of
neutrinos. If Δ𝑚2

31
< 0, and yet no neutrinoless double beta

decay is observed even in the very far future experiments,
that would be a strong hint that neutrinos are not Majo-
rana particles [43]. Another fundamental missing link that
needs to be addressed in long-baseline neutrino oscillation
experiments is to measure 𝛿CP and to explore leptonic CP
violation. This new source of low-energy CP violation in
neutral lepton sector has drawn tremendous interest because
of the possibility of leptogenes is leading to baryogenesis
and the observed baryon asymmetry in the universe [44].

Leptogenesis demands the existence of CP violation in the
leptonic sector; for a recent review, see [45]. The possible
link between leptogenesis and neutrino oscillations has been
studied in [46–48]. It is likely that the CP violating phase in
neutrino oscillations is not directly responsible to generate
the CP violation leading to leptogenesis. But there is no doubt
that a demonstration of CP violation in neutrino oscillations
will provide a crucial guidepost for models of leptonic CP
violation and leptogenesis. Precise measurement of 𝜃

23
and

the determination of its correct octant (if it turns out to
be nonmaximal) are also very vital tasks that need to be
undertaken by the current- and next-generation neutrino
oscillation experiments. These pieces of information will
provide crucial inputs to the theories of neutrino masses
and mixing [42, 49–51]. A number of excellent ideas, such
as 𝜇 ↔ 𝜏 symmetry [52–59], 𝐴

4
flavor symmetry [60–

64], quark-lepton complementarity [65–68], and neutrino
mixing anarchy [69, 70], have been proposed to explain the
observed pattern of one small and two large mixing angles
in the neutrino sector. Future ultraprecise measurement
of 𝜃
23

will severely constrain these models leading to a
better understanding of the theories of neutrino masses and
mixing.

The outline of this review work is as follows. We start
in Section 2 by revisiting the phenomenon of neutrino
oscillation in the three-neutrino framework.Then,we discuss
the importance of matter effect on neutrino oscillation in
Section 3. In Section 4, we take a look at our present under-
standing of neutrino oscillation parameters and we identify
the fundamental missing links in the neutrino sector that
can be answered in the current- and next-generation long-
baseline neutrino oscillation experiments. Section 5 discusses
in detail the three-flavor effects in long-baseline neutrino
oscillation experiments with the help of ]

𝜇
→ ]
𝑒
oscillation

probability,𝑃
𝜇𝑒
. Next, in Section 6, we study the physics reach

of current-generation long-baseline beam experiments, T2K
and NO]A. In Section 7, we give an overview on the possible
options for next-generation accelerator-driven long-baseline
oscillation facilities. Finally, in Section 8, we conclude with a
summary of the main points.

2. Three-Neutrino Mixing and
Oscillation Framework

Bruno Pontecorvo was the pathfinder of neutrino oscillation
[74, 75]. In 1957, he gave this concept [76, 77] based on a two-
level quantum system. Neutrino oscillation is a simple quan-
tum mechanical phenomenon in which neutrino changes
flavor as it travels. This phenomenon arises if neutrinos have
nondegenerate masses and there is mixing. First, we consider
the fact that neutrinos (]

𝑒
, ]
𝜇
, ]
𝜏
) are produced or detected via

weak interactions and therefore they are referred to as weak-
eigenstate neutrinos (denoted as ]

𝛼
). It means that they are

the weak doublet-partners of 𝑒−, 𝜇−, and 𝜏−, respectively. In
such a case, if neutrinos are assumed to be massive, then in
general, it is notmandatory that themass-matrix of neutrinos
written in this weak (flavor) basis will have to be diagonal.
So, it follows that the mass eigenstate neutrinos ]

𝑖
, 𝑖 = 1, 2, 3
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(the basis in which the neutrino mass matrix is diagonal) are
not identical to the weak or flavor basis (the charged lepton
mass-matrix is diagonal in this basis) and for three light active
neutrinos, we have

]𝛼⟩ =
3

∑

𝑖=1

𝑈
∗

𝛼𝑖

]𝑖⟩ , (1)

where 𝛼 can be 𝑒, 𝜇, or 𝜏 and 𝑈 is the 3 × 3 unitary
leptonic mixing matrix known as the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [23, 78]. This matrix is
analogous to the CKMmatrix in the quark sector. We use the
standard Particle Data Group convention [79] to parametrize
the PMNS matrix in terms of the three mixing angles: 𝜃

12

(solar mixing angle), 𝜃
23

(atmospheric mixing angle), and
𝜃
13
(reactor mixing angle) and one Dirac-type CP phase 𝛿CP

(ignoring Majorana phases). The mixing matrix 𝑈 can be
parameterized as

𝑈PMNS = (
1 0 0

0 𝑐
23
𝑠
23

0 −𝑠
23
𝑐
23

)

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Atmospheric mixing

× (

𝑐
13

0 𝑠
13
𝑒
−𝑖𝛿CP

0 1 0

−𝑠
13
𝑒
𝑖𝛿CP 0 𝑐

13

)

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Reactor mixing

× (

𝑐
12
𝑠
12
0

−𝑠
12
𝑐
12
0

0 0 1

)

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Solar mixing

,

(2)

where 𝑐
𝑖𝑗
= cos 𝜃

𝑖𝑗
and 𝑠
𝑖𝑗
= sin 𝜃

𝑖𝑗
. The neutrino mixing

matrix finally takes the form

𝑈PMNS

= (

𝑐
12
𝑐
13

𝑠
12
𝑐
13

𝑠
13
𝑒
−𝑖𝛿CP

−𝑠
12
𝑐
23
− 𝑐
12
𝑠
23
𝑠
13
𝑒
𝑖𝛿CP 𝑐

12
𝑐
23
− 𝑠
12
𝑠
23
𝑠
13
𝑒
𝑖𝛿CP 𝑠

23
𝑐
13

𝑠
12
𝑠
23
− 𝑐
12
𝑐
23
𝑠
13
𝑒
𝑖𝛿CP −𝑐

12
𝑠
23
− 𝑠
12
𝑐
23
𝑠
13
𝑒
𝑖𝛿CP 𝑐

23
𝑐
13

) .

(3)

It is quite interesting to note that three mixing angles are
simply related to the flavor components of the three mass
eigenstates as

𝑈𝑒2


2

𝑈𝑒1


2
= tan2𝜃

12
,


𝑈
𝜇3



2

𝑈𝜏3


2
= tan2𝜃

23
,

|𝑈
𝑒3
|
2
= sin2𝜃

13
.

(4)

The transition probability that an initial ]
𝛼
of energy 𝐸 gets

converted to a ]
𝛽
after traveling a distance 𝐿 in vacuum is

given by

𝑃 (]
𝛼
→ ]
𝛽
) = 𝑃
𝛼𝛽
=



∑

𝑗

𝑈
𝛽𝑗
𝑒
−𝑖𝑚
2

𝑗
𝐿/2𝐸
𝑈
∗

𝛼𝑗



2

, (5)

where the last factor arises from the decomposition of ]
𝛼
into

the mass eigenstates, the phase factor in the middle appears
due to the propagation of each mass eigenstate over distance
𝐿, and the first factor emerges from their recomposition into
the flavor eigenstate ]

𝛽
at the end. Equation (5) can also be

written as

𝑃
𝛼𝛽
= 𝛿
𝛼𝛽
− 4

𝑛

∑

𝑖>𝑗

Re [𝑈∗
𝛼𝑖
𝑈
∗

𝛽𝑗
𝑈
𝛽𝑖
𝑈
𝛼𝑗
] sin2𝑋

𝑖𝑗

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

CP conserving

− 2

𝑛

∑

𝑖>𝑗

Im [𝑈∗
𝛼𝑖
𝑈
∗

𝛽𝑗
𝑈
𝛽𝑖
𝑈
𝛼𝑗
] sin2𝑋

𝑖𝑗

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

CP violating

,

(6)

where

𝑋
𝑖𝑗
=

(𝑚
2

𝑖
− 𝑚
2

𝑗
) 𝐿

4𝐸
= 1.27

Δ𝑚
2

𝑖𝑗

eV2
𝐿/𝐸

𝑚/MeV
. (7)

Δ𝑚
2

𝑖𝑗
= 𝑚
2

𝑖
− 𝑚
2

𝑗
is known as the mass splitting and neutrino

oscillations are only sensitive to this mass-squared difference
but not to the absolute neutrino mass scale. The transition
probability (given by (6)) has an oscillatory behaviour with
oscillation lengths:

𝐿
osc
𝑖𝑗
=
4𝜋𝐸

Δ𝑚
2

𝑖𝑗

≃ 2.48m 𝐸 (MeV)
Δ𝑚
2

𝑖𝑗
(eV2)

= 2.48 km 𝐸 (GeV)
Δ𝑚
2

𝑖𝑗
(eV2)

,

(8)

and the amplitudes are proportional to the elements in the
mixing matrix. Since neutrino oscillations can occur only if
there is a mass difference between at least two neutrinos, an
observation of this effect proves that at least one nonzero
neutrino mass exists. In a three-flavor framework, there are
two independentmass-squared differences between the three
neutrino masses: Δ𝑚2

21
= 𝑚
2

2
− 𝑚
2

1
(responsible for solar

neutrino oscillations) and Δ𝑚2
31
= 𝑚
2

3
− 𝑚
2

1
(responsible for

atmospheric neutrino oscillations). The angle 𝜃
13

connects
the solar sector with the atmospheric one and determines
the impact of the three-flavor effects. The last term of (6)
accommodates the CP violating part, proportional to sin 𝛿CP.
This contribution can only be probed in a neutrino oscillation
experiment measuring the appearance probability of a new
flavor, since for disappearance experiments (𝛼 = 𝛽) the last
term becomes zero identically. Also, the CP violating term
changes sign in going from 𝑃(]

𝛼
→ ]
𝛽
) to 𝑃(]

𝛼
→ ]
𝛽
) (for

antineutrino, we have to replace𝑈 by𝑈∗). It also changes sign
in going from 𝑃(]

𝛼
→ ]
𝛽
) to 𝑃(]

𝛽
→ ]
𝛼
), since the CPT

invariance ensures that 𝑃(]
𝛼
→ ]
𝛽
) = 𝑃(]

𝛽
→ ]
𝛼
).

3. Neutrino Propagation through Matter

Oscillation probability changes dramatically when neutrino
passes through matter [80–82]. During propagation through
matter, the weak interaction couples the neutrinos to matter.
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Besides few hard scattering events, there is also coherent
forward elastic scattering of neutrinos with matter particles
they encounter along the path. The important fact is that
the coherent forward elastic scattering amplitudes are not the
same for all neutrino flavors. The ordinary matter consists of
electrons, protons, and neutrons but it does not contain any
muons or tau-leptons. Neutrinos of all three flavors (]

𝑒
, ]
𝜇
,

and ]
𝜏
) interact with the electrons, protons, and neutrons of

matter through flavor-independent neutral current interac-
tionmediated by𝑍0 bosons.These contributions are the same
for neutrinos of all three flavors, leading to an overall phase
which can be subtracted. Interestingly, the electron neutrinos
have an additional contribution due to their charged current
interactions with the ambient electrons of the mediumwhich
are mediated by the𝑊± exchange.This extra matter potential
appears in the form

𝐴 = ±2√2𝐺
𝐹
𝑁
𝑒
𝐸, (9)

where 𝐺
𝐹
is the Fermi coupling constant, 𝑁

𝑒
is the electron

number density inside the Earth, and𝐸 is the neutrino energy.
The + sign refers to neutrinos while the − to antineutrinos.
The connection between the electron density (𝑁

𝑒
) and the

matter density (𝜌) is given by

𝑉
𝐶𝐶
= √2𝐺

𝐹
𝑁
𝑒
≃ 7.6𝑌

𝑒

𝜌

1014 g/cm3
eV, (10)

where 𝑌
𝑒
= 𝑁
𝑒
/(𝑁
𝑝
+ 𝑁
𝑛
) is the relative electron number

density. 𝑁
𝑝
, 𝑁
𝑛
are the proton and neutron densities in

Earth’smatter, respectively. In an electrically neutral, isoscalar
medium, we have 𝑁

𝑒
= 𝑁
𝑝
= 𝑁
𝑛
and 𝑌

𝑒
comes out to be

0.5. If we compare the strength of 𝑉
𝐶𝐶

for the Earth with
Δ𝑚
2

31
/2𝐸, then we can judge the importance of Earth’s matter

effect on neutrino oscillations. If we consider a neutrino of
5GeV passing through the core of the Earth (𝜌 ∼ 10 g/cm3),
then 𝑉

𝐶𝐶
is comparable with Δ𝑚2

31
/2𝐸 (= 2.4 × 10−13 eV if

Δ𝑚
2

31
= 2.4 × 10

−3 eV2).
In a two-flavor formalism, the time evolution of the flavor

eigenstates in matter is given by the following Schrödinger
equation:

𝑖
𝑑

𝑑𝑡
(
]
𝛼

]
𝛽

) =
1

2𝐸
[𝑈(

𝑚
2

1
0

0 𝑚
2

2

)𝑈
†
+ (
𝐴 (𝐿) 0

0 0
)](

]
𝛼

]
𝛽

) .

(11)

In case of constant matter density, the problem boils down
to a stationary one and a trivial diagonalization of the
Hamiltonian can provide the solution. In matter, the vacuum
oscillation parameters are connected to the new parameters
(the new parameters in matter carry a superscript 𝑚) in the
following way:

(Δ𝑚
2
)
𝑚

= √(Δ𝑚2 cos 2𝜃 − 𝐴)2 + (Δ𝑚2 sin 2𝜃)2,

sin 2𝜃𝑚 = sin 2𝜃Δ𝑚2

(Δ𝑚2)
𝑚
.

(12)

The famous MSW-resonance [80–83] condition is satisfied at

Δ𝑚
2 cos 2𝜃 = 𝐴. (13)

At MSW-resonance, sin 2𝜃𝑚 = 1 (from (12) and (13) which
immediately implies that independent of the value of the
vacuum mixing angle 𝜃, the mixing in matter is maximal;
that is, 𝜃𝑚 = 𝜋/4. This resonance occurs for neutrinos
(antineutrinos) if Δ𝑚2 is positive (negative). It suggests
that the matter potential modifies the oscillation probability
differently depending on the sign of Δ𝑚2. Following (13), the
resonance energy can be expressed as

𝐸res = 10.83GeV[
Δ𝑚
2

2.4 × 10−3 eV2
]

⋅ [
cos 2𝜃
0.96

] ⋅ [
2.8 g/cm3

𝜌
] .

(14)

When neutrino travels through the upper part of the Earth
mantle with 𝜌 = 2.8 g/cm3, the resonance occurs at
roughly 10.8GeV for positive Δ𝑚2 of 2.4 × 10−3 eV2. The
MSW potential arises due to matter and not antimatter
and this fact is responsible for the observed asymmetry
between neutrino and antineutrino oscillation probabilities
even in the two-neutrino case. In three-flavor scenario,
besides the genuine CP asymmetry caused by the CP phase
𝛿CP, we also have fake CP asymmetry induced by matter
which causes hindrances in extracting the information on
𝛿CP.

4. Global Status of Oscillation Parameters and
Missing Links

Oscillation data cannot predict the lowest neutrino mass.
However, it can be probed in tritium beta decay [84] or
neutrinoless double beta decay [85] processes. We can also
make an estimation of the lowest neutrinomass from the con-
tribution of neutrinos to the energy density of the universe
[86]. Very recent measurements from the Planck experiment
in combination with the WMAP polarization and baryon
acoustic oscillation data have set an upper bound over the
sum of all the neutrino mass eigenvalues of∑𝑚

𝑖
≤ 0.23 eV at

95%C.L. [87]. But oscillation experiments are sensitive to the
values of two independent mass-squared differences: Δ𝑚2

21

and Δ𝑚2
31
. Recent global fit [27] of all the available neutrino

oscillation data in three-flavor framework is given as best-
fit Δ𝑚2

21
= 7.5 × 10

−5 eV2 and |Δ𝑚2
31
| = 2.4 × 10

−3 eV2
with the relative 1𝜎 precision of 2.4% and 2.8%, respectively.
The atmospheric mass splitting is 32 times larger than the
solar mass splitting, showing the smallness of the ratio 𝛼 =
Δ𝑚
2

21
/Δ𝑚
2

31
≃ 0.03. At present, the 3𝜎 allowed range for

Δ𝑚
2

21
is 7.0 × 10−5 eV2 → 8.1 × 10

−5 eV2 and the same for
|Δ𝑚
2

31
| is 2.2 × 10−3 eV2 → 2.7 × 10

−5 eV2. Δ𝑚2
21
is required

to be positive to explain the observed energy dependence of
the electron neutrino survival probability in solar neutrino
experiments, but Δ𝑚2

31
is allowed to be either positive or

negative by the present oscillation data. Hence, two patterns
of neutrino masses are possible: 𝑚

3
> 𝑚
2
> 𝑚
1
, called NH

where Δ𝑚2
31
is positive and 𝑚

2
> 𝑚
1
> 𝑚
3
, called IH where

Δ𝑚
2

31
is negative. Determining the sign of Δ𝑚2

31
is one of the
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prime goals of the current- andnext-generation long-baseline
neutrino oscillation experiments.

As far as the mixing angles are concerned, the solar neu-
trino mixing angle 𝜃

12
is now pretty well determined with a

best-fit value of sin2𝜃
12
= 0.3 and the relative 1𝜎 precision on

this parameter is 4%.The 3𝜎 allowed range for this parameter
is 0.27 → 0.35. The smallest lepton mixing angle 𝜃

13
has

been discovered very recently with a moderately large best-fit
value of sin2𝜃

13
= 0.023. The relative 1𝜎 precision achieved

on this parameter is also quite remarkable which is around
10%.The error in themeasurement of sin2𝜃

13
lies in the range

of 0.016 → 0.029 at 3𝜎 confidence level. The uncertainty
associated with the choice of reactor ]

𝑒
fluxes [88–90] and its

impact on the determination of 𝜃
13

have been discussed in
detail in Section 3 of [27]. Here, we would like to emphasize
on that fact that the values of 𝜃

13
measured by the recent

reactor and accelerator experiments are consistent with each
other within errors, providing an important verification of
the framework of three-neutrino mixing. These recent onset
of data from reactor and accelerator experiments will also
enable us to explore the long expected complementarity
between these two independent measurements [40, 91–93].
Our understanding of the 2-3 mixing angle 𝜃

23
has also been

refined a lot in recent years. The best-fit values and ranges
of 𝜃
23

obtained from the three recent global fits [25–27] are
listed in Table 1. A common feature that has emerged from all
the three global fits is that we now have hint for nonmaximal
𝜃
23
, giving two degenerate solutions: either 𝜃

23
belongs to the

LO (sin2𝜃
23
≈ 0.4) or it lies in the HO (sin2𝜃

23
≈ 0.6). This

octant ambiguity of 𝜃
23
, in principal, can be resolved with

the help of ]
𝜇
↔ ]
𝑒
oscillation data. The preferred value

would depend on the choice of the neutrino mass ordering.
However, as can be seen from Table 1, the fits of [25] do not
agree on which value should be preferred, even when the
mass ordering is fixed to be NH. LO is preferred over HO for
both NH and IH in [26]. Reference [27] marginalizes over
the mass ordering, so the degeneracy remains. The global
best-fits in [25, 27] do not see any sensitivity to the octant
of 𝜃
23
unless they add the information from the atmospheric

neutrinos. But, in [26], they do find a preference for LO even
without adding the atmospheric neutrino data. At present,
the relative 1𝜎 precision on sin2𝜃

23
is around 11%. Further

improvement in themeasurement of 𝜃
23
and settling the issue

of its octant (if it turns out to be nonmaximal) are also the
crucial issues that need to be addressed in current- and next-
generation long-baseline experiments. Leptonic CP violation
can be established if CP violating phase 𝛿CP is shown to differ
from 0 and 180∘. We have not seen any signal for CP violation
in the data so far. Thus, 𝛿CP can have any value in the range
[−180

∘
, 180
∘
]. Measuring the value of 𝛿CP and establishing

the CP violation in the neutral lepton sector would be the
top most priorities for the present and future long-baseline
experiments.

Due to the fact that both 𝛼 and 𝜃
13
are small, so far, it was

possible to analyze the data from each neutrino oscillation
experiment adopting an appropriate, effective two-flavor
oscillation approach. This method has been quite successful
inmeasuring the solar and atmospheric neutrino parameters.
The next step must involve probing the full three-flavor
effects, including the subleading ones which are proportional
to 𝛼. These are the key requirements to discover neutrino
mass hierarchy, CP violation, and octant of 𝜃

23
in long-

baseline experiments [94, 95].

5. Three-Flavor Effects in ]
𝜇
→ ]
𝑒

Oscillation Channel

To illustrate the impact of three-flavor effects, the most
relevant oscillation channels are ]

𝜇
→ ]
𝑒
and ]

𝜇
→ ]
𝑒
.

A study of these oscillation channels at long-baseline super-
beam experiments is capable of addressing all the threemajor
issues discussed in the previous section. In particular, the
use of an appearance channel in which the neutrino changes
flavor between production and detection is mandatory to
explore CP violation in neutrino oscillations. Earth’s matter
effects are also going to play a significant role in probing
these fundamental unknowns. The exact expressions of the
three-flavor oscillation probabilities including matter effects
are very complicated.Therefore, to demonstrate the nature of
neutrino oscillations as a function of baseline and/or neutrino
energy, it is quite useful to have an approximate analytic
expression for 𝑃

𝜇𝑒
(the 𝑇-conjugate of 𝑃

𝑒𝜇
) in matter [80,

82, 96], keeping terms only up to second order in the small
quantities 𝜃

13
and 𝛼 [97–99]:

𝑃
𝜇𝑒
≃ sin2𝜃

23
sin22𝜃

13

sin2 [(1 − 𝐴)Δ]

(1 − 𝐴)
2

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐶
0

+ 𝛼
2cos2𝜃

23
sin22𝜃

12

sin2(𝐴Δ)
𝐴2⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐶
1

∓ 𝛼 sin 2𝜃
13
cos 𝜃
13
sin 2𝜃

12
sin 2𝜃

23
sin (Δ)

sin (𝐴Δ)

𝐴

sin [(1 − 𝐴)Δ]

(1 − 𝐴)
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐶
−

sin 𝛿CP
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+ 𝛼 sin 2𝜃
13
cos 𝜃
13
sin 2𝜃

12
sin 2𝜃

23
cos(Δ) sin(𝐴Δ)

𝐴

sin[(1 − 𝐴)Δ]
(1 − 𝐴)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐶
+

cos 𝛿CP,

(15)

where

Δ ≡
Δ𝑚
2

31
𝐿

4𝐸
, 𝐴 ≡

𝐴

Δ𝑚
2

31

. (16)

Equation (15) has been derived under the constant matter
density approximation. The matter effect is expressed by the
dimensionless quantity 𝐴. The “−” sign which precedes the
term 𝐶

−
refers to neutrinos whereas the “+” refers to to

antineutrinos. In (15), 𝛼, Δ, and 𝐴 are sensitive to the sign
of Δ𝑚2

31
, that is, the type of the neutrino mass ordering. Note

that the sign of 𝐴 changes with the sign of Δ𝑚2
31

as well as
in going from neutrino to the corresponding antineutrino
mode. The former suggests that the matter effect can be
utilized to determine the sign ofΔ𝑚2

31
, while the latter implies

that it can mimic a CP violating effect and hence complicate
the extraction of 𝛿CP by comparing neutrino and antineutrino
data. For large 𝜃

13
, the first term of (15) (𝐶

0
) dominates

and it contains the largest Earth matter effect which can
therefore be used to measure the sign of Δ𝑚2

31
. This term also

depends on sin2𝜃
23

and therefore is sensitive to the octant
of 𝜃
23
. The subdominant terms 𝐶

−
and 𝐶

+
are suppressed

by 𝛼 and provide information on 𝛿CP. The term 𝐶
−
is the

CP-violating part. The term 𝐶
+
, although 𝛿CP-dependent, is

CP-conserving. The term 𝐶
1
is independent of both 𝜃

13
and

𝛿CP and depends mainly on the solar parameters, Δ𝑚2
21

and
𝜃
12
.

5.1. Hierarchy-𝛿CP Degeneracy. Since the hierarchy and 𝛿CP
are both unknown, the interplay of the terms 𝐶

0
, 𝐶
−
, and

𝐶
+

in (15) gives rise to hierarchy-𝛿CP degeneracy [39].
This degeneracy can be broken completely using the large
Earth matter effects provided by the baselines which are
>1000 km [41, 100, 101]. For these long baselines, we can
also observe both the first and second oscillation maxima
quite efficiently using the detectors like Liquid Argon Time
Projection Chamber (LArTPC) [102]. It helps to evade the
problem of (sgn(Δ𝑚2

31
), 𝛿CP) degeneracy [39] and (𝜃

13
, 𝛿CP)

intrinsic degeneracy [38] which can cause the 𝜋-transit [103]
effect even for large values of sin22𝜃

13
. Adding data from two

different experiments with different baselines can also be very
useful to resolve this degeneracy [37, 39, 104–107]. Another
elegant way to tackle these degeneracies is to kill the spurious
clone solutions at the “magic” baseline [36, 73, 108, 109].
When sin(𝐴Δ) = 0, the last three terms in (15) drop out and
the 𝛿CP dependence disappears from the 𝑃

𝜇𝑒
channel, which

provides a clean ground for 𝜃
13

and sgn(Δ𝑚2
31
) measure-

ments. Since 𝐴Δ = ±(2√2𝐺
𝐹
𝑛
𝑒
𝐿)/4 by definition, the first

nontrivial solution for the condition, sin(𝐴Δ) = 0 reduces
to 𝜌𝐿 = √2𝜋/𝐺

𝐹
𝑌
𝑒
. This gives (𝜌/[g/𝑐𝑐])(𝐿/[km]) ≃ 32725,

which for the PREM density profile of the Earth is satisfied
for the “magic baseline,” 𝐿magic ≃ 7690 km. The CERN
to India-Based Neutrino Observatory (INO) [110] distance
corresponds to 𝐿 = 7360 km, which is tantalizingly close to
this “magic” baseline. Performing a long-baseline experiment
at “Bimagic” baseline can be also very promising to suppress
the effect of these degeneracies [111, 112]. Note that the low-
order expansion of the probability 𝑃

𝜇𝑒
given by (15) is valid

only for values of 𝐸 and Earth matter density 𝜌 (and hence
𝐿) where flavor oscillations are far from resonance; that is,
𝐴 ≪ 1. In the limit 𝐴 ∼ 1, one can check that even
though the analytic expression for 𝑃

𝜇𝑒
given by (15) remains

finite, the resultant probability obtained is incorrect [113, 114].
Whilewewill use this analytical formula to explain our results
in some cases, all the simulations presented in this review
article are based on the full three-flavor neutrino oscillation
probabilities inmatter, using the Preliminary Reference Earth
Model (PREM) [115].

The transition probability𝑃
𝜇𝑒
as a function of the neutrino

energy is shown in Figure 2. We allow 𝛿CP to vary within the
range −180∘ to 180∘ and the resultant probability is shown
as a band, with the thickness of the band reflecting the
effect of 𝛿CP on 𝑃

𝜇𝑒
. Inside each band, the probability for

𝛿CP = 90
∘ (𝛿CP = −90

∘) case is shown explicitly by the
solid (dashed) line. In each panel, the blue (red) band is
for NH (IH). Left panel (right panel) depicts the probability
for neutrino (antineutrino). In upper panels, we take the
baseline of 295 kmwhich matches with the distance of Tokai-
to-Kamioka (T2K) experiment [116, 117] in Japan. In lower
panels, we consider the baseline of 810 km which is the
distance between Fermilab and Ash River, chosen for the
NuMI Off-Axis Neutrino Appearance (NO]A) experiment
[118–120] in theUnited States.Matter effect increases𝑃(]

𝜇
→

]
𝑒
) for NH and decreases it for IH and vice versa for 𝑃(]

𝜇
→

]
𝑒
). For 𝛿CP in the lower half-plane ((LHP), −180∘ ≤ 𝛿CP ≤
0), 𝑃(]

𝜇
→ ]

𝑒
) is larger and for 𝛿CP in the upper half-

plane ((UHP), 0 ≤ 𝛿CP ≤ 180
∘), 𝑃(]

𝜇
→ ]
𝑒
) is smaller.

Hence, for the combination (NH, LHP), the values of𝑃(]
𝜇
→

]
𝑒
) are much higher than those for IH (and 𝑃(]

𝜇
→ ]
𝑒
)

values are much lower). Similarly, for the combination (IH,
UHP), the values of 𝑃(]

𝜇
→ ]

𝑒
) are much lower than

those of NH (and 𝑃(]
𝜇
→ ]
𝑒
) values are much higher).

Thus, LHP is the favorable half-plane for NH and UHP is
favorable for IH [72, 121]. For T2K baseline, the matter effect
is very small and therefore the 𝛿CP bands drawn for NH and
IH overlap for almost entire range of 𝛿CP (except for the
most favorable combinations like: NH, 𝛿CP = −90

∘ and IH,
𝛿CP = 90

∘) for almost all the choices of 𝐸. NO]A has better
chances to discriminate between NH and IH compared to
T2K because of its larger baseline causing larger matter effect.
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Table 1: 1𝜎 bounds on sin2𝜃
23
from the global fits performed in [25–27]. The numbers cited from [27] have been obtained by keeping the

reactor fluxes free in the fit and also including the short-baseline reactor data with 𝐿 ≲ 100m, with the mass hierarchy marginalized. This
table has been taken from [71].

Reference Forero et al. [25] Fogli et al. [26] Gonzalez-Garcia et al. [27]
sin2𝜃
23
(NH) 0.427

+0.034

−0.027
⊕ 0.613

+0.022

−0.040
0.386

+0.024

−0.021

0.41
+0.037

−0.025
⊕ 0.59

+0.021

−0.022

0.34 → 0.67

3𝜎 range 0.36 → 0.68 0.331 → 0.637

sin2𝜃
23
(IH) 0.600

+0.026

−0.031
0.392

+0.039

−0.022

3𝜎 range 0.37 → 0.67 0.335 → 0.663

But for the unfavorable combinations like NH, 𝛿CP = 90
∘

and IH, 𝛿CP = −90
∘, the NH and IH bands still overlap

with each other. In the upper panels of Figure 3, we study
the same for the Long-Baseline Neutrino experiment (LBNE)
[122–125] baseline of 1300 km which is the distance between
the Fermilab and the Homestake mine in South Dakota
in the United States. The lower panels of Figure 3 depict
the hierarchy-𝛿CP degeneracy pattern for the Long-Baseline
Neutrino Oscillation experiment (LBNO) [126–130] baseline
of 2290 km which is the distance between the CERN and the
Pyhäsalmi mine in Finland. For both the LBNE and LBNO
baselines, thematter effects are substantial and they break the
hierarchy-𝛿CP degeneracy completely.

5.2. Octant-𝛿
𝐶𝑃

Degeneracy. There is a similar octant-𝛿CP
degeneracy also in the 𝑃

𝜇𝑒
channel, which limits our ability

to determine the correct octant of 𝜃
23

[35]. The upper left
(right) panel of Figure 4 shows 𝑃

𝜇𝑒
versus 𝐸] (𝑃

𝜇 𝑒
versus

𝐸]) for all possible values of 𝛿CP and for the two different
values of sin2𝜃

23
, assuming NH to be the true hierarchy.

These plots are drawn for the T2K experiment. The lower
panels show the same for the NO]A baseline. As can be seen
from the upper and lower left panels of Figure 4, for neutrino
data, the two octant bands overlap for some values of 𝛿CP
and are distinct for other values. The combinations of octant
and 𝛿CP which lie farthest from overlap will be favorable
combinations for octant determination. For example, LO and
𝛿CP of 90∘ and HO and 𝛿CP of −90∘ form the favorable
combinations. For the combinations with overlap, HO and
𝛿CP of 90∘ and LO and 𝛿CP of −90∘, it is impossible to
determine octant using neutrino data alone. However, as we
see from the upper and lower right panels, these unfavorable
combinations for neutrino case are the favorable ones for
the antineutrino case. Thus, a combination of neutrino and
antineutrino data will have a better capability to determine
octant compared to neutrino data alone. This is in contrast
to the hierarchy-𝛿CP degeneracy, where for a given hierarchy,
the favorable 𝛿CP region is the same for both neutrino and
antineutrino. Thus, we draw the conclusion that a balanced
neutrino and antineutrino data is imperative for resolving
the octant ambiguity of 𝜃

23
for all values of 𝛿CP [71].

The octant-𝛿CP degeneracy pattern for the LBNE (LBNO)
experiment can be seen from the upper (lower) panels of
Figure 5.

6. Present-Generation Beam Experiments:
T2K and NO^A

With the aim to unravel the 𝜃
13
-driven ]

𝜇
→ ]
𝑒
appearance

oscillation, the T2K experiment [116, 117] started its journey
in 2010 and the NO]A experiment [118–120] in the United
States is now under construction and will start taking data
near the end of this year. The detection of electron neu-
trino appearance in a ]

𝜇
beam is the prime goal of these

experiments and their experimental setups are optimized to
achieve this target. Both the T2K and NO]A experiments
use the classic off-axis beam technique [131] that delivers
a narrow peak in the energy spectrum, tuned to be at the
expected oscillation maximum. Furthermore, this off-axis
technology helps to reduce the background coming from
the intrinsic ]

𝑒
contamination in the beam and a smaller

fraction of high-energy tails reduces the background coming
from neutral current events. As a result, it improves the
signal-to-background ratio a lot. With the recent discovery
of a moderately large value of 𝜃

13
, these current-generation

experiments are now poised to probe the impact of full
three-flavor effects to discover neutrino mass hierarchy, CP
violation, and octant of 𝜃

23
. But to achieve these goals,

they need to have very high proton beam powers of order
1MW and detectors with huge fiducial masses (of order
10 kilotons) and therefore, these experiments are known
as “superbeam” experiments. Next, we briefly describe the
main features of the T2K and NO]A experiments and
then we present the physics reach of these experiments in
light of the recently discovered moderately large value of
𝜃
13
.

6.1. T2K. T2K uses the 50 kilotons Super-Kamiokande water
Cherenkov detector (fiducial volume 22.5 kilotons) as the far
detector for the neutrino beam from J-PARC. The detector
is at a distance of 295 km from the source at an off-axis
angle of 2.5∘ [116]. The neutrino flux is peaked sharply at
the first oscillation maximum of 0.6GeV. The experiment is
scheduled to run for 5 years in the neutrino mode with a
power of 0.75MW. Because of the low energy of the peak flux,
the neutral current backgrounds are small and they can be
rejected based on energy cut. The signal efficiency is 87%. To
estimate the physics sensitivity, the background information
and other details are taken from [132, 133].
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Figure 2: The transition probability 𝑃
𝜇𝑒
as a function of neutrino energy. The band reflects the effect of unknown 𝛿CP. Inside each band, the

probability for 𝛿CP = 90
∘ (𝛿CP = −90

∘) case is shown by the solid (dashed) line.The blue (red) band is for NH (IH).The left panel (right panel)
is for ] (]). The upper panels are drawn for the T2K baseline of 295 km.The lower panels are for the NO]A baseline of 810 km. Here, we take
sin22𝜃

13
= 0.089 and sin2𝜃

23
= 0.5.

6.2. NO]A. NO]A is a 14 kilotons totally active scintillator
detector (TASD) placed at a distance of 810 km from Fermi-
lab, at a location which is 0.8∘ off-axis from the NuMI beam.
Because of the off-axis location, the flux of the neutrinos is

reduced but is sharply peaked around 2GeV, again close to the
first oscillation maximum energy of 1.7 GeV in 𝑃(]

𝜇
→ ]
𝑒
).

The most problematic background in NO]A experiment
is neutral current interactions which mostly consist in the
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Figure 3: 𝑃
𝜇𝑒
as a function of neutrino energy. Here, the bands correspond to different values of 𝛿CP from −180

∘ to 180∘. Inside each band,
the probability for 𝛿CP = 90

∘ (𝛿CP = −90
∘) case is shown by the solid (dashed) line. The blue (red) band is for NH (IH). The left panel (right

panel) is for ] (]). The upper panels are drawn for the LBNE baseline of 1300 km. The lower panels are for the LBNO baseline of 2290 km.
Here, we take sin22𝜃

13
= 0.089 and sin2𝜃

23
= 0.5.

single 𝜋0 production. However, the measured energy of this
background is shifted to values of energy below the region
where the flux is significant. Hence, this background can
be rejected using a simple kinematic cut. The experiment is

scheduled to have three-year run in neutrino mode first and
then later, three-year run in antineutrino mode as well with
a NuMI beam power of 0.7MW, corresponding to 6 × 1020
protons on target per year. The details of the experiment
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Figure 4: 𝑃
𝜇𝑒
as a function of neutrino energy. Here, the bands correspond to different values of 𝛿CP ranging from −180

∘ to 180∘. Inside each
band, the probability for 𝛿CP = 90

∘ (𝛿CP = −90
∘) case is shown by the solid (dashed) line. The red (blue) band is for HO with sin2𝜃

23
= 0.59

(LO with sin2𝜃
23
= 0.41).The left panel (right panel) is for ] (]).The upper panels are drawn for the T2K baseline of 295 km.The lower panels

are for the NO]A baseline of 810 km. Here, we consider sin22𝜃
13
= 0.089 and NH.
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Figure 5: 𝑃
𝜇𝑒
as a function of neutrino energy. Here, the bands correspond to different values of 𝛿CP ranging from −180

∘ to 180∘. Inside each
band, the probability for 𝛿CP = 90

∘ (𝛿CP = −90
∘) case is shown by the solid (dashed) line. The red (blue) band is for HO with sin2𝜃

23
= 0.59

(LO with sin2𝜃
23
= 0.41). The left panel (right panel) is for ] (]). The upper panels are drawn for the LBNE baseline of 1300 km. The lower

panels are for the LBNO baseline of 2290 km. Here, we consider sin22𝜃
13
= 0.089 and NH.

are given in [120]. In light of the recent measurement of
large 𝜃

13
, NO]A has reoptimized its event selection criteria.

Relaxing the cuts, they now allow more events in both signal
and background. Additional neutral current backgrounds are

reconstructed at lower energies and can be managed by a
kinematical cut. In our calculations, we use these reoptimized
values of signal and background, the details of which are
given in [72, 134].
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6.3. Mass Ordering and CP Violation Discovery. In this
section, we describe the capabilities of the T2K and NO]A
experiments for the determination of mass hierarchy and CP
violation. We use GLoBES [135, 136] software to simulate the
data for these experiments. For the atmospheric/accelerator
neutrino parameters, we take the following central (true)
values:


Δ𝑚
2

eff

= 2.4 ⋅ 10

−3 eV2, sin22𝜃
23
= 1.0, (17)

where Δ𝑚2eff is the effective mass-squared difference mea-
sured by the accelerator experiments in ]

𝜇
→ ]

𝜇
disap-

pearance channel [32, 33]. It is related to the Δ𝑚2
31

(larger)
and Δ𝑚2

21
(smaller) mass-squared differences through the

expression [137, 138]

Δ𝑚
2

eff = Δ𝑚
2

31
− Δ𝑚

2

21

× (cos2𝜃
12
− cos 𝛿CP sin 𝜃13 sin 2𝜃12 tan 𝜃23) .

(18)

The value of Δ𝑚2
31

is calculated separately for NH and for
IH using this equation where Δ𝑚2eff is taken to be +ve for
NH and −ve for IH. For 𝜃

23
, we take the maximal mixing

as still favored by the Super-Kamiokande atmospheric data
[34, 139, 140]. For 𝜃

13
, we take the best-fit value of sin2𝜃

13
=

0.026. The uncertainties in the above parameters are taken to
be 𝜎(sin2𝜃

13
) = 13% [25], 𝜎(|Δ𝑚2eff|) = 4%, and 𝜎(sin22𝜃

23
) =

2% [116]. In the calculation, these pieces of information are
included in the form of priors. In our 𝜒2 fit, we marginalize
over all oscillation parameterswithin their±3𝜎 ranges, aswell
as themass hierarchy, by allowing these parameters to vary in
the fit and picking the smallest value of the 𝜒2 function. We
take the solar parameters to be

Δ𝑚
2

21
= 7.62 ⋅ 10

−5 eV2, sin2𝜃
12
= 0.32. (19)

We keep the solar parameters to be fixed throughout the cal-
culation because varying them will have negligible effect. We
also take the Earth matter density to be a constant 2.8 g/cm3
because the variations and the uncertainties in density can be
neglected for the T2K andNO]Abaselines.While calculating
the sensitivity for T2K, we include a 2% systematic error on
appearance signal events and a (uncorrelated) 5% systematic
error on backgrounds. For NO]A, we have assumed 5%
systematic error on appearance signal events and a (uncor-
related) 10% systematic error on background events. These
pieces of information on the systematic errors are included
in the 𝜒2 function using the pull method as described in, for
example, [103, 141]. In our definition of the 𝜒2 function, we
have assumed that the neutrino and antineutrino channels
are completely uncorrelated, all the energy bins for a given
channel are fully correlated, and the systematic errors on
signal and background are fully uncorrelated. We perform
the usual 𝜒2 analysis using a Poissonian likelihood function
adding the information coming from ]

𝑒
appearance and ]

𝜇

disappearance channels.
For long-baseline experiments, the measurement of the

mass hierarchy is easier than a measurement of 𝛿CP because

matter effects enhance the separation between the oscillation
spectra, and therefore the event rates, of a NH and an IH.
Additionally, this measurement is one that is “discrete” as
we only need to differentiate between two possibilities. A
“discovery” of the mass hierarchy is defined as the ability to
exclude any degenerate solution for the wrong (fit) hierarchy
at a given confidence level. A “discovery” of CP violation,
if it exists, means being able to exclude the CP-conserving
values of 0∘, 180∘ at a given confidence level. Clearly, this
measurement becomes very difficult for the 𝛿CP values which
are closer to 0∘, 180∘.Therefore, whilst it is possible to discover
the mass hierarchy for all possible values of 𝛿CP, the same is
not true for CP violation.

In Figure 6, we plot the hierarchy discrimination sensitiv-
ity of the old NO]A, the new NO]A (with reoptimized event
selection criteria for large 𝜃

13
), and the combined sensitivity

of new NO]A and T2K, as a function of the true value of 𝛿CP.
In the left (right) panel, we have assumed NH (IH) to be the
true hierarchy. We see that the wrong hierarchy can be ruled
out very effectively for 𝛿CP in the favorable half-plane, which
is LHP (UHP) for NH (IH). The new event selection criteria
of NO]A make the experiment even more effective in ruling
out the wrong hierarchy for 𝛿CP in the favorable half-plane. In
the unfavorable half-plane, both the old and the new criteria
are equally ineffective. However, the addition of T2K data
improves the situation significantly and Δ𝜒2 increases from 0
to ≥ 2 for all the true values of 𝛿CP, thus making it possible to
get a 90%CL hint of hierarchy with some additional data. We
have checked that a further increment in the exposure of T2K
or addition of antineutrino data from T2K does not improve
the hierarchy sensitivity much.

The prospects of determining the neutrino mass hier-
archy with the combined data from T2K, NO]A, Double
Chooz, RENO, Daya Bay, and the atmospheric neutrino
experiment ICAL@INO [110] have been studied in detail
in [143]. With 10 years of atmospheric ICAL@INO data
collected by 50 kilotonsmagnetized iron calorimeter detector
combined with T2K, NOvA, and reactor data, a 2.3𝜎 −
−5.7𝜎 discovery of the neutrino mass hierarchy could be
achieved depending on the true values of sin2𝜃

23
[0.4–0.6],

sin22𝜃
13
[0.08–0.12], and 𝛿CP[0–2𝜋] [143].

Reoptimization of the event selection criteria of NO]A
has the most dramatic effect on the CP violation discovery
potential of the experiment. In Figure 7, we plot the sensi-
tivity to rule out the CP conserving scenarios, as a function
of true 𝛿CP in the left (right) panel for NH (IH) being the
true hierarchy. We notice that, while in the case of old NO]A
there is no CP violation sensitivity at all at 90% CL, there is
such a sensitivity in new NO]A, for about one-third fraction
of the favorable half-plane. Addition of T2K data leads to
CP violation sensitivity for about half the region in both
favorable half planes at 90% confidence level. It can be shown
that, T2K by itself, has no CP violation sensitivity. But the
synergistic combination of NO]A and T2K leads to much
better CP violation sensitivity compared to the individual
capabilities. Here, we would like to mention that a large value
of 𝜃
13

always does not help for CP violation discovery. As
𝜃
13
becomes large, the number of electron appearance event
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Figure 6: Left panel (right panel) shows the Δ𝜒2 for the mass hierarchy discovery as a function of true value of 𝛿CP assuming NH (IH) as
true hierarchy. This figure has been taken from [72].
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Figure 7: Left panel (right panel) shows the Δ𝜒2 for the CP violation discovery as a function of true value of 𝛿CP assuming NH (IH) as true
hierarchy. This figure has been taken from [72].
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Table 2: Fractions of true values of 𝛿CP for which a discovery is possible for mass hierarchy and CP violation. The numbers without (with)
parentheses correspond to 90% (95%) CL. Here we take the central values: sin2𝜃

13
= 0.026 and sin2𝜃

23
= 0.5. The results are shown for both

NH and IH as true hierarchy. This table has been taken from [72].

Setups
Fraction of 𝛿CP(true)

Mass hierarchy CP violation
NH true IH true NH true IH true

NO]A (3 + 3) 0.48 (0.43) 0.46 (0.41) 0.16 (0) 0.21 (0.04)
NO]A (3 + 3) + T2K (5 + 0) 0.55 (0.45) 0.54 (0.43) 0.38 (0.11) 0.49 (0.23)

Table 3: Fractions of true values of 𝛿CP for which a discovery is possible for mass hierarchy and CP violation. The numbers without (with)
parentheses correspond to 90% (95%) CL. Here we take the central value for sin2𝜃

13
to be 0.023 as predicted by Daya Bay. For sin2𝜃

23
, the

best-fit value that we consider is 0.413. The results are shown for both NH and IH as true hierarchy. This table has been taken from [72].

Setups
Fraction of 𝛿CP(true)

MH CPV
NH true IH true NH true IH true

NO]A (3 + 3) 0.39 (0.33) 0.37 (0.31) 0.2 (0.1) 0.22 (0.13)
NO]A (3 + 3) + T2K (5 + 0) 0.41 (0.34) 0.39 (0.31) 0.28 (0.22) 0.3 (0.25)

increases, reducing the statistical error. However, the large
atmospheric term acts as a background in the measurement
of CP phase. In fact, the CP asymmetry term is proportional
to 1/ sin 2𝜃

13
[144, 145]. These two contradictory issues

make the measurement of CP phase quite complicated. The
systematic uncertainties are also going to play a crucial role
for CP violation discovery in light of large 𝜃

13
[146].

A summary of our results is given in Table 2 in terms of
the fraction of 𝛿CP values for which mass hierarchy can be
determined/CP violation can be detected. Please note that in
deriving the results given in Table 2, we have considered the
best-fit value of sin2𝜃

13
= 0.026 and maximal mixing for 𝜃

23
.

In Table 3, we present the same for the rather conservative
choices of neutrino mixing angles: sin2𝜃

13
= 0.023 (the best-

fit value suggested by theDaya Bay experiment) and sin2𝜃
23
=

0.413 (the LO value of sin2𝜃
23

as indicated by the recent
MINOS accelerator data).

In [72], we further explore the improvement in the
hierarchy and CP violation sensitivities for T2K and NO]A
due to the addition of a 10 kilotons LArTPC placed close to
NO]A site and exposed to the NuMI beam during NO]A
running. It is expected, of course, that such a detector will
come on line much later than NO]A.The capabilities of such
a detector are equivalent to those of NO]A in all aspects. We
find that combined data from 10 kilotons LArTPC (3 years
of ] + 3 years of ] run), NO]A (6 years of ] + 6 years of ]
run), and T2K (5 years of ] run) can give a close to 2𝜎 hint of
hierarchy discovery for all values of 𝛿CP. With this combined
data, we can achieve CP violation discovery at 95% CL for
roughly 60% values of 𝛿CP. A similar proposal considering
6 kilotons LArTPC has been studied recently in detail in
[147].

6.4. Resolving the Octant Ambiguity of 𝜃
23
. In this section, we

study whether the expected appearance data from the ongo-
ing T2K experiment and the upcoming NO]A experiment
can resolve the octant ambiguity of 𝜃

23
or not.

In Figure 8, we show neutrino events versus antineutrino
events for various octant-hierarchy combinations. In each
case, with varying values of 𝛿CP, the plot becomes an ellipse.
The left panel depicts these ellipses for T2K whereas the right
panel shows the same for NO]A. Here, we assume that T2K
will have equal ] and ] runs of 2.5 years each. In the right
panel, we see that the ellipses for the two mass orderings
overlap whereas the ellipses of LO are well separated from
those ofHO.Hence, we can expect thatNO]Awill have better
octant resolution capability than hierarchy discrimination.
This situation is even more dramatic in the left panel where
there is large overlap between the two hierarchies but clear
separation between the octants. Thus, it is very likely that
antineutrino data from T2K may play an important role in
the determination of octant.

In Figures 9 and 10, we study the behavior ofΔ𝜒2 between
the true and the wrong octants as a function of true 𝛿CP. Here,
the Δ𝜒2 is estimated in the following way. First, we fix the
true value of 𝛿CP. We take sin2𝜃

23
to be its best-fit value in

the true octant: 0.41 for LO and 0.59 for HO. If the LO (HO)
is the true octant, the test values of sin2𝜃

23
in the HO (LO)

are varied within the range [0.5, 0.63] ([0.36, 0.5]), where 0.63
(0.36) is the 2𝜎 upper (lower) limit of the allowed range of
sin2𝜃
23
. The Δ𝜒2 is computed between the spectra with the

best-fit sin2𝜃
23

of the true octant and that with various test
values in the wrong octant and is marginalized over other
neutrino parameters, especially the hierarchy, sin22𝜃

13
, and

𝛿CP. Figures 9 and 10 portray theminimum of thisΔ𝜒2 versus
the true value of 𝛿CP.

From Figure 9, we observe that the NO]A data by itself
can almost rule out the wrong octant at 2𝜎, if LO is the
true octant. If HO is the true octant, then NO]A data is
not sufficient to rule out the wrong octant as can be seen
from Figure 10. In fact, the wrong octant can be ruled out
only for about half of the true 𝛿CP values. As illustrated
in Figures 9 and 10, addition of T2K data improves the
octant determination ability significantly. From Figure 9, we
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Figure 8: Neutrino and antineutrino appearance events for all possible combinations of hierarchy, octant, and 𝛿CP. The left (right) panel is
for T2K (NO]A). Here, sin22𝜃

13
= 0.089. For LO (HO), sin2𝜃

23
= 0.41 (0.59). Note that for T2K, equal ] and ] runs of 2.5 years each have

been assumed. This figure has been taken from [71].
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Figure 9: Octant resolving capability as a function of true 𝛿CP for various setups. In these plots, LO is assumed to be the true octant. The left
(right) panel corresponds to NH (IH) being the true hierarchy. This figure has been taken from [71].
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Figure 10: Octant resolving capability as a function of true 𝛿CP for various setups. In these plots, HO is assumed to be the true octant. The
left (right) panel corresponds to NH (IH) being the true hierarchy. This figure has been taken from [71].

see that the combined data from NO]A and T2K (5-year
] run) give a 2𝜎 octant resolution for all values of true
𝛿CP if LO is the true octant. From Figure 10, we see that
this combined data can rule out the wrong octant at 2𝜎 for
HO-IH, but not for HO-NH. The problem of HO-NH can
be solved if the T2K has equal ] and ] runs of 2.5 years
each. This change improves the octant determination for the
unfavorable values of true 𝛿CP (where Δ𝜒2 is minimum) for
all four combinations of hierarchy and octant. In particular,
for the case of HO-NH, it leads to a complete ruling
out of the wrong octant at 2𝜎 for all values of true 𝛿CP.
Thus, balanced runs of T2K in ] − ] mode are preferred
over a pure ] run because of better octant determination
capability. We observe that this feature of LO being more
favorable compared to HO is a consequence of marginal-
ization over the oscillation parameters (mainly 𝛿CP) and the
systematic uncertainties. We checked that in the absence of
any kind of marginalization Δ𝜒2HO is consistently larger than
Δ𝜒
2

LO.
In the discussion so far, we have assumed the true values

of sin2𝜃
23

to be 0.41 for LO and 0.59 for HO. These are,
of course, the best-fit points from the global analyses. But,
we must consider the octant resolution capability for values
of true sin2𝜃

23
in the full allowed range (0.34 to 0.67). In

Figure 11, we plot the 2𝜎 and 3𝜎 octant resolution contours in
true sin2𝜃

23
-true 𝛿CP plane. Octant resolution is possible only

for points lying outside the contours. These figures clearly
show that octant resolution is possible at 2𝜎 for global best-
fit points and at 3𝜎 for MINOS best-fit points. The results for
the two hierarchies are quite similar. From Figure 11, we can
see that if T2K experiment would have equal neutrino and
antineutrino runs of 2.5 years each, a 2𝜎 resolution of the
octant becomes possible provided sin2𝜃

23
≤ 0.43 or ≥ 0.58

for any value of 𝛿CP. In [148], the possibility of determining
the octant of 𝜃

23
in the long-baseline experiments T2K

and NO]A in conjunction with future atmospheric neutrino
detectors has been studied.The combined data fromT2K and
NO]A can provide a ∼ 2% precision on sin2𝜃

23
at 2𝜎 using

the information coming from the disappearance channel
[71].

In this section, we have discussed in detail the physics
reach of current generation long-baseline beam experiments:
T2K and NO]A to unravel the neutrino mass hierarchy,
CP violation, and octant of 𝜃

23
. Given their relatively short

baselines, narrowband beams, and limited statistics, these
experiments suffer a lot from the hierarchy-𝛿CP and octant-
𝛿CP degeneracies.They can provide a hint for these unknown
issues only for favorable ranges of parameters at limited
confidence level. Hence, new long-baseline experiments with
intense neutrino beam sources and advanced detector tech-
nologies are mandatory [100, 149–151] to fathom the hitherto
uncharted parameter space of the neutrino mixing matrix
well beyond the capabilities of T2K and NO]A.
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Figure 11: Octant resolving capability in the true sin2𝜃
23
-true 𝛿CP plane for the combined 3]+ 3] runs of NO]A and 2.5]+ 2.5] runs of T2K.

Both 2𝜎 and 3𝜎 CL contours are plotted. The vertical lines correspond to the best-fit values of global data and those of MINOS accelerator
data. The left (right) panel corresponds to NH (IH) being the true hierarchy. This figure has been taken from [71].

7. Next Generation Long-Baseline
Beam Experiments

In this section, we briefly review the possible options for
future high-precision long-baseline beam experiments with
a special emphasis on high-power superbeam facilities using
liquid argon and water Cherenkov detectors. As discussed in
the literature (see, e.g., [149, 152]), the ability of future long-
baseline neutrino experiments to discover mass hierarchy,
octant of 𝜃

23
, and CP violation depends on the achievable

event statistics and hence strongly on the value of 𝜃
13
.

The fact that 𝜃
13

is large will have a significant impact on
the realization of future long-baseline neutrino oscillation
experiments, for which planning till 2011 was focused on
a staged approach to achieve sensitivity to increasingly
smaller values of 𝜃

13
. This approach was exemplified in the

optimization of the neutrino factory [142, 153] and beta-beam
[154, 155] experiments for which it was possible to discover
a value of sin22𝜃

13
as small as 10−4. However, following

the recent discovery of a moderately large value of 𝜃
13
, the

focus of future optimizations will be on the possibility to
explore mass hierarchy, octant of 𝜃

23
, and CP violation for a

given value of 𝜃
13
. A relatively large value of 𝜃

13
also allows

us to pursue an incremental program, staged in terms of
the size of the experiment [100], producing significant new
results at each stage. Out of the three major unknowns,
the discovery of CP violation is the most toughest goal to
achieve. Hence, the determination of mass hierarchy and

octant should be considered as the first step towards the
discovery of leptonic CP violation. Future facilities must be
developed with the requirements that they should have the
capability to determine hierarchy and octant at 3𝜎 confidence
level or better for any possible value of 𝛿CP during the first
stage and discover CP violation and measure 𝛿CP during the
second stage. An incremental approach is also justified in
view of the challenges (some of them are unknown) involved
in operating very-high-power superbeams and in building
giant underground neutrino detectors, which makes such an
approach effectively safer and possibly more cost-effective.
Both the proposed LBNE and LBNO facilities have adopted
this staged approach in light of large 𝜃

13
. First, we present a

comparative study of the physics reach that can be achieved
during the first phase of these two proposed experiments.
Then, we talk about the proposals of J-PARC to Hyper-
Kamiokande (T2HK) long-baseline superbeam experiment
[156] and CERN to MEMPHYS (at Fréjus) SPL super-
beam experiment [157–160]. We also discuss the possibility
to explore leptonic CP violation based on the European
Spallation Source (ESS) proton linac which can deliver
very intense, cost-effective, and high-performance neutrino
beam in parallel with the production of spallation neutron
[161, 162]. Megaton-size water Cherenkov detector is one of
the key components of these three experimental setups. Next,
we discuss the physics prospects of Low-Energy Neutrino
Factory (LENF) [163–166] in conjunction with magnetized
iron detector (MIND) [142, 167, 168] which seems to be a very
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promising setup to explore leptonic CP violation for large 𝜃
13
.

Finally, wemention few proposals based onmonoflavor beta-
beam concept [154, 155, 169–171].

7.1. Discovery Reach of LBNE and LBNO

LBNE. The Long-Baseline Neutrino Experiment (LBNE)
[125] is one of the major components of Fermilab’s intensity
frontier program. In its first phase (LBNE10), it will have a
new, high-intensity, on-axis neutrino beam directed towards
a 10 kilotons LArTPC located at Homestake with a baseline
of 1300 km. This facility is designed for initial operation at
a proton beam power of 708 kW, with proton energy of
120GeV that will deliver 6 × 1020 protons on target in 230
days per calendar year. In our simulation, we have used the
latest fluxes being considered by the collaboration, which
have been estimated assuming the smaller decay pipe and
the lower horn current compared to the previous studies
[172]. We have assumed five years of neutrino run and five
years of antineutrino run. The detector characteristics have
been taken from Table 1 of [100]. To have the LArTPC cross-
sections, we have scaled the inclusive charged current cross-
sections of water by 1.06 (0.94) for the ] (]) case [173, 174].

LBNO. The Long-Baseline Neutrino Oscillation experiment
(LBNO) [130] plans to use an experimental setup where
neutrinos produced in a conventional wide-band beam facil-
ity at CERN would be observed in a proposed 20 kilotons
(in its first phase) LArTPC housed at the Pyhäsalmi mine
in Finland, at a distance of 2290 km. The fluxes have been
computed [175] assuming an exposure of 1.5×1020 protons on
target in 200 days per calendar year from the SPS accelerator
at 400GeV with a beam power of 750 kW. For LBNO also,
we consider five years of neutrino run and five years of
antineutrino run. We assume the same detector properties as
those of LBNE.

Event Spectrum at LBNE10 and LBNO. Figure 12 portrays
the expected signal and background event spectra in the ]

𝑒

appearance channel as a function of reconstructed neutrino
energy including the efficiency and background rejection
capabilities for LBNE10 (left panel) and LBNO (right panel)
setups. In both panels of Figure 12, one can clearly see a
systematic downward bias in the reconstructed energy for
neutral current background events due to the final state
neutrino included using the migration matrices. The blue
dot-dashed and the orange dotted vertical lines display
the locations of the first and second oscillation maxima.
The green double-dotted-dashed histogram shows the signal
event rate. Although, we have some statistics around the sec-
ond oscillation maximum for both the baselines, its impact
is limited due to the fact that the event samples are highly
contaminated with neutral current and other backgrounds at
lower energies.

Physics with Bievents Plots. In Figure 13, we have plotted
]
𝑒
versus ]

𝑒
appearance events, for LBNE10 and 0.5∗LBNO

for the four possible combinations of hierarchy and octant.
Since 𝛿CP is unknown, events are generated for [−180

∘
, 180
∘
],

leading to the ellipses. Here, we take sin22𝜃
13
= 0.089. For

the lower octant (LO) of 𝜃
23
, the value sin2𝜃

23
= 0.41 is

chosen and for higher octant (HO), it is taken to be 0.59. Note
that in Figure 13 we have plotted the total number of events,
whereas the actual analysis will be done based on the spectral
information. Nevertheless, the contours in Figure 13 contain
very important information regarding the physics capabilities
of the experiments. An experiment can determine both the
hierarchy and the octant, if every point on a given ellipse is
well separated from every point on each of the other three
ellipses. The larger the separation, the better the confidence
with which the above parameters can be determined.

For 0.5∗LBNO, the two (LO/HO)-IH ellipses are well
separated from the two (LO/HO)-NH ellipses, in their
number of neutrino events. Hence, 0.5∗LBNO has excellent
hierarchy determination capability with just neutrino data.
However, only neutrino data alone will not be sufficient to
determine the octant in case of IH because various points
on (LO/HO)-IH ellipses have the same number of neutrino
events. Likewise, only antineutrino data cannot determine
the octant in case of NH. Therefore, balanced neutrino
and antineutrino data is mandatory to make an effective
distinction between (LO/HO)-IH ellipses and also between
(LO/HO)-NH ellipses.

For LBNE10, ] data alone cannot determine hierarchy
because various points on LO-NH and HO-IH ellipses have
the same number of ]

𝑒
events. Thus, ] data is also needed.

Even with ] data, hierarchy determination can be difficult
to achieve, if nature chooses LO and one of the two worst-
case combinations of hierarchy and 𝛿CP which are (NH,
90
∘) or (IH, −90∘). In such a situation, the ]

𝑒
and ]

𝑒
events

are rather close to each other and it will be very difficult
for LBNE10 to reject the wrong combination. Regarding
octant determination, the capability of LBNE10 is very similar
to that of 0.5∗LBNO because the separations between the
ellipses, belonging to LO andHO, are very similar for the two
experiments.

Hierarchy and Octant Discovery with LBNE10 and LBNO.
Measurement of hierarchy and octant should be considered
as a prerequisite for the discovery of leptonic CP violation. To
present the results for mass hierarchy and octant discovery,
we consider three experimental setups: LBNE10, LBNO, and
a possible LBNO configuration with a detector half the mass
(10 kilotons), which we denote as 0.5∗LBNO. Scaling down
the detector size of LBNO by half makes the exposures of
these two experiments very similar. Therefore, considering
0.5∗LBNO enables us to make a direct comparison between
the inherent properties of the two baselines involved. Both
LBNE and LBNO will operate at multi-GeV energies with
very long baselines. This will lead to a large enough matter
effect to break the hierarchy-𝛿CP degeneracy completely.They
are also scheduled to have equal neutrino and antineutrino
runs, tackling the octant-𝛿CP degeneracy. These experiments
are planning to use LArTPCs [102, 176] which have excellent
kinematic reconstruction capability for all the observed
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Figure 12: Expected signal and background event rates in the ]
𝑒
appearance channel as a function of the reconstructed neutrino energy

including the efficiency and background rejection capabilities. Here, we consider sin22𝜃
13
= 0.0975 and 𝛿CP = 0

∘. Left panel (right panel) is
for LBNE10 (LBNO). A normal hierarchy has been assumed. In both panels, the blue dot-dashed and the orange dotted vertical lines display
the locations of the first and second oscillation maxima.
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= 0.41 (0.59). This figure has been taken from

[41].

particles. This feature helps in rejecting quite a large fraction
of neutral current background.

We study the hierarchy discovery potential for two true
values of sin2𝜃

23
: 0.41 (LO) and 0.5 (MM). If HO is true,

the results will be better than those for the case of MM. This
gives us four true combinations of 𝜃

23
-hierarchy: LO-NH,

LO-IH, MM-NH, and MM-IH. Δ𝜒2 is calculated for each
of these four combinations, assuming the opposite hierarchy
to be the test hierarchy. In the fit, we marginalize over test
sin2𝜃
23

in its 3𝜎 range and Δ𝑚2
31

and sin22𝜃
13

in their 2𝜎
ranges. We considered 5% uncertainty in the matter density,
𝜌. Priors were added for 𝜌 (𝜎 = 5%), Δ𝑚2

31
(𝜎 = 4%), and

sin22𝜃
13
(𝜎 = 5%, as expected by the end of Daya Bay’s run).

Δ𝜒
2 is also marginalized over the uncorrelated systematic

uncertainties (5% on signal and 5% on background) in the
setups, so as to obtain a Δ𝜒2min for every 𝛿CP(true).

Figure 14 shows the discovery reach for hierarchy as a
function of 𝛿CP(true). We see that even 0.5∗LBNO has ≳ 10𝜎
hierarchy discovery for all values of 𝛿CP(true) and for all
four 𝜃

23
-hierarchy combinations. The potential of LBNO is

even better. The LBNO baseline is close to Bimagic which
gives it a particular advantage [111, 112]. For LBNE10, a 5𝜎
discovery of hierarchy is possible for only ∼ 50% of the
𝛿CP(true), irrespective of the true 𝜃23-hierarchy combination.
For the unfavorable hierarchy-𝛿CP combinations, that is, NH
with 𝛿CP in the upper half-plane or IH with 𝛿CP in the lower
half-plane, the performance of LBNE10 suffers. In particular,
for LO and the worst-case combinations ((NH, 90∘) and
(IH, −90∘)), LBNE10 will not be able to provide even a 3𝜎
hierarchy discrimination. Therefore, LBNE10 must increase
their statistics, if NO]A data indicate that the unfavorable
combinations are true. The discovery potential for all three
setups will be better if 𝜃

23
happens to lie in HO. But, we
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Figure 14: Hierarchy discovery reach for LBNO, 0.5∗LBNO and LBNE10. Results are shown for the four possible true 𝜃
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-hierarchy

combinations.

checked that, even then, a 5𝜎 discovery is not possible with
LBNE10 for ∼ 30% of the upper half-plane of 𝛿CP for HO-NH
true and∼ 70%of the lower half-plane of 𝛿CP forHO-IH true.

We next consider the discovery reach of the same setups
for excluding thewrong octant.We consider the true values of
sin2𝜃
23
= 0.41(LO) and sin2𝜃

23
= 0.59(HO), so that we have

the following four true combinations of octant and hierarchy:
LO-NH, LO-IH, HO-NH, and HO-IH. Δ𝜒2 is calculated for
each of these four combinations, assuming test sin2𝜃

23
values

from the other octant. For LO (HO) true, we consider the
test sin2𝜃

23
range from 0.5 to 0.67 (0.34 to 0.5). The rest of

the marginalization procedure (over oscillation parameters
as well as systematic uncertainties) is the same as that in the
case of hierarchy exclusion exceptwith another difference: the
final Δ𝜒2 is marginalized over both the hierarchies as the test
hierarchy to obtain Δ𝜒2min.

Figure 15 shows the discovery reach for octant as a
function of 𝛿CP(true). It can be seen that for (LO/HO)-IH

true, the sensitivities of LBNE10 and 0.5∗LBNO are quite
similar whereas they are somewhat better for 0.5∗LBNO if
(LO/HO)-NH are the true combinations. For LO-(NH/IH),
both LBNE10 and 0.5∗LBNO have more than 3𝜎 discovery
of octant while for HO-(NH/IH), the Δ𝜒2min varies from ∼6
to ∼11. However, with full LBNO, we have more than 3.5𝜎
discovery of octant for all octant-hierarchy combinations. A
5𝜎 discovery of octant is possible only for LO-NH true for
𝛿CP(true) ∈ (∼ 20

∘
, ∼ 150

∘
).

CP Violation Discovery with LBNE10 and LBNO. In their first
phases, both LBNE10 and LBNO will have very minimal CP
violation reach. Figure 16 depicts the CP violation discovery
reach for LBNE10 and LBNO. In the left panel (right panel),
we have considered NH (IH) as true hierarchy. In Table 4, we
mention the fraction of 𝛿CP values for which CP violation can
be detected for these two experimental setups. Both LBNE10
and LBNO have CP violation reach for around 50% values of
true 𝛿CP at 2𝜎 confidence level. At 3𝜎, their CP violation reach
is quite minimal: only for 10–20% of the entire range.



Advances in High Energy Physics 21

Octant discovery Octant discovery

Octant discovery Octant discovery

−180 −90 0 90 180

LO-NH true

−180 −90 0 90 180

LO-IH true

LBNO

LBNE10

−180 −90 0 90 180

HO-NH true

LBNO

LBNE10

−180 −90 0 90 180

HO-IH true

20

25

10

15

5

0

20

25

10

15

5

0

20

25

10

15

5

0

20

25

10

15

5

0

Δ
𝜒
2

Δ
𝜒
2

Δ
𝜒
2

Δ
𝜒
2

0.5∗LBNO 0.5∗LBNO

𝛿
CP
(true) (deg) 𝛿

CP
(true) (deg)

𝛿CP (true) (deg) 𝛿CP (true) (deg)
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Table 4: Fractions of 𝛿CP(true) for which a discovery is possible for
CP violation. The numbers without (with) parentheses correspond
to NH (IH) as true hierarchy. The results are presented at 2𝜎 and 3𝜎
confidence level.

Setups Fraction of 𝛿CP(true)
2 𝜎 3 𝜎

LBNE10 (5 years ] + 5 years ]) 0.52 (0.56) 0.09 (0.26)
LBNO (5 years ] + 5 years ]) 0.51 (0.54) 0.17 (0.19)

7.2. T2HK, CERN-MEMPHYS, and ESS LINAC Proposals.
The T2HK proposal [156] plans to use a 1.66MW super-
beam from the upgraded J-PARC proton synchrotron facility
directed to a 1 megaton water Cherenkov detector (with
fiducial mass of 560 kilotons) located at a distance of 295 km
from the source at an off-axis angle of 2.5∘. A proposed
location for this detector is about 8 km south of Super-
Kamiokande at an underground depth of 1,750 meters water
equivalent.Themain purpose of this experiment is to achieve
an unprecedented discovery reach for CP violation.Thewater

Cherenkov detector provides an excellent energy resolution
for sub-GeV low-multiplicity final-state events. Both the
high-power narrowband beamand themegaton-size detector
play an important role to have large numbers of ]

𝑒
and

]
𝑒
appearance events at the first oscillation maximum. This

experiment plans to have 1.5 years of neutrino run and 3.5
years of antineutrino run with one year given by 107 seconds.
The baseline of this experiment is too short to have anymatter
effect. Therefore, its mass hierarchy discovery reach is very
limited. The expected accuracy in the determination of CP
phase is better than 20∘ at 1𝜎 confidence level assuming that
mass hierarchy is known. For sin22𝜃

13
= 0.1, the CP violation

can be established at 3𝜎CL for 74% of the 𝛿CP values provided
that we fix the hierarchy in the fit. This CP coverage reduces
to 55% if wemarginalize over both the choices of hierarchy in
the fit [156].

Like T2HK proposal, there is a superbeam configuration
which is under consideration in Europe [157, 159, 160] using
the CERN to Fréjus baseline of 130 km. The aim of this
proposal is to send a 4MW high-power superbeam from
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Figure 16: Left panel (right panel) shows the Δ𝜒2 for the CP violation discovery as a function of true value of 𝛿CP assuming NH (IH) as true
hierarchy.

CERN towards a 440 kilotons MEMPHYS water Cherenkov
detector [158] located 130 km away at Fréjus. Using this
setup, CP violation can be established for roughly 60% values
of 𝛿CP at 3𝜎 confidence level [158] assuming two years
of neutrino run and eight years of antineutrino run, with
uncorrelated systematic uncertainties of 5% on signal and
10% on background.

Another interesting possibility to explore leptonic CP
violation using a very intense, cost-effective, and high-
performance neutrino beam from the proton linac of the
ESS facility currently under construction in Lund, Sweden,
has been studied recently in detail in [161, 162]. A high-
power superbeam from this proton linac in conjunction
with a megaton-size water Cherenkov detector located in the
existing mines at a distance of 300 to 600 km from the ESS
facility can discover leptonic CP violation at 5𝜎 confidence
level for 50% of the 𝛿CP values [162].

7.3. Neutrino Factory. The term “Neutrino Factory” [149,
150, 177, 178] has been associated to describe neutrino beams
created by the decays of high-energy muons (obtained via
pion decay) which are circulated in a storage ring with
long straight sections. The decay of muons in these straight
sections produces an intense, well-known, and pure beam of
]
𝜇
and ]

𝑒
. If 𝜇+ are stored, 𝜇+ → 𝑒

+]
𝑒
]
𝜇
decays generate

a beam consisting of equal numbers of ]
𝑒
and ]

𝜇
. The most

promising avenue to explore CP violation, neutrino mass
hierarchy, and octant of 𝜃
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at a neutrino factory is the

subdominant ]
𝑒
→ ]
𝜇
oscillation channel which produces

muons of the opposite charge (wrong-sign muons) to those
stored in the storage ring and these can be detected with the
help of the charge identification capability of a magnetized
iron neutrino detector (MIND) [97, 167]. In the most recent
analysis [167] of MIND, low-energy neutrino signal events
down to 1GeV were selected with an efficiency plateau of
∼ 60% for ]

𝜇
and ∼80% for ]

𝜇
events starting at ∼5GeV,

while maintaining the background level at or below 10−4.
For the neutral current background, the impact of migration
is nonnegligible and it is peaked at lower energies. This
feed-down is the strongest effect of migration and thus
has potential impact on the energy optimization, since it
penalizes neutrino flux at high energies, where there is little
oscillation but a large increase in fed-down background.

In light of recently discovered moderately large value of
𝜃
13
, shorter baselines and lower energies are preferred to

achieve high performance in exploring CP violation. Even 𝐸
𝜇

as low as 5 to 8GeV at the Fermilab-Homestake baseline of
about 1300 km is quite close to the optimal choice (see upper
left panel of Figure 17), which means that the MIND detector
approaches the magnetized totally active scintillator detector
performance of the Low-Energy Neutrino Factory (LENF)
[163]. With the present baseline choice of the Neutrino
Factory (𝐸

𝜇
= 10GeV and 𝐿 = 2000 km) and a 50 kilotons

MIND detector, CP violation can be established for around
80% values of 𝛿CP at 3𝜎 CL considering 5 × 10

21 useful muon
decays in total.
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Figure 17: Fraction of 𝛿CP(true) for which CP violation will be discovered at 3𝜎 CL as a function of 𝐿 and 𝐸
𝜇
for the single-baseline Neutrino

Factory. The different panels correspond to different true values of sin22𝜃
13
, as given there. Here, we consider 5 × 1021 useful muon decays in

total with a 50 kilotons MIND detector. The optimal performance is marked by a dot: (2200, 10.00), (2288, 13.62), (3390, 20.00), and (4345,
22.08) with regard to their best reaches of the fraction of 𝛿CP(true) at 0.77, 0.84, 0.67, and 0.42. This figure has been taken from [142].

7.4. Beta-Beams. Zucchelli [169] put forward the novel idea of
a beta-beam [73, 170, 171, 179], which is based on the concept
of creating a pure, well-understood, intense, collimated beam
of ]
𝑒
or ]
𝑒
through the beta-decay of completely ionized

radioactive ions. Firstly, radioactive nuclides are created by
impinging a target by accelerated protons. These unstable
nuclides are collected, fully ionized, bunched, accelerated,
and then stored in a decay ring. The decay of these highly
boosted ions in the straight sections of the decay ring
produces the so-called beta-beam. It has been proposed to

produce ]
𝑒
beams through the decay of highly accelerated

18Ne ions (18
10
Ne → 18

9
F + 𝑒+ + ]

𝑒
) and ]

𝑒
from 6He (6

2
He →

6

3
Li+𝑒−+]

𝑒
) [169].More recently, 8B (8

5
B → 8

4
Be+𝑒++]

𝑒
) and

8Li (8
3
Li → 8

4
Be + 𝑒− + ]

𝑒
) [180–182] with much larger end-

point energy have been suggested as alternate sources since
these ions can yield higher energy ]

𝑒
and ]
𝑒
, respectively, with

lower values of the Lorentz boost 𝛾 [154, 183–186]. Details of
the four beta-beam candidate ions can be found in Table 5.
It may be possible to store radioactive ions producing beams
with both polarities in the same ring.This will enable running
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Table 5: Beta decay parameters: lifetime 𝜏, electron total end-point
energy 𝐸

0
, 𝑓-value, and decay fraction for various ions. This table

has been taken from [73].

Ion 𝜏 (s) 𝐸
0
(MeV) 𝑓 Decay fraction Beam

18

10
Ne 2.41 3.92 820.37 92.1% ]

𝑒

6

2
He 1.17 4.02 934.53 100% ]

𝑒

8

5
B 1.11 14.43 600872.07 100% ]

𝑒

8

3
Li 1.20 13.47 425355.16 100% ]

𝑒

the experiment in the ]
𝑒
and ]
𝑒
modes simultaneously. In the

low 𝛾 design of beta-beams, the standard luminosity taken for
the 18Ne and 6He is 1.1 × 1018 (]

𝑒
) and 2.9 × 1018 (]

𝑒
) useful

decays per year, respectively.
Within the EURISOL Design Study [171], the 𝛾 = 100

option with 6He and 18Ne ions has been studied quite
extensively. The energy spectrum of the emitted neutrinos
from these radioactive ions with 𝛾 = 100 suits well the
CERN to Fréjus baseline of 130 km. Compared to superbeam,
the main advantage of using beta-beam is that it is an
extremely pure beam with no beam contamination occurs at
the source. Combining beta-beam with superbeam, we can
study the T-conjugated oscillation channels [187, 188] and
this combined setup can provide an excellent reach for CP
violation discovery.

8. Summary and Conclusions

The discovery of neutrino mixing and oscillations provides
strong evidence that neutrinos are massive and leptons
flavors are mixed with each other which leads to physics
beyond the Standard Model of particle physics. With the
recent determination of 𝜃

13
, for the first time, a clear and

comprehensive picture of the three-flavor leptonic mixing
matrix has been established. This impressive discovery has
crucial consequences for future theoretical and experimental
efforts. It has opened up exciting prospects for current
and future long-baseline neutrino oscillation experiments
towards addressing the remaining fundamental questions,
in particular the type of the neutrino mass hierarchy, the
possible presence of a CP-violating phase in the neutrino
sector, and the correct octant of 𝜃

23
(if it turns out to be

nonmaximal establishing the recent claims). In this paper,
we have made an attempt to review the phenomenology of
long-baseline neutrino oscillationswith a special emphasis on
subleading three-flavor effects, which will play a crucial role
in resolving these unknowns in light of recent measurement
of a moderately large value of 𝜃

13
. We have discussed in

detail the physics reach of current-generation long-baseline
experiments: T2K and NO]A which have very limited reach
in addressing these unknowns for only favorable ranges of
parameters. Hence, future facilities are indispensable to cover
the entire parameter space at unprecedented confidence level.
A number of high-precision long-baseline neutrino oscilla-
tion experiments have been planned/proposed to sharpen
our understanding about these tiny particles. In this review,
we have discussed in detail the physics capabilities of few of

such proposals based on superbeams, neutrino factory, and
beta-beam.
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In the last decades, a very important breakthrough has been brought about in the elementary particle physics by the discovery
of the phenomenon of the neutrino oscillations, which has shown neutrino properties beyond the Standard Model. But a full
understanding of the various aspects of the neutrino oscillations is far to be achieved. In this paper the theoretical background of
the neutrino oscillation phenomenon is described, referring in particular to the paradigmatic models.Then the various techniques
and detectors which studied neutrinos from different sources are discussed, starting from the pioneering ones up to the detectors
still in operation and to those in preparation. The physics results are finally presented adopting the same research path which has
been crossed by this long saga.The problems not yet fixed in this field are discussed, together with the perspectives of their solutions
in the near future.

1. Introduction

Neutrino studies brought us to some of the most relevant
breakthroughs in particle physics of last decades. In spite of
that, the neutrino properties are still far to be completely
understood.

The discovery of the oscillation phenomenon produced
quite a revolution in the Standard Model of elementary
particles, especially through the direct evidence of a nonzero
neutrinomass.The first idea of neutrino oscillations was con-
sidered by Pontecorvo in 1957 [1–3], before any experimental
indication of this phenomenon. After several-decades-lasting
saga of experimental and theoretical research, many ques-
tions are still open around the interpretation of this phenom-
enon and on the correlated aspects, on the oscillation param-
eters, on the neutrino masses, on the mass hierarchy, on CP
violation in the leptonic sector, and on a possible existence of
a fourth, sterile neutrino.

The generally accepted MSW model [4–6] to interpret
solar neutrino oscillations is presently validated for the oscil-
lation in vacuum and in matter, but not yet in the vacuum-
matter transition region.The shape of this transition could be
influenced in a relevant way, as suggested by various theories
going beyond the Standard Model as, for example, the non-
standard neutrino interactions and a possible existence of

a very light sterile neutrino. For this reason, the transition
region deserves further and refined experimental studies.

Checks on the neutrino oscillations are under way
through several experiments in data-taking phase, while few
others are in preparation or even construction.These projects
exploit various approaches, for example, neutrino-flavor dis-
appearance and appearance, short and long source-to-
detector baselines, and measure neutrinos and/or antineutri-
nos of various origins, as the solar, atmospheric, accelerator,
geo-, and reactor (anti)neutrinos.

Neutrinos interact with matter only through weak inter-
actions and, thus, they can bring to the observer almost
undistorted information about their source. For example, by
studying solar neutrinos and geoneutrinos, we gather infor-
mation not only about the character of neutrino itself but also
about the Sun’s and the Earth’s interior.

This paper consists of five sections. In Section 2, the
theoretical aspects of neutrino oscillations are reviewed (for a
more detailed discussion, see, e.g., [7–9]). The principles and
the structures of the detectors employed in neutrino-physics
experiments are discussed in Section 3. The most important
milestones and the results of neutrino-physics experiments
are summarized in Section 4. We briefly discuss the opened
problems of neutrino physics andwhat can be expected in the
near future of this exciting research field in Section 5.
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2. Neutrino Oscillations

In the Standard Model (SM) neutrinos are neutral, massless
fermions. They only interact with other particles via weak
interactions, which are described by the charged-current
(CC) and neutral current (NC) interaction Lagrangians:

LCC = −
𝑔

2√2

𝑗
CC
𝜌
𝑊
𝜌
+ h.c., (1)

LNC = −
𝑔

2 cos 𝜃
𝑊

𝑗
NC
𝜌
𝑍
𝜌
. (2)

In the above relation,𝑔 is the 𝑆𝑈(2)
𝐿
gauge coupling constant,

𝜃
𝑊

is the weak angle, and the charged and neutral currents
𝑗
CC
𝜌

and 𝑗NC
𝜌

are given by

𝑗
CC
𝜌
= 2 ∑

ℓ=𝑒,𝜇,𝜏

]
ℓ𝐿
𝛾
𝜌
ℓ
𝐿
+ ⋅ ⋅ ⋅ , (3)

𝑗
NC
𝜌
= ∑

ℓ=𝑒,𝜇,𝜏

]
ℓ𝐿
𝛾
𝜌
]
ℓ𝐿
+ ⋅ ⋅ ⋅ , (4)

where ℓ are the charged lepton fields andwe havewritten only
the terms containing the neutrino fields ]

ℓ
.

If neutrinos have non-zero masses, the left handed
components ]

𝛼𝐿
of the neutrino fields with definite flavor 𝛼

(which enter in the CC current definition) can be a super-
position of the left handed components ]

𝑖𝐿
of the neutrino

fields with definite masses 𝑚
𝑖
(in this section, we use Greek

letters 𝛼 and 𝛽 to refer to neutrino flavors and Latin letters 𝑖
and 𝑗 to refer to neutrino masses). Assuming that neutrinos
are ultrarelativistic, we have

]
𝛼𝐿
=

𝑁

∑

𝑖=1

𝑈
𝛼𝑖
]
𝑖𝐿

(5)

where 𝑈 is an unitary matrix. By considering that a field
operator creates antiparticles, this implies that a flavor eigen-
state |]

𝛼
⟩ is a superposition of different mass eigenstates |]

𝑖
⟩,

according to

]𝛼⟩ =
𝑁

∑

𝑖=1

𝑈
∗

𝛼𝑖

]𝑖⟩ . (6)

For antineutrinos, we obtain correspondingly

]𝛼⟩ =
𝑁

∑

𝑖=1

𝑈
𝛼𝑖

]𝑖⟩ . (7)

In principle, the number𝑁 ofmassive neutrinos can be larger
than three. In this case, however, we must assume that there
are sterile neutrinos, that is, light fermions that do not take
part in standard weak interactions (1) and (2) and thus are
not excluded by LEP results according to which the number
of active neutrinos coupled with the𝑊± and𝑍 boson is𝑁] =

2.984 ± 0.008 [10].
In the assumption of 3 massive neutrinos, the neutrino

mixing matrix 𝑈 can be expressed in terms of three mixing

angles 𝜃
12
, 𝜃

23
, and 𝜃

13
and one Dirac-type CP phase 𝛿

according to

𝑈 = 𝑅
23
(𝜃
23
) Γ (𝛿) 𝑅

13
(𝜃
13
) Γ

†
(𝛿) 𝑅

12
(𝜃
12
) , (8)

where𝑅
𝑖𝑗
(𝜃
𝑖𝑗
) represents anEuler rotation by 𝜃

𝑖𝑗
in the 𝑖𝑗plane

and

Γ (𝛿) = diag (1, 1, 𝑒𝑖𝛿) . (9)

We are considering here the assumption that neutrinos are
Dirac particles. In the case of Majorana (or Dirac-Majorana)
mass terms, the most general form of the mixing matrix
contains two additional phases and it is obtained by 𝑈 →

𝑈 ⋅ 𝑈
𝑀
, where 𝑈

𝑀
= diag(1, 𝑒𝑖𝜙1 , 𝑒𝑖𝜙2); see for example, [7, 8].

TheMajorana phases 𝜙
1
and 𝜙

2
, however, have no observable

effects on neutrino oscillations [11]. In components, the
mixing matrix 𝑈 is expressed as

𝑈 = (

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

) ,

(10)

where 𝑐
𝑖𝑗
= cos 𝜃

𝑖𝑗
and 𝑠

𝑖𝑗
= sin 𝜃

𝑖𝑗
. We indicate with Δ𝑚2

𝑖𝑗
≡

𝑚
2

𝑖
− 𝑚

2

𝑗
. As it is usually done, we order the neutrino masses

such that Δ𝑚2
21
> 0 and Δ𝑚2

21
≪ |Δ𝑚

2

31
|. With this choice,

the ranges of mixing parameters are determined by

0 ≤ 𝜃
12
, 𝜃
23
, 𝜃
13
≤
𝜋

2
, 0 ≤ 𝛿 ≤ 2𝜋. (11)

The sign of Δ𝑚2
31

determines the neutrino mass hierarchy,
being Δ𝑚2

31
> 0 for normal hierarchy (NH) and Δ𝑚2

31
< 0

for inverted hierarchy (IH).

2.1. Neutrino Evolution Equation. The evolution of a generic
neutrino state |](𝑡)⟩ is described by a Schrödinger-like equa-
tion:

𝑖
𝑑 |] (𝑡)⟩
𝑑𝑡

= 𝐻 |] (𝑡)⟩ , (12)

where 𝐻 represents the Hamiltonian operator. The above
equation can be expressed in the flavor eigenstate basis {|]

𝛼
⟩}.

We obtain

𝑖
𝑑](𝑓) (𝑡)
𝑑𝑡

= 𝐻
(𝑓)](𝑓) (𝑡) , (13)

where ](𝑓)(𝑡) is the vector describing the flavor content of the
neutrino state |](𝑡)⟩ given by

](𝑓) (𝑡) = (𝑎
𝑒
(𝑡) , 𝑎

𝜇
(𝑡) , 𝑎

𝜏
(𝑡) , . . .)

𝑇

, (14)

with 𝑎
𝛼
(𝑡) = ⟨]

𝛼
| ](𝑡)⟩, and the matrix𝐻

𝑓
is given by:

𝐻
(𝑓)

𝛼𝛽
= ⟨]

𝛼 |𝐻| ]𝛽⟩ . (15)



Advances in High Energy Physics 3

In vacuum, the neutrino Hamiltonian𝐻vac is determined
in terms of neutrino masses andmixing parameters. We have
in fact

𝐻
(𝑓)

vac = 𝑈𝐻
(𝑚)

vac 𝑈
†
, (16)

where𝐻(𝑚)

vac is the representation of the vacuumHamiltonian
in the mass eigenstate basis, given by

𝐻
(𝑚)

vac = diag (√ ⃗𝑝2 + 𝑚
2

1
, . . . , √ ⃗𝑝2 + 𝑚

2

𝑁
)

≈

⃗𝑝
 +

1

2

⃗𝑝


diag (𝑚2
1
, . . . , 𝑚

2

𝑁
) .

(17)

In the last equality, we adopted the ultra-relativistic approx-
imation 𝐸 ≈ | ⃗𝑝 | + 𝑚2/2| ⃗𝑝 | and we implicitly assumed that
the neutrino state |](𝑡)⟩ can be described as a superposition
of states with fixed momentum ⃗𝑝. This corresponds to the
so-called plane-wave approximation which is adequate to
describe neutrino evolution when coherence of the different
components of the neutrino wave packet is not lost in the
detection and/or propagation processes (for a wave-packet
description of neutrino oscillations see, e.g., [7]).

The presence of a matter can affect neutrino propagation
in a nontrivial way. In fact, as it was first realized by [4],
when a neutrino propagates through amedium, its dispersion
relation (i.e., its energy-momentum relation) is modified by
coherent interactions with background particles. This phe-
nomenon, which in optics is accounted for by introducing
a refractive index, can be described by adding an effective
potential 𝑉 in the evolution equation, so that

𝑖
𝑑 |] (𝑡)⟩
𝑑𝑡

= (𝐻vac + 𝑉) |] (𝑡)⟩ . (18)

In the SM, the effective potential is diagonal in the flavor
basis. We thus have

𝑉
(𝑓)
= diag (𝑉

𝑒
, 𝑉
𝜇
, 𝑉
𝜏
, 0, . . .) , (19)

where we have taken into account that sterile states do not
interact with the medium. At low energies, the potentials can
be evaluated by taking the average ⟨Heff⟩ of the effective four-
fermion Hamiltonian due to exchange of 𝑊 and 𝑍 bosons
over the state describing the background medium. We have

Heff =HCC +HNC, (20)

with

HCC =
𝐺
𝐹

√2

[]
𝑒
𝛾
𝜌
(1 − 𝛾

5
) ]

𝑒
]

× [𝑒𝛾
𝜌
(1 − 𝛾

5
) 𝑒] ,

(21)

HNC =
𝐺
𝐹

√2

∑

ℓ=𝑒,𝜇,𝜏

[]
ℓ
𝛾
𝜌
(1 − 𝛾

5
) ]

ℓ
]

× ∑

𝑏=𝑒,𝑝,𝑛

[𝑏𝛾
𝜌
(𝑔

𝑏

𝑉
− 𝑔

𝑏

𝐴
𝛾
5
) 𝑏] ,

(22)

where𝐺
𝐹
is the Fermi constant, 𝑔𝑏

𝑉
and 𝑔𝑏

𝐴
are the vector and

axial vector coupling constants of the various background
particles and we have performed a Fierz reshuffling of the
fields; see [7, 12]. In the above equations, it is taken into
account that normal matter does not contain muons and taus
and, consequently, the CC interactions with themedium only
affect electron neutrino propagation. For nonrelativistic
unpolarized medium, one obtains

𝑉
𝛼
= 𝐴CC 𝛿𝛼𝑒 + 𝐴NC, (23)

where the CC contribution

𝐴CC = √2𝐺𝐹 (𝑛𝑒 − 𝑛𝑒) (24)

is proportional to difference between the number densities of
electrons and positrons. The NC contribution 𝐴NC is equal
for all active neutrino flavors and it is given by

𝐴NC =
𝐺
𝐹

√2

(1 − 4 𝑠
2

𝑊
) [(𝑛

𝑝
− 𝑛

𝑝
) − (𝑛

𝑒
− 𝑛

𝑒
)]

−
𝐺
𝐹

√2

(𝑛
𝑛
− 𝑛

𝑛
) ,

(25)

where 𝑠
𝑊
≡ sin 𝜃

𝑊
while 𝑛

𝑝
and 𝑛

𝑛
(𝑛
𝑝
and 𝑛

𝑛
) are the

number densities of protons and neutrons (antiprotons and
antineutrons), respectively.

In neutral matter, it necessarily holds (𝑛
𝑒
− 𝑛

𝑒
) = (𝑛

𝑝
−

𝑛
𝑝
) that implies that the first term in the r.h.s. of the above

equation vanishes. Moreover, in the absence of sterile neutri-
nos, the neutral current contribution to the total Hamiltonian
is proportional to the identity matrix. As a consequence, it
only introduces an overall unobservable phase factor in the
evolution of ](𝑓)(𝑡) and, thus, can be neglected.

Finally, the evolution equation for antineutrinos is
obtained by replacing𝑈 → 𝑈

∗ in (16) and 𝑉 → −𝑉 in (18).
We, thus, understand that CP-violating effects are absent in
neutrino oscillations, if the mixing matrix is real (i.e., 𝑈 =
𝑈
∗) and neutrinos propagate in vacuum or in a CP-sym-

metric medium (i.e., 𝑉 = 0).

2.2. Oscillations in Vacuum and in Matter. In formal terms,
neutrino oscillations are easily described. Let us assume that
a neutrino flavor ]

𝛼
is created at a time 𝑡

0
= 0. In the flavor

eigenstate basis, this state is represented by a vector

](𝑓) (0) = (𝑎
𝑒
(0), 𝑎

𝜇
(0), 𝑎

𝜏
(0), . . .)

𝑇 (26)

with components 𝑎
𝛽
(0) = 𝛿

𝛽𝛼
. After a time interval 𝑡, the

neutrino propagated to a distance 𝑥 ≈ 𝑡 and its flavor content
has evolved according to

](𝑓) (𝑥) = 𝑆(𝑓) (𝑥) ](𝑓) (0) , (27)

where the evolution operator is given by

𝑆
(𝑓)
(𝑥) = 𝑇 [exp(−𝑖 ∫

𝑥

0

𝑑𝑥

𝐻
(𝑓)
(𝑥


))] (28)
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and 𝑇 represents the time ordering of the exponential. In the
presence of neutrino mixing and if neutrino masses are not
degenerate, theHamiltonian𝐻(𝑓) is not diagonal.Thus, flavor
is not conserved and components 𝛽 ̸=𝛼 can appear as a result
of the evolution.The probability to detect a neutrino flavor ]

𝛽

at a distance 𝐿 from the neutrino production point is given by

𝑃 (]
𝛼
→ ]

𝛽
) =

𝑎
𝛽
(𝐿)


2

=

𝑆
(𝑓)

𝛽𝛼
(𝐿)


2

. (29)

In the following, we discuss the expectations for 𝑃(]
𝛼
→ ]

𝛽
)

in few relevant cases.

2.3. Vacuum Neutrino Oscillations. In vacuum, the neutrino
Hamiltonian 𝐻 is constant. The evolution operator can be
explicitly calculated as

𝑆
(𝑓)
= 𝑈𝑆

(𝑚)
𝑈
†
, (30)

where 𝑆(𝑚) is the evolution operator in the mass eigenstate
basis given by

𝑆
(𝑚)
= diag (exp (𝑖𝜙

1
) , . . . , exp (𝑖𝜙

𝑁
)) , (31)

with 𝜙
𝑖
= −𝑚

2

𝑖
𝑥/2| ⃗𝑝|. The probability to observe the

oscillation ]
𝛼
→ ]

𝛽
over a distance 𝐿 is thus given by

𝑃 (]
𝛼
→ ]

𝛽
) = ∑

𝑖,𝑗

[𝑈
𝛽𝑖
𝑈
∗

𝛼𝑖
𝑈
∗

𝛽𝑗
𝑈
𝛼𝑗
] exp (𝑖𝜙

𝑖𝑗
) , (32)

where 𝜙
𝑖𝑗
= [(𝑚

2

𝑗
− 𝑚

2

𝑖
)𝐿]/2𝐸 and we considered that for a

relativistic particle 𝐸 ≈ | ⃗𝑝|.
The above expression can be recast in few alternative

forms that are useful to discuss the property of neutrino
oscillations. We obtain, for example,

𝑃 (]
𝛼
→ ]

𝛽
) = ∑

𝑖


𝑈
𝛽𝑖



2𝑈𝛼𝑖


2

+ 2Re[

[

∑

𝑖>𝑗

𝑈
𝛽𝑖
𝑈
∗

𝛼𝑖
𝑈
∗

𝛽𝑗
𝑈
𝛼𝑗
exp (𝑖𝜙

𝑖𝑗
)]

]

,

(33)

which gives the oscillation probability as the sum of a
constant and an oscillating term.The oscillating part averages
to zero if the phases 𝜙

𝑖𝑗
vary over ranges Δ𝜙

𝑖𝑗
≫ 1, as it can

be due, for example, to a spread of the neutrino energy 𝐸
and/or the neutrino baseline 𝐿. The constant part represents
the “classical” limit that is obtained by neglecting interference
among the different components of the neutrino wave packet
and by combining probabilities, rather than amplitudes, to
derive 𝑃(]

𝛼
→ ]

𝛽
).

Alternatively, we can write

𝑃 (]
𝛼
→ ]

𝛽
) = 𝛿

𝛼𝛽

− 4∑

𝑖>𝑗

Re [𝑈
𝛽𝑖
𝑈
∗

𝛼𝑖
𝑈
∗

𝛽𝑗
𝑈
𝛼𝑗
] sin2 (

𝜙
𝑖𝑗

2
)

− 2∑

𝑖>𝑗

Im [𝑈
𝛽𝑖
𝑈
∗

𝛼𝑖
𝑈
∗

𝛽𝑗
𝑈
𝛼𝑗
] sin (𝜙

𝑖𝑗
) .

(34)

The first two terms in the r.h.s. of the above equation do not
change for 𝑈 → 𝑈

∗ and describe the CP-conserving part
of the neutrino oscillation probability. The last part, instead,
changes sign introducing a difference between neutrino and
antineutrino oscillation probabilities that can be quantified as

𝑃 (]
𝛼
→ ]

𝛽
) − 𝑃 (]

𝛼
→ ]

𝛽
)

= 4∑

𝑖>𝑗

Im [𝑈
𝛽𝑖
𝑈
∗

𝛼𝑖
𝑈
∗

𝛽𝑗
𝑈
𝛼𝑗
] sin (𝜙

𝑖𝑗
) .

(35)

For𝛼 = 𝛽, this termvanishes showing thatCP asymmetry can
be measured only in transitions between different neutrino
flavors.

If we assume two neutrino mixing, that is, we take only
one nonvanishing mixing angle 𝜃

𝑖𝑗
in (8), the oscillation

probability reduces to the well known expression

𝑃 (]
𝛼
→ ]

𝛽
) = sin2 (2𝜃

𝑖𝑗
) sin2(

Δ𝑚
2

𝑖𝑗
𝐿

4𝐸
) , (36)

where 𝛼 ̸=𝛽 and the involved flavors depend on the mixing
angle 𝜃

𝑖𝑗
(an angle 𝜃

12
̸=0 induces ]

𝑒
→ ]

𝜇
oscillations;

𝜃
13
̸=0 induces ]

𝑒
→ ]

𝜏
oscillations; 𝜃

23
̸=0 induces ]

𝜇
→ ]

𝜏

oscillations). The survival probability for the case 𝛼 = 𝛽 can
be simply deduced by considering that, due to unitarity of the
mixing matrix, it always holds ∑

𝛽
𝑃(]

𝛼
→ ]

𝛽
) ≡ 1 that, in

this specific case, gives

𝑃 (]
𝛼
→ ]

𝛼
) = 1 − sin2 (2𝜃

𝑖𝑗
) sin2(

Δ𝑚
2

𝑖𝑗
𝐿

4𝐸
) . (37)

Equation (36) describes an oscillating function of 𝐿. The
amplitude of the oscillation is determined by sin2(2𝜃

𝑖𝑗
) while

the oscillation length is given by

𝐿
𝑖𝑗
=
4𝜋𝐸


Δ𝑚

2

𝑖𝑗



= 2.48
𝐸 [MeV]

Δ𝑚

2

𝑖𝑗
[eV2]

𝑚. (38)

The oscillation probabilities are unchanged when Δ𝑚2
𝑖𝑗
→

−Δ𝑚
2

𝑖𝑗
or 𝜃

𝑖𝑗
→ 𝜋/2 − 𝜃

𝑖𝑗
showing that two neutrino oscil-

lations in vacuum do not probe the hierarchy of the masses
𝑚
𝑖
and 𝑚

𝑗
(i.e., the states ]

𝑖
and ]

𝑗
can be interchanged with

no effect on (36) and (37)).
In the three-neutrino case, useful expressions can be

derived in the approximation of one-dominant mass scale
(i.e., Δ𝑚2

21
≪ |Δ𝑚

2

31
| ≈ |Δ𝑚

2

32
|) which is motivated by the

fact that the mass difference required to explain the atmo-
spheric neutrino anomaly is much larger than that required
to solve the solar neutrino problem. In this assumption (note
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that, due to CPT-invariance, it holds 𝑃(]
𝛽
→ ]

𝛼
) = 𝑃(]

𝛼
→

]
𝛽
)) one obtains

𝑃 (]
𝑒
→ ]

𝜇
) = 𝑠

2

23
sin22𝜃

13
𝑆
23

+ 𝑐
2

23
sin22𝜃

12
𝑆
12
− 𝑃CP,

(39)

𝑃 (]
𝑒
→ ]

𝜏
) = 𝑐

2

23
sin22𝜃

13
𝑆
23

+ 𝑠
2

23
sin22𝜃

12
𝑆
12
+ 𝑃CP,

(40)

𝑃 (]
𝜇
→ ]

𝜏
) = 𝑐

4

13
sin22𝜃

23
𝑆
23

− 𝑠
2

23
𝑐
2

23
sin22𝜃

12
𝑆
12
− 𝑃CP,

(41)

where, following [9], we adopted the notation 𝑆
23

=

sin2(Δ𝑚2
32
𝐿/4𝐸) and 𝑆

12
= sin2(Δ𝑚2

21
𝐿/4𝐸) and we set 𝜃

13
=

0 in the coefficients of the 𝑆
12

terms. The CP-violating part
𝑃CP, which enters with opposite sign in the corresponding
expressions for antineutrinos, is given by

𝑃CP = 8𝐽 sin(
Δ𝑚

2

21
𝐿

4𝐸
) sin2 (

Δ𝑚
2

31
𝐿

4𝐸
) , (42)

where

𝐽 =
1

8
sin (2𝜃

12
) sin (2𝜃

23
) sin (2𝜃

13
) cos (𝜃

13
) sin (𝛿) , (43)

showing that CP violation is observed in neutrino oscillations
only if all the angles and all the mass differences are nonvan-
ishing. The magnitude of CP violating effects depends on the
phase 𝛿, being maximal for 𝛿 = 𝜋/2 and 𝛿 = 3𝜋/2.

The survival probabilities 𝑃(]
𝛼
→ ]

𝛼
) = 𝑃(]

𝛼
→ ]

𝛼
)

are given by [9]

𝑃 (]
𝑒
→ ]

𝑒
) = 1 − sin22𝜃

13
𝑆
23

− 𝑐
4

13
sin22𝜃

12
𝑆
12
,

(44)

𝑃 (]
𝜇
→ ]

𝜇
) = 1 − 4𝑐

2

13
𝑠
2

23
(1 − 𝑐

2

13
𝑠
2

23
) 𝑆

23

− 𝑐
4

23
sin22𝜃

12
𝑆
12
,

(45)

𝑃 (]
𝜏
→ ]

𝜏
) = 1 − 4𝑐

2

13
𝑐
2

23
(1 − 𝑐

2

13
𝑐
2

23
) 𝑆

23

− 𝑠
4

23
sin22𝜃

12
𝑆
12
.

(46)

We note that, at this level of approximation, there is no
sensitivity to neutrino hierarchy since the oscillation prob-
abilities do not depend on the sign of Δ𝑚2

31
. Moreover, in the

limit 𝜃
13
→ 0, the “atmospheric” mass scale Δ𝑚2

32
does not

produce observable effects on electron neutrino oscillations
that can be regarded as two neutrino oscillations, driven by
the “solar” mass difference Δ𝑚2

21
, between ]

𝑒
and the mixed

state ]
𝜇𝜏
= 𝑐

23
]
𝜇
− 𝑠

23
]
𝜏
. This conclusion also holds in pres-

ence of matter.

2.4. Neutrino Oscillations in Matter. The evolution of neutri-
nos in matter is complicated by the fact that the properties of

the medium can change along the neutrino trajectory, thus
giving a nonconstant Hamiltonian. The evolution equation
reads as

𝑖
𝑑](𝑓) (𝑥)
𝑑𝑥

= [𝐻
(𝑓)

vac + 𝑉
(𝑓)
(𝑥)] ](𝑓) (𝑥) , (47)

where, if we neglect sterile neutrinos, the only nonvanishing
entry of the matrix 𝑉(𝑓)(𝑥) is

(𝑉
(𝑓)
)
𝑒𝑒
= ±√2 𝐺

𝐹
𝑛
𝑒
(𝑥) . (48)

Here, the “+” sign refers to neutrinos while the “−” sign refers
to antineutrinos. In the above equations, we omitted the NC
contribution to matter potential that is proportional to the
identity matrix. We also assumed that the number density of
positrons is negligible. See Section 2.1 for details.

It is convenient to diagonalize the Hamiltonian at each
point of the space and discuss the evolution in the basis of
the local mass eigenstates defined by the following relation:

](𝑓) (𝑥) ≡ �̃� (𝑥) ](�̃�) (𝑥) , (49)

where �̃�(𝑥) is the unitary matrix that gives

𝐻
(𝑓)

vac + 𝑉
(𝑓)
(𝑥) =

1

2𝐸
�̃� (𝑥) �̃�

2
(𝑥) �̃�

†
(𝑥) , (50)

with

�̃�
2
(𝑥) = diag (�̃�2

1
(𝑥) , . . . , �̃�

2

𝑁
(𝑥)) . (51)

In this basis, the evolution equation becomes

𝑖
𝑑](�̃�) (𝑥)
𝑑𝑥

= [
�̃�
2

2𝐸
− 𝑖�̃�

†
(𝑥)
𝑑�̃� (𝑥)

𝑑𝑥
] ](�̃�) (𝑥) . (52)

We see that the nondiagonal entries, which may cause the
transitions between the local mass eigenstates, are propor-
tional to the derivative of �̃�(𝑥) whose magnitude is essen-
tially determined by the rate of change of the electrons
number density in the background medium.

This observation can be used to introduce the so-called
adiabatic approximation that applies with good accuracy to
the case of solar neutrino oscillations. Let us indicate with
�̃�
𝑖𝑗
≈ 4𝜋𝐸/|Δ�̃�

2

𝑖𝑗
| the length scale over which the components

of the neutrino wave packet with masses �̃�
𝑖
and �̃�

𝑗
acquire a

phase difference ΔΦ
𝑖𝑗
= 2𝜋. If we assume that the various �̃�

𝑖𝑗

are much smaller than the distance over which the medium
changes its properties𝐷 ≡ (𝑑 ln 𝑛

𝑒
(𝑥)/𝑑𝑥)

−1, the second term
in the r.h.s. of (52) can be neglected.Thus, the components of
the vector ](�̃�)(𝑥) remain constant (in magnitude) during the
evolution, even if the decomposition of ](�̃�)(𝑥) in the flavor
basis changes along the neutrino trajectory as a result of the
variations of 𝑛

𝑒
. If the length scales �̃�

𝑖𝑗
are also much smaller

than the baseline 𝐿 over which neutrinos propagate, the oscil-
lation probabilities 𝑃(]

𝛼
→ ]

𝛽
) only depends on the prop-

erties of �̃�(𝑥) at the production point 𝑥
𝑝
and at the detection
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point 𝑥
𝑑
. They can be, in fact, deduced by incoherently com-

bining probabilities of production and detection, obtaining

𝑃 (]
𝛼
→ ]

𝛽
) = ∑

𝑖


�̃�
𝛼𝑖
(𝑥
𝑝
)


2
�̃�
𝛽𝑖
(𝑥
𝑑
)


2

. (53)

We now consider the specific case of ]
𝑒
produced by

nuclear reactions occurring at the center of the sun. Let us
calculate the electron neutrino survival probability, by first
considering a two neutrino scenario in which only 𝜃

12
̸=0.

The effective mixing angle in matter 𝜃
12
can be calculated as

sin (2𝜃
12
) =

sin (2𝜃
12
)

√sin2 (2𝜃
12
) + 𝐶2

, (54)

while the difference between the effective neutrino masses is
given by

Δ�̃�
2

21
≡ �̃�

2

2
− �̃�

2

1
= Δ𝑚

2

21
√sin2 (2𝜃

12
) + 𝐶2, (55)

with

𝐶 (𝑥) = cos (2𝜃
12
) −
2√2𝐺

𝐹
𝑛
𝑒
(𝑥) 𝐸

Δ𝑚
2

21

. (56)

Matter effects break the degeneracies Δ𝑚2
21
→ −Δ𝑚

2

21
and

𝜃
12
→ 𝜋/2 − 𝜃

12
probing the hierarchy in the 1-2 neutrino

sector. In particular, when Δ𝑚2
21
> 0 and 𝜃

12
< 𝜋/4, the sys-

tem has a resonance. There exists, in fact, a value of the
electron number density, defined by the following condition:

Δ𝑚
2

21
cos (2𝜃

12
) = 2√2𝐺

𝐹
𝑛
𝑒
𝐸, (57)

for which the local mixing is maximal (i.e., 𝜃
12
= 𝜋/4) while

the mass difference Δ�̃�2
12
reaches the minimal value Δ�̃�2

12
=

Δ𝑚
2

12
sin(2𝜃

12
). As it was discussed by [5, 6], if the resonance

region is sufficiently wide, it is possible to achieve a total
conversion of ]

𝑒
into neutrinos of different flavors. This

mechanism is called the MSW effect. Considering that the
electron density in the Sun is 𝑛

𝑒
≲ 10

26 cm−3 and the typi-
cal solar neutrino energies are 𝐸 ≈ 1MeV, the resonance
condition requires Δ𝑚2

21
cos(2𝜃

12
) ≲ 10

−5 eV2.
The evolution equation in the local mass eigenstate basis

becomes

𝑖
𝑑](�̃�) (𝑥)
𝑑𝑥

=

[
[
[

[

1

2𝐸
(
�̃�
2

1
0

0 �̃�
2

2

) + 𝑖(

0 −
𝑑𝜃

12

𝑑𝑥

𝑑𝜃
12

𝑑𝑥
0

)

]
]
]

]

× ](�̃�) (𝑥) ,

(58)

and the adiabaticity condition can be explicitly expressed as

𝛾 (𝑥) ≫ 1, (59)

where the adiabaticity parameter 𝛾 is given by the ratio
between the differences of diagonal elements and off-diagonal
elements of (58):

𝛾 =



Δ�̃�
2

21
/4𝐸

𝑑𝜃
12
/𝑑𝑥



. (60)

If condition (59) is fulfilled, the electron neutrino survival
probability can be calculated through (53) obtaining

𝑃 (]
𝑒
→ ]

𝑒
) =
1

2
+
1

2
cos (2𝜃

12
) cos (2𝜃

12
) , (61)

where 𝜃
12
indicates the mixing angle at neutrino production

point and we assumed that neutrinos are detected in vacuum.
In order to understand the specific features of 𝑃(]

𝑒
→

]
𝑒
), it is useful to define a transition energy 𝐸∗, given by:

𝐸
∗
=
Δ𝑚

2

21
cos 2𝜃

12

2√2𝐺
𝐹
𝑛
𝑒,⊙

, (62)

where 𝑛
𝑒,⊙

is the electron number density at the center of the
sun. For𝐸 ≪ 𝐸∗,matter effects are negligible and (61) reduces
to:

𝑃 (]
𝑒
→ ]

𝑒
) = 1 −

1

2
sin2 (2𝜃

12
) , (63)

which, in fact, corresponds to vacuum averaged neutrino
oscillations. For𝐸 ≫ 𝐸∗, matter potential becomes dominant
so that the “heaviest” mass eigenstates in the center of the Sun
coincide with ]

𝑒
. As a consequence, we obtain cos(2𝜃

12
) = −1

and

𝑃 (]
𝑒
→ ]

𝑒
) = sin2 (𝜃

12
) . (64)

For the value of 𝜃
12
and Δ𝑚2

21
currently favored by neutrino

oscillation analysis (see Section 4), the transition energy 𝐸∗
is approximately 𝐸∗ ≈ 1.2MeV.

The violations of adiabaticity can be taken into account
by introducing the crossing probability 𝑃

𝐶
that represents the

probability of a transition between the local mass eigenstates
during the neutrino evolution. If 𝑃

𝑐
̸=0, the electron neutrino

survival probability becomes

𝑃 (]
𝑒
→ ]

𝑒
) =
1

2
+ (
1

2
− 𝑃

𝐶
) cos (2𝜃

12
) cos (2𝜃

12
) . (65)

There are different approaches to calculate 𝑃
𝐶
. For several

cases of interest, the following expression holds (see e.g.,
[9, 13, 14] and references therein):

𝑃
𝐶
=

exp (− (𝜋/2) 𝛾𝐹) − exp (− (𝜋/2) 𝛾 (𝐹/sin2𝜃
12
))

1 − exp (− (𝜋/2) 𝛾 (𝐹/sin2𝜃
12
))

, (66)

where 𝛾 is the minimal value of 𝛾(𝑥) along the neutrino
trajectory (in the presence of a resonance, one can often
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approximate 𝛾 ≈ 𝛾res where 𝛾res is the value of 𝛾(𝑥) at the
resonance point, see, e.g., [7, 9]) and the parameter𝐹 depends
on the adopted electron density profile. In particular, for an
exponential density profile 𝑛

𝑒
∝ exp(−𝑥), which is a good

approximation for solar neutrinos, one has 𝐹 = 1 − tan2𝜃
12
.

In the case of threemixed neutrinos, the above picture has
to be modified to take into account the possibility that 𝜃

23
̸=0

and 𝜃
13
̸=0. Since matter potentials are equal for muon and

tau neutrinos, the rotation 𝑅(𝜃
23
) in (8) can be reabsorbed

in the “mixed” basis {|]
𝑒
⟩, 𝑐

23
|]
𝜇
⟩ − 𝑠

23
|]
𝜏
⟩, 𝑠

23
|]
𝜇
⟩ + 𝑐

23
|]
𝜏
⟩}.

This shows that, when 𝜃
13
= 0, electron neutrinos experience

two-neutrino oscillations to a mixed state |]
𝜇𝜏
⟩ = 𝑐

23
|]
𝜇
⟩ −

𝑠
23
|]
𝜏
⟩ and, thus, the electron neutrino survival probability

is unchanged. In the presence of 𝜃
13
̸=0, we have instead non

trivial modifications due to the fact that the state |]
𝑒
⟩ mixes

with the state |]
3
⟩ being in fact |⟨]

𝑒
| ]

3
⟩| = 𝑠

13
. By repeating

the previous calculations, one obtains

𝑃 (]
𝑒
→ ]

𝑒
) = sin4 (𝜃

13
) + cos4 (𝜃

13
)

× [
1

2
+ (
1

2
− 𝑃

𝐶
) cos (2𝜃

12
) cos (2𝜃

12
)] ,

(67)

where it is assumed that matter effects negligibly modify the
𝜃
13
mixing angle (i.e., 𝜃

13
≈ 𝜃

13
).

We finally remark that the above expression applies to
solar neutrinos detected during the day, since these neutrinos
do not cross the Earth to reach the detector.Matter effects due
to propagation across the Earth canmodify (67) by introduc-
ing a day-nightmodulationwhosemagnitude depends on the
specific values of mass and mixing parameters.

3. Neutrino Detectors

The successful series of solar, atmospheric, reactor, and
accelerator experiments which led to firmly establish the
standard three-flavor neutrino oscillation paradigm involved
the realization of sophisticated detectors based on a plurality
of techniques. In this paragraph we briefly review their
main features, which undoubtedly played a key role in the
incredible success of this field.

3.1. Radiochemical Detectors. The emerging hint of the so-
called solar neutrino problemat the beginning of the 70s from
the first results of the pioneering chlorine experiment (whose
final findings are summarized in [24]), carried out by Ray
Davies in the Homestake mine, signaled the experimental
beginning of the neutrino oscillation saga. The problem,
consisting in a sizable discrepancy between the data and the
prediction of the Standard Solar Model, persisted for more
than 30 years before being explained as a manifestation of
the neutrino oscillation phenomenon. A beautiful account of
the early stage of this field can be found in the seminal book
of Bahcall [25], where all the steps which brought to shape
unambiguously the existence of the experimental puzzle are
vividly and clearly explained. In the 90s additional evidence
of the existence of the solar neutrino problem came from
other two radiochemical experiments, GALLEX/GNO [26]

at Gran Sasso and SAGE [27, 28] at Baksan. The principle
of the radiochemical technique is very simple and elegant:
the detection medium is a material which, upon absorption
of a neutrino, is converted into a radioactive element whose
decay is afterwards revealed and counted. The Homestake
experiment used a chlorine solution as a target for inverse 𝛽-
interactions:

]
𝑒
+
37Cl → 37Ar+𝑒− (68)

characterized by a threshold of 0.814MeV. It is worth remind-
ing that such a technique was proposed independently by
two giants of modern physics, Bruno Pontecorvo and Louis
Alvarez.The other two experiments, instead, adopted gallium
as target, which allows neutrino interaction via

]
𝑒
+
71Ga → 71Ge+𝑒−. (69)

The threshold of this reaction is 233 keV, low enough to
essentially probe the entire solar neutrino spectrum (see
Section 4.1 for details) which on the contrary cannot be
revealed with the chlorine reaction due to the higher thresh-
old. Due to the similarity of the methodology in both
cases of chlorine and gallium, in the following its descrip-
tion is focused to the specific gallium implementation. In
GALLEX/GNO the target consisted of 101 tons of a GaCl

3

solution in water and HCl, containing 30.3 tons of natural
gallium; this amount corresponds to about 1029 71Ga nuclei.
The solution was contained in a large tank hosted in Hall A
of the underground Gran Sasso Laboratory.

71Ge produced by neutrinos is radioactive and decays
back by electron capture into 71Ga. The mean life of a 71Ge
nucleus is about 16 days; thus 71Ge accumulates in the solu-
tion, asymptotically reaching equilibrium when the number
of 71Ge atoms produced by neutrino interactions is just the
same as the number of the decaying ones. In this equilibrium
condition, about a dozen 71Ge atoms would be present inside
the whole gallium chloride solution. Since the exposure
time is in practice limited to four weeks, the actual number
of 71Ge atoms is less than the equilibrium value, but still
perfectly predictable.Therefore, the solar neutrino flux above
threshold is deduced from the number of 71Ge produced
atoms, using the theoretically calculated cross section. The
challenging experimental task is thus to identify the feeble
amount of 71Ge atoms. This is accomplished through a com-
plex procedure which contemplates several steps.

(1) The solution is exposed to solar neutrinos for about
four weeks.

(2) The 71Ge atoms present at the end of the four week
period in the solution are in the form of volatile
GeCl

4
, which is extracted into water by pumping

about 3000m3 of nitrogen through the solution.
(3) The extracted 71Ge is converted into gaseous GeH

4

and introduced into miniaturized proportional coun-
ters mixed with xenon as counting gas. At the end
of the process, a quantity variable between 95 and
98% of the 71Ge present in the solution at the time
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of extraction is in the counter; extraction and con-
version efficiencies are under constant control using
nonradioactive germanium isotopes as carriers.

(4) Decays and interactions in the counter are observed
for a period of 6 months, allowing the complete
decay of 71Ge and a good determination of the coun-
ter background. The charge pulses produced in the
counters by decays are recorded by means of fast
transient digitizers.

(5) The data, after application of suitable cuts, are then
analyzed with a maximum likelihood algorithm to
obtain the most probable number of 71Ge introduced
in the counter, with some final corrections applied to
take into account the so-called side reaction, that is
interactions in the solution generated by high energy
muons from cosmic rays and by natural radioactivity.

The key issue in the overall procedure is theminimization
of the possible sources of backgrounds. This is performed
through a triple strategy, whose first element is the rigorous
application of low-level radioactivity technology in the design
and construction of the counters; the second element is
the use in the analysis of sophisticated pattern recognition
techniques able to perform energy and shape discrimination
of the signal and background events; the third and final
element is the precise calibration of the counters via an exter-
nal Gd/Ce X-ray source, to enhance the accuracy of the
signal/background discrimination ensured by the pattern
recognition method.

Thanks to the effective methodology adopted, the radio-
chemical experiments were able to provide very important
results in the studies of solar neutrinos, demonstrating unam-
biguously the discrepancy between the measured and pre-
dicted solar neutrino fluxes and triggering the subsequent
vast theoretical and experimental investigations culminated
in the proof of the oscillation effect in the solar neutrino
sector.

Such fundamental outputs were achieved despite the
incredible challenge of the measurement, which can be well
appreciated by considering the smallness of the detected
signal. In about two decades of operation, Homestake and
SAGE detected 860 and 870 decays, respectively, as reported
in [24, 27, 28] (GALLEX/GNO did not publish this number).

In this respect, is worth mentioning another important
ingredient of the radiochemical solar neutrino programs,
which is the source calibration efforts which were performed
to prove unambiguously the validity of the entire neutrino
detection concept implied by this technique. In particular,
GALLEX and SAGE underwent twice the calibration proce-
dure. GALLEX exploited in both cases a 51Cr source [34],
while SAGE adopted two different isotopes, 51Cr in the first
instance [35] and 37Ar in the second test [36]. The outcome
of the source tests was the definitive validation of the radio-
chemical approach as an effectivemethod to detect neutrinos.
However, the ratio 𝑅 between the detected and predicted
neutrino fluxes is significantly less than 1; taking the four tests
together, the global result is 𝑅 = 0.86 ± 0.05. This anomaly
can be interpreted as a possible indication of ]

𝑒
disappearance

(see, e.g., [37]) withinmodels with additional sterile neutrino
states (see Section 4.2.4).

3.2. Čerenkov Detectors. The widespread diffusion of the
Čerenkov technique in the field of neutrino physics can be
appreciated by considering the many experimental setups
based on this method which have been employed to inves-
tigate the entire neutrino spectrum, from the lowest to the
highest energies.

The Čerenkov radiation is produced in a material with
refractive index 𝑛 by a charged particle if its velocity is greater
than the local phase velocity of the light.The charged particle
polarizes the atoms along its trajectory, generating time
dependent dipoles which in turn generate electromagnetic
radiation. If V < 𝑐/𝑛, the dipole distribution is symmetric
around the particle position, and the sum of all dipoles
vanishes. If V > 𝑐/𝑛, the distribution is asymmetric and the
total time dependent dipole is different from zero and thus
radiates.

The resulting light wavefront is conical, characterized
by an opening angle whose cosine is equal to 1/(𝛽𝑛); the
spectrum of the radiation is ultraviolet divergent, being
proportional to 1/𝜆2. The propagation properties of the
Čerenkov light are therefore fully equivalent to those of the
acoustic Mach cone.

3.2.1. SNO. The SNO experiment [38] is a paradigmatic
example of how the Čerenkov light can be used as basis to
build a very effective neutrino detector. Since SNO encom-
passes more experimental features than the other impor-
tant detector of this kind, the Japanese Super-Kamiokande
described in Section 3.2.2, we find convenient, for illustrative
purposes, to reverse the historical order (the data taking
of Super-Kamiokande actually started before SNO). Located
underground, in the Inco mine at Sudbury (Canada), this
detector employed heavy water, which acted both as target
medium for the neutrinos and as light generating material.
The basic idea beyond the choice of heavy water is to perform
two independent solar neutrino measurements based on the
deuterium target: the first is aimed to detect specifically the
electron neutrino component, while the second is sensitive to
the all-flavor flux.Thus, the comparison of the two results can
permit to unambiguously discern if neutrinos, generated only
as electron neutrinos in the core of the Sun, undergo flavor
conversion during the path Sun-Earth.

Heavy water makes this possible providing both flavor-
specific and flavor-independent neutrino reactions. The first,
flavor-specific, reaction is the charged current (CC) reaction

]
𝑒
+ 𝑑 → 𝑝 + 𝑝 + 𝑒

− (70)

sensitive only to electron neutrinos. Due to the large energy
of the incident neutrinos, the produced electron will be so
energetic that it will be ejected at light speed, which is actually
faster than the speed of light in water, therefore creating a
burst of Čerenkov photons; after traveling throughout the
water volume, they are revealed by the spherical array of
photomultipliers instrumenting the detector. The amount of
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light is proportional to the incident neutrino energy, which
can be inferred from the number of hits on the PMTs. From
the hit pattern, also the angle of propagation of the light can
be determined.

The second flavor-independent reaction is the so-called
neutral current (NC) reaction

]
𝑥
+ 𝑑 → 𝑝 + 𝑛 + ]

𝑥
, (71)

whose net effect is just to break apart the deuterium nucleus;
the liberated neutron is then thermalized in the heavy water
as it scatters around.The reaction can eventually be observed
due to gamma rays which are emitted when the neutron is
finally captured by another nucleus. The gamma rays will
scatter electrons, which produce detectable light via the
Čerenkov process, in the same manner as discussed before.

The neutral current reaction is equally sensitive to all
neutrino types; the detection efficiency depends on the neu-
tron capture efficiency and the resulting gamma cascades.
Neutrons can be captured directly on deuterium 2H(𝑛, 𝛾) 3H,
but this is not very efficient. For this reason SNO has
employed two separate systems to enhance the detection of
NC interactions. In the so-called second SNOphase, 35Cl has
been added to the heavy water in form of 2 tons of NaCl and
neutrons were detected through 35Cl(𝑛, 𝛾) 36Cl interaction.
In the third SNO phase, the 36 proportional 3He counters
have been deployed in the core of the detector which enabled
the neutron detection based on 3He(𝑛, 𝑝) 3H interaction.

There is also a third reaction occurring in the detector,
flavor independent as well, which is the electron scattering
(ES):

]
𝑥
+ 𝑒

−
→ ]

𝑥
+ 𝑒

−
. (72)

This reaction is not unique to heavy water, being instead
the primary mechanism in other light water detectors,
like Kamiokande/Super-Kamiokande (see Section 3.2.2).
Although this reaction is sensitive to all neutrino flavors, due
to the different cross sections involved the electron neutrino
dominates by a factor of six. The final state energy is shared
between the electron and the neutrino, and thus there is very
little spectral information from this reaction. On the other
hand, good directional information can be obtained.

The general drawback affecting the Čerenkov technique
is that, due to the feeble amount of light produced by the
Čerenkov mechanism, the effective neutrino threshold is
around 4-5MeV, thus allowing the detection only of the high
energy component of the solar flux, essentially the 8B neu-
trinos.

The SNOexperiment is nowover; its architectural scheme
was very simple (see Figure 1), aimed to get the most from
the Čerenkov technique: 1000 tons of heavy water were
contained in a thick transparent acrylic vessel, surrounded by
an external layer of light water shielding from the gammas
from the radioactivity in the rock. A spherical array of
10000 8 phototubes detected the light from both volumes
of water. A key issue for the success of the experiment was
the long standing effort throughout the construction and the
operation phases to reduce the natural radioactivity in the

Figure 1: Conceptual architectural scheme of the SNO detector.

target volume, not only in uranium and thorium, but also in
the particular ubiquitous radon gas.

As a result of this experimental effort, the multiple,
clean, and almost background-free CC, NC, and elastic scat-
tering detection of solar neutrinos provided the unambigu-
ous and model independent proof that neutrinos from the
Sun undergo flavor conversion. The specific “smoking gun”
indication of the flavor-conversion process was obtained
from the comparison of the depleted ]

𝑒
-only flux of the CC

measurement with the all-flavor flux evaluated through the
NC reaction. The first publication of this result in 2002 [31]
nailed downdefinitively the explanation of the SolarNeutrino
Problem.

3.2.2. Super-Kamiokande. As anticipated before, Super-
Kamiokande [39], like its predecessor Kamiokande [40], is
conceptually very similar to SNO, the major difference being
the use of normal water instead of heavy water. Hence the
neutrino detection occurs only via the scattering reaction off
the electrons; the afterwards mechanism of Čerenkov light
production and detection via an array of PMTs is equal to
that already described for SNO.

Another major difference is the quantity of water
employed, in total 50 ktons (observed by almost 13000
20 PMTs), which makes this detector the most massive
among the neutrino oscillation experiments built so far. The
sufficiently high statistics implied by this huge volume have
made a fairly precise reconstruction of the spectrum of the
scattered electrons possible, which plays an important role
in the subsequent analysis for the interpretation of the data.
With its huge mass Super-Kamiokande clearly outperforms
the findings of the old Kamiokande (containing only 3000
tons of water), obtained in the data taking period from 1983
to 1994; however Kamiokande maintains a crucial historical
role in the fields of neutrino oscillation and of astrophysical
neutrinos, in this case with the detection of the neutrinos
from the Supernova SN1987A, as witnessed by the 2002
Nobel Prize. In this context, it is appropriate to mention
also another historically important Čerenkov experiment, the
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IMB (Irvine-Michigan-Brookhaven) detector [41], realized
with 10000 tons of water, which shared with Kamiokande the
success of detecting the SN1987A neutrinos.

The intrinsic high directionality of the scattering reaction,
coupled to the directionality of the Čerenkov light, provides
this experiment with a powerful tool to fight the background
due to trace impurities of natural radioactivity dissolved
in water, by associating the reconstructed direction of the
Čerenkov photons with the angular position of the Sun.
Clearly, this is done on top of the purification procedure of
the light water, which as for SNO was focused generally on
the whole natural radioactivity, but with special emphasis on
the radon, which is the factor limiting the threshold at low
energy.

An additional important analysis tool is the typical feature
of the Čerenkov light to generate sharp Čerenkov rings in
case of muon particles, while electrons make rings with fuzzy
edges. Contrary to SNO, Super-Kamiokande is still currently
taking data. The long history of this detector started in 1996
and evolved through four phases: the first phase lasted until a
major PMT incident in November 2001 and produced a very
accurate measure of the 8B flux via the ES detection reaction.
Phase II with reduced number of PMTs, from the end of 2002
to the end of 2005, confirmed with larger error the phase I
measurement. After the refurbishment of the detector back
to the original number of PMTs, the third phase lasted from
the middle of 2006 up to the middle of 2008. Later on, an
upgrade of the electronics brought the detector into its fourth,
current phase. It is important to highlight the evolution of
the energy threshold (total electron energy) in all the phases:
5MeV in phase I, 7MeV in phase II, 4.5MeV in phase III, and
4MeV for phase IV, thanks to the continuously ongoing effort
to reduce the radon content in water.

Undoubtedly Super-Kamiokande played a central role in
the long path which led to unveiling of the neutrino oscil-
lation phenomenon, since it has been, and still is, a major
player in three of the areas of investigation for neutrino oscil-
lation, that is, those based on solar, atmospheric, and accel-
erator neutrinos. Actually, it was Super-Kamiokande that in
1998 [16] announced the epochal discovery of neutrino
oscillations, which stemmed from the observed anomaly of
the number of atmospheric muon neutrino events compared
to that of electron neutrino events, and it was Super-
Kamiokande that first confirmed the oscillation process with
a beam of artificial (accelerator) muon neutrinos in the
dedicated K2K experiment [42], which took place from
1999 to 2004. And nowadays this successful story continues
with the T2K [43] experiment, another accelerator neutrino
experiment which is the successor of K2K.

In the solar neutrino study the results provided by
Super-Kamiokande are equally of great importance, as key
ingredient of the joint analysis of all the experiments to
ascertain the allowed regions of the oscillation parameters
[10].

3.3. Scintillation Detectors. Scintillation detectors have a long
and established tradition in the area of neutrino physics,
starting from the Cowan-Reines Savannah River experiment
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Figure 2: Sketch of the Borexino experiment, highlighting its major
components arranged according to a graded shielding design.

[44], which performed the first neutrino detection ever.
Other pioneer detectors of this kind which deserve to be
mentioned for their historical role in the field (but not nec-
essary in the oscillation study) are the Baksan Underground
Scintillation Telescope (BUST) [45], which also detected the
SN1987A neutrinos, the Liquid Scintillation Detector (LSD)
atMont Blanc [46], the LargeVolumeDetector (LVD) atGran
Sasso [47] devoted to Supernova search, and the Gosgen [48]
and Bugey [49] reactor experiments.

In the following we focus our attention on the more
recent implementations of this technique, for the realization
of experiments which played a fundamental role in nailing
down the neutrino oscillation properties.

3.3.1. Borexino. In the context of the solar neutrino research,
the Borexino project was conceived and designed to detect
in real time the low energy component of the solar flux,
with special emphasis on the neutrinos coming from the 7Be
electron capture in the core of the Sun, exploiting as simple
and effective mean to reveal the incoming particles their
scattering reaction off the electrons of the target medium.

Specifically, Borexino is a scintillator detector [50] which
employs as active detection medium a mixture of pseu-
documene (PC, 1,2,4-trimethylbenzene) and PPO (2,5-
diphenyloxazole, a fluorescent dye) at a concentration of
1.5 g/L. Because of its intrinsic high luminosity (50 timesmore
than that in the Čerenkov technique) the liquid scintillation
technology is extremely suitable for massive calorimetric low
energy spectroscopy. The isotropic nature of the scintillation
light does not allow inferring the direction of the incoming
particles; it is therefore impossible, contrary to what happens
in the Čerenkov experiments, to distinguish neutrino scat-
tered electrons from electrons due to natural radioactivity by
the association with the direction from the Sun.Thus the key
requirement in the technology of Borexino is an extremely
low radioactive contamination.

To reach ultralow operating background conditions in
the detector, the design of Borexino, as shown in Figure 2,
is based on the principle of graded shielding, with the inner
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Table 1: Radiopurity of the Borexino detector during phase 1 of the experiment.

Name Source Typical Required Achieved
14C Intrinsic PC ∼10−12 g/g ∼10−18 g/g ∼2× 10−12 g/g
238U Dust 10

−5–10−6 g/g <10−16 g/g (5.0 ± 0.9) × 10
−18 g/g

232Th — — — (3.0 ± 1.0) × 10
−18 g/g

7Be Cosmogenic ∼3× 10−2 Bq/ton <10−6 Bq/ton Not observed
40K Dust, PPO ∼2× 10−6 g/g (dust) <10−18 g/g Not observed
210Po Surface <7 cpd/ton May 07 : 70 cpd/ton

Contamination — — May 09 : 5 cpd/ton
222Rn Emanation, rock 10 Bq/L (air, water) <10 cpd/100 tons <1 cpd/100 tons

— 100–1000 Bq/kg (rock) — —
39Ar Air, cosmogenic 17mBq/m3 (air) <1 cpd/100 tons ≪

85Kr
85Kr Air, nuclear weapons ∼1 Bq/m3 (air) <1 cpd/100 tons 30 ± 5 cpd/100 tons

scintillating core at the center of a set of concentric shells
of increasing radiopurity. The scintillator mass (278 tons) is
contained in a 125 𝜇m thick nylon inner vessel (IV) with a
radius of 4.25m. Within the IV a fiducial mass is software-
defined through the estimated events position, obtained from
the PMTs timing data via a time-of-flight algorithm.

A second nylon outer vessel (OV) with radius 5.50m
surrounds the IV, acting as a barrier against radon and other
background contamination originating from outside. The
region between the inner and outer vessels contains a passive
shield composed of pseudocumene and 5.0 g/L (later reduced
to 3.0 g/L) of DMP (dimethyl phthalate), a material that
quenches the residual scintillation of PC so that spectroscopic
signals arise dominantly from the interior of the IV.

A 6.85m radius stainless steel sphere (SSS) encloses the
central part of the detector and serves also as a support
structure for the PMTs. The region between the OV and the
SSS is filled with the same inert buffer fluid (PC plus DMP)
which is layered between the inner and outer vessels.

Finally, the entire detector is contained in a tank (radius
9m, height 16.9m) filled with ultrapure water. The total
liquid passive shielding of the central volume from external
radiation (such as that originating from the rock) is thus
5.5m of water equivalent (m.w.e.). The scintillator material
in the IV was less dense than the buffer fluid by about 0.1%
with the original DMP concentration of 5 g/L; this resulted
in a slight upward buoyancy force on the IV, implying
the need of thin, low-background ropes made of ultrahigh
density polyethylene to hold the nylon vessels in place. This
modest buoyancy was further reduced more than a factor
10 by removing via distillation a fraction of the total DMP
content in the buffer: the process ended with a final DMP
concentration of 3 g/L, still perfectly adequate to suppress the
buffer scintillation, while at the same time implying less stress
applied to the IV.

The scintillation light is viewed by 2212 8 PMTs uni-
formly distributed on the inner surface of the SSS. All
but 371 photomultipliers are equipped with aluminum light
concentrators designed to increase the collection efficiency
of the light from the scintillator, concurrentlyminimizing the
detection of photons not coming from the active scintillating
volume. Residual background scintillation and Čerenkov

light that escape quenching in the buffer are thus reduced.
The PMTs without concentrators can be used to study this
background, and help identify muons that cross the buffer
and not the inner vessel.

Besides being a powerful shield against external back-
grounds (𝛾’s and neutrons from the rock), the water tank
(WT) is equipped with 208 PMTs and acts as a Čerenkov
muon detector. The muon flux, although reduced by a factor
106 by the 3800m.w.e. depth of the Gran Sasso Laboratory,
is still significant (1.1muonm−2 h−1) and an additional reduc-
tion (by about 104) is necessary. Ultralow radioactive con-
tamination is the distinctive feature of Borexino, achieved
through a multiple strategy [51] that implied on one hand
the careful selection and screening of all the construction
materials and components and on the other the purification
of the active scintillator to unprecedented purity levels (see
Table 1).

Clearly, in this respect key factors are the many liquid
purification and handling systems designed and installed
to ensure the proper manipulation of the scintillator at the
incredible degree of cleanliness demanded by the experiment.
The exceptional low-background environment achieved in
the core of the liquid scintillator allowed the unprecedented
and precise sub-MeV measure of the 7Be component of the
solar neutrino flux, which to date is the only direct con-
firmation of the validity in such a low energy range of the
MSW mechanism driving the oscillation of neutrinos pro-
duced in the core of the Sun.

Borexino has taken data during the so-called phase 1 (May
2007–July 2010) and started again to collect data (phase 2),
after a further campaign of purification of the scintillator, in
October 2011.Thepurification campaign succeeded to further
reduce the residual contamination of the scintillator.

3.3.2. Other Scintillation Experiments. Other important scin-
tillator-based experiments which provided milestone results
for the understanding of the neutrino oscillation properties
are KamLAND [19] and,more recently, Daya Bay [52], RENO
[53], and Double Chooz [54]. While in term, of methodology
all these experiments are very similar to Borexino, as far
as detection criteria, techniques, and architectural scheme
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are considered, their specific characteristics are the mea-
surement target, constituted by antineutrinos from reactors.
KamLAND, in particular, is not close to any specific reactor
but rather detects antineutrinos from a number of Japanese
power plants located at an average distance of 200 km, thus
performing a long-baseline test. Day Bay, RENO, and Double
Chooz, instead, are located a 1 km from the reactor, acting
thus as medium baseline experiments.

While in general the respective technology resembles
closely that of Borexino, there are some variations in the type
of liquid scintillator and in the material used for the bal-
loon containing the liquid. The main difference with Borex-
ino stems from the inverse beta reaction which is used to
detect antineutrinos (in contrast with the scattering reaction
adopted in Borexino to reveal neutrinos):

]
𝑒
+ 𝑝 → 𝑒

+
+ 𝑛. (73)

After the occurrence of this interaction, the prompt signal
is due to a positron which decelerates and then annihilates
producing two 511 keV 𝛾 rays. The neutron thermalizes and
is captured by a free proton, generating a typical 2.2MeV
gamma, the so-called delayed signal. The visible energy 𝐸vis
of the prompt signal is directly correlated with the kinetic
energy of the incident antineutrino 𝐸]

𝑒

= 𝐸vis + 0.784
[MeV]. The mean time between the positron production and
the neutron capture is about 200–260𝜇s depending on the
scintillator type, and therefore the tight time coincidence
between the respective light signals prodices a correlated
measurement which ensures a powerful discrimination of a
true antineutrino detection with respect to the uncorrelated
background events. This kind of signature greatly reduce the
requirements for the suppression of the intrinsic radioactivity
in the scintillator, marking the major difference between the
technology of these reactor experiments and that employed
for the solar neutrino detection in Borexino. For example, in
KamLAND 238U has been reduced to (1.5 ± 1.8) × 10−19 g/g,
232Thto (1.9±0.2)×10−17 g/g, 40K to a limit < 4.5×10−18 g/g,
210Po to ∼2mBq/m3, 210Bi to <1mBq/m3, and 85Kr to
∼0.1mBq/m3.

Historically, the measurement of KamLAND, together
with that of SNO, closed the solar neutrino problem, show-
ing unambiguously that also reactor antineutrinos undergo
the oscillation phenomenon, while concurrently determin-
ing rather precisely the associated mass squared difference
parameterΔ𝑚2

21
and, jointly with the outputs of all other solar

experiments, the mixing angle 𝜃
12
.

Daya Bay and RENO (and in future Double Chooz, as
well) have the additional characteristics of being equipped
with a near detector, so that the far-near arrangement allows
determining also the 𝜃

13
mixing angle.

As additional remark of this section, it has to be empha-
sized that also some of the experiments whose outputs are
used in the analysis concerning the existence of additional
sterile state(s) beyond the established three-neutrino oscil-
lation framework (see Section 4.2.4) are liquid scintillator
setups. In particular, the LSND [55] and MiniBooNE [23]
detectors, at the center of the current hot debate in this
area, share essentially all the distinctive features of the other

experiments belonging to the same technical “family.” Specifi-
cally, LSNDwas a cylindrical tank containing 167 tons of scin-
tillator viewed by 1220 8 inch PMTs, while MiniBooNE was
based on a spherical detector geometry to contain 800 tons
of scintillator, though still using a similar number of PMTs,
1280. The peculiarity of both setups was the exploitation of
a special scintillator mixture able to produce a comparable
amount of Čerenkov and true scintillation light.

The KARMEN experiment [56] was another player in
this debate, but on the other side, since it did not detect the
same hints of LSND and MiniBooNE. It was a segmented
liquid-scintillator detector; the segmentation, technically the
more distinctive feature of the set-up, was realized with
1.5mm thick lucite sheets which ensured the transport of the
light to the photomultipliers via total internal reflection. The
detector was also instrumented with a veto employing plastic
scintillator modules.

Finally, the pioneer MACRO detector [57] at Gran Sasso
was, as well, based on segmented liquid-scintillator counters.
Actually it comprised three subsystems, being additionally
equipped with limited streamer tubes and nuclear track
detectors, which altogether provided the experiment with
the capability to detect the atmospheric neutrino oscillation
phenomenon.

3.4. Further Techniques. To complete the illustration of the
techniques adopted for the neutrino oscillation studies, a
brief mention is due to other experiments which have shed
light on important aspects of the field, while being not
ascribable to any of the methodological categories described
so far, starting with MINOS [58] and OPERA [59]. We
briefly describe also the basic features of the near detectors
of the already mentioned T2K experiment [43] (which, we
remind, uses Super-Kamiokande as the far detector), as well
as of the CHORUS [60], NOMAD [61], and ICARUS [62]
experiments.

TheMINOS experiment exploits two detectors to register
the neutrino interactions: the near detector at Fermilab char-
acterizing the neutrino beam (NuMI, neutrinos at the main
injector, beam) is located about 1 km from the primary proton
beam target, while the far detector performs similar mea-
surements 735 km downstream.The far detector is located in
Soudan, hosted in an inactive ironminewhere it is positioned
in a cavern excavated on purpose, 705m underground (2070
meter water equivalent (m.w.e.)), 210m below sea level.

The rationale of the experiment is to make comparisons
between event rates, energies, and topologies at both detec-
tors and to infer from those comparisons the relevant “atmo-
spheric” oscillation parameters. The energy spectra and rates
are measured separately for ]

𝜇
and ]

𝑒
charged-current (CC)

events, as well as for neutral current (NC) events.
Both the near and far MINOS detectors are steel-scin-

tillator sampling calorimeters, equipped with tracking,
energy, and topology measurement possibilities. Such a mul-
tiple capability is obtained by alternate planes of plastic scin-
tillator strips and 2.54 cm thick magnetized steel plates.

The 1 cm thick by 4.1 cm wide extruded polystyrene scin-
tillator strips are read out using wavelength-shifting fibers
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coupled to multianode photomultiplier tubes. Both detectors
ensure equal transverse and longitudinal sampling for fiducial
beam-induced events.

The far detector comprises 486 octagonal steel planes,
with edge to edge dimension of 8m, interleavedwith planes of
plastic scintillator strips. The total mass is 5400 tons; the set-
up is arranged as two “supermodules” separated by a 1.15m
distance, individually equipped with an independently con-
trolled magnet coil.

The near detector, consisting of 282 planes for a total
mass of 980 tons, is located at the extreme of the NuMI
beam facility at Fermilab, in a 100m deep underground cav-
ern under a 225m.w.e. overburden. It exploits the high neu-
trino flux at this site to identify a relatively small target
fiducial volume for selection of events to be employed for the
near/far comparison. The upstream part of the detector, that
is, the calorimeter portion, contains the target fiducial volume
with all the planes instrumented. The downstream part, the
spectrometer section dedicated to the measurement of the
momenta of energetic muons, has only one plane every five
instrumented with scintillator.

The core of the MINOS detector’s active system is thus
based on the technique of solid scintillator, whose main
features are good energy resolution and hermiticity, excellent
transverse segmentation, flexibility in readout, fast timing,
simple and robust construction, long-term stability, ease of
calibration, reliability, and, last but not least, lowmaintenance
requirements. Furthermore, the whole setup met also safety
and practicality of construction requirements.

The performances of both detectors rely on some key
parameters which are the steel thickness, the width of scintil-
lator strips, and the degree of readout multiplexing, which
were carefully studied and optimized during the design
phase.

The MINOS detectors represented a significant increase
in size from previous fine grained scintillator sampling calo-
rimeters, and therefore the relevant design and construction
efforts ended up with important technical advancements
in detector technology of general interest for the field of
application of this technique.

This technological effort of the MINOS construction
resulted in an impressive scientific success, which brought
further evidence to the neutrino oscillation investigation per-
formed by Super-Kamiokande and K2K, sharpening signifi-
cantly the evaluation of the relevant “atmospheric” oscillation
parameters.

The OPERA experiment was designed aiming at the
direct observation of ]

𝜏
appearance stemming from ]

𝜇
→ ]

𝜏

oscillation in a long baseline beam (dubbed CNGS) from
CERN to the underground Gran Sasso Laboratory, at a dis-
tance of 730 km, where OPERA is located.

The design of OPERA was specifically tailored to identify
the 𝜏 via the topological observation of its decay, reinforced
by the kinematic analysis of the event. This goal is pursued
through a hybrid apparatus based on two “pillars”: real-
time detection techniques (“electronic detectors”) and the
Emulsion Cloud Chamber (ECC) method. A detector based
on the ECC approach is made of passive material plates, used

as target, alternated with nuclear emulsion films employed as
tracking devices, featuring submicrometric accuracy.

The submicrometric position accuracy, coupled to the
adoption of passivematerial, allows formomentummeasure-
ment of charged particles through the detection of multi-
pleCoulomb scattering, aswell as for identification andmeas-
urement of electromagnetic showers, together with electron/
pion separation.

In essence, the main advantage of the ECC technique is
the unique property of combining a high accuracy tracker
with the capability of performing precise measurements of
kinematic variables.

OPERA scaled the ECC technology to an unprecedented
size: the basic unit of the experiment is a “brick” realized
with 56 plates of lead (1mm thick) interleaved with nuclear
emulsion films, for a totalmass of 8.3 kg; 150000 of such target
units have been assembled, amounting to an overall mass of
1.25 kton. The bricks are arranged in 62 vertical structures
(walls), orthogonal to the beam direction, interleaved with
planes of plastic scintillators.

The detector is made of two identical supermodules, each
comprising 31 walls and 31 double layers of scintillator planes
followed by a magnetic spectrometer.

The electronic detectors accomplish the twofold task
to trigger the data acquisition, identify and measure the
trajectory of charged particles, and locate the brick where the
interaction occurred.

The momentum of muons is measured by the spectrom-
eters, with their trajectories being traced back through the
scintillator planes up to the brick where the track originates.
In case of no muons observation, the scintillator signals pro-
duced by electrons or hadronic showers are used to predict
the location of the brick that contains the primary neutrino
interaction vertex. The selected brick is then extracted from
the target and afterwards the two interface emulsion films
attached on the downstream face of the brick are developed.
If tracks related to neutrino interaction are observed in
these interface films, the films of the brick are developed,
too, following the tracks back by fully automated scanning
microscopes until the vertex is located.

The analysis of the event topology at the primary vertex
leads to the identification of possible 𝜏 candidates. Topologies
of special interest might include one track that shows a clear
“kink” due to the decay-in-flight of the 𝜏 (long decays) or
an anomalous impact parameter with respect to the primary
vertex (short decays) compatible with a decay-in-flight in the
first lead plate. Once selected, such topologies are double-
checked by a kinematic analysis at the primary and decay
vertices.

Themodular structure of the target ensures to extract only
the bricks actually hit by the neutrinos, therefore achieving an
efficient analysis strategy of the interaction, while at the same
time minimizing the target mass reduction during the run.

In the overall structure of the OPERA detector each brick
wall, containing 2912 bricks and supported by a light stainless
steel structure, is followed by a double layer of plastic scintil-
lators (Target Trackers, TT) that provide real-time detection
of the outgoing charged particles. The instrumented target
is further followed by a magnetic spectrometer, consisting
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of a large iron magnet instrumented with plastic Resistive
Plate Chambers (RPC). The bending of charged particles
inside the magnetized iron is measured by six stations of
drift tubes (Precision Trackers, PT). Left-right ambiguities in
the reconstruction of particle trajectories inside the PT are
removed by means of additional RPC, with readout strips
rotated by ±45∘ with respect to the horizontal plane and
positioned near the first two PT stations.

What was defined before as a supermodule is actually an
instrumented target together with its spectrometer.

Finally, two glass RPC planes mounted in front of the
first target allow rejecting charged particles originating from
outside the target fiducial region, coming from neutrino
interactions in the surrounding materials.

As conclusive remark, OPERA is the first very large
scale emulsion experiment: the 150000 ECC bricks include
about 110000m2 emulsion films and 105000m2 lead plates;
the scanning of the events is performed with more than 30
fully automated microscopes. The success of this impressive
machine is witnessed by the unambiguous detection of 3 𝜏
events, so far.

In an arrangement similar to MINOS, T2K [43] employs
two near detectors located 280m from the graphite proton
target to measure the properties of the unoscillated neutrino
beam.

The INGRID near detector comprises 16 modules, 14 of
which are positioned in a cross configuration centered on
the beam axis. They are made of iron and scintillator layers,
allowing the measure of the neutrino rate and profile in the
beam axis direction.

The ND280 off-axis near detector is located off the beam
axis in the same direction as SK, being exploited to measure
the properties of the un-oscillated off-axis beam. It con-
sists of several subdetectors: the so-called Pi-Zero detector
(P⌀D) is a plastic scintillator-based detector optimized for
𝜋
0 detection, followed by a tracking detector made of two

fine grained scintillator detector units, in turn sandwiched
between three time projection chambers. Both the P⌀D
and tracker are surrounded by electromagnetic calorimeters,
including a module located immediately downstream of the
tracker itself. The whole detector is located in a magnet with
a 0.2 T magnetic field, serving also as mass for a side muon
range detector.

Important predecessors of these efforts were two exper-
iments carried out at CERN in the 90s, CHORUS [60] and
NOMAD [61].

The active target of CHORUS was realized with nuclear
emulsions (total mass of 770 kg). A scintillating fiber tracker
was interleaved, both for timing and for extrapolating the
tracks back to the emulsions. The set-up comprised also a
hexagonal spectrometer magnet for momentum measure-
ment, a high resolution spaghetti calorimeter for measuring
hadronic showers, and amuon spectrometer.The scanning of
the emulsions was performed with high-speed CCD micro-
scopes.

NOMAD adopted drift chambers as target and tracking
medium. The chambers were 44, located in a 0.4 T magnetic
field, for a total fiducial mass of 2.7 tons. They were followed
by a transition radiation detector (for 𝑒/𝜋 separation), by

additional electron identification devices and by an elec-
tromagnetic lead glass calorimeter. The detector comprised
also a hadronic calorimeter, 10 drift chambers for muon
identification, and an iron-scintillator calorimeter of about 20
tons.

Finally, looking ahead to the future, it must be mentioned
that a very promising technique potentially very useful for
neutrino oscillation investigation is that based on liquid
argon, developed through a very long research and develop-
ment effort for the ICARUS detector [62]. Such liquid argon
time projection chamber allows calorimetric measurement
of particle energy together with three-dimensional track
reconstruction from the electrons drifting in the electric field
applied to a volume of sufficiently pure liquid argon. The
technique, thus, successfully reproduces the extraordinary
imaging features of a bubble chamber, but with the advantage
of being a full electronic detector, potentially scalable to the
huge masses required for the next round of experimental
neutrino studies.

4. Experimental Results

Theexperimental results concerning the neutrino oscillations
have been obtained studying neutrinos from several sources:
solar and atmospheric neutrinos, reactor antineutrinos, and
neutrino and antineutrino accelerator beams. The neutrino
experiments make use of a variety of techniques: radiochem-
ical methods, water and heavy water Čerenkov detectors,
and liquid and plastic scintillators; in some detectors also
streamer chambers and time projection chambers are used,
in addition to nuclear emulsions.

The experiments can be classified as disappearance and
appearance ones: the first are measuring a reduced flux of
neutrinos having the same flavor as that at the source, while
the second are looking for neutrinos of different flavor with
respect to those emitted by the source.

4.1. Neutrino Sources. The Sun is one important source of
neutrinos. Energy in the Sun is, in fact, produced by chains
of nuclear reactions whose overall result is the conversion of
hydrogen into helium

4𝑝 + 2𝑒
−
→

4He+2]
𝑒
. (74)

Due to lepton number conservation, helium production is
accompanied by the production of two-electron neutrinos.
The total energy released in reaction (74) is 𝑄 = 26.73MeV
and only a small part of it (about 0.6MeV on average) is
carried away by the two neutrinos. The total flux of electron
neutrinos arriving on Earth (if they do not oscillate) can be
then estimated from the radiative flux𝐾 produced by the Sun
on the Earth surface, obtaining

Φtot ≈ 2
𝐾

𝑄
≈ 6 × 10

10 cm−2 s−1. (75)

Due to the eccentricity of the Earth’s orbit, the solid angle
from the Sun to the Earth changes during the year, and thus
the solar neutrino flux shows a seasonal variation.
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Figure 3: The solar neutrino spectrum predicted by the SSM
calculation of [15].

The interpretation of solar neutrino experiments requires
a detailed knowledge of the solar neutrino spectrum; see
Figure 3. Hydrogen burning in the Sun proceeds through
two chains, namely, the 𝑝𝑝 chain and the CNO bicycle.
At the temperature and density characteristic of the solar
interior, hydrogen burns with ∼99% probability through the
𝑝𝑝 chain that is predominantly initiated by the 𝑝 + 𝑝 →

𝑑 + 𝑒
+
+ ]

𝑒
reaction. This reaction produces the so-called 𝑝𝑝

neutrinoswhich have a continuous spectrum extending up to
𝐸 = 0.42MeV and constitutes ≃90% of the total neutrino
flux. Alternatively, the 𝑝𝑝 chain can originate with 0.23%
probability from the reaction𝑝+𝑒−+𝑝 → 𝑑+]

𝑒
that produces

the less abundant monochromatic pep neutrinos with energy
𝐸 = 1.445MeV.

The 𝑝𝑝 chain has three possible different branches (𝑝𝑝-
I, 𝑝𝑝-II, and 𝑝𝑝-III) whose relative rates depend on the
central temperature of the Sun. In the 𝑝𝑝-II termination, the
electron capture reaction 𝑒− + 7Be → 7Li+ ]

𝑒
produces the

monochromatic 7Be neutrinos with energy 𝐸 = 0.863MeV.
This value corresponds to transitions to the 7Li ground state.
With ∼10% probability, 7Li is produced in the first excited
states together with a neutrino with energy 𝐸 = 0.383MeV.
In the 𝑝𝑝-III branch, the 𝛽-decay 8B → 8B e∗ + 𝑒+ + ]

𝑒
is

responsible for the production of the 8B neutrinos. The flux
of 8B neutrinos is extremely low, being approximately equal
to 0.01% of the total flux, but the spectrum extends up to a
maximal energy 𝐸 ≈ 15MeV.

In the CNO cycle, the overall conversion of four protons
into helium is achieved with the aid of C, N, and O nuclei
present in the Sun. The 𝛽-decays 13N →

13C+ 𝑒+ + ]
𝑒
,

15O →
15N+ 𝑒+ + ]

𝑒
, and, to a minor extent, 17F →

17O+𝑒+ + ]
𝑒
produce the so-called 13N, 15O, and 17F neutri-

nos, respectively, all together referred to as CNO neutrinos.
These three components of the solar neutrino flux have
continuous spectra extending up to 𝐸 ≃ 1.2, 1.7, and 1.7MeV,
respectively.

Table 2: The predictions of SSMs implementing GS98 [29] and
AGSS09 [30] admixtures. See [15] for details.

AGSS09 GS98
pp 6.03 (1 ± 0.006) 5.98 (1 ± 0.006)
pep 1.47 (1 ± 0.012) 1.44 (1 ± 0.012)
hep 8.31 (1 ± 0.30) 8.04 (1 ± 0.30)
7Be 4.56 (1 ± 0.07) 5.00 (1 ± 0.07)
8B 4.59 (1 ± 0.14) 5.58 (1 ± 0.14)
13N 2.17 (1 ± 0.14) 2.96 (1 ± 0.14)
15O 1.56 (1 ± 0.15) 2.23 (1 ± 0.15)
17F 3.40 (1 ± 0.17) 5.52 (1 ± 0.17)

The neutrino fluxes are given in units of 1010 (𝑝𝑝), 109 (7Be), 108 (𝑝𝑒𝑝, 13N,
15O), 106 (8B, 17F), and 103 (ℎ𝑒𝑝) cm−2 s−1.

The predictions for each component of the solar neutrino
flux are obtained by constructing a Standard Solar Model
(SSM) which, according to the definition of [63], is a solution
of the stellar structure equations (starting from a chemical
homogeneous initial model) that reproduces, within uncer-
tainties, the observed properties of the present Sun, by adopt-
ing physical and chemical inputs chosen within their range
of uncertainties. In Table 2, we report the neutrino fluxes
predicted by two recent SSM calculations that adopt two
different assumptions for the admixture of heavy elements in
the Sun. Namely, themodel labeled GS98 is obtained by using
the “old” composition from [29], while the model labeled
AGSS09 adopts the “new” admixture of [30]. The reason
to consider these two calculations is that, in recent years,
a new solar problem, often referred to as solar metallicity
puzzle, has emerged. The most recent determinations of
the solar photospheric heavy-element abundances (among
which [30]) have indicated, in fact, that the solar metallicity
is lower by 30 to 40% than previous measurements [29].
However, the internal structure of SSMs calibrated against
the newly determined solar surface metallicity does not
reproduce the helioseismic constraints; see, for example, [64].
The experimental determination of the solar neutrino fluxes,
besides providing crucial information for flavor neutrino
oscillations, may help to shed light on the origin of these
discrepancies.

The atmospheric neutrinos are produced by cosmic rays,
which collide with the atmosphere at its most external
regions. In these collisions triggered mostly by the cosmic
protons (plus a 5% of He and some minor contributions of
heavier nuclei), pions and, at a much smaller rate, kaons are
produced [65–69].

The main sources of the atmospheric neutrinos are the
following reactions:

𝜋
+
→ 𝜇

+
+ ]

𝜇
, 𝜇

+
→ 𝑒

+
+ ]

𝑒
+ ]

𝜇
, (76)

𝜋
−
→ 𝜇

−
+ ]

𝜇
, 𝜇

−
→ 𝑒

−
+ ]

𝑒
+ ]

𝜇
. (77)

As a consequence, the produced fluxes are approximately

Φ(]
𝜇
+ ]

𝜇
) = 2Φ (]

𝑒
+ ]

𝑒
) , (78)

Φ(]
𝜇
) ∼ Φ (]

𝜇
) . (79)
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Moreover, due to the cosmic ray isotropy and the sphericity
of the Earth, the up and down neutrino fluxes (i.e., having the
zenith angle 𝜃 corresponding to cos 𝜃 < 0 and cos 𝜃 > 0, resp.)
are expected to have the same magnitude:

Φ(𝐸]
𝑥

, cos 𝜃) ∼ Φ (𝐸]
𝑥

, − cos 𝜃) , (80)

where 𝐸]
𝑥

is the energy of neutrino with flavor 𝑥.
The atmospheric neutrino flux can be evaluated with an

uncertainty < 10% at 1 < 𝐸 < 10GeV, while at 𝐸 < 1GeV
the error is larger. At 𝐸 < 10GeV, the relation (78) is valid
within 2-3% errors. The accuracy worsens at larger energies
due to kaon production. Equation (79) is confirmed at 1% at
𝐸 < 1GeV and has an uncertainty <1% at 1 GeV.

Nuclear reactors are a source of electron antineutrinos.
The energy spectra of antineutrinos released in the fission
of the main isotopes used as the fuel in reactor cores ( 235U,
238U, 239Pu, and 241Pu) are shown in Figure 4. The reactor
antineutrino flux is different from site to site and strongly
depends on the presence of reactors in the neighborhoods.
Its evaluation [70–73] has to take into account different
reactor characteristics, some of them time dependent, as their
thermal power and the power fractions of fuel isotopes. The
reactor-detector distance has a strong influence on the shape
of the oscillated, electron antineutrino energy spectrum.The
mean energy of reactor antineutrinos which can be detected
by the inverse beta-decay reaction given in (73) is about
4MeV.

Supernova explosions represent another possible source
of neutrinos and antineutrinos of all flavors. The observation
of neutrinos produced by a galactic Supernova could bring
important information to comprehend the explosion mecha-
nism and to study neutrino propagation in the dense Super-
nova environment. Supernova neutrino oscillations have a
complex and interesting phenomenology; their potential in
neutrino oscillation studies may be affected by the large
uncertainties of the astrophysical Supernova models.

Finally, neutrinos and antineutrinos of various energies
can be produced by accelerators. At CERN, FNAL, KEK,
and Los Alamos Neutron Science Center, neutrino and
antineutrino beams are produced for short and long baseline
neutrino experiments.

4.2. The Neutrino Oscillation Study. The experimental study
of the neutrino oscillations can be divided into several phases:
the solar neutrino problem, the first proof of the oscillation
phenomenon from atmospheric and solar neutrino experi-
ments, precise measurements of the oscillation parameters
Δ𝑚

2

21
and 𝜃

12
by studying the nuclear-reactor antineutrinos,

extension of the oscillation analysis to the low-energy neutri-
nos and the vacuum regime, confirmation of the oscillation
phenomenon via disappearance and appearance experiments
with accelerator beams, measurements of non-zero 𝜃

13
, and

finally indication of a third Δ𝑚2 and therefore of a possible
sterile neutrino.
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Figure 4: Energy spectra of antineutrinos released in the fission of
the main isotopes (235U (cyan), 238U (red), 239Pu (green), and 241Pu
(blue)) used as the fuel in the cores of nuclear power plants.

4.2.1. Proof of theNeutrinoOscillation Phenomenon. Theroad
towards the first understanding of the neutrino oscillation
phenomenon passed several milestones.

(1) The Solar Neutrino Problem: An Apparent Deficit in
the Solar Neutrino Flux. Pioneering experiments used the
radiochemical techniques (see Section 3.1) applied to the
observation of solar neutrinos; they are Homestake [24],
GALLEX [26], and SAGE [27, 28]. These experiments are
based upon the charged-current interaction of electron-flavor
neutrino on a nucleus. Because the solar ]

𝑒
’s oscillate to

different flavors, the experiments, which are sensitive only
to electron neutrinos, detect a reduced number of events
with respect to the expectations based on the Standard Solar
Model (SSM). This lack of signal has been called “Solar
Neutrino Problem” and the possible explanations were either
a wrong description of the Sun by SSMs or the phenomenon
of the “Neutrino Oscillations,” a hypothesis introduced by
Pontecorvo in 1957 [1–3].

The radiochemical experiments measure the integrated
flux from the detection reaction threshold to the upper
limit of the solar neutrino energy spectrum. Homestake
measurements start from a threshold of ∼0.814MeV and,
thus, do not probe the 𝑝𝑝 neutrino component of the solar
neutrino flux; it observes 2.56 ± 0.23 SNU (SNU = solar
neutrino unit equals to the neutrino flux producing 10−36
captures per target atom per second) to be compared with
the SSM expectation of 7.7+1.2

−1.0
SNU [24]. A deficit of the solar

neutrino signal was confirmed later by GALLEX, which, with
a threshold at ∼0.23MeV, found 83 ± 19(stat) ± 8 (syst) SNU
to be compared to the expected 127 ± 7 SNU [26]. SAGE is
still running and its results agree with the GALLEX’s ones.
The reduction is higher in theHomestake data (∼67%) than in
GALLEX (∼35%).This difference is partly, but not completely,
explained by the dependence of ]

𝑒
survival probability from

the neutrino energy. A recent hypothesis of the existence of a
light sterile neutrino [74] could explain theHomestake result.

The solar neutrino problem raised by the radiochemical
experiments has been confirmed in 1991 by a real-time exper-
iment based on the water Čerenkov technique, Kamiokande,
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Figure 5: Zenith angle distributions of muon and electrons for sub-GeV and multi-GeV data from Super-Kamiokande [16]. The hatched
regions are the Monte Carlo expectations for no-oscillations. The solid black lines plot the best fits for ]

𝜇
→ ]

𝜏
oscillations; in the fit the

overall flux normalization if left as a free parameter.

detecting the ] − 𝑒 elastic scattering [75]. The ] − 𝑒 elastic
scattering cross section 𝜎 is lower for 𝜇, 𝜏 flavor neutrino
than for the electron-flavor neutrino (for the muon flavor
𝜎(]

𝜇
−𝑒) ∼ 1/7𝜎(]

𝑒
−𝑒)). Kamiokande finds the solar neutrino

flux reduced by 40%with respect to what was expected by the
SSM. The measured neutrino energy range includes only the
8B solar neutrinos, because the threshold in Kamiokande is
at∼5.0MeV of the recoil-electron energy (which corresponds
to ∼5.2MeV for the neutrino energy).

(2) The First Experimental Proof of Neutrino Oscillations.The
experimental evidence for the existence of the neutrino oscil-
lation phenomenon has been provided by three Čerenkov
experiments (see Section 3.2), studying the atmospheric
neutrinos with water (Kamiokande and Super-Kamiokande)
and the solar neutrinos with heavy water (SNO). Here, we
demonstrate the atmospheric neutrino measurements on the
Super-Kamiokande results, since they are fully compatible
with those of Kamiokande but are based on higher statistics.

Super-Kamiokande observed [16] an important discrep-
ancy in the atmospheric ]

𝜇
up and down fluxes, not observed,

on the other hand, in the ]
𝑒
rates. The measured ratio of up

and down ]
𝜇
fluxes is well different from 1, contrary to what

is expected in the absence of neutrino oscillations; see (80).
The results are summarized in Table 3 and in Figure 5.

Super-Kamiokande detects the muons produced by ]
𝜇
and

the electrons produced by ]
𝑒
: muons and electrons are fast

enough to produce a Čerenkov-light cone. The sub-GeV
events are fully contained in the detector, while this is not the
case for the multi-GeV events.

Theobserved “up/down” asymmetry can be interpreted in
terms of ]

𝜇
→ ]

𝜏
oscillations in vacuum. The best fit values

of the oscillation parameters obtained from these data are

Table 3: The “up/down” asymmetry for muons and electrons
observed in Super-Kamiokande [16]. Here, “up” refers to incident
neutrinos within the zenith angle range −1 < cos 𝜃 < −0.2 and
“down” within 0.2 < cos 𝜃 < 1.

Source “Up/down” asymmetry
Multi-GeV 𝑒-like 1.04 ± 0.03 ± 0.03

Multi-GeV 𝜇-like 0.52 ± 0.05 ± 0.006

Sub-GeV 𝑒-like 1.09 ± 0.02 ± 0.03

Sub-GeV 𝜇-like 0.65 ± 0.05 ± 0.001

1.9 × 10
−3 eV2 < |Δ𝑚2

23
| < 3.0 × 10

−3 eV2 and sin 2𝜃
23
>

0.90 (for Kamiokande data [76], the |Δ𝑚2
23
| allowed region is

ranging between 1.3 × 10−2 and 2.95 × 10−3 eV2).
This oscillation effect can be understood on the basis of

the oscillation length in vacuum, corresponding to a neutrino
energy of ∼1 GeV and to Δ𝑚2

23
∼ 3× 10

−3 eV2 (see Section 2):

𝐿
0
= 2.48 [m] 𝐸 [MeV]

Δ𝑚
2

23
[eV2]

∼ 1000 km. (81)

The “downgoing” neutrinos are reaching the detector
after ∼10 km from their production, while the “upgoing”
neutrinos travel on average ∼6000 km. As a consequence, the
distance between production and detection for the downgo-
ing neutrino is too short to observe a relevant flavor change.
In Figure 6, the number of events versus𝐿/𝐸 (𝐿 is the distance
between the neutrino production and the detector and 𝐸 is
the neutrino energy) is shown.

These Super-Kamiokande results have demonstrated for
the first time the existence of an oscillation phenomenon on
the atmospheric neutrinos. It is essentially model indepen-
dent and not influenced by any hypotheses assumed in the
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Table 4: Fluxes of 8B solar neutrinos measured by SNO in the three phases of the data taking.

Data set ΦCC ΦES ΦNC

×10
6 cm−2 s−1 ×10

6 cm−2 s−1 ×10
6 cm−2 s−1

Phase 1 (306 live days) [31] 1.76
+0.06+0.09

−0.05−0.09
2.39

+0.24+0.12

−0.23−0.12
5.09

+0.44+0.46

−0.43−0.43

Phase 2 (391 live days) [32] 1.68
+0.06+0.08

−0.06−0.09
2.35

+0.22+0.15

−0.22−0.15
4.94

+0.21+0.38

−0.21−0.34

Phase 3 (385 live days) [32] 1.68
+0.05+0.07

−0.04−0.08
1.77

+0.24+0.09

−0.21−0.10
5.54

+0.33+0.36

−0.31−0.34
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Figure 6: Plot of the number of events versus 𝐿/𝐸 (𝐿 is the distance
between the neutrino production and the detector and 𝐸 is the
neutrino energy) for the Super-Kamiokande data (points with error
bars); the histogram is the result of the Monte Carlo simulation for
atmospheric neutrino events without oscillations [17].

cosmic ray simulations. The results obtained by Kamiokande
and Super-Kamiokande have been confirmed by MACRO
experiment [57] with smaller statistics.

The SNO detector is a heavy water Čerenkov experiment
installed in the Sudbury Inco mine (see Section 3.2.1). The
use of a deuterium target allowed to study two independent
neutrino interactions: charge current (CC, (70)) and neutral
current (NC, (71)). In addition, the ]

𝑥
−𝑒 elastic scattering (72)

has been detected. The data have been collected during three
phases, characterized by different techniques to capture the
neutron emitted in the NC reactions.The 5MeV SNO thresh-
old limits the detectable neutrinos to the 8B component of
the solar neutrino flux. Later SNO has repeated the analysis
pushing down the threshold to 3.5MeV (SNO LETA [77]).
The 8B-] fluxesmeasured by SNOare summarized in Table 4.

The CC interactions are produced only by ]
𝑒
, while the

NC ones are triggered by all-flavor neutrinos. Therefore, it is
clear by comparing the results from Table 4 that part of the
]
𝑒
produced in the nuclear reactions in the Sun’s core has

been transformed to other flavors. The final estimate of the
8Bneutrino flux from theNC reactions, obtained from a joint
analysis of the three phases, is (5.25 ± 0.16(stat)+0.11

−0.13
(syst)) ×

10
6 cm−2 s−1 [38], in a good agreement with the SSM predic-

tion of (4.59 ± 0.64) × 106 cm−2 s−1.
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Figure 7: Allowed regions (68.27%, 95.45%, and 99.73% C.L.) in
the oscillation parameter plane obtained fitting the Homestake +
GALLEX+Super-Kamiokande+ SNOdata in the frameof theMSW
model. Note that these results are based on solar neutrinos only,
without considering KamLAND antineutrino data. From [18].

The SNO results can be interpreted as direct evidence
of matter effects on neutrino oscillations; see Section 2. The
second term in the r.h.s. of (56) is, in fact, not negligible
due to the high electron density in the solar interior and to
the relatively high energy of the neutrinos detected by SNO.
Therefore, flavor oscillations are enhanced due to neutrino
propagation through the Sun.

Super-Kamiokande also measured the solar neutrinos
with a threshold of ∼5MeV.The ]

𝑒
− 𝑒 elastic scattering gives

a result of 2.32 ± 0.04(stat) ± 0.05(syst) × 106 cm−2 s−1 [78],
fully compatible with the SNO measurement.

In a two-neutrino analysis, the allowed regions in the
Δ𝑚

2

21
versus tan2𝜃

12
plane, obtained by a global fit of the

radiochemical plus Čerenkov experiments are shown in
Figure 7. The region at top right is called large mixing angle
and the one at the bottom right is the LOWregion.The region
at top right is called Large Mixing Angle (LMA). This name
was originally assigned to distinguish it from another region
(not shown in the figure) called Small Mixing Angle (SMA)
which has been ruled out by recent solar andKamLANDdata.
The region at the bottom right is the so-called LOW region.

Finally, other experiments were performed to look for
neutrino oscillations with high-energy artificial neutrino



Advances in High Energy Physics 19

beam at short baseline. In particular, the NOMAD [61] and
CHORUS [60] experiments at CERN obtained a null result.
On the other hand, the LSND experiment (see [55] and
Section 4.2.4), which took data at Los Alamos with interme-
diate energy beam, obtained proof of neutrino oscillation,
even if the result is controversial.

4.2.2. Checks and Refinements of the Solar and Atmospheric
Neutrino Measurements. The results obtained by SNO and
Super-Kamiokande on solar and atmospheric neutrinos have
been confirmed by other experiments. We discuss here
KamLAND, K2K, OPERA, and MINOS. These experiments,
despite using different techniques and different neutrino
sources (reactor ]

𝑒
, accelerator ]

𝜇
beams), have 𝐸/𝐿 ratios,

where 𝐸 is the neutrino energy and 𝐿 is the neutrino baseline,
which permit to probe the sameΔ𝑚2 region as the “solar” and
“atmospheric” data. OPERA is an appearance experiment;
KamLAND, K2K, and MINOS are disappearance experi-
ments. KamLAND detects the ]

𝑒
’s from the 55 Japanese

nuclear reactors; K2K, MINOS, and OPERA study the ]
𝜇

beam produced by the KEK, Fermilab, and CERN accelera-
tors, respectively (see Section 3.4). It has to be recalled that it
is possible to consider the ] data in the same framework of
the ] results only if the CPT invariance is assumed.

The techniques used by these experiments are very dif-
ferent; see also Section 3. K2K is a long baseline experiment:
a 1.3 GeV ]

𝜇
beam is sent from KEK to Super-Kamiokande,

350 km apart. The 𝐸/𝐿 ratio is ∼ 5 × 10−3 eV2, very close to
the atmospheric Δ𝑚2

23
range.

KamLAND studies the ]
𝑒
conversion by observing the ]

𝑒

produced by nuclear reactors with an average baseline 𝐿 ∼
200 km.The𝐸/𝐿 ratio falls just in the range of solar neutrinos.

The goal of theOPERA experiment is direct experimental
observation of the ]

𝜏
appearance in the ]

𝜇
beam via the con-

version ]
𝜇
→ ]

𝜏
. The 𝐸/𝐿 for OPERA is on average ∼ 2.4 ×

10
−2 eV2, partially in the range of atmospheric neutrinos.

OPERA is expecting to observe no more than 5 to 8 𝜏 decays.
MINOS is a long baseline experiment with near and far

detectors. The measured energy spectrum in the far detector
is compared to the predictions obtained on the basis of the
near-detector data. In this way many sources of systematic
uncertainty cancel out.The 𝐸/𝐿 is ∼4×10−3 eV2, in the range
of atmospheric neutrinos.

The KamLAND experiment had a big impact since it
permitted to discriminate the possible solution of the solar
neutrino problem. Its results [79], in fact, ruled out the LOW
solution which was still allowed by the solar neutrino data
only (see Figure 7) and restricted the LMA region. This is
demonstrated in Figure 8 from [19]. In the frame of the
two-neutrino approach the electron antineutrino survival
probability can be written as

𝑃 (]
𝑒
→ ]

𝑒
) = 1 − sin22𝜃

12
sin2 (

Δ𝑚
2

21
𝐿

4𝐸
) . (82)

In this approximation, the best fit parameters from the Kam-
LAND data only are Δ𝑚2

21
= (7.58

+0.14

−0.13
(stat) ± 0.15 (syst)) ×

1

KamLAND
95% C.L.
99% C.L.
99.73% C.L.
Best fit

Solar
95% C.L.
99% C.L.
99.73% C.L.
Best fit
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Figure 8: Allowed regions [19] for the oscillation parameters Δ𝑚2
21

and tan2𝜃
12

from solar and KamLAND data. The allowed LMA
area is the crossing between the solar and the KamLAND allowed
regions.

10
−5 eV2 and tan2𝜃

12
= 0.56

+0.10

−0.07
(stat)+0.10

−0.06
(syst) [19]. Com-

bining with solar neutrino data, the best fit parameters are
Δ𝑚

2

21
= 7.59

+0.21

−0.21
× 10

−5 eV2 and tan2𝜃
12
= 0.47

+0.06

−0.05
.

K2K [80, 81] studied both the ]
𝜇
disappearance and a

possible appearance of ]
𝑒
: the first to check the oscillation

parameters in the atmospheric Δ𝑚2
23

region and the second
to study the 𝜃

13
mixing angle. From the study of ]

𝜇
disappear-

ance, K2K confirmed the results of Super-Kamiokande with
atmospheric neutrinos and obtained fully consistent values of
the oscillation parameters 1.5×10−3 < |Δ𝑚2

23
| < 3.4×10

−3 eV2

and sin22𝜃
23
> 0.92. In the search of possible conversion of

]
𝜇
→ ]

𝑒
K2K succeeded to extract only an upper limit for

𝜃
13
.
OPERA has completed its data taking because the neu-

trino beam has been switched off at CERN, where the activity
for the upgrading of the LHC energy has started. The data
have been collected during 797 beam days and up to date
the 2008-2009 data have been already analyzed, while the
analysis of the 2010–2012 events is ongoing. OPERA has
observed up to now three ]

𝜏
candidates [20, 59], one of which

is shown in Figure 9. The probability to have observed ]
𝜏

appearance from ]
𝜇
corresponds to ∼3.5𝜎C.L.

MINOS measures the muon flavor disappearance with
a ]

𝜇
[58] and a ]

𝜇
[82, 83] enhanced beam. The detected

charged-current interactions, ]
𝜇
(]
𝜇
) + 𝑁

1
→ 𝜇

−
(𝜇
+
) + 𝑁

2
,

give the opportunities to reject the ]
𝜇
(]
𝜇
) background in the

]
𝜇
(]
𝜇
) beam, respectively, by analyzing the curvature of the

reconstructed muon track in the magnetic calorimeter. The
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Figure 9: One of the OPERA ]
𝜏
candidates [20]. In the primary

vertex the ]
𝜏
interacts producing a 𝜏, which decays after 376 𝜇s into

a muon plus neutrinos. In addition, the conversion of a 𝛾, produced
in the primary vertex, is visible.

statistics of the neutrino data are more than an order of mag-
nitude higher than the antineutrino data. The no-oscillation
hypothesis is disfavored, in the case of ]

𝜇
, at 6.3𝜎C.L. By

fitting the data in the context of two neutrino oscillations
and using independent mass and mixing parameters for the
neutrino and antineutrino case, the best fit results are:

(i) for ]
𝜇
: |Δ𝑚2

23
| = 2.32

+0.13

−0.08
× 10

−3 eV2 and sin2(2𝜃
23
) >

0.90 (90%C.L.),
(ii) for ]

𝜇
: |Δ𝑚2

23
| = (3.36

+0.46

−0.40
(stat) ± 0.06 (syst)) ×

10
−3 eV2 and sin2 (2𝜃

23
) = 0.86

+0.11

−0.12
(stat) ±

0.01 (syst).

MINOS has analyzed also the neutral current interactions
in order to investigate a possible active to sterile neutrino
mixing. Because the neutral current interaction cross sections
are the same for the three flavors, an observation of a neutral
current event depletion between the near and far detectors
could be due to the existence of a fourth sterile neutrino.
MINOS found that the fraction of ]

𝜇
, which may show a

transition to a sterile neutrino, is <22% (90%C.L.) [82, 83].

4.2.3. Low-Energy Solar Neutrinos and the Oscillation in
Vacuum. The analysis of the solar neutrinos by the Čerenkov
experiments has been carried out with an energy threshold
at ∼5MeV of detectable energy (for the incident neutrinos
this threshold is slightly higher and depends on the reaction).
Only SNO tried to push down the threshold to∼3.5MeV [77],
but the obtained results have large uncertainties. Thus, the
spectrum analyzed by the Čerenkov technique corresponds
to ∼0.01% of the total solar spectrum and concerns the
matter-enhanced neutrino oscillation.

The reason of such a high-energy threshold is the natural
radioactivity, present in the environment and in thematerials
used to build the detectors. Two main families are present:
232Th and 238U; the highest-𝑄 (2.8MeV) member is 208Tl
from the 232Th decay chain. Therefore, in order to safely
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Figure 10: Solar ]
𝑒
survival probability [21] as a function of neutrino

energy. The data points are from the radiochemical and the water
Čerenkov experiments. The grey band is the prediction of the LMA
solution in the frame of MSWmodel.

exclude the natural radioactivity (taking into account also the
energy resolution) from the data, a high-energy threshold had
to be applied.

The understanding of the solar neutrino oscillations
which has been reached thanks to the radiochemical and
the Čerenkov experiments can be demonstrated on a plot of
the ]

𝑒
survival probability as a function of energy, shown in

Figure 10.Thegrey band is the prediction of the LMAsolution
in the framework of the MSW model calculated using the
best fit values of the oscillation parameters from a global fit
of solar + KamLAND data: the thickness of the band takes
into account the uncertainties of the oscillation parameters.
The two plateaus, at the low and at the high energy regions,
correspond to the oscillation in vacuum and in matter,
respectively, as it is explained in Section 2. The intermediate
region is called the transition region. The black experimental
point in the high energy region is obtained from a proper
average of the SNO + Super-Kamiokande data; the other two
data points are from the radiochemical experiments. As it can
be seen, the LMA solution in the frame of the MSWmodel is
validated with good accuracy only for the matter-enhanced
oscillation regime, while checks of increased precision are
needed for the vacuum regime and the transition region.

The study of the low-energy neutrinos, say below 2MeV,
needs a strong effort and the development of new techniques
to strongly suppress the natural radioactivity background,
to purify the active part of the detector and the shielding
materials. Only one experiment succeeded to solve these
problems: Borexino, installed at theGran SassoUnderground
Laboratory; see Section 3.3.1.

During phase 1 (May 2007–July 2010), Borexino suc-
ceeded to measure the 7Be [84], 𝑝𝑒𝑝 [22], and 8B (with the
lower threshold down to 3.2MeV) [85] neutrino fluxes and
to obtain an upper limit for the CNO neutrino flux [22]. In
Table 5 we summarize the measured rates, while in Table 6
we compare the corresponding fluxes, calculated by using the
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Table 5: Solar-neutrino rates as measured by Borexino.

Reaction in the Sun Rate
(counts/day/100 tons)

7Be 46 ± 1.59 (stat)+1.6
−1.5

(syst)
pep 3.13 ± 0.55 (stat) ± 0.23 (syst)
CNO <1.4
8B 0.22 ± 0.04 (stat) ± 0.01 (syst)

best fit oscillation parameters, with the predictions obtained
by the “low” (AGSS09 [30]) and the “high” metallicity (GS98
[29]) SSMs. The fluxes measured by Borexino and by the
Čerenkov experiments are in good agreement with the SSM
predictions but are unable to discriminate between high and
low metallicity, mainly due to the experimental errors and
uncertainties in solar model construction.

The impact of Borexino results on the determination of
the solar ]

𝑒
survival probability is shown in Figure 11. In

addition to the new measurements of 7Be and 𝑝𝑒𝑝 neutrino
fluxes, the constraints on the 𝑝𝑝 flux have been much
improved following the 7Be-] flux knowledge. Thus, the pla-
teau corresponding to the vacuum regime is validated and
through the 7Be and the 𝑝𝑒𝑝 neutrinos (this last even if
with large errors) a check of the transition region has started.
Finally, the 8B analysis is extended to lower energies.

A further result of the Borexino phase 1 is the measure-
ment [18] of the day/night asymmetry 𝐴

𝐷𝑁
defined as

𝐴
𝐷𝑁
= 2
𝑅
𝑁
− 𝑅

𝐷

𝑅
𝑁
+ 𝑅

𝐷

(83)

for the rate of the 7Be neutrinos, 𝑅
𝑁

and 𝑅
𝐷

being the
corresponding rates during the day and night. It has been
found to be null at ∼1% error: 𝐴

𝐷𝑁
= 0.001 ± 0.012(stat) ±

0.007 (syst). In a global fit with solar results only, this result
is able to rule out the LOW region (see Figure 7 for the
situation before Borexino), at 6.2𝜎C.L., and, thus, without
assuming the CPT invariance which is instead implicitly
assumed when KamLAND antineutrino measurements are
taken into account (see Figure 8).

All these results will be improved by Borexino during
phase 2 because of the further radiocontaminants reduction
and the effort to leave the detector untouched for at least
three years. Phase 2 goals are: (1) the reduction of the uncer-
tainties on the 7Be and 𝑝𝑒𝑝 neutrino fluxes; (2) the direct
measurement of the 𝑝𝑝 neutrino flux; (3) either an improve-
ment of the upper limit or a direct measurement of the
CNO neutrino flux; (4) a measurement of the solar neutrino
flux seasonal variation. The physics impact of these goals
concerns the determination of the shape of the vacuum-to-
matter transition region of the solar ]

𝑒
survival probability,

which could be influenced by the Nonstandard neutrino
Interactions (NSI) [86] or by the existence of an ultralight
sterile neutrino [74, 87]. In the same direction goes the effort
to measure with reduced errors the 8B neutrino flux allowing
an experimental point in the range 3–5MeV.
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Figure 11: Solar ]
𝑒
survival probability [22] as a function of neutrino

energy including all solar (with Borexino) experimental results.The
grey band is the prevision of the LMA solution in the frame ofMSW
model.

4.2.4. A Third Δ𝑚2 Range around 1 eV2? The possibility of
a Δ𝑚2 with a higher value than the solar and atmospheric
ones has been considered in connection with the LSND [55]
and MiniBooNE [23] data. Both these experiments are short
baseline projects and the short distance between the neutrino
source and the detector makes them impossible to observe
oscillations driven by “atmospheric” mass difference Δ𝑚2

23
or

by the “solar” mass difference Δ𝑚2
21
.

LSND has taken data during the periods 1993–1995 and
1996–1998 at Los Alamos Neutron Science Center with a ]

𝜇

beam produced by 𝜋+ and 𝜇+ decays, most of which at rest,
and a ]

𝜇
beam. The energy spectrum of both neutrinos and

antineutrinos is broad, the maximum of the spectrum is at
∼60MeV for ]

𝜇
and at ∼45MeV for ]

𝜇
. The distance between

the beam stop and the detector is 30m. Therefore 𝐸/𝐿 is
spanning around 1 eV2.

Strong effort has been devoted to reject the electron
induced reactions, but in any case the electron background
in the beam is very limited. In addition, the energy range is
restricted within 20 < 𝐸 < 200MeV to study the oscillation
]
𝜇
→ ]

𝑒
and within 60 < 𝐸 < 200MeV for ]

𝜇
→ ]

𝑒
, in

order to suppress various background sources. The ]
𝑒
’s are

identified, as usual, through the inverse beta decay; see (73).
In the runs with ]

𝜇
LSND found an excess of 117.9 ± 22.4

inverse beta-decay interactions. Subtracting from this sample
19.5 ± 3.9 events due to 𝜇− in the beam and 20.5 ± 4.6 events
due to ]

𝜇
+ 𝑝 → 𝜇

+
+ 𝑛, a final sample of 87.9 ± 22.4 ± 6.0

events remains.Themaximum likelihood best fit forΔ𝑚2 falls
in the range 0.2–2.0 eV2 [55]. LSND does not find any effect
with the ]

𝜇
beam.

A check of this result has been carried out by the exper-
iment KARMEN with a detector and an energy similar to
those of LSND, but with a distance from the neutrino source
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Table 6: Comparison between the SSM predictions for the solar neutrino fluxes with high (GS98) and low metallicity (AGSS09) and the
experimental results. The CNO flux corresponds to the sum of the 13N, 15O, and 17F solar neutrino components.

GS98 AGSS09 Experimental result
pep 1.44 ± 0.017 1.47 ± 0.018 1.6 ± 0.3 (Borexino)
7Be 5.00 ± 0.35 4.56 ± 0.32 4.87 ± 0.24 (Borexino)
CNO 5.25 ± 0.79 3.76 ± 0.56 <7.7 (95% C.L.) (Borexino)
8B 5.58 ± 0.78 4.59 ± 0.64 5.2 ± 0.3 (SNO + SK + Borexino +KamLAND)

5.25 ± 0.16 (stat)+0.11
−0.013

(syst) (SNO-LETA)
The neutrino fluxes are given in units of 109 (7Be), 108 (𝑝𝑒𝑝, CNO), and 106 (8B) cm−2 s−1.

of 17.5m. KARMEN, which is installed at the ISIS facility
of the Rutherford Appleton Laboratory, did not find any
evidence of ]

𝜇
→ ]

𝑒
oscillation, but its sensitivity is lower

than that of LSND. In any case, KARMEN succeeded to rule
out a large part (but not all) of the (Δ𝑚2, sin22𝜃) region [88]
allowed by LSND.

More recently a new collaboration, which some LSND
members have joined, designed and carried out the experi-
ment MiniBooNE [23] at Fermilab, just to check the LSND
results. They use a ]

𝜇
beam, peaking at 600MeV of energy,

and a ]
𝜇
beam at 400MeV, while the detector is located at

541m from the beam target, thus with an 𝐸/𝐿 in the same
range of LSND. The signature of a possible transition ]

𝜇
→

]
𝑒
and ]

𝜇
→ ]

𝑒
is an excess of charged-current quasi-elastic

events induced by ]
𝑒
and ]

𝑒
.

MiniBooNE finds 480 events passing the ]
𝑒
event selec-

tions at the neutrino energy range 200–3000MeV, to be com-
pared with the background expectation of 399.6±20.0(stat)±
20.3 (syst). Then the excess is 78.4 ± 28.5 (2.8𝜎) [23].

But, contrary to LSND, MiniBooNE observes also ]
𝑒

excess of 128.8 ± 43.4 in the ]
𝜇
beam, in the range 200–

475MeV, while no excess has been observed above 475MeV.
The best fits for the oscillation parameters for the antineu-
trino mode, quoted by MiniBooNE in various papers, using
a two-neutrino approach, vary from some hundreds to some
tens of eV2 for Δ𝑚2 and from some tenths to few hundredths
for sin22𝜃.

These oscillation parameters can only be allowed by
assuming a fourth sterile (anti)neutrino, which does not
interact butmixeswith the active (anti)neutrinos.Thepresent
status of the art on this topic is summarized in Figure 12,
where the allowed and excluded regions in the (Δ𝑚2, sin22𝜃)
plane by LSND, MiniBooNE, and KARMEN are shown.

4.2.5. The Mixing Angle 𝜃
13
. In the framework of three-

neutrino oscillations, if we neglect for simplicity CP-violating
effects (i.e., we set theCP phase 𝛿 = 0; see Section 2), there are
five parameters, two squared mass differences Δ𝑚2

21
, Δ𝑚2

23
,

and three angles 𝜃
12
, 𝜃

23
, and 𝜃

13
. These parameters have

been measured by the experiments described in the previous
paragraphs, except the angle 𝜃

13
for which, however, an upper

limit was obtained. Therefore, in order to measure 𝜃
13
, high

statistics and very low systematic errors are needed. One
important improvement can be reached using in the same
experiment two detectors, one close to the neutrino source

(near detector) and another one (far detector) at a distance
of few kilometers (in case of low-energy neutrinos) or some
hundreds of kilometers (in case of high-energy neutrinos).
In a set-up with both near and far detectors many sources of
systematic errors cancel out.

Three experiments, which succeeded to achieve a 𝜃
13

measurement, are assembled with near and far detectors:
Daya Bay, RENO, and T2K. Daya Bay [89] consists of
6 detectors, exposed at 6 nuclear reactors at 26 different
distances ranging from 362 to 1925m. RENO [53] also detects
the reactor ]

𝑒
with the two detectors at 294m and 1393m

from the center of a six-reactor array. In T2K [90], which
is a second generation followup to the K2K, a ]

𝜇
beam is

sent off axis (2-3∘, in order to reduce the beam energy below
1GeV and then to have a proper 𝐸/𝐿) to Super-Kamiokande
detector, 295 km away, with a near detector 280m from the
beam target. A further experiment, Double Chooz [54], has
taken data with only a far detector (1050m away) exposed to
2 reactors.

All detectorsmake use of the liquid scintillator technique,
with the only exception of themagnetic tracking systemof the
T2K near detector. Daya Bay, RENO, and Double Chooz are
disappearance experiments, while T2K is looking for appear-
ance of ]

𝑒
in a ]

𝜇
beam. All detectors are installed under some

hundreds of meters of water equivalent overburden.
The experiments exposed to reactor antineutrinos deter-

mine the ]
𝑒
survival probability that in the context of three

neutrino oscillations is given by (44). Neglecting the term
proportional to 𝑆

12
, this can be written as

𝑃 (]
𝑒
→ ]

𝑒
) = 1 − sin22𝜃

13
sin2 (

1.267Δ𝑚
2

23
𝐿 [m]

𝐸 [MeV]
) .

(84)

The 𝜃
13

values that are obtained from the experimental data
are summarized in Table 7.

T2K observed 21 ]
𝑒
candidates.The oscillation probability

𝑃(]
𝜇
→ ]

𝑒
) can be deduced from (39) obtaining approxi-

mately

𝑃 (]
𝜇
→ ]

𝑒
) = sin2𝜃

23
sin22𝜃

13
sin2 (

1.267Δ𝑚
2

23
𝐿 [m]

𝐸 [MeV]
) .

(85)

From the experimental results, one obtains sin2𝜃
13
= 0.104 ±

0.060(stat) ± 0.045 (syst).
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Figure 12: The allowed regions for ]
𝜇
→ ]

𝑒
and ]

𝜇
→ ]

𝑒
from the

MiniBooNE data [23] are shown. In the case of antineutrinos, they
are comparedwith the LSNDallowed region andwith theKARMEN
exclusion plot (to the right of the dashed line).

4.2.6. A Global Analysis. The most powerful tool to extract
information on neutrino parameters is provided by global
analysis in which all experimental neutrino data are fitted
simultaneously in the context of three-neutrino oscillations.
In fact, this approach provided the evidence (and the mag-
nitude) for nonzero 𝜃

13
before the direct experimental mea-

surements were performed (see Fogli et al. [91]). We present
here the status of global fits by reviewing the results of [33]
(for a similar approach see also [92]). In this global analysis
the following experimental information is included: the

atmospheric neutrino data (Super-Kamiokande [93] phases
1–4), the long baseline accelerator experiments (K2K [42],
disappearance and appearance data of MINOS [94], and T2K
[90]), the reactor experiments (CHOOZ [95], Palo Verde
[96], Double-Chooz [97], Daya Bay [98], RENO [53], and
KamLAND [99]), solar radiochemical experiments (Home-
stake [24], GALLEX [34], and SAGE [27, 28]), and solar
real-time experiments (Super-Kamiokande [100], SNO [38],
and Borexino [84, 85]). The best fit oscillation parameters
and the corresponding allowed regions are shown in Table 8.
The two columns correspond to two different assumptions
for the reactor neutrinos. In the first, the fit is carried out
allowing for a free normalization of the reactor neutrino
fluxes and including in the analysis the results of the reactor
experiments with very short baseline 𝐿 ≤ 100m (RSBL),
as Bugey, ROVNO, Krasnoyarsk, ILL, Gösgen, and SRP.
The results presented in the second column are, instead,
obtained by assuming the recent reactor fluxes calculated by
Huber [73] and leaving out RSBL data. These two choices
permit to explore the relevance of the reactor neutrino
flux normalization in the extraction of neutrino parameters,
taking also into account that recent calculations of the reactor
fluxes as inMueller et al. [72] andHuber [73] gives a deficit of
about 3%with respect to the previous flux evaluations [70, 71].
The adopted choice slightly affects the 𝜃

13
determination,

partly due to the tension between the new fluxes and the
RSBL data (the reactor anomaly): an increase of statistics of
theDaya Bay andRenowill reduce the uncertainty connected
with this choice.

For sin2𝜃
23
, two disconnected 1𝜎 intervals are shown,

the first one corresponds to the absolute minimum while
the second one represents a secondary local minimum. The
global analysis prefers a nonmaximal value of 𝜃

23
; this result

is mostly driven by the MINOS ]
𝜇
disappearance results.

We also see that there is a marginal sensitivity to 𝛿
provided by the combination of the MINOS disappearance
results, the ]

𝜇
→ ]

𝑒
data from long baseline experiments,

and the atmospheric data.
Finally, while the sign of the mass difference Δ𝑚2

21
is

determined from matter effects in solar neutrino oscillation,
the sign of the “atmospheric” mass splitting Δ𝑚2

31
≃ Δ𝑚

2

32
is

not known. Correspondingly, we have two different options,
the normal hierarchy (NH) for Δ𝑚2

31
> 0 and the inverted

hierarchy (IH) for Δ𝑚2
31
< 0, which provide a fit of very

similar quality to that of the available data set.

5. Open Problems and Future Projects

In neutrino physics, there are still many open problems.
Concerning neutrino oscillations, the more relevant issues
are the determination of neutrino mass hierarchy, the mea-
surement of the CP phase 𝛿, and the precise evaluation of
𝜃
23
(see also Section 4.2.6). Of course, there is a much vaster

playground to observe considering such exciting possibilities
as the existence of sterile neutrino and of non standard
neutrino Interactions (NSI), the determination of the origin
of neutrino mass (Majorana versus Dirac), the absolute mass
of neutrinos, the role of neutrinos in cosmology, and possible
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Table 7: Results of the 𝜃
13
measurements from the three experiments detecting the ]

𝑒
from nuclear reactors.

Experiment 𝑁 (measured)/𝑁 (expected) events sin2𝜃
13

Daya Bay 0.944 ± 0.007 (stat)± 0.003 (syst) 0.089 ± 0.010 (stat)± 0.005 (syst)
RENO 0.920 ± 0.009 (stat)± 0.014 (syst) 0.113 ± 0.013 (stat)± 0.019 (syst)
Double Chooz — 0.097 ± 0.034 (stat)± 0.034 (syst)

Table 8: Neutrino oscillation parameters from a global fit from [33]. Details in text.

Parameter Unit (1) (2)
sin2𝜃

12
— 0.302

+0.013

−0.012
0.311

+0.013

−0.013

𝜃
12

[
∘
] 33.36

+0.81

−0.78
33.87

+0.82

−0.80

sin2𝜃
23

— 0.413
+0.037

−0.025
⨁ 0.594

+0.021

−0.022
0.416

+0.036

−0.029
⨁ 0.600

+0.019

−0.026

𝜃
23

[
∘
] 40.0

+2.1

−0.1.5
⨁ 50.4

+1.3

−1.3
40.1

+2.1

−1.6
⨁ 50.7

+1.2

−1.5

sin2𝜃
13

— 0.0227
+0.0023

−0.0024
0.0255

+0.0024

−0.0024

𝜃
13

[
∘
] 8.66

+0.44

−0.46
9.2

+0.41

−0.45

𝛿 [
∘
] 300

+66

−138
298

+59

−145

Δ𝑚
2

21
[10

−5 eV2] 7.50
+0.18

−0.19
7.51

+0.21

−0.15

Δ𝑚
2

31
(NH) [10

−3 eV2] 2.473
+0.070

−0.067
2.489

+0.055

−0.051

Δ𝑚
2

32
(IH) [10

−3 eV2] −2.427
+0.042

−0.065
−2.468

+0.073

−0.065

connections to dark matter. The phenomenon of neutrino
oscillations, to which this review is dedicated, provides still
a unique tool to answer several of these questions. This last
section is dedicated to some future prospects of physics of
neutrino oscillations.

The CP violation was observed so far only in the quark
sector and the CP violation in the leptonic sector is still a big
unknown. Among the current and near-future experiments,
T2K andNO]A [101] have a limited sensitivity to CP violation
via studying the ]

𝜇
→ ]

𝑒
versus ]

𝜇
→ ]

𝑒
appearance.

The NO]A experiment at NuMI beam is finalizing the
construction phase at FNAL. A much improved sensitivity to
𝛿 and a strong discovery potential are expected only for the
experiments of not so immediate future. T2HK (HK stands
for Hyper-Kamiokande) will be a successor of T2K, with
upgraded J-PARC beam andwith the far detector represented
by a next generation underground water Čerenkov detector
Hyper-Kamiokande [102] with about 1Mton of fiducial mass.
The Hyper-Kamiokande construction is expected to start in
2016. The DAE𝛿ALUS [103], a phased neutrino physics pro-
gram using cyclotron decay-at-rest neutrino sources would
have a strong discovery potential when combined with
Hyper-Kamiokande as the detector. The long baseline neu-
trino experiment (LBNE) [104], planning to use the strong
neutrino beam from Fermilab travelling 1300m baseline to
34 kton liquid argon time projection chamber has been
recently approved. LAGUNA-LBNO (Large Apparatus for
GrandUnification [105] andNeutrinoAstrophysics and Long
Baseline Neutrino Oscillations [106]) is a European long-
baseline project using CERN neutrino beam. The ]

𝑒
→ ]

𝜇

versus ]
𝑒
→ ]

𝜇
appearance is a project of far future of

]-factories (]’s from decays of 𝜇’s from accelerator) and 𝛽-
beams (]’s from 𝛽-decays of light nuclei) which would have a
decisive sensitivity to 𝛿 but face a problem of exceeding costs.

The long-baseline projects mentioned before for the CP
violation search in the neutrino sector have also the ability
to determine the neutrino mass hierarchy. For example,

LBNE, jointly with T2K/NO]A, can in principle address
the mass hierarchy issue with a significance of more than
3𝜎 by 2030. Hyper-Kamiokande can get a similar discovery
reach on a comparable timescale through the combination of
atmospheric neutrino data with a shorter baseline measure-
ment. In principle, the LAGUNA-LBNO project can afford
a very high sensitivity, more than 5𝜎, and with a relatively
limited data taking period (few years), thanks to its very long
baseline. Several other experiments have been discussed and
proposed which may have the capability to test the neutrino
mass hierarchy in a time frame shorter than that of the long-
baseline projects. Among these alternatives, themost promis-
ing approaches seem to be reactor neutrinos (JUNO [107]
formerly known as Daya Bay II) and atmospheric neutrinos
in ice (PINGU [108] at IceCube) or water (ORCA [109]).
Through a significant breakthrough in the technology and
in the detector performance, JUNO is targeted to a potential
sensitivity of more than 3𝜎(4𝜎), depending upon present
and future uncertainties on Δ𝑚2

32
. The experiment has been

already approved in China and an international collaboration
is being formed for its construction and operation. PINGU,
as well as ORCA, could guarantee extremely good statistical
sensitivity to the hierarchy, provided the systematic effects are
under control and well understood. Actually, the estimates
of the sensitivity may vary depending upon the choice
of oscillation parameters and hierarchy; in an optimistic
configuration, a 4𝜎 measurement could be obtained after 3
years of data.

In the solar neutrino physics, the most important open
issues are the determination of the ]

𝑒
survival probability

𝑃(]
𝑒
→ ]

𝑒
) in the transition region and the measurement

of the CNO neutrino flux.
The LMA solution of the solar neutrino problem predicts

an upturn in 𝑃(]
𝑒
→ ]

𝑒
) at 𝐸 ≈ few MeV that corresponds

to the transition from matter-enhanced oscillations (high-
energy end) to vacuum-averaged oscillations (low-energy
end); see Section 2 and the grey band in Figure 11. The
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observation of this feature would be the final confirmation of
the LMA paradigm. However, the experiments that measure
solar neutrinos have not observed it yet.The statistics in each
individual experiment do not allow firm conclusions, but
the effect indicating deviations from the LMA predictions is
systematically present in all data. Super-Kamiokande, SNO-
LETA, and BOREXINO seem to favor a flat distribution.
In particular, Super-Kamiokande data disfavor the expected
upturn at 1.3 to 1.9𝜎C.L. In addition, the Homestake result is
about 1.5𝜎 below the LMA prediction.

The shape of 𝑃(]
𝑒
→ ]

𝑒
) in the transition region

could be strongly influenced by the possible existence of
the non standard neutrino interactions (NSI) [86] and/or
of an ultralight sterile neutrino [74, 87]. As an example, in
the presence of an ultralight sterile neutrino that mixes very
weakly with active neutrinos, a dip in the 𝑃(]

𝑒
→ ]

𝑒
) is

expected in the transition region; its precise position is
determined by the sterile neutrino mass and its width and
depth depend on the mixing angle [74]. The possibility of
neutrino NSI with other fermions has been predicted by
several extensions of the SM, as for instance the left-right
symmetricmodels and supersymmetricmodelswith𝑅-parity
violation.The NSI can be described at low energy by effective
four-fermion interactions:

LNSI = −2√2𝐺𝐹𝜖
𝑒,𝑢,𝑑

𝛼,𝛽
(]
𝛼
𝛾
𝜇
𝑃
𝐿
]
𝛽
) (𝑓𝛾

𝜇
𝑃
𝐶
𝑓

) , (86)

where 𝐺
𝐹
is the Fermi constant, 𝛼 and 𝛽 are the neutrino

flavors, 𝑓 and 𝑓 are the electron or the light quarks, 𝑃
𝐶
is

the chirality of the operator, 𝐶 can be 𝐿 or 𝑅, and finally 𝜖𝑒,𝑢,𝑑
𝛼,𝛽

is a dimensionless number which, coupled with the weak
coupling constant, parameterizes the strength of the inter-
action. Also in this case the shape of 𝑃(]

𝑒
→ ]

𝑒
) in the

transition region is influenced by the NSI and its study
can limit the range of the parameter 𝜖. Even more effective
is its study in the ] − 𝑒 elastic scattering. In order to
constrain the shape of the transition region, it is critical to
achieve a measurement as precise as possible of 𝑝𝑒𝑝, CNO,
and 8B (with a lower energy threshold down to 3MeV)
solar neutrinos. In addition to this, a measurement of CNO
neutrinos is important also for other purposes.

The CNO bicycle contributes to ∼1% of the energy
emitted by the Sun. Despite being subdominant in the Sun,
the CNO cycle has, however, a key role in astrophysics,
being the prominent source of energy in more massive
stars and in advanced evolutionary stages of solar-like stars.
The evaluation of CNO efficiency is connected with various
interesting problems, like, for example, the determination of
globular clusters age from which we extract a lower limit
to the age of the universe. At the moment, we still miss
direct observational evidence for CNO energy generation
in the Sun. The detection of CNO solar neutrinos would
clearly provide a direct test of the CNO cycle efficiency. The
measurement of theCNO solar neutrino flux can also provide
clues to solve the so called “solar composition problem”
(see Section 4.1). The flux is, in fact, directly related to the
abundance of carbon, nitrogen, and oxygen in the core of
the Sun and, so to the admixture of heavy elements. Thus, a

determination of the CNO flux can help in solving the solar
metallicity puzzle.

In the neutrino physics, one important problem is the
possible existence of a fourth sterile neutrino. The LSND
[55] and MiniBooNE [23] results (see Section 4.2.4) need
independent checks, which could either rule out or confirm a
third Δ𝑚2 around 1 eV2. In addition, another two indications
exist, which could favor the hypothesis of the fourth sterile
neutrino: the reactor anomaly [72, 73] and the calibration
of the radiochemical experiments with artificial sources
[110]. The comparison of the antineutrino flux from nuclear
reactors with the results of short baseline reactor experiments
shows, in fact, a deficit of ∼3.5%. A deficit has been also
evidenced in the GALLEX [34] and SAGE [35] calibrations
campaigns with a 51Cr source (SAGE also with a 37Ar source
[36]). Each of these deficits is at ∼ 3𝜎 level. A possible
interpretation of these anomalies is connected to oscillations
into new light sterile neutrino.

The existence of sterile neutrinos appears in many exten-
sions of the Standard Model: they would be simply gauge
singlets of the model. The simplest model (3 + 1 scheme)
introduces only one sterile neutrino ]

𝑠
. In this scenario the

four flavor eigenstates (]
𝑒
, ]
𝜇
, ]
𝜏
, ]
𝑠
) mix through the matrix

elements (𝑈
𝑒4
, 𝑈

𝜇4
, 𝑈

𝜏4
, 𝑈

𝑠4
)with a fourth mass eigenstate ]

4
.

The Δ𝑚2
𝑖4
(𝑖 = 1, 2, 3) are supposed to be ≃1 eV2 in order to

provide explanation of the observed anomalies and, thus, they
are much larger with respect to solar and atmospheric mass
splittings.

The neutrino community favors new and decisive exper-
imental tests on this matter [111]. Four experiments will
try to address these problems in the near future: Borexino,
Borexino-SOX, MicroBooNE, and Icarus-Nessie.

Borexino phase 2 has as a possible goal the experimental
reproduction of the survival-probability transition region.

Borexino-SOX [112] is a project, in which the Borexino
detector is taking data with a 51Cr ]

𝑒
source installed in a

small tunnel below it, at ∼8m from the detector center. The
𝐸/𝐿 is in the same range as that of the LSND andMiniBooNE
experiments. It will look for the possible existence of a sterile
neutrino, and will give an important check on the NSI,
studying the ] − 𝑒 elastic scattering.

MicroBooNE is an experiment based on a 70 tons fiducial
volume liquid argon time projection chamber exposed to the
NuMI neutrino beamlines at Fermilab. Its goal is to repeat
the same measurements of MiniBooNE with high resolution
at low energy, starting below 200MeV [113].

Finally, Icarus-Nessie is an experiment using the Icarus
liquid argon time projection chamber technique coupled to
near and far spectrometers exposed to ]

𝜇
and ]

𝜇
beams with

an 𝐸/𝐿 ∼ 1 eV2, again to check the possible sterile neutrino
existence [114].
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The purpose of this paper is to review the experimental apparatus and some physics results from the NOMAD (neutrino oscillation
magnetic detector) experiment which took data in the CERN wide-band neutrino beam from 1995 to 1998. It collected and
reconstructed more than one million charged current (CC) ]

𝜇
events with an accuracy which was previously obtained only with

bubble chambers. The main aim of the experiment was to search for the oscillation ]
𝜇
into ]

𝜏
, in a region of mass compatible

with the prescriptions of the hot dark matter hypothesis, which predicted a ]
𝜏
mass in the range of 1–10 eV/c2. This was done by

searching for ]
𝜏
CC interactions, observing the production of the 𝜏 lepton through its various decay modes by using kinematical

criteria. In parallel, NOMAD also strongly contributed to the study ofmore conventional processes: quasielastic events, strangeness
production and charm dimuon production, single photon production, and coherent neutral pion production. Exotic searches were
also investigated. The paper reviews the neutrino beam, the detector setup, the detector performances, the neutrino oscillation
results, the strangeness production, the dimuon charm production, and summarizes other pieces of research.

1. Motivation

When it was proposed, the experiment was motivated by the-
oretical arguments suggesting that the ]

𝜏
may have a mass of

1 eV/c2 or higher, and therefore could be themain constituent
of the dark matter in the Universe.This suggestion was based
on two assumptions:

(i) the interpretation of the solar deficit in terms of ]
𝑒
→

]
𝜇
oscillations, amplified by matter effects inside the

Sun, giving Δ𝑚2 ∼ 10
−5 eV2/c4;

(ii) the so-called “see-saw” mechanism which predicted
that neutrino masses are proportional to the square
of the mass of the charged lepton or the charge 2/3
quark of the same family.

Furthermore, in analogy with quark mixing, neutrino
mixing angles were expected to be small. This defined the
region to search for the corresponding oscillation.

To fulfill this program, the NOMAD detector measured
and identified most of the particles, charged and neutral,
produced in neutrino interactions. The active target was a
set of drift chambers with a fiducial mass of about 2.7 tons

and a low average density (99 kg/m3) comparable to liquid
hydrogen. The detector was located in a dipole magnet, for-
merly used by theUA1 experiment, giving a field of 0.4 T.This
allowed a determination of the momenta of charged particles
via their curvature, withminimal degradation due tomultiple
scattering. The active target was followed by a transition
radiation detector to identify electrons, an electromagnetic
calorimeter including a preshower, a hadronic calorimeter,
and, finally, a muon system.

The 𝜏 was searched for via its CC interactions: ]
𝜏
+𝑁 →

𝜏+𝑋. Given the lifetime of the 𝜏− and the energies considered
here, the 𝜏− travelled about 1mm before decaying.The spatial
resolution of NOMAD, while good, was not sufficient to
recognize the nonzero impact parameter associatedwith such
tracks. Instead, the decay of the 𝜏

− was identified using
kinematical criteria, based on a precise measurement of
the missing transverse momentum in the final state. This
required a detector with accurate energy and momentum
resolution, good particle identification, and sophisticated
analysis schemes.

In order to be sensitive to a large fraction of the 𝜏− decay
modes and to be able to select events with high acceptance
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and low backgrounds, the NOMAD detector had to fulfill the
following criteria:

(i) measurement of the momenta of charged particles
with good precision and

(ii) identification and measurement of electrons, pho-
tons, and muons.

The excellent performances of the NOMAD detector
fulfilled these goals.

In addition to searching for neutrino oscillations, the
large sample of well-reconstructed data collectedwith a target
having the density of a hydrogen bubble chamber, permitted
to study many other processes involving neutrinos.

The Monte Carlo (MC) simulation used throughout this
study was based on modified versions of LEPTO 6.1 and
JETSET 7.4 generators for neutrino interactions and on a
GEANT-based program for the detector response.

2. The Beam

The NOMAD detector was located at the CERN west area
neutrino facility (WANF) and was exposed to the SPS
wide-band neutrino beam consisting predominantly of ]

𝜇
’s.

The beam line has been operating for 20 years and was
reoptimized in 1992-1993 for the NOMAD and CHORUS
experiments. Details of operations are given in [1].

The neutrinos were predominantly produced from the
decays in flight of the secondary 𝜋 and𝐾mesons originating
from the 450GeV protons impinging on a beryllium target.
The SPS cycle was repeated every 14.4 s. The protons were
extracted from the SPS in two 4ms long spills separated by
2.6 s with a 2.0 s “flat top.”The beam line operated with record
intensities up to 1.8 1013 protons in each of the two spills.
During the four years of data taking, 1995–1998, NOMAD
collected a total of 2.2 1019 protons incident on the target.

The target station consisted of 11 beryllium rods sepa-
rated by 9 cm gaps. Each rod was 10 cm long and 3mm in
diameter, positioned longitudinally along the proton line.
The secondary pions and kaons were focused by a pair of
coaxial magnetic lenses, called the horn and the reflector.
In such a system, charged particles were deflected by the
toroidal field between two coaxial conductors carrying equal
and opposite currents so that the focusing of particles of
one sign implied defocusing particles of the opposite sign. In
order to harden the neutrino spectrum, the horn and reflector
were displaced 20m and 90m from the target, respectively.
The higher neutrino energy increased the sensitivity of the
experiment to charged current ]

𝜏
interactions which have an

energy threshold of 3.5 GeV. The sections between the horn
and the reflector and between the reflector and the decay
tunnel were enclosed in helium tubes of 80 cm diameter and
a total length of about 60m in order to reduce the absorption
of secondary particles. Collimators reduced the antineutrinos
contamination by intercepting the defocused secondaries.

The mesons were allowed to decay in a 290m long
vacuum tunnel. Shieldingmade from iron and earth followed.
Its usewas to range outmuons and absorb hadrons. A toroidal
magnet, operated at 3 kA located at the entrance of the iron

shielding, deflected muons which would pass outside the
shielding. The NOMAD detector was located 835m from the
target. The average distance between the meson decay points
and NOMAD was 620m.

A neutrino beam monitoring system based on the detec-
tion of muon yields at several depths into the iron shield was
built. Silicon detectors provided an absolute flux measure-
ment. An independent measurement of the flux was given by
the number of protons incident on the target, estimated from
a pair of beam current transformers (BCT) upstream of the
target.

A detailed GEANT simulation of the beam line pre-
dicted the neutrino energy and radial position distribu-
tions. Figure 1 shows the neutrino flux for 109 protons
on target. The Monte Carlo simulation predicted the rela-
tive abundance of neutrino species: ]

𝜇
: anti]

𝜇
: ]
𝑒
: anti]

𝑒
=

1.00 : 0.061 : 0.0094 : 0.0024 with average energies of 23.5, 19.2,
37.1, and 31.3 GeV, respectively.

Since the search consisted in observing ]
𝜏
interactions, it

was essential to calculate the intrinsic ]
𝜏
component in the

beam. This component came from the prompt reactions:

𝑝 + 𝑁 → 𝐷
𝑠
+ 𝑋,

followed by 𝐷
𝑠
→ 𝜏 + ]

𝜏
, 𝜏 → ]

𝜏
+ 𝑋.

(1)

The relative number of ]
𝜏
produced from the above

reactions and interacting via the CC channel in the fiducial
volume of NOMAD was estimated to be 5 10−6 with respect
to ]
𝜇
CC interactions. The resulting intrinsic ]

𝜏
signal was

much less than one event in the total duration of theNOMAD
experiment.

3. The Detector

The detector is shown schematically in Figure 2. It consisted
of a number of subdetectors most of which were located in a
large dipole magnet, having an inner volume of 7.5m along
the beam axis and 3.5 × 3.5m2 in transverse dimensions.The
coordinate system adopted for NOMAD had the 𝑥-axis into
the plane of the figure, the 𝑦-axis directed up towards the
top of the detector and the 𝑧-axis horizontal, approximately
along the direction of the neutrino beam. The beam line
pointed upwards, at an angle of 2.4∘ with the 𝑧-axis. The
magnetic field was along the 𝑥-axis and had a value of
0.4 T.

Moving downstream along the beam direction came
a veto counter, a front calorimeter, a large active target
consisting of drift chambers, a transition radiation detec-
tor, a preshower, an electromagnetic calorimeter, a hadron
calorimeter, and an iron filter consisting in the return-yoke
of the magnet followed by a set of large drift chambers
used for muon identification. Upstream and downstream
of the transition radiation detector, two large hodoscopes
of scintillators provided a fast trigger. The key features
of each subdetector are given below. Overall, the detector
reconstructed the events kinematics with great precision and
identified electrons, muons, and photons.
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(a) (b)
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Figure 1: Fluxes of the various neutrino species in the NOMAD detector for 109 protons on target (from [1]).

3.1. Veto Counters. The veto system consisted of an arrange-
ment of 59 scintillation counters covering an area of 5 ×

5m2 at the upstream end of the detector. The counters were
arranged in a geometry which provided optimal rejection of
charged particles produced in neutrino interactions upstream
of NOMAD, for example, in the iron magnet support, and
large-angle cosmic rays travelling in the same or the opposite
direction to the neutrino beam.

The two photomultiplier outputs connected to each
scintillator counter were fed to the inputs of mean-timer
modules, the timing of which provided an output signal
independent in time of the position at which the detected

charged particle traversed the counter. The charged particle
rejection efficiency of the NOMAD veto was constantly
monitored and remained stable at a level of 96-97%. Averaged
over the two neutrino spills, the contribution of the veto
system to the overall dead time of NOMAD was 4%.

3.2. The Front Calorimeter (FCAL). The detector was sus-
pended from iron pillars at the two ends of the magnet.
The front pillar was instrumented with scintillator planes
to provide an additional massive active target for neutrino
interactions.The FCAL consisted of 23 iron plates and 4.9 cm
thick and separated by 1.8 cm gaps. Twenty out of the 22 gaps
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Figure 2: A schematic sideview of the detector.

were instrumented with long scintillators read out on both
ends. The dimensions of the scintillators were 175 × 18.5 ×

0.6 cm3.
The FCAL had a depth of about 5 nuclear interaction

lengths and a total mass of about 17.7 tons. A minimum
ionizing particle traversing the whole FCAL had an equiva-
lent hadronic energy of 430MeV. The FCAL was particularly
useful for the study of charm dimuon production.

3.3. The Drift Chambers (DC). The drift chambers [2] were a
crucial part of the detector.They provided the target material
and the tracking device for the particles. They were designed
with the conflicting requirements that their walls should be
as heavy as possible in order to maximize the number of
neutrino interactions and as light as possible in order to
minimize multiple scattering of particles, secondary particle
interactions, and photon conversions. To minimize the total
number of radiation lengths (𝑋

0
) for a given target mass,

the chambers were made of low density and low atomic
number materials. The complete target consisted of 145 drift
chambers, with a total mass of 2.9 tons over a fiducial area
of 2.6 × 2.6m2. Each chamber contributed 0.02𝑋

0
. Overall,

the target had a density of 0.1 g/cm3 and a total length of
1.0X
0
; there was less than 0.01𝑋

0
between two consecutive hit

measurements in the chamber planes.
The chambers were built on panels made of aramid fibres

in a honeycomb structure. These panels were sandwiched
between two Kevlar-epoxy resin skins. These skins gave the
mechanical rigidity and flatness necessary over the large
3 × 3m2 surface area. Each drift chamber consisted of four
panels. The three 8mm gaps between the panels were filled
with an argon-ethane (40%–60%) mixture at atmospheric
pressure. The gas was circulating permanently in a closed
circuit with a purifier section that removed oxygen and water
vapor.

The central gap was equipped with sense wires at +5∘ and
−5∘ with respect to the magnetic field direction. These sense
wires were 20 𝜇m in diameter and were made of gold-plated
tungsten. They were interleaved with 100 𝜇m potential wires
made of Cu-Be. These wires were equally spaced vertically to

provide drift cells of ±3.2 cm around each sense wire. Field
shaping aluminum strips were printed on mylar glued to the
panels.The 3m long wires were glued to support rods at three
points to keep them at a constant 4mm distance from the
cathode planes. The gap was maintained at 8mm using nine
spacers facing melanine inserts embedded in the honeycomb
structure of the panels. The potential wires were held at
−3200V and the anode wires at +1750V. The potentials on
the strips provided a drift field of 1 kV/cm. With this electric
field and the gasmixture used, the ionization electrons drifted
with a velocity of about 50mm/𝜇s. In order to compensate for
the Lorentz angle and to keep a drift direction parallel to the
planes when the magnetic field was turned on, the potentials
on the strips were set at different values on the two sides of
each gap.

There were 49 chambers in the complete detector, each
corresponding to 147 sense wire planes for a total of 6174
wires. The target chambers were mounted in 11 modules of
four chambers in the front part of the detector and five
additional chambers were installed individually in the TRD
region and were used to improve the lever arm for tracking
and for better extrapolation of the tracks to the rest of the
subdetectors.

The typical wire efficiency was 97%, most of the loss
being due to the supporting rods. Wire signals were fed
to a preamplifier and a fast discriminator, allowing track
separation down to 1mm. The spatial resolution was studied
using straight tracks (muons) crossing the detector during
data taking.The distribution of residuals was obtained after a
careful alignment of all wires as well as a detailed description
of the time-to-distance relation.The distribution had a sigma
of about 150𝜇m.The 5∘ stereo angles gave a resolution along
the wires of 1.5mm.

The momentum resolution provided by the drift cham-
bers was a function of momentum and track length. For
charged hadrons and muons travelling normal to the plane
of the chambers, it was parameterized as

𝜎
𝑝

𝑝
∼

0.05

√ (𝐿)
+
0.008p
√(𝐿5)

, (2)
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Figure 3: Distribution of vertices through one drift chamber along
the beam direction (from [3]).

where the momentum 𝑝 is in GeV/c and the track length 𝐿 in
m.The first term is the contribution frommultiple scattering
and the second term comes from the single hit resolution
of the chambers. For a momentum of 10GeV/c, multiple
scattering was the dominant contribution for track lengths
larger than 1.3m.

The tracking was more difficult for electrons as they radi-
ated photons via bremsstrahlung process as they traversed the
nonzero-density tracking system. This resulted in a contin-
uously changing curvature. In this case the resolution was
worse and electron energies were measured by combining
information from the drift chambers and the electromagnetic
calorimeter.

Most neutrino interactions in the NOMAD active tar-
get occurred in the passive panels of the drift chambers.
Interaction vertices were reconstructed by extrapolating the
tracks of charged secondary interaction products. Figure 3
shows the distribution of vertices along the beam direction
showing the structure of a set of DC’s. The eight “spikes” in
this distribution correspond to the Kevlar skins of the DC’s.
Regions with a low interaction rate correspond to the three
gas-filled drift gaps of the honeycomb panels. This figure
directly shows the vertex reconstruction resolution.

3.4. The Trigger Counters. Two trigger planes were installed
in the NOMAD detector. The first followed the active target
and the second was positioned behind the TRD region. Each
of the planes covered a fiducial area of 280 × 286 cm2 and
consisted of 32 scintillation counters. The scintillators had a
thickness of 0.5 cm and a width of 19.9 cm. Twenty-eight of
the counters were installed horizontally and had a length of
124 cm. In order to increase the fiducial area of the trigger
planes, four counters of 130 cm lengthwere installed vertically
to cover the light-guides of the horizontal counters.

The scintillators were connected by adiabatic light-guides
to 16-dynode photomultipliers which were oriented parallel
to the magnetic field. The field of 0.4 T only reduced the
response of the tubes by 30%. They had an intrinsic time
resolution of 1 ns and a noise rate of less than 50Hz. A
coincidence between the two planes was required for a valid
trigger. The average efficiency of the trigger counters, for
single tracks, was determined with data and found to be
(97.5 ± 0.1)%.

3.5. The Transition Radiation Detector (TRD). The NOMAD
TRD [4, 5]was designed to separate electrons frompionswith
a pion rejection factor greater than 103 for a 90% electron
efficiency in the momentum range from 1 to 50GeV/c. This
factor, together with the additional rejection provided by the
preshower and the electromagnetic calorimeter, was specially
needed in the search for the electronic 𝜏 decay channel in
order to eliminate neutral current (NC) interactions in which
an isolated pion track could fake an electron.

The large rejection factor required and the large lat-
eral dimensions of the detector (2.85 × 2.85m2) made
the NOMAD TRD one of the largest transition radiation
detectors ever built. Its design was optimized by detailed
simulation and after several test beam measurements. It
took into account two main experimental constraints: the
limited longitudinal space inside the NOMAD magnet and
the requirement that there be less than 2%𝑋

0
added between

two consecutive hit measurements in the drift planes.
The TRD was located after the first trigger plane and

consisted of nine identical modules. The first eight modules
were paired into four doublets. In order to provide a precise
track extrapolation from the drift chamber target to the
calorimeter, five drift chambers were embedded in the TRD,
one after each TRD doublet and one after the last module.

Each TRD module included a radiator followed by a
detection plane with the following design.

(i) The radiator was a set of 315 polypropylene foils, each
15 𝜇m thick and 2.85 × 2.85m2 in area, separated
by 250 𝜇m air gaps. The foils were stretched on an
aluminum frame and embossed to ensure a regular
spacing in spite of their large size and electrostatic
effects.

(ii) The detection plane consisted of 176 vertical straw
tubes, each 3m long and 16mm indiameter, separated
by 0.2mm. The straw tubes were fed in parallel
with a xenon-methane (80%–20%) gas mixture. They
were made of two shifted 12.5 𝜇m thick ribbons of
aluminized mylar rolled and glued along a 16mm
diameter helix. The sensitive anode was a 50 𝜇m
diameter gold-plated tungsten wire stretched with a
tension of 100 g.

The signals from the 1584 straw tubes were fed into
amplifiers producing differential outputs. The charge ADCs
were read out by a VME system. A test pulse system was
used to control the stability of the entire electronic chain.
Continuous calibration of the TRD was performed with
the help of 55Fe radioactive sources uniformly deposited
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Figure 4: Energy deposited in the TRD straw tubes for pions and
electrons (from [4, 5]).

on a ribbon stretched horizontally in the middle of each
detection plane.

Electron identification in the TRD was based on the
difference in the total energies deposited in the straw tubes by
particles of different Lorentz factors (𝛾 = 𝐸/𝑚𝑐

2). Charged
particles with 𝛾 < 500 deposited energy predominantly by
ionization losses, whereas charged particles with 𝛾 > 500

(mainly electrons) also produced transition radiation X-rays
at the interfaces of the foils. As a result, a few photons in the
keV range were produced by an electron crossing a radiator.
About 60% of the photons emitted from the radiator were
absorbed in the detection planes due to the large cross-section
of xenon for photons of a few keV. Transition radiation X-ray
energy deposition was added to the ionization losses of the
parent particle in the same straw tube, because the emitted
photons peaked around the initial particle direction.

The algorithm developed for electron identification was
based on a likelihood ratio method. Figure 4 shows the
normalized spectra (MC simulation) of energy deposited in
the TRD straw tubes by 10GeV/c pions and electrons at
normal incidence.TheTRD simulationwas extensively tested
in situ using muons crossing the detector during the flat top
between two neutrino spills.

A pion rejection factor greater than 1000 was obtained
with the 9 TRD modules in the momentum range from 1 to
50GeV/c, while retaining an electron efficiency of 90%.

3.6. The Preshower Detector (PRS). The PRS was located just
in front of the electromagnetic calorimeter. It was composed
of two planes of proportional tubes (286 horizontal and
288 vertical) preceded by a 9mm (1.6𝑋

0
) lead-antinomy

converter.
The proportional tubes weremade of extruded aluminum

profiles and glued to two aluminum end plates of 0.5mm
thickness. Each tube had a square cross-section of 9 ×

9mm2 and the walls were 1mm thick. The 30 𝜇m gold-
plated tungsten anode was strung with a tension of 50 g. The
proportional tubes operated at a voltage of 1500V, with a
mixture of Ar-CO

2
(80%–20%). Signals from each tube were

fed into charge preamplifiers; the twelve preamplifier signals
were sent to ADCs.

Large samples of straight through muons were collected
during the flat top of the SPS cycle. The fine granularity
of the PRS assisted in the understanding of signals in
the calorimeter blocks caused by adjacent particles. Once
the clusters with an associated track had been removed,
the remaining ones could be attributed to photons which
converted in the PRS. The resolution was estimated using
negative pions from a test beam interacting in the lead of the
PRS. It was assumed that these interactions camemainly from
charge exchangewith one of the photons froma𝜋0 converting
in the lead plate. The r.m.s. resolution for these events was
1 cm, a value much smaller than the dimensions of a single
tower of the electromagnetic calorimeter which allowed the
use of the PRS to determine the impact point of converting
photons for the 70% of the photons which converted in the
lead radiator. Using the above value as the spatial resolution
of photons and the energy resolution of the electromagnetic
calorimeter, a rough estimation of the 𝜋0mass resolution was
found to be 11MeV/c2, which is in good agreement with the
observed 𝜋0 mass distribution.

3.7. The Electromagnetic Calorimeter (ECAL). The search for
]
𝜏
events in NOMAD relied strongly on electron identifi-

cation as well as on a very accurate determination of the
transverse momentum in the event. While electron identifi-
cation was performed using the TRD, the ECAL was crucial
to accurately measure electron and gamma energies from
100MeV up to 100GeV and to help in the determination of
the neutral component of the transverse momentum. The
large energy range to be covered required a large dynamic
range in the response of the detector and of the associated
electronics. A lead-glass detector was chosen for its excellent
energy resolution and uniformity of response. The ECAL
[6, 7] combined with the PRS was also used to help improve
the electron identification provided by the TRD.

The ECAL consisted of 875 lead-glass Cherenkov coun-
ters of the TF1-000 type arranged in a matrix of 35 rows
and 25 columns. Each counter was a 19𝑋

0
deep block with

a rectangular cross-section of 79 × 112mm2. The direction
of the magnetic field, perpendicular to the counter axis,
imposed severe constraints on the mechanical assembly of
the light detection system. The light detectors (two-stage
photomultiplier tetrodes, with a typical gain of 40 in the
operating conditions) were coupled to the back face of the
lead-glass blocks. This face was cut at 45∘ with respect to
the block axis, in such a way that the symmetry axis of the
tetrodes formed an angle of 45∘ with respect to the field
direction, thus keeping the signal reduction caused by the
magnetic field less than 20%. This reduction was found to
be very constant and uniform. A low-noise electronic chain
composed of a charge preamplifier followed by a shaper and
a peak sensing ADC provided a calorimeter response in a
dynamic range larger than 4000.

A fast analog signal from each shaper was also provided
for time measurements in order to reject energy depositions
not associated with triggered events. The obtained time
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resolution was a few ns for energy depositions larger than
1GeV. In addition, the fast analog signals, summed over
groups of 64 counters, formed an ECAL trigger.

Monitoring of the lead-glass response was performed
using two blue LED’s per counter mounted on the same face
of the block on which the tetrodes were positioned. Before
the final assembly in NOMAD, the lead-glass blocks were
individually calibrated using a 10GeV/c electron beam. The
effect of the field on the calibration was taken into account
by LEDmeasurements performedwith andwithoutmagnetic
field.

The linearity of the calorimeter response to electrons was
verified at the test beam in the energy range 1.5–80GeV. A
detailed study of the energy resolutionwas performed.A two-
parameter fit of the energy resolution Δ𝐸/𝐸 = 𝑎+𝑏/√(𝐸),
with 𝐸 in GeV, gave 𝑎 = (1.04 ± 0.01)% and 𝑏 = (3.22 ±

0.07)%.
The ECAL response as a function of the impact point

of the incoming electrons was measured to be uniform
within ±0.5%; the response to electrons entering at normal
incidence in the gaps between adjacent blocks showed that
ECALwas “hermetic” at more than 99%. Aweak dependence
of the total energy release on the angle of incidence 𝜃 of
the incoming electrons was found both in the test beam
measurements and in the MC simulations. This dependence
could be attributed to the small variation with the angle
of the Cherenkov light collection efficiency. In addition,
the number of towers receiving contributions from a given
shower increased with angle. However this did not affect
the overall energy resolution that remained insensitive to
both shower position and angle. The shower position was
measured with an average resolution of about 4mm in each
direction.

The calibration and the calorimeter response to low
energy photons were checked by measuring the 𝜋0mass both
in a dedicated test beam and during theNOMADdata taking.
The following results were found using test beam data:

𝑚
𝜋
= (133.7 ± 1.2) MeV/c2 with 𝜎

𝑚
= 16MeV/c2. (3)

The calorimeter response to muons corresponded to a
peak value for the energy deposition of (0.566 ± 0.003) GeV.
Themuon signals were found to be stable within ±1% provid-
ing an independent check of the stability in the calorimeter
response.

3.8. The Hadronic Calorimeter (HCAL). The HCAL was
intended to detect neutral hadrons and to provide ameasure-
ment of the energy of charged hadrons complementary to that
derived frommomentummeasurements in the DC’s. Knowl-
edge of neutral hadrons was important when attributing
kinematic quantities such as missing transverse momentum.
Furthermore calorimetric measurements of charged particles
were used both as a consistency check on the momentum
measurements of the charged particles and as an aid in
distinguishing between muons and charged hadrons.

The HCAL was an iron-scintillator sampling calorimeter.
The downstream iron pillar of the magnet was instrumented
with scintillators. It consisted of 23 iron plates, 4.9 cm thick

separated by 1.8 cm gaps, six of these modules forming a wall
of 5.4m wide, 5.8m high, and 1.5m deep. This wall acted
as a filter for the system of large muon chambers set up
downstream.

The active elements of the calorimeter were scintillator
paddles 3.6m long, 1 cm thick, and 18.3 cm wide. Tapered
acrylic light pipes were glued to each end of the scintillator
paddles to form an assembly 5.52m long. Eleven of these
assemblies were threaded horizontally through the first 11
gaps in the iron wall to form a calorimeter module 18.3 cm
high and approximately 3.1 interaction lengths deep. Scintil-
lation light was directed through adiabatic light guides to a 5
inch phototube at each end of the module. Eighteen of these
modules were stacked vertically to form a calorimeter with an
active area 3.6m wide by 3.5m high.

The energy deposited in a given module was obtained
from the geometric mean of the two phototube signals, and
the horizontal position of the energy deposit was determined
from the attenuation length of the scintillator and the ratio
of the phototube signals. Vertical positions were determined
from the pattern of energy sharing between the modules.The
energy response to muons which traversed the calorimeter
gave a peak corresponding to the minimum ionizing distri-
bution at 1.5 GeV with the expected Landau shape.

Typical position resolutions were of the order of 20 cm
in the horizontal projection. There was a high probability
for hadrons to begin showering upstream of the hadron
calorimeter and so the total hadronic energy was taken to be
a weighted sum of the energies deposited in the hadron and
electromagnetic calorimeters.

3.9. The Muon Chambers. The NOMAD muon detector
consisted of 10 drift chambers previously used in the UA1
experiment. Each chamber had an active area of 3.75 ×

5.55m2 with two planes of drift tubes in the horizontal and
two in the vertical directions. In total there were 1210 drift
tubes, each with a maximum drift distance of 7 cm.

The chambers were arranged in pairs (modules) for track
segment reconstruction. The first muon station consisted of
threemodules andwas placed behind the hadron calorimeter.
It was followed by an 80 cm thick iron absorber and a second
muon station of two modules.

The chambers were operatedwith an argon-ethane (40%–
60%) gas mixture. Their performance was monitored con-
tinuously using high energy muons passing through the
detector. The average position resolution for hits was in the
range of 350–600𝜇m depending on the gas quality. The
average hit efficiency was 92.5% and the dominant source of
inefficiency (6.5%) was due to dead areas between the drift
tubes.

Track segments were reconstructed separately for each
station from typically 3 or 4 hits per projection.Themeasured
efficiency for the reconstruction of track segments was
97%.

3.10. Triggering and Data Acquisition System. The trigger
logic [8] was performed by a VME-based module, which was
especially designed for NOMAD.The following triggers were
set up for the study of neutrino interactions in NOMAD.
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(i) V.T
1
.T
2
. This trigger allowed a study of neutrino

interactions in the DC target region. At least one
hit in both trigger planes T

1
and T

2
was required.

To prevent triggering on through-going muons, no
hit should have occurred in the veto counters (V).
The rate for this trigger was ∼5.0/1013 p.o.t. and the
lifetime was (86 ± 4)%. Of these 5 triggers, about
0.5 were potentially interesting candidates for neu-
trino interactions in the DC. The remaining triggers
consisted of 1 “cosmics,” 1.5 nonvetoed muons, and 2
neutrino interactions in the magnet.

(ii) V
8
.FCAL. Neutrino interactions in the front cal-

orimeter with an energy deposition of at least 4m.i.p.
fired this trigger. Through-going muons were vetoed
by the veto subset V

8
. On average 6.5 neutrino

interactions occurred in the FCAL for 1013 p.o.t. The
lifetime was (90 ± 3)%.

(iii) V
8
.T
1
.T
2
.FCAL. This trigger was set up to study

quasielastic-like events in the FCAL. For this trigger,
an energy deposition between 1 and 3m.i.p. in the
FCAL was requested. The rate for this trigger was
∼1.5/1013 p.o.t. and the lifetime was (90 ± 3)%.

(iv) T
1
.T
2
.ECAL. The electromagnetic calorimeter was

also used as a target. Physics topics addressed with
these events included ]

𝜇
→ ]
𝑒
and ]
𝜇
→ ]
𝜏
oscilla-

tions. An energy deposition of more than ∼1.0 GeV in
the ECAL enabled this trigger, which had an average
rate of 2/1013 p.o.t. and a lifetime of (88 ± 3)%.

(v) RANDOM. A random trigger allowed a study of
detector occupancy.

Approximately 15 neutrino candidate triggers were taken
in each neutrino spill. In addition various triggers were used
in the 2.6 s long flat-top between the two neutrino bursts.
These were used for drift chamber alignment, calibration of
the different subdetectors, and measurement of the trigger
counter efficiency. In total about 60 triggers were taken
in each flat top. NOMAD operated in burst mode, where
triggers arrive in short intervals (spills) separated by relatively
long intervals without beam. Signals from each subdetector
arrived at some combination of the three types of FAST-
BUS modules: 12-bit charge-integrating ADCs, 12-bit peak-
sensing ADCs, and 16-bit TDC’s. There were a maximum of
11648 channels to read out per event.

Five VME-based boards controlled the readout of the
front-end electronics. The VME controllers performed block
transfers of the available data to local buffers, assembled
the data into subevents, and checked for consistency and
integrity. They then passed the subevents through a VME
interconnect bus to a sixth VME processor, the “event
builder,” which assembled all the pieces into complete events
together with information about the beam extraction and
wrote them to one of two 9GB disks via a high-level network-
ing package. The event-builder stage also asynchronously
received beam calibration data, summaries of monitoring
information, and detector status information whenever they
changed.

Monitoring programs for each of the nine subdetectors as
well as for beam, scaler, and trigger information connected to
the stages via Ethernet and generated summary histograms to
verify the quality of the data.The system recorded over 1.5MB
of data per minute, with a typical assembled neutrino event
containing around 2000 32-bit words before reconstruction.
During neutrino spills, the data acquisition had a typical dead
time of 10% arising from digitizations. The data-taking time
lost due to downtime and interrun transitions was less than
3%.

4. Detection Performances

Figure 5 shows a candidate ]
𝜇
CC event detected inNOMAD.

One energetic particle penetrates to the muon chambers and
satisfies all other criteria to be a muon. A hadronic jet of
charged particles is clearly visible at the primary vertex and
a photon conversion in the drift chambers is also evident.

Figure 6 shows a candidate ]
𝑒
CC event detected in

NOMAD. One very straight secondary track identified as an
electron by the TRD is seen to deposit a large amount of
energy in a few cells of the ECAL as indicated by the large
“bar” in the event display.

4.1. Identification of 𝐾0. 𝐾0
𝑠
mesons observed in NOMAD

were used as a quality check of the reconstruction program
and of the detector performance. Using an algorithm looking
for 𝑉0 vertices, Figure 7 shows the 𝜋+𝜋− mass distribution
obtained from the neutrino beam data, where the following
selection criteria were applied:

(i) a pair of oppositely charged tracks, not positively
identified as electrons or muons, emerging from a
secondary vertex distinct from the primary;

(ii) the reconstructed momentum of the pair pointing to
the primary vertex;

(iii) the invariant mass of the pair differing from the Λ0
mass by more than 50MeV/c2, when taken to be a
combination 𝑝𝜋−.

The K0 peak stood out clearly over a small background.
A fit gave a value for the mass of (497.3 ± 0.4)MeV/c2.
The resolution was 11MeV/c2, consistent with the measured
momentum resolution of NOMAD. The proper distance
travelled by the 𝐾0

𝑠
before decaying gave a lifetime of (892 ±

65)10
−13 s in agreement with the known value.

4.2. Reconstruction of 𝜋0 Mesons. Gamma rays from 𝜋
0

decays represented the best electromagnetic probe available
in NOMAD to test the ECAL response. The 𝜋0 flux was too
small to allow individual calibration of each ECAL block, but
allowed a test of the overall energy response. Figure 8 shows
the 2𝛾 invariant mass distribution obtained from the data for
two-charged-tracks events with a vertex in theDC region and
two neutral clusters in the ECAL. The peak position is well
centered on the 𝜋0 mass and the width (11MeV/c2) is in good
agreement with the expected resolution.
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Figure 5: Candidate ]
𝜇
CC event reconstructed in the NOMAD detector.

Figure 6: Candidate ]
𝑒
CC event reconstructed in the NOMAD detector.

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58

(a
.u

.)

MK (GeV/c2)

𝜎 = 10.9 (MeV/c2)MC: mean = 497.2,
𝜎 = 11.2 (MeV/c2)Data: mean = 497.9,

Figure 7: 𝜋+𝜋− mass distribution showing the signal of 𝐾0 (from
[9]).

4.3. Muon Identification. Muons were identified if they pen-
etrated more than 8 interaction lengths of absorber material
in order to reach the first station or 13 interaction lengths for
the second station of the muon system. For perpendicular
incidence, the momentum to reach the chambers was mea-
sured to be 2.3GeV/c for station 1 and 3.7GeV/c for station
2.The geometrical acceptance to hit either of the two stations
was about 98%.This number applied to primary muons from
]
𝜇
CC interactions averaged over their production point.
The muon momentum was measured in the central

drift chambers with a precision of 3% for momenta below
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Figure 8: 2𝛾 invariant mass distribution showing the signal of 𝜋0
(from [3]).

20GeV/c, where the error was dominated bymultiple scatter-
ing. For largermomenta the error slowly rose asmeasurement
errors started to dominate, but the muon charge could
be reliably measured for momenta up to 200GeV/c. The
muon reconstruction efficiency was essentially momentum
independent above 5GeV/c and reached more than 95%.

It was very important for many NOMAD analyses to
identify events which did not contain a muon. Very low
momentum muons could only be eliminated using kine-
matical criteria, such as 𝑝

𝑇
cuts. For muons well above the

threshold, the efficiency to detect at least 2 out of 8–16
possible hits was essentially 100% inside the muon chamber
geometrical acceptance.
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4.4. Electron Identification. TheNOMADTRDwas designed
to separate electrons from heavier charged particles, mainly
pions. A “hit” in the TRD was a straw tube with an energy
above the pedestal value. A set of hits collected along the road
around a drift chamber track was associated with this track.
Energy depositions were then compared to the expectations
for two possible hypotheses, either electron or pion.

Depending upon the topology of the event, two different
identification procedures were applied. The signature of an
isolated particle was defined from a likelihood ratio com-
puted from the responses of all the straw tubes crossed by the
incident track. The momentum of the particle measured in
the DC was taken into account.

The distributions of probability density that a given
energy deposition belongs to an 𝑒 or 𝜋 were obtained
from detailed simulation, extensive test beam, and in situ
measurements. A 𝜋 rejection better than 103 at 90% electron
efficiency was achieved for isolated particles crossing all nine
TRDmodules in awidemomentum range from 1 to 50GeV/c.

About 25% of ]
𝑒
CC interactions lead to tracks having

“shared” hits in the TRD. An assignment of a total deposited
energy in shared hits to each of the nonisolated tracks
would lead to particle misidentification. The identification
procedure for nonisolated particles took into account the
number of tracks producing each hit and their momenta.
For nonisolated tracks one had to consider four hypotheses:
𝜋(𝑝
1
) 𝜋(𝑝
2
), 𝑒(𝑝
1
) 𝜋(𝑝
2
),𝜋(𝑝

1
) 𝑒(𝑝
2
), and 𝑒(𝑝

1
) 𝑒(𝑝
2
), with𝑝

1

and 𝑝
2
being the momenta of the tracks. If two tracks had at

most three shared hits, the particle identification procedure
for isolated tracks was applied to nonshared hits only. If
two tracks had more than three shared hits, four likelihood
estimators were computed for the energy depositions in
shared hits from the corresponding two particle probability
distributions. The decision on the nature of the tracks was
made by selecting the hypothesis corresponding to the
maximum likelihood value.

The procedure allowed a correct identification of 84%
of the nonisolated 𝜋 produced in ]

𝑒
CC interactions, with

15% of 𝜋𝜋 combinations being misidentified as 𝑒𝜋 and only
1% as 𝑒𝑒. The performance of the identification algorithms
was studied on a sample of muons producing 𝛿-ray electrons
above 500MeV/c. With the electron identification algorithm
for isolated tracks, (86±3)% of 𝛿-ray electrons were correctly
identified at a 103 level of muon rejection.

The electron identification also used the PRS and ECAL
in order to substantially improve the 𝜋/𝑒 separation. In a test
beam setup, a rejection factor against pions of about 103 was
obtained in the energy range of 2–10GeV, while retaining an
overall efficiency of 90% to detect electrons.

5. Results on the ]
𝜇
→ ]
𝜏

Oscillation

The NOMAD experiment was designed to search for ]
𝜏

appearance from neutrino oscillations in the CERN beam.
From 1995 to 1998 the experiment collected 1040000 events
with an identified muon, corresponding to about 1350000 ]

𝜇

CC interactions, given the combined trigger, vertex identifi-
cation, and muon detection average efficiency of 77%.

The search for ]
𝜇

→ ]
𝜏
oscillations was based on both

deep inelastic (DIS) interactions and low-multiplicity (LM)
events for all the accessible 𝜏 decay channels. Details are to
be found in [10–13]. The two samples were separated by a
cut on the total hadronic momentum 𝑝

𝐻
at 1.5 GeV/c. We

concentrate on the DIS analysis.

5.1. Analysis Principle. From the kinematical point of view,
]
𝑒
CC events in NOMAD are fully characterized by the

(undetected) decay of the primary 𝜏. The presence of visible
secondary 𝜏 decay products, here called 𝜏

𝑉
, allowed to dis-

tinguish from NC interactions, whereas the emission of one
(two) neutrino(s) in hadronic (leptonic) 𝜏 decays provided
discrimination against ]

𝜏
(]
𝑒
) CC interactions.

The search for ]
𝑒
CC interactions was performed by

identifyingmost of the 𝜏 decays: ]
𝑒
]
𝜏
, ℎ−]
𝑒
]
𝜏
, ℎ−(𝑛𝜋0) ]

𝜏
, and

ℎ
−
ℎ
+
ℎ
−(𝑛𝜋0) ]

𝜏
, for a total branching ratio of 82.8%.

First, events containing a primary track identified as a
muon were rejected. Then neutrino interactions in the active
target were selected by requiring the presence of at least
one track in addition to the 𝜏 decay products, having a
common vertex in the detector fiducial volume. Quality cuts
were applied to ensure that the selected events were properly
reconstructed. These requirements, based on approximate
charge balance at the primary vertex and on the estimated
momentum and energy errors, removed 15% of these events.
The candidate particle or system of particles 𝜏

𝑉
consistent

with being produced in 𝜏 decays was then identified and the
associated hadronic system𝐻 was built.

The kinematic selection in each 𝜏 decay mode was based
on a set of global variables which described the general
properties of the momenta of the candidate 𝜏

𝑉
and of the

hadronic system 𝐻 in the laboratory frame. The variables
were selected from the following list.

(i) 𝐸vis is the total visible energy of the event.

(ii) p𝜏
𝑉
and p𝐻 are the total momentum of the visible

tau decay product(s) and of the associated hadronic
system, respectively.

(iii) 𝐸𝜏
𝑉
is the total energy of the visible tau decay prod-

uct(s).

(iv) p𝜏
𝑇𝑉

and p𝐻
𝑇

are the components of p𝜏
𝑉

and p𝐻
perpendicular to the neutrino beam direction.

(v) p𝑚
𝑇
= −(p𝜏

𝑇𝑉
+ p𝐻
𝑇
) is the missing transverse momen-

tum due to neutrinos from 𝜏 decay.

(vi) 𝑀
𝑇
is the transverse mass.

(vii) 𝑄
𝑇
is the component of p𝜏

𝑉
perpendicular to the total

visible momentum vector.

(viii) 𝜃]𝑇 is the angle between the neutrino direction and
the total visible momentum vector.

(ix) 𝜃]𝐻 is the angle between the neutrino direction and
the hadronic jet.

(x) 𝑊 is the invariant effective mass of the hadronic
system.
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5.2. 𝜏− → 𝑒
−]
𝑒
]
𝜏
. The search for 𝜏− started with the pre-

liminary identification of the prompt electron in events with
no other prompt leptons, followed by kinematical rejection of
backgrounds.

The identification of the electron candidate was per-
formed according to strict criteria. Primary electrons were
defined as DC tracks with 𝑝 > 1.5GeV/c associated with the
primary vertex and satisfying requirements based on theTRD
identification algorithm, the PRS pulse height, and the ECAL
cluster shape. Also a consistency between the associated
electromagnetic energy and the measured DC momentum
of the candidate was required. Overall, these requirements
achieved a charged pion rejection factor of more than 104.

Secondary electrons from Dalitz decays and from pho-
tons converting close to the primary vertex were suppressed
by requiring that the candidate electron did not form an
invariant mass of less than 50MeV/c2 with any particle of
opposite charge.

These requirements yielded an efficiency of 20% for
prompt electrons from 𝜏

− decays while accepting only
2.9 10−5 of ]

𝜇
CC and 2.0 10−4 of NC interactions.

Then the kinematical selection proceeded.
The selection was performed by constructing likelihood

ratios which exploited the full topology of the event. The
kinematic variables were chosen on the basis of their internal
correlations, which were globally taken into account by the
likelihood functions. Events at this stage of the analysis were
mostly ]

𝑒
CC interactions with a genuine primary electron

and NC events with an electron from photon conversion or
𝜋
0 Dalitz decay. In ]

𝑒
CC events the electron was typically

well isolated and balanced the momentum of the hadron jet
in the transverse plane. On the other hand, in NC events
the electron was embedded in the hadron jet with transverse
momentum almost aligned with it. The search for signal
had intermediate properties between these two extremes
since neutrinos carried away transverse momentum and the
sizeable 𝜏 mass introduced a component of the electron
momentum perpendicular to the 𝜏 direction, thus reducing
its isolation.

In order to distinguish the two background sources from
the signal, an event classification was implemented with the
use of two distinct likelihood functions. The first one was
designed to separate signal from NC events and included
mainly longitudinal variables. This was motivated by the
significant contribution of these variables to the isolation
of the electron candidate track. For each event a likelihood
ratio 𝜆NC

𝑒
was defined as the ratio of the likelihood functions

constructed from signal andNCevents, respectively. Likewise
𝜆
CC
𝑒

was defined. This second function was designed to
distinguish signal from ]

𝑒
CC events. It included information

on the transverse plane kinematics.
The sensitivity was optimized in the plane (ln𝜆NC

𝑒
, ln 𝜆CC
𝑒
)

shown in Figure 9 for simulated signal and backgrounds. A
signal region was defined at large values of both ln 𝜆NC

𝑒
and

ln 𝜆CC
𝑒
. This corresponded to the selection of events where

the electron was isolated from the hadron jet but did not
balance it in the transverse plane. The optimal sensitivity of
the analysis lied in a region characterized by less than 0.5

background events. Data were found to be consistent with
background expectations inside the signal region indicated
by the boxes in the figure.

In order to optimize the sensitivity to oscillations at low
Δ𝑚
2 an independent analysis was performed with the LM

events sample. The condition 𝑝
𝐻

< 1.5GeV/c enriched the
LM sample in quasielastic (QE) and resonance (RES) events,
avoiding double countingwith the correspondingDIS search.
Overall, the QE and RES events represented 6.3% of the total
]
𝜇
CC interactions.The topology of LM events simplified the

reconstruction and the selection criteria in this kinematic
region. The prompt electron identification, similar to that
used in theDIS search, was applied to primaryDC trackswith
𝑝 > 2GeV/c and was based on TRD and ECAL information.
The background consisted mostly of ]

𝑒
interactions. Details

of the LM analysis are to be found in [10–13].

5.3. 𝜏HadronicDecayChannels. Thesearch for ]
𝜏
appearance

was further improved by looking for other decaymodes of the
𝜏 lepton. This was achieved by looking for hadronic decays.
Also here two analyses were performed for the DIS and
LM samples. We discuss only the DIS analysis. The different
hadronic decay modes were treated separately. A muon veto
was implemented using both kinematical criteria and particle
identification.

The search for 𝜏− → ℎ
−
(𝑛𝜋
0
)]
𝜏
decays, where ℎ− is a

hadron and 𝑛 ≥ 0, benefited from the large branching ratio
of this mode. Two independent analyses of the full inclusive
sample were separately optimized for the exclusive 𝜏

−
→

𝜌
−]
𝜏
and 𝜏− → ℎ

−]
𝜏
topologies.

For 𝜏
−

→ 𝜌
−]
𝜏
, the signal search started with the

identification of the 𝜋0 and 𝜋
− candidates produced in the

𝜌
− decay. Each of the two photons from 𝜋

0 decay was
detected either as neutral electromagnetic clusters or, in case
it converted, as two oppositely charged tracks forming a
secondary vertex. Thus, the 𝜋0 was searched for either as two
separate photons, neutral clusters or conversions, or, in case
they coalesce in ECAL, as two overlapped clusters.

In each event all the possible 𝜋
0 and 𝜋

− combinations
were considered. A 𝜋

− candidate was a DC track with a
momentum 𝑝 > 1GeV/c. A 𝜋

0
𝜋
− pair was considered as

a 𝜌 candidate if it had a reconstructed mass 0.6 < 𝑀 <

0.9GeV/c2.
Likelihood functions based on the energies of the 𝜋0 and

of the 𝜋
− were defined. Selecting the maximum likelihood

combination resulted in the correct choice in about 75% of
the cases.

The ]
𝑒
CC interactions containing bremsstrahlung pho-

tons not associatedwith the electron track could fake the 𝜏 →

𝜌 topology.The electron veto used to reduce this background
followed the principles of themuon veto: the highest and sec-
ond highest 𝑝

𝑇
tracks and the 𝜋− candidate were considered

candidate electrons. The selection proceeded. The rejection
of NC interactions was accomplished by using a likelihood
function based on the angles 𝜃]𝑇 and 𝜃]𝐻.

The search was continued with the 𝜏− → ℎ
−]
𝜏
channel.

The ℎ− candidate was the highest 𝑝
𝑇
negative primary track,

provided it was one of the two highest 𝑝
𝑇
tracks of either
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Figure 9: Scatter plot of ln 𝜆NC
𝑒

versus ln 𝜆CC
𝑒

for simulated signal and backgrounds (from [10–13]). (a)MC ]
𝜇
NC events and the few surviving

]
𝜇
CC events. (b) MC ]

𝑒
CC events. (c) simulated 𝜏− → 𝑒

−]
𝑒
]
𝜏
events. (d) data. The box at the upper right corner indicates the signal region

and is divided into subboxes for the analysis.

charge in the event. It was then required that this candidate
not be identified as a muon or as an electron associated with
an energy deposition in the ECAL and that 3 < 𝑝

𝜏

𝑉
<

150GeV/c.
There was a residual background from ]

𝜇
CC interactions

in which the outgoing 𝜇 was selected as the ℎ
− because

it either decayed in flight or suffered a highly inelastic
interaction in the calorimeters. This happened in about 10−4

of all ]
𝜇
CC events. These events were rejected by a likelihood

function.
The study continued with the 𝜏

−
→ ℎ

−
ℎ
+
ℎ
−
(𝑛𝜋
0
)]
𝜏

decay channel. This channel was characterized by the pres-
ence of additional constraints due to the internal 3h structure.
This searchwas optimized for the ℎ−ℎ+ℎ−]

𝜏
decay, dominated

by the chain 𝜏
−

→ 𝑎
−

1
(1260)]

𝜏
, 𝑎−
1

→ 𝜌
0
(770)𝜋

−, 𝜌0 →

𝜋
+
𝜋
−. Both the candidate selection and the final background

rejectionwere based upon an artificial neural network (ANN)
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technique. The input variables, chosen in order to exploit
both the internal structure and the global kinematics of
the 3𝜋 combinations, were the 3𝜋 invariant mass, the two
possible 𝜋+𝜋− invariant masses and 𝜃max and 𝜃min, and the
maximum and the minimum opening angles between the
three pions. The network was trained on correct and random
combinations of the 𝜏 decay products. The selection of the 𝜏
daughter candidate as the 3𝜋 combination with the highest
value resulted in the correct choice in 73% of the cases.

The same hadronic decay channels were searched for in
the LM topologies [10–13].

5.4. Conclusion on ]
𝜇
]
𝜏
Oscillation. The final result of the

measurement was expressed as a frequentist confidence
interval which accounted for the fact that each 𝜏− decaymode
and signal bin may have a different signal to background
ratio. The acceptance region became multidimensional to
contain each of the separatemeasurements.This computation
took into account the number of observed signal events, the
expected background and its uncertainty, and the value of
expected signal events if the oscillation probability was unity.
For the ]

𝜇
→ ]
𝜏
oscillation this last quantity was defined by

𝑁(]
𝜇
→ ]
𝜏
) = 𝑁

obs
𝜇

⋅ (
𝜎
𝜏

𝜎
𝜇

) ⋅ Br ⋅ (
𝜀
𝜏

𝜀
𝜇

) , (4)

where

(i) 𝑁obs
𝜇

was the observed number of ]
𝜇
CC interactions

for the given efficiency 𝜀
𝜇
;

(ii) 𝜀
𝜏
and 𝜀

𝜇
were the detection efficiencies for the 𝜏

−

signal events and ]
𝜇
CC events, respectively. The cuts

used to select 𝑁obs
𝜇

and 𝜀
𝜇
varied from channel to

channel in order to reduce systematic uncertainties in
the ratio 𝜀

𝜏
/𝜀
𝜇
for that channel;

(iii) 𝜎
𝜏
/𝜎
𝜇
was the suppression factor of the ]

𝜏
cross-

section due to the difference between the 𝜏 and 𝜇

masses, which for a given ]
𝜇
spectrum and the large

Δ𝑚
2 hypothesis was evaluated to be 0.48, 0.60, and

0.82 for the DIS, RES, and QE processes;
(iv) Br was the branching ratio for the considered 𝜏 decay

channel.

The overall systematic uncertainty on the background
prediction was estimated to be 20%. The corresponding
uncertainty on𝑁(]

𝜇
→ ]
𝜏
)was 10%.The impact of this latter

value on the final combined results was negligible.
The analysis of the full NOMAD data sample gave no

evidence for ]
𝜏
appearance. The resulting 90% C.L. upper

limit on the two-generation ]
𝜇
→ ]
𝜏
oscillation probability

was

𝑃 (]
𝜇
→ ]
𝜏
) < 2.2 10

−4
. (5)

The excluded region in the plane (sin22𝜃
𝜇𝜏
-Δ𝑚2) is

shown in Figure 10 together with limits published from other
experiments [14–18]. In the two-family oscillation formalism

1
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Figure 10: Final exclusion plot in the plane (sin22𝜃
𝜇𝜏
-Δ𝑚2) for the

channel ]
𝜇
→ ]
𝜏
.

this result excludes a region of the ]
𝜇

→ ]
𝜏
oscillation

parameters which limits sin22𝜃
𝜇𝜏

at high Δ𝑚
2 to values

smaller than 3.3 10−4 at 90% CL and Δ𝑚
2 to values smaller

than 0.7 eV2/c4 at sin22𝜃
𝜇𝜏

= 1.
The same analysis can be used to set a limit on ]

𝑒
→

]
𝜏
oscillation [19]. As explained before, the beam showed a

contamination of ]
𝑒
at a level of 0.01 compared to ]

𝜇
. Thus,

the search of ]
𝜏
appearance gave an excluded region at 90%

CL for the ]
𝑒
→ ]
𝜏
which limits sin22𝜃 < 1.5 10−2 at large

Δ𝑚
2 and Δ𝑚2 < 5.9 eV2/c4 at sin22𝜃 = 1. For this channel, the

sensitivity was not limited by background but by the available
statistics. Another oscillation channel was also searched for:
]
𝜇
→ ]
𝑒
. The result is given in [20].

The NOMAD experiment explored the ]
𝜇

→ ]
𝜏

oscillation channel down to probabilitiesmore than one order
of magnitude smaller than limits set by the previous genera-
tion of experiments. For the first time a purely kinematical
approach was applied to the detection of ]

𝜏
CC interactions.

This demonstrated that the approach developed into amature
technique. Unfortunately, oscillations were not discovered
with the NOMAD experiment; the neutrino masses found
in subsequent experiments proved to be much too small to
contribute significantly to the missing mass of the Universe,
although it is known today that neutrinos account for a part
about as large as the one due to all the stars present in the
Universe.

6. Study of Strange Particle Production in
]
𝜇

CC Interactions

A number of NOMAD publications dealt with strangeness
production in neutrino interactions [9, 21–25]. We present
some of these results.
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Figure 11: Plot of 𝑝int
𝑇

versus 𝛼 identifying the populations of
strange particles (from [22]). Λs and Λ

s populate boxes I and II,
respectively. The 𝐾∘

𝑠
sample being symmetric is found in all boxes

except box V. Photon conversions populate the small 𝑝int
𝑇

region.

6.1. Yields of Strange Particles [9]. The production of strange
particles in neutrino interactions provided a testing ground
for the quark-parton and for hadronization models. Neutral
strange particles could be reliably identified using the𝑉0-like
signature of their decays in contrast to most other hadrons
which require particle identification hardware. All previous
investigation of strange particle production by neutrinos
came from bubble chamber experiments which suffered from
low statistics. Most recent references are given in [26–28].

Among the 1.3 106 ]
𝜇
CC events collected, the NOMAD

experiment observed an unprecedented number of neutral
particle decays appearing as a 𝑉

0-like vertex in the detec-
tor with an excellent reconstruction quality. The order of
magnitude increase in statistics was used to improve our
knowledge of 𝐾

𝑠
, Λ, 𝐾∗±, Σ∗±, Ξ−, and Σ

0 production in ]
𝜇

CC interactions.This study allowed a quantitative theoretical
interpretation of the Λ polarization measurements as will be
discussed later.

Since NOMAD was unable to distinguish protons from
pions in the momentum range of the analysis, the 𝑉

0

identification procedure relied on the kinematic properties of
the 𝑉0 decay. The fit method was performed for three decay
hypotheses, 𝐾

𝑠
→ 𝜋
+
𝜋
−, Λ → 𝑝𝜋

−, and Λ → 𝑝𝜋
+, and

for the hypothesis of a gamma conversion to 𝑒+𝑒−.
Figure 11 shows the plot 𝑝int

𝑇
versus 𝛼 in data events,

where 𝑝int
𝑇

is the transverse component of one of the outgoing
charged tracks with respect to the 𝑉0 momentum and 𝛼 =

(𝑝
+

𝐿
−𝑝
−

𝐿
)/(𝑝
+

𝐿
+𝑝
−

𝐿
) is the longitudinalmomentumasymmetry

between the positive and negative tracks.
Different regions of the plot correspond to different

populations.Three regions corresponding to𝐾∘
𝑠
,Λ, andΛ are

clearly visible, with the𝐾∘
𝑠
sample being symmetric. Identified

𝑉
0 were of two types:

(i) uniquely identified 𝑉
0, which populated regions in

which decays of only a single particle type were
present:

(ii) ambiguously identified 𝑉
0 which populated regions

in which decays of different particle types were
present.

It was possible to select subsamples of uniquely identified
𝑉
0’s with high purity: 98% for𝐾∘

𝑠
, 97% for Λ, and 90% for Λ.

The treatment of ambiguities aimed at selecting a given𝑉0
decay with the highest efficiency and the lowest background
contamination from other 𝑉0 types. MC was used to define
the criteria for the kinematic 𝑉0 selection and to determine
the purity of the final samples. Samples consisting of more
than 90% of uniquely identified 𝑉0 were selected.

The total 𝑉0 sample contained 15074 identified 𝐾
𝑠
, 8987

identified Λ, and 649 identified Λ, representing significantly
larger numbers than in previous experiments performedwith
bubble chambers.Thus the production rate of neutral strange
particles in ]

𝜇
CC interactions was measured. The integral

yields per ]
𝜇
CC interactions were the following:

(6.76 ± 0.06)% for 𝐾
𝑠
,

(5.04 ± 0.06)% for Λ,

(0.37 ± 0.02)% for Λ.

(6)

The yields of 𝐾
𝑠
rose steadily with E] and 𝑊

2 reached a
plateau at large 𝑄2 and fell with increasing Bjorken scaling
variable 𝑥

𝐵𝑗
. The Λ yield showed a behavior almost indepen-

dent of E],𝑊
2, and 𝑄

2 after a sharp initial rise. The Λ yields
were measured for the first time. All the plots appear in [9].

Furthermore, a detailed analysis of kinematic quantities
describing the behavior of neutral strange particles inside
the hadronic jet was performed. In particular, the following
distributions were studied:

(i) the Feynman-𝑥, the longitudinal momentum fraction
in the hadronic center of mass system, 𝑥

𝐹
= 2𝑝
∗

L /𝑊;

(ii) the fraction 𝑧 = 𝐸lab(𝑉
0
)/𝐸lab (all hadrons) of the

hadronic energy carried away by the neutral strange
particle in the laboratory system;

(iii) the transverse momentum squared 𝑝
2

𝑇
, of a particle

with respect to the hadronic jet direction.

The 𝑥
𝐹
distribution indicated that Λs were produced

mainly in the target fragmentation region (𝑥
𝐹
< 0) while 𝐾

𝑠

were peaked in the central region with an asymmetry in the
forward direction.Λs were produced in the central 𝑥

𝐹
region

(−0.5 < 𝑥
𝐹
< 0.5).

The 𝑧 distributions showed a turnover at small values of
𝑧 for Λ but not for 𝐾∘

𝑠
and Λ which showed a maximum at

𝑧 → 0.
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The 𝑝2
𝑇
distributions showed an exponential behavior of

the form exp(−𝐵𝑝2
𝑇
) with a slope parameter B in the region

0 < 𝑝
2

𝑇
< 0.5GeV2/c2 around 5.7 for𝐾∘

𝑠
, 4.4 forΛ, and 3.9 for

Λ.

6.2. Measurement of the Λ Polarization [23, 24]. The study of
Λ polarization relied on an efficient and robust Λ hyperon
identification algorithm and a high statistics sample. Λ

hyperons were identified via their decay Λ → 𝑝𝜋
−. As

discussed above, the identification procedure optimized both
the selection efficiency and the purity of the final sample. It
required the presence of an identified muon at the primary
vertex, both primary and 𝑉

0 vertices in the fiducial volume
and a reconstructed energy 𝐸] < 450GeV. Samples of
8987Λs and 649Λs were selected with global efficiencies of
(16.4 ± 0.1)% and (18.6 ± 0.5)% corresponding to purities of
(95.9 ± 0.1)% and (89.7 ± 0.7)%, respectively.

The Λ polarization was measured by the asymmetry in
the angular distribution of the proton. In theΛ rest frame the
decay protons are distributed as follows:

1

𝑁

d𝑁
𝑑Ω

= (
1

4𝜋
) (1 + 𝛼

Λ
P ⋅ k) , (7)

where P is the Λ polarization vector, 𝛼
Λ
= (0.642 ± 0.013)

is the decay asymmetry parameter, and k is the unit vector
along the decay direction of the positive track.

Dependences of the polarization on 𝑥
𝐹
, 𝑊2, 𝑄2, and 𝑝

𝑇

were studied together with the target nucleon type (neutrons
or protons). This is discussed in [23, 24]. Negative polariza-
tions along the 𝑊-boson direction (𝑃

𝑥
) and in the direction

orthogonal to the production plane (𝑃
𝑦
) were found.This was

the first time that a neutrino experiment observed a nonzero
transverse polarization 𝑃

𝑦
. The longitudinal polarization

showed an enhancement in the target fragmentation region
(𝑥
𝐹

< 0): 𝑃
𝑥

= −0.21 ± 0.04(stat) ± 0.02(sys), while in
the current fragmentation region (𝑥

𝐹
> 0) the longitudinal

polarization was found to be 𝑃
𝑥

= −0.09 ± 0.06(stat) ±
0.03(sys). A similar dependence on 𝑥

𝐹
was observed for the

transverse polarization.
There was an enhancement of the longitudinal polar-

ization in both low 𝑊
2 (<15 GeV2) and low 𝑄

2 (<5GeV2)
regions. Both 𝑃

𝑥
and 𝑃

𝑦
strongly depend on the 𝑝

𝑇
of the

Λ with respect to the hadronic jet direction, in qualitative
agreement with the results of unpolarized hadron-hadron
measurements.

The longitudinal polarization in the proton-like target
samplewas found to be negative and enhanced in comparison
with the total event sample. This could be interpreted as
being due to Λ

s coming from the decay of Σ∗+ and other
heavier baryons. The measured longitudinal polarization in
the neutron-like target sample was also negative and probably
more directly related to the polarized strange content of
the nucleon. The transverse polarization was more evident
in the neutron-like sample where most Λs were produced
promptly.

The Λ polarization was also measured. The results are
given in [25].

7. Dimuon Charm Production

The most recent NOMAD publication [29] concerns the
dimuon charm production in neutrino interactions.

The process of charm dimuon production stems from the
]
𝜇
CC production of a charm quark which semileptonically

decays into a final-state secondary muon with its electric
charge opposite to that of the muon from the leptonic CC
vertex. The DIS production of charm quarks involves the
scattering off strange and nonstrange quark contents of the
nucleon.However the contributions from𝑢- and𝑑-quarks are
suppressed by the small quark-mixing matrix elements.

The signal consists in two muons of opposite sign com-
ing from a common vertex. A measurement of the cross-
section for charm dimuon production in neutrino DIS off
nucleons provides the most direct and clean probe of s, the
strange quark sea content of the nucleon. Traditionally charm
dimuon production in neutrino interactions was measured
in massive calorimeters in order to obtain a sizable number
of events [30–37]. Because of its lowest energy threshold,
𝐸] ∼ 6GeV, and its high resolution, NOMAD reached a
new level of precision in this measurement. Furthermore,
the neutrino spectrum in NOMAD was well suited to study
charm production close to the charm threshold, providing
enhanced sensitivity to the charm production parameters.

7.1. Dimuon Selection. The FCAL was used as the interaction
target to profit from its large mass. The selection of the
events required a deposition of energy in the FCAL of more
than 3.5m.i.p., together with the 𝑉

8
veto and two muons

accurately analysed in the DC region and well recognized
in the muon system. Such a signal selected opposite sign
dimuons and like-sign dimuons which gave a direct estimate
of the background.

The total hadronic energy was calculated with both the
energy measured in the FCAL and the energies measured in
the DC’s with the proper corrections included.

The selection was based on a primary muon (the highest
energy one) of negative charge, thus suppressing the contri-
bution of antineutrino interactions.

7.2. Charm Dimuon Results. The charm dimuon events were
determined from the opposite sign dimuon signal measured
in the data after subtracting the background coming from
muonic decays of hadrons in the hadronic shower:

𝑁
𝜇𝜇
𝑐 = 𝑁

𝜇𝜇
+ − 𝑁
𝜇𝜇
+𝑏𝑔 . (8)

The background was evaluated from the 𝜇
−
𝜇
− events

corrected by a scale factor extracted from the MC. The
background estimate was checked using the data themselves
consisting in mesons of both charges detected in the DC’s.

After all cuts, the analysis retained 20479 opposite sign
dimuons of which 75% were genuine charm signals. This
represented the highest available statistics, and the quality
of the reconstruction allowed to lower significantly the
energy threshold on the second muon down to 3GeV. This
feature gave an additional sensitivity to evaluate the charm
production parameters.
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The analysis measured the ratio of the charm dimuon
cross-section to the inclusive CC cross-section as a function
of the kinematic variables:

𝑅
𝜇𝜇

=

𝜎
𝜇𝜇

𝜎CC
≅

𝑁
𝜇𝜇
𝑐

𝑁CC
. (9)

The final result for 𝑅
𝜇𝜇
, shown as a function of the

neutrino energy, is given in Figure 12.
By integrating this result, the average dimuon production

in NOMAD was evaluated. Over the NOMAD flux, for 𝑄2 ≥
1GeV2/c2, the result was (5.15 ± 0.05 ± 0.07) 10−3. The first
uncertainty is statistical and the second systematic.

Fitting 𝑅
𝜇𝜇

allowed to extract the charm production
parameters including the mass of the charm quark 𝑚

𝑐
, the

effective semileptonic branching ratio 𝐵
𝜇
, and the strange sea

suppression factor.
The running mass of the charm quark, evaluated in the

𝑀𝑆 scheme, was found to be

𝑚
𝑐
= (1.159 ± 0.075) GeV/c2. (10)

The semileptonic branching ratio was parameterized as a
function of the neutrino energy:

𝐵
𝜇
(𝐸]) =

(0.097 ± 0.003)

{1 + (6.7 ± 1.8Gev) /𝐸]}
. (11)

The strange quark sea suppression factor was found to be

𝜅
𝑠
= 0.591 ± 0.019 at 𝑄2 = 20GeV2/c2. (12)

These results represent the most precise measurements
from neutrino data.

8. Other Physics Topics

The NOMAD experiment conducted several other mea-
surements: inclusive production of resonances [38], Bose-
Einstein correlations in ]

𝜇
CC interactions [39], ]

𝜇
-nucleon

cross-section off an isoscalar target [40], study of quasielastic
events [41], coherent neutral pion production [42], single
photon production [43], and backward going particles [44].
Also some more exotic ideas were tested: search for a new
gauge boson [45], search for eV scalar penetrating particles
[46], and search for heavy neutrinos [47]. We will develop
some of these topics.

8.1. Inclusive Production of Various Resonances [38].
NOMAD measured the production yield of meson resonan-
ces 𝜌0(770),𝑓

0
(980), and𝑓

2
(1270). In particular the𝑓

0
meson

was observed for the first time in neutrino interactions. All
combinations of tracks with momenta larger than 0.1 GeV/c
originating at the primary vertex and not identified as
electrons or muons were used for the reconstruction of the
resonance candidates. All used tracks were assigned the pion
mass.

The distribution of the 𝜋+𝜋− invariant mass showed an
enhancement at the𝜌0masswhichwas not present in the like-
sign distributions.When a cut 𝑥

𝐹
> 0.6was applied to reduce

the combinatorial background, clear peaks at the f
0
and f

2

masses were visible. The result is shown in Figure 13. The
resonance signal was determined by fitting the invariantmass
distribution to a sum of relativistic Breit-Wigner functions
with combinatorial background added.

The average 𝜌
0(770) multiplicity measured for ]

𝜇
CC

interactions was found to be (0.195 ± 0.007 ± 0.019) for𝑊 >

2GeV. It was found to be the same in ]
𝜇
CC interactions.

NOMAD also measured the production of strange res-
onances and heavier hyperons. This study was of interest to
tune the LUND model parameters and for the theoretical
interpretation of Λ and Λ polarization measurements. This
was essential because Λs originating from the decays of Σ∗,
Σ
0, and Ξ inherit a polarization from their parent particles

different from that of a directly produced Λ.
To construct the samples, neutral strange particles were

combined with all possible charged tracks of appropriate sign
emerging from the primary vertex except those identified
as muons or electrons. Combinations of Λ with 𝛾 were also
studied, where photons were identified as conversions in the
detector fiducial volume.

The 𝐾
∗± was recognized in the 𝐾

𝑠
𝜋
± invariant mass

distributions and the Σ∗± appeared in theΛ𝜋± combinations.
Still in the Λ𝜋

− there was evidence of Ξ− production. Ξ0
showed in the invariant mass distribution of Λ𝛾 combina-
tions. All these plots appear in [9, 38].

Corrected fractions of observed 𝐾
0

𝑠
and Λ decays that

originate from the decays of strange resonances and heavy
hyperons were found to be (15.5 ± 0.9)%, (8.7 ± 0.7)%, (5.8 ±
1.1)%, (2.6 ± 0.8)%, (7.3 ± 2.4)%, and (1.9 ± 1.7)% for the
channels 𝐾∗+ → 𝐾

0

𝑠
𝜋
+, 𝐾∗− → 𝐾

0

𝑠
𝜋
−, Σ∗+ → Λ𝜋

+,
Σ
∗−

→ Λ𝜋
−, Σ0 → Λ𝛾, and Ξ− → Λ𝜋

−, respectively.

8.2. Study of Quasielastic Events [41]. With its high granular-
ity target NOMADwas well suited to study the ]

𝜇
quasielastic

scattering reaction (QEL): ]
𝜇
𝑛 → 𝜇

−
𝑝.The data sample used

in this analysis consisted of 751000 ]
𝜇
CC events in a reduced

fiducial volume, the average energy of the incoming ]
𝜇
being
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25GeV. Previous data came mostly from bubble chamber
experiments and suffered from small statistics. Moreover
large systematic uncertainties came from the poor knowledge
of the incoming neutrino flux. For some previous results, see
[48–50].

The event selection retained two tracks originating from
the primary vertex, one of them identified as a muon. The
muon track was easily reconstructed; however the protonwas
more difficult to measure. Sometimes the proton could not
be reconstructed because its momentum was too low, well
below 1GeV/c, or its angle too large, above 60 degrees. For
positive tracks such conditions meant that they made almost
immediately a 𝑈-turn due to the magnetic field. Positive
particles were deviated upwards so that their trajectories
ended almost parallel to the DC planes. It was crucial to
choose a region in the detector with a stable reconstruction
efficiency. This was achieved by selecting QEL events where
protons were emitted in the lower hemisphere of the detector.
Consequently a cut selected muons in the upper hemisphere.

Moreover the tracks were in the 1/𝛽2 region of ionization
loss and they crossed the drift cells at very large angles where
the spatial resolution of theDCwas considerablyworse. Some
of these effects were difficult to parameterize and simulate.
Also the proton could lose part of its energy in an intranuclear
cascade. In the analysis it was important to disentangle the
reconstruction efficiency effects from the effects induced by
intranuclear cascade which changed the proton kinematics.

Using only 2-track events did not alleviate the problem
of a large systematic uncertainty coming from insufficient
understanding of nuclear effects. So the 1-track sample, muon
only, was also used. For these events the muon momentum

and direction were the sole measurements and conservation
laws were used to compute other kinematical quantities like
𝐸] and 𝑄

2. The expected ratio between 1-track and 2-track
events for QEL was calculated to be 54%–46%.

In total the samples used in the analysis consisted of 14021
neutrino and 2237 antineutrino events. No precise knowledge
of the integrated neutrino flux existed, so the QEL cross-
section was normalized to the total DIS ]

𝜇
CC cross-section

or to inverse muon decay.
The flux-averagedQEL cross-sectionwasmeasured in the

neutrino energy region 3–100GeV. The result for ]
𝜇
was

𝜎QEL = (0.92 ± 0.02 (stat) ± 0.06 (syst)) ⋅ 10−38 cm2 (13)

and for the antineutrino case

𝜎QEL = (0.81 ± 0.05 (stat) ± 0.09 (syst)) ⋅ 10−38 cm2
. (14)

The cross-section depends on the axial form factor
𝐹
𝐴
(𝑄
2
) of the nucleon which is parameterized with only

one adjustable parameter, the so-called axial mass 𝑀
𝐴
. This

parameter describes the internal structure of the nucleon
and should be the same for both neutrino and antineutrino
measurements. The conventional representation uses the
form:𝐹

𝐴
(𝑄
2
)=𝐹
𝐴
(0)(1+𝑄2/𝑀2

𝐴
)−2, where𝐹

𝐴
(0) =−1.2695±

0.0029 comes from neutron 𝛽-decay.
With the neutrino data the result was 𝑀

𝐴
= 1.05 ±

0.02(stat) ± 0.06(syst)GeV and with the antineutrino 𝑀
𝐴
=

1.06 ± 0.07(stat) ± 0.12(syst)GeV.

8.3. Backward Going Particles [44]. In high energy inter-
actions off nuclei there are particles emitted backwards
with respect to the beam direction which have energies
not allowed by the kinematics of collisions on a free and
stationary nucleon. Backward going protons are commonly
observedwhile, in absence of nuclear effects, their production
is forbidden. Likewise, high energy mesons are detected at
momenta above the kinematical limit. These effects have
been used to investigate nuclear structure. Two categories of
models are proposed to explain the origin of these particles.

(i) In the intranuclear cascade models, the production of
particles in the kinematically forbidden region can be
seen as the result of multiple scattering and of interac-
tions of secondary hadrons produced in the primary
]-nucleon collision, while they propagate through the
nucleus. One observes that the cascade is restricted
to slow particles only, while the fast ones do not
reinteract inside the nucleus. The currently accepted
explanation for this effect is the “formation zone”
concept. This is the distance from the production
point which is required for the secondary hadrons
to be “formed” and be able to interact as physical
hadronic states. An advantage of neutrino-induced
interactions with respect to hadronic processes is the
fact that the projectile interacts only once.

(ii) In the correlated nucleon/quarkmodels the backward
particles are produced in the collisions off structures
with mass larger than the mass of the nucleon. These
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structures are formed under the action of the short-
range part of the nuclear force; they represent the
effects of gathering two or more nucleons in small
volumes.

The full NOMAD sample of ]
𝜇
CC events having a

muon momentum of at least 3GeV/c used in this analysis
amounted to 944000 events. Only tracks attached to the
primary vertex and having at least 8DC hits were used in
the search for backward particles. The separation between
backward protons and pions was done on plots showing
length versus momentum tracks. Protons were only visible
in the plot of positive tracks having a relatively small length.
With the help ofMC simulations corrections were applied for
reconstruction, stopping, and identification efficiencies. The
contamination of pions in the sample of identified protons
amounted to 8% above 250MeV/c.

The average number of backward protons per event was
found to be around 5%. The rates were studied as a function
of the hadronic energy 𝐸had and of𝑄

2. A decrease of the yield
with increasing 𝐸had and 𝑄

2 was observed.
The slope parameter 𝐵 of the invariant cross-section,

parameterized as exp(−𝐵𝑝2), has been measured and found
to be consistent with previous ]-nucleus and hadron-nucleus
experiments. 𝐵was found not to depend on 𝐸had and𝑄

2 over
a wide range of values. Its value was 𝐵 ∼ 10 c2/GeV2. This
was in agreement with “nuclear scaling” previously observed
in hadronic experiments.

The backward proton rate measured in the NOMAD
target (mainly carbon) has been compared with the values
obtained on different nuclei. While the A dependence for
neutrino scattering on heavy nuclei is consistent with that
of hadron experiments and can be parameterized as 𝐴𝛼 with
𝛼 = 0.68, the NOMAD result does not fit this dependence.
The𝐴 dependence of backward pions was found to be steeper
than that of backward protons.

The backward proton data was compared with the predic-
tions of reinteractions and short-range models.The observed
energy dependence is consistent with the “formation zone”
mechanism. The correlation between the multiplicity of
slow tracks and backward protons indicates the effects of
reinteractions.

8.4. Search for Heavy Neutrinos [47]. The existence of sterile
neutrinos has been advocated to explain several experimental
anomalies. Many models that attempt to unify the presently
known interactions into a single gauge scheme predict such
heavy neutrinos which are decoupled from𝑊 and 𝑍 bosons.
They are also predicted in extended electroweak and see-saw
models trying to solve the problem of baryo- or leptogenesis
in the Universe. Stringent experimental limits were published
on mixings with ]

𝑒
and ]
𝜇
[51, 52]. NOMAD allowed a test of

a neutral heavy lepton (]
4
) dominantly associated with the ]

𝜏

via the mixing term 𝑈
2

𝜏4
.

In this search the potential source of ]
4
was𝐷

𝑠
produced

at the proton target and decaying via 𝐷
𝑠

→ 𝜏]
4
. As a

consequence, the search was limited to ]
4
masses smaller

than 190MeV/c2. If ]
4
was a long-lived particle, its flux

would penetrate the downstream shielding without signifi-
cant attenuation. Formasses below the𝜋0mass, the dominant
heavy neutrino visible decay in the detector would be ]

4
→

]
𝜏
𝑒
+
𝑒
− with a rate given by the weak interaction diagrams.

It would appear as an excess of isolated 𝑒
+
𝑒
− pairs above

those expected from standard interactions.The experimental
signature of these events was clean and they could be selected
with small background due to the excellent capability for
precise measurement of the 𝑒+𝑒− pair direction in NOMAD.

With the above hypotheses, the ]
4
flux and the conse-

quent 𝑒+𝑒− spectrum were calculated. The search used the
full data sample. The strategy consisted of identifying 𝑒

+
𝑒
−

candidates by reconstructing isolated low invariant mass
𝑒
+
𝑒
− pairs in the DC target that were accompanied by no

other activity in the detector. At least one of the two tracks
had to be identified as an electron in the TRD, no 𝛾 in
the ECAL and an HCAL energy smaller than 400MeV,
and 𝑒

+
𝑒
− invariant mass smaller than 95MeV/c2. Only 207

events passed the criteria. A collinearity variable was used
to select events with a small angle between the average
neutrino beam direction and the total momentum of the
reconstructed 𝑒

+
𝑒
− pair. A cut on this angle allowed a very

effective background suppression. Checks of the procedure
were done using a ]

𝜇
CC data sample with 𝑒

+
𝑒
− pairs from

photons converted in the DC target at a large distance from
the primary vertex. MC simulations were used to correct
the data for acceptance losses, experimental resolution and
reconstruction efficiencies. Checks were performed in order
to verify the reliability of the simulation using reconstructed
𝜋
0s with one photon converted in the DC.
The largest contribution to the background was expected

from neutrino interactions yielding a single 𝜋
0 with little

hadronic activity in the final state. A blind analysis resulted
in one event passing the selection criteria, consistent with the
expected background and hence no evidence for isosinglet
neutrino decays was found. This allowed a 90% CL upper
limit on the corresponding mixing amplitude 𝑈

2

𝜏4
in the

(𝑚
4
, 𝑈2
𝜏4
) plane. The limit reached 10−3 for a mass 𝑚

4
of

140MeV/c2.

9. Conclusion

The NOMAD experiment did not discover neutrino oscilla-
tions.We know now that the masses of the neutrino states are
much smaller than the 1 eV level originally hoped for in the
experiment. This means that cosmological neutrinos cannot
contribute predominantly to the intriguing problem of the
missing mass found in the Universe. Nevertheless, NOMAD
put limits on the ]

𝜇
→ ]
𝜏
oscillation channel that are two

orders of magnitude better than previous published limits,
and this result remains 15 years later.

Furthermore, because of its high spatial resolution and
identification capabilities, the experiment contributed to
a deeper understanding of neutrino properties measuring
many other standard processes and testing several theoretical
suggestions. The list of publications gives a summary of all
the topics which have been studied by the experiment. In this
paper we have shown a selection of the obtained results.



Advances in High Energy Physics 19

Conflict of Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.

References

[1] P. Astier, D. Autiero, A. Baldisseri et al., “Prediction of neutrino
fluxes in the NOMAD experiment,” Nuclear Instruments and
Methods in Physics Research A, vol. 515, no. 3, pp. 800–828, 2003.

[2] M. Anfreville, P. Astier, M. Authier et al., “The drift chambers
of the NOMAD experiment,” Nuclear Instruments and Methods
in Physics Research A, vol. 481, no. 1–3, pp. 339–364, 2002.

[3] J. Altegoer, M. Anfreville, C. Angelini et al., “The NOMAD
experiment at theCERNSPS,”Nuclear Instruments andMethods
in Physics Research A, vol. 404, no. 1, pp. 96–128, 1998.

[4] G. Bassompiere, M. Bermond, M. Berthet et al., “A large area
transition radiation detector for the NOMAD experiment,”
Nuclear Instruments andMethods in Physics ResearchA, vol. 403,
pp. 363–382, 1998.

[5] G. Bassompiere, S. Bunyatov, T. Fazio et al., “Performance of
theNOMAD transition radiation detector,”Nuclear Instruments
and Methods in Physics Research A, vol. 411, pp. 63–74, 1998.

[6] D. Autiero, M. Baldo-Ceolin, G. Barichello et al., “The elec-
tromagnetic calorimeter of the NOMAD experiment,” Nuclear
Instruments and Methods in Physics Research A, vol. 373, pp.
358–373, 1996.

[7] D. Autiero, M. Baldo-Ceolin, F. Bobisut et al., “A study of the
transverse fluctuations of hadronic showers in the NOMAD
electromagnetic calorimeter,”Nuclear Instruments andMethods
in Physics Research A, vol. 411, no. 2-3, pp. 285–303, 1998.

[8] J. Altegoer, J. Andrle, S. Boyd et al., “The trigger system of
the NOMAD experiment,” Nuclear Instruments and Methods in
Physics Research A, vol. 428, no. 2-3, pp. 299–316, 1999.

[9] P. Astier, D. Autiero, A. Baldisseri et al., “A study of strange
particle production in ]

𝜇
charged current interactions in the

NOMAD experiment,” Nuclear Physics B, vol. 621, no. 1-2, pp.
3–34, 2002.

[10] J. Altegoer, C. Angelini, P. Astier et al., “A search for V
𝜇
→ V
𝜏

oscillations using the NOMAD detector,” Physics Letters B, vol.
431, no. 1-2, pp. 219–236, 1998.

[11] P. Astier, D. Autiero, A. Baldisseri et al., “Amore sensitive search
for V
𝜇
→ V
𝜏
oscillations inNOMAD,”Physics Letters B, vol. 453,

no. 2-3, pp. 169–186, 1999.
[12] P. Astier, D. Autiero, A. Baldisseri et al., “Updated results from

the V
𝜏
appearance search in NOMAD,” Physics Letters B, vol.

483, no. 4, pp. 387–404, 2000.
[13] P. Astier, D. Autiero, A. Baldisseri et al., “Final NOMAD results

on V
𝜇
→ V
𝜏
and V

𝑒
→ V
𝜏
oscillations including a new search

for V
𝜏
appearance using hadronic 𝜏 decays,” Nuclear Physics B,

vol. 611, no. 1–3, pp. 3–39, 2001.
[14] T. Kondo, N. Ushida, S. Tasaka et al., “Limits to V

𝜇
, V
𝑒
→ V
𝜏

oscillations and V
𝜇
, V
𝑒
→ 𝜏
− direct coupling,” Physical Review

Letters, vol. 57, no. 23, pp. 2897–2900, 1986.
[15] E. Eskut, A. Kayis, G. Onengüt et al., “A search for V

𝜇
→ V
𝜏

oscillation,” Physics Letters B, vol. 424, no. 1-2, pp. 202–212, 1998.
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The aim of this paper is to provide a historical perspective on the main experimental steps which led to the current picture of
neutrino oscillations in the “atmospheric parameter region.” In the 1980s a deficit of atmospheric muon neutrinos was observed
with the first generation of underground experiments. In the following decade new experiments provided fundamental results
which led to the discovery claims in 1998. At the beginning of the new century neutrino beams of medium and high energy became
available and several long baseline experiments were performed and added new information to the atmospheric neutrino puzzle.
The interpretation of the results of atmospheric and long baseline neutrino experiments was in terms of dominant ]

𝜇
→ ]
𝜏

oscillations. Short recollections are made of the SNO solar neutrino measurements, of the results with neutrino telescopes, and
of reactor neutrinos to measure sin2𝜃

13
. Over the years the phenomenological picture improved in completeness and increased in

complexity. A short perspective concludes the paper.

1. Introduction

A first hypothesis on neutrino oscillations of the type ] ↔

] was introduced in the 50s by Pontecorvo in analogy with
strangeness oscillations in the quark sector [1, 2]. Later the
idea was extended to includemixing betweenmass and flavor
eigenstates and transitions between different neutrino flavors
[3, 4]. Pontecorvo predicted possible variations of the solar ]
flux on Earth due to neutrino oscillations [4].

Experimentally the first indication of a neutrino flux
deficit with respect to expectations came from solar neutri-
nos. Since the late 1960s it was observed that the neutrino
flux from the sunmeasured with a chlorine target experiment
[5–8] was significantly smaller than that computed with
theoretical predictions based on the solar standard model
(SSM) [9, 10]. The anomaly was confirmed in the 80s by
experiments using gallium (GALLEX [11], SAGE [12, 13],
and GNO [14]) and water targets (Kamiokande [15, 16]).
The deficit—referred to as the “solar neutrino problem”—was
interpreted in different ways, in particular, invoking neutrino
oscillations, namely, the conversion in flight of solar ]

𝑒
in

other neutrino flavors. The final proof of the solar neutrino

problem came in 2001 and 2002 with the results of the
SNO heavy-water experiment [17, 18]. Measuring the rates of
charged current (CC) interactions (sensitive only to ]

𝑒
) and

of neutral current (NC) interactions (sensitive to all neutrino
flavors) it was proved that the deficit existed only for ]

𝑒

while the total neutrino flux rate was consistent with the SSM
predictions. These results lead to the following conclusions:
(i) neutrinos oscillate during their travel toward the Earth,
(ii) solar neutrino fluxes are in agreement with the SSM
predictions if neutrino oscillations are taken into account,
and (iii) it was indirectly proved that neutrino flavors at
the detection level are different from those produced at the
source. In 2002 the KamLAND experiment [19]—free from
the systematics related to solar models—provided a positive
indication/evidence for neutrino oscillations in the solar
energy sector using artificial ]

𝑒
beams from a large number

of nuclear reactors. More recently, the Borexino experiment
at the Gran Sasso Laboratory confirmed the solar oscillation
scenario measuring the flux of the low energy 7Be neutrinos
[20, 21].

At another energy scale and much shorter distances, a
flux reduction with respect to expectations was observed in
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the study of atmospheric neutrinos. Incoming high energy
primary cosmic rays, protons, or nuclei, interacting with
nitrogen and oxygen nuclei in the upper atmosphere, produce
pions and kaons, which decay yielding muons and muon
neutrinos, in their turn muons decay yielding electrons
and muon/electron neutrinos. High energy neutrinos are
produced in a spherical layer at ∼15 km above ground and
they proceed towards the Earth. From simple arguments it
follows that the ratio of the numbers of muon to electron
neutrinos is ∼2 in a limited energy range and𝑁

𝜇
/𝑁
𝜇
≃ 1.

The early water Cherenkov detectors IMB [22, 23] and
Kamiokande [24–26] reported anomalies in the ratio ofmuon
to electronneutrinos, while the tracking calorimetersNUSEX
[27], Fréjus [28, 29], and the final Baksan scintillator detector
results [30, 31] determined values in agreement with no
oscillations. The ]

𝜇
/]
𝑒
ratio anomaly was confirmed by the

Soudan-2 experiment [32].
At the Neutrino 1998 Conference in Japan the Soudan-

2 [33], MACRO [34–37], and Super-Kamiokande (SK) [38]
collaborations reported deficits in the muon fluxes from ]

𝜇

(]
𝜇
) interactions with respect to Monte Carlo (MC) pre-

dictions and distortions in the muon angular distributions;
Soudan-2 and Super-Kamiokande also found that the ]

𝑒
(]
𝑒
)

distributions agreed with MC predictions. These features
were explained in terms of ]

𝜇
oscillations, possibly as ]

𝜇
→

]
𝜏
, while the ]

𝜇
→ ]
𝑒
channel was excluded as a dominant

one.
The atmospheric neutrino flux was computed in the early

1990s [39, 40] and 2000s [41–43]. At low energies,𝐸] ≃ 1GeV,
the predicted number of neutrinos differed by ∼20–30%. At
higher energies, 𝐸] ≥ 10GeV, the computations were more
reliable and had an estimated systematic uncertainty of about
15%. The predicted relative rates of ]

𝜇
and ]
𝑒
and the shapes

of the zenith distributions were affected by lower systematic
errors.

Atmospheric neutrino experiments were mainly disap-
pearance experiments, that is, experiments which measured
a reduction of the ]

𝜇
flux compared with the ]

𝑒
flux or

a depletion in the number of ]
𝜇
with the distance from

production to detection. The observation of the appearance
of some ]

𝜏
’s in a ]

𝜇
beam would prove the present paradigm

of neutrino oscillations.
This paper is organized as follows. In Section 2 the for-

malism underlying the phenomenon of neutrino oscillations
is recalled. Section 3 is devoted to the atmospheric neutrino
experiments, separated on a historical basis into “early”
experiments, experiments in the “discovery” phase, and
precise confirmation accelerator experiments. In Section 4
are discussed the measurements with reactor antineutrinos
of the 𝜃

13
mixing angle and in Section 5 are described the

results from the long baseline neutrino oscillation experi-
ments operating in the “atmospheric parameter region” (K2K,
NuMi, and CNGS). Section 5.1 is dedicated to the LSND
Δ𝑚
2 scale and to a discussion of new proposals on the

subject of sterile neutrinos. In Section 6 we review existing
experimental results which cannot be accommodated in the
standard neutrino oscillation framework. In Section 7 are
briefly summarized the present experimental efforts to mea-
sure neutrino cross sections and kinematical quantities useful

for a correct interpretation of the neutrino data. In Section 8
are examined the roles that large neutrino telescopes could
have in the framework of neutrino oscillations. We conclude
in Section 9 with comments on some important open issues
in neutrino physics.

2. Neutrino Oscillations and Masses

The standard model (SM) of particle physics has been exper-
imentally verified to a high degree of accuracy over a broad
range of energies and processes [44–49]. The SM cosmology
has received confirmations from the Planck experiment [50].
The Higgs particle 𝐻0 was recently discovered at the CERN
LHC by the ATLAS and CMS experiments, using mainly the
cleanest decays 𝐻0 → 𝛾𝛾 and 𝐻0 → 𝑍

0
𝑍
0
→ 4 charged

leptons [51, 52]. The two experiments are now making
precise measurements of all the𝐻0 properties to check if the
discovered particle is really the Higgs boson of the SM. In
the SM, neutrinos are described as massless left-handed (LH)
fields (the opposite for antineutrinos which are right-handed,
RH). Each LH neutrino is a component of an SU (2) doublet
together with the corresponding charged lepton fields. In
case of neutrino mixing and nonzero neutrino masses RH
neutrinos (and correspondingly LH antineutrinos) form an
SU (2) electroweak singlet with no coupling to SM vector
bosons (sterile neutrinos).

The existence of neutrino oscillations—and therefore
of massive neutrinos—is the first direct and unambiguous
evidence for physics beyond the SM. Moreover any theory
able to accommodate neutrino masses should provide an
explanation for the fermion mass pattern as presently known
in the SM, where neutrinos masses are orders of magnitudes
smaller than other massive particles (Figure 1). We recall that
all particle masses arise from the interactions with the Higgs
field.The SM in its present form is not able to predict themass
spectrum illustrated in Figure 1.

The Grand Unified Theory, GUT, is usually obtained
assuming the absence of newphysics between the electroweak
scale and the GUT scale (1016 eV). The GUT scale cannot be
reached with present or future accelerators. Several theorists
consider intermediate energy scales and discuss possible new
phenomenological effects [53].

If neutrinos have nonzero masses, the 𝑓𝑙𝑎V𝑜𝑟 𝑒𝑖𝑔𝑒𝑛-
𝑠𝑡𝑎𝑡𝑒𝑠 ]

𝑙
(𝑙 = 𝑒, 𝜇, 𝜏) are linear combinations of the 𝑚𝑎𝑠𝑠 𝑒𝑖-

𝑔𝑒𝑛𝑠𝑡𝑎𝑡𝑒𝑠 ]
𝑚
(𝑚 = 1, 2, 3) via the elements of the unitary

mixingmatrix𝑈
𝑙𝑚
, usually called the Pontecorvo-Maki-Nak-

agawa-Sakata (PMNS) mixing matrix:

]
𝑙
= ∑

𝑚

𝑈
𝑙𝑚
]
𝑚
, (1)

where the𝑚 index in the summation is extended to the num-
ber of mass eigenstates. Neutrino oscillation experiments
measure the probability of a ]

𝑙
flavor to convert into a ]

𝑙
 after

a time 𝑡 from production at some distance 𝐿 = 𝑐𝑡 from the
source. The corresponding probability can be expressed as

𝑃 (]
𝑙
→ ]
𝑙
) =



∑

𝑚

𝑈
𝑙

𝑚
𝑈
∗

𝑙𝑚
𝑒
−𝑖𝐸
𝑚
𝑡



2

, (2)
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Figure 1: Masses of leptons, of quarks, and of the Higgs boson and neutrino mass splittings in the solar and atmospheric sectors. The dots
for ]masses indicate mass upper limits.∑3

1
𝑚] ≃ 0.3 eV gives the upper limit on the sum of neutrino masses from cosmological observations

(see text).

where 𝐸
𝑚
is the energy of the mass eigenstate ]

𝑚
. In vacuum,

if CPT holds, 𝑃(]
𝑙
→ ]
𝑙
) = 𝑃(]

𝑙
→ ]
𝑙
).

For the neutrinos the mixing matrix 𝑈
𝑙𝑚

is specified by
three rotation angles, 𝜃

23
, 𝜃
13
, and 𝜃

12
(0 ≤ 𝜃

𝑖
≤ 𝜋), and three

phases 𝛿, 𝛼
1
, and 𝛼

2
(𝛿 ≥ 0, 𝛼

𝑖
≤ 2𝜋). In the conventional

parameterization the matrix 𝑈
𝑙𝑚

reads as follows:

𝑈 ≡ (

1 0 0

0 𝑐
23

𝑠
23

0 −𝑠
23

𝑐
23

)(

𝑐
13

0 𝑠
13
𝑒
𝑖𝛿

0 1 0

−𝑠
13
𝑒
−𝑖𝛿

0 𝑐
13

)

×(

𝑐
12

𝑠
12

0

−𝑠
12

𝑐
12

0

0 0 1

) × diag (𝑒𝑖𝛼1/2, 𝑒𝑖𝛼2/2, 1)

(3)

with 𝑠
12

≡ sin 𝜃
12
, 𝑐
12

≡ cos 𝜃
12

and similarly for the
other sines (𝑠

13
) and cosines (𝑐

13
, 𝑐
23
, 𝑐
12
). The action of

the three rotation matrices is illustrated in Figure 2 with
approximate values of the three mixing angles 𝜃

12
, 𝜃
13
, and

𝜃
23
, as presently known [49]. Neutrino oscillations depend on

six independent parameters: two mass squared differences,
Δ𝑚
2

21
= 𝑚
2

2
− 𝑚
2

1
and Δ𝑚2

23
= 𝑚
2

2
− 𝑚
2

3
, three angles 𝜃

12
,

𝜃
13
, and 𝜃

23
, and the CP-violating phase 𝛿. The (2-3) sector is

identified with neutrino oscillations at the atmospheric scale

𝜃12

𝜃13

𝜃23

�1

�2

�3

�e

�𝜇

�𝜏

Figure 2: Rotations between mass and flavor eigenstates in the 3
families neutrino oscillation scheme (𝜃

23
∼ 45
∘, 𝜃
12
∼ 40
∘, and 𝜃

13
<

9
∘).

and the (1-2) sector with oscillations at the solar scale; the
(1-3) sector concerns ]

𝜇
→ ]

𝑒
and, for nuclear reactors,

]
𝑒
disappearance. The two phases, 𝛼

1
and 𝛼

2
, do not affect

neutrino oscillations but may have physical consequences
(e.g., in neutrino-less double beta decay) if neutrinos turn out
to be Majorana particles.
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In the approximation of two flavors (]
𝜇
, ]
𝜏
) and twomass

eigenstates (]
2
, ]
3
) one can write

]
𝜇
= ]
2
cos 𝜃
23
+ ]
3
sin 𝜃
23
,

]
𝜏
= −]
2
sin 𝜃
23
+ ]
3
cos 𝜃
23
.

(4)

In this case the oscillation probability (2) of a ]
𝜇
beam

becomes

𝑃 (]
𝜇
→ ]
𝜏
)

≃ 1 − sin22𝜃
23
sin2(

1.27Δ𝑚
2

23
[eV2] 𝐿 [km]

𝐸] [GeV]
) ,

(5)

where 𝐿 is the distance traveled by the neutrino from
production to interaction in a detector and 𝐸] is the neutrino
energy. The survival probability for the initial ]

𝜇
is 𝑃(]

𝜇
→

]
𝜇
) = 1 − 𝑃(]

𝜇
→ ]
𝜏
).

In several cases one needs oscillations including three
flavors [54].

Since neutrino oscillations are sensitive to (unsigned)
neutrino mass differences (5) the present experimental data
leave open two possibilities for mass ordering. Since Δ𝑚2

21
>

0 (from solar matter effects measurements), there are two
possibilities 𝑚]

1

< 𝑚]
2

< 𝑚]
3

(normal mass hierarchy,
Δ𝑚
2

32
> 0) or 𝑚]

3

< 𝑚]
1

< 𝑚]
2

(inverted mass hierarchy,
Δ𝑚
2

32
< 0).

In matter (e.g., inside the sun) CC coherent scattering
of ]
𝑒
with atomic electrons changes the weak potential, a

phenomenon known as the Wolfenstein-Mikheyev-Smirnov
(MSW) effect [55, 56].

The oscillation parameters are modified according to

sin22𝜃
𝑀
=

sin22𝜃
sin22𝜃 + (cos 2𝜃 − 𝑥)2

,

Δ𝑚
2

𝑀
= Δ𝑚

2√sin22𝜃 + (cos 2𝜃 − 𝑥)2,

(6)

where 𝑥 = 2√2𝑁
𝑒
𝐺
𝐹
𝐸]/Δ𝑚

2, with𝑁
𝑒
the electron density in

matter and 𝐺
𝐹
the Fermi constant.

We now recall the existing limits on neutrino masses,
on the number of light neutrinos, and on neutrino lifetime
obtained from searches at accelerators and from observa-
tional cosmology [41–43, 57, 58].

Direct Measurements of Neutrino Masses. Many direct mea-
surements were and are being performed using mainly
tritium decay, 3𝐻 →

3
𝐻
+
+ 𝑒
−
+ ]
𝑒
, measuring, with

magnetic spectrometers of ever increasing precision, the elec-
tron spectrum near its kinematical limit where the number of
events is small, ∼10−3 times of the whole sample. The present
best limit is𝑚(]

𝑒
) < 2 eV (95% CL) [49]. Notice that in direct

searches the upper limits correspond to a weighted average
of the neutrino mass contributing to a given flavor since the
measured quantity is

𝑚
2

]
𝑙

=

3

∑

𝑚=1

𝑈𝑙𝑚


2

𝑚
2

]
𝑚

. (7)

Limits on ]
𝜇
and ]
𝜏
masses were obtained at accelerators

using muon and tau decays which yielded 𝑚(]
𝜇
) < 0.19MeV,

𝑚(]
𝜏
) < 18MeV [49].The last limit comes from the combina-

tion of results from different experiments, mainly at LEP. In
these experiments the most sensitive conditions are when the
𝜏 decays into many charged pions [59].

Neutrino-less double-𝛽 decay searches provide limits
on the effective Majorana mass ⟨𝑚

𝛽𝛽
⟩ = |∑

3

𝑚=1
𝑈
2

1𝑚
𝑚]
𝑚

|.
The present best upper limit ranges from 0.19 eV to 0.68 eV
depending on the nuclear matrix calculation used [60]. It
is worth noting that the discovery of the Majorana nature
of neutrinos would have a deep impact on the general
framework of the SM in which all fermions obey the Dirac
equation: neutrinos would be the only exceptions.

Massive ]’s and Cosmology. Massive stable neutrinos con-
tribute to the overall energy density of the universe. In
particular if ∑𝑚] < 1 eV the neutrinos would affect the
clustering of galaxies at relatively large cosmological scales.
A limit on∑𝑚] < 0.3 eV was obtained by the Planck satellite
collaboration [50].

Number 𝑁] of Light Neutrino Types. The most precise mea-
surements of the number of light “active” neutrinos (i.e.,
neutrinos with electroweak couplings) come from the four
LEP experiments. The combined result is𝑁] = 2.984 ± 0.008

[49].
The density of radiation in the universe, besides photons,

is usually parametrized by the effective neutrino number𝑁eff.
In the standard model of cosmology,𝑁eff = 3.046.

The recent Planck observations provide no compelling
evidence for additional neutrino species. Combining Planck,
WMAP polarization, and the long baseline experiments gives
(95% CL) [50, 61]

𝑁eff = 3.36
+0.68

−0.04
. (8)

Neutrino Lifetime. The indications from experiments and
from cosmology are that neutrinos are either stable or long
lived [62]. Specific experiments which searched for radiative
solar neutrino decays during total solar eclipses yielded 𝜏] >
10 − 10

9 s depending on the ]
1
mass [63].

3. Atmospheric Neutrino Experiments

Themain sources of atmospheric neutrinos are the decays of
charged mesons (𝜋 and 𝐾) produced in the primary cosmic
ray interactions with atmospheric atomic nuclei. Mesons in
turn decay into 𝜇 and ]

𝜇
. At low energies muon decay gives

rise to electron, electron neutrinos, and muon neutrinos:

𝜇
−
→ 𝑒
−]
𝑒
]
𝜇
, 𝜇

+
→ 𝑒
+]
𝑒
]
𝜇 (9)

with fluxes Φ(]
𝜇
) ∼ Φ(]

𝜇
) ∼ 2Φ(]

𝑒
) and flux ratios

Φ(]
𝑒
)/Φ(]

𝑒
) ∼ Φ(𝜇

+
)/Φ(𝜇

−
). In this energy region the total

atmospheric neutrino flux is of the order of 0.1 cm−2 s−1 and
the energy spectrum can be approximated with a power law
Φ] ∼ 𝐸

−2

] .The zenith angle distribution is asymmetric since at
low energy the primary CR flux depends on the geomagnetic
location and so does the neutrino flux.
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At high energy muon decay can be neglected and meson
decay remains the dominant atmospheric neutrino source.
The neutrino flux steepens and it becomes asymptotically
steeper than the primary flux (∼ 𝐸

−3.7

] ). In this case the
zenith angle distribution is symmetric around the horizontal
direction where the neutrino flux is maximum since the path
length in atmosphere is maximum and hence the probability
of mesons to decay into neutrinos is symmetric.

Atmospheric neutrinos are well suited to study neutrino
oscillations, since they have energies from a fraction of a GeV
up tomore than 100GeVand theymay travel distances𝐿 from
few tens of km up to 13000 km; thus the ratio 𝐿/𝐸] in (5)
ranges from ∼1 km/GeV to ∼105 km/GeV. In particular they
cover regions for Δ𝑚2

23
of the order of 10−3 ÷ 10−2 eV2.

Atmospheric neutrino oscillations can be studied by
means of three observables.

(i) First, one can measure the ratio of the measured
number of ]

𝜇
events over the predicted one. In order

to reduce the systematic error related to the limited
knowledge of the absolute flux normalization, one can
use the double ratio

𝑅 =

(𝑁]
𝜇

/𝑁]
𝑒

)
obs

(𝑁]
𝜇

/𝑁]
𝑒

)
MC

(10)

in which the ]
𝜇
flux is referred to the ]

𝑒
flux.

(ii) Onemay consider that there are two identical sources
for a single detector: a near one (downgoing neutri-
nos) and a far one (upgoing neutrinos) which corre-
spond, respectively, to a short and to a large baseline
𝐿. For relatively high energy neutrinos (𝐸] > 10GeV)
the outgoing muon preserves with good accuracy the
original neutrino direction ⟨𝜃scattering⟩ ≃ 10

∘ and
the path length can be measured. Assuming Δ𝑚2 ∼
10
−3 eV2, from (5), 𝑃(]

𝜇
→ ]
𝜇
) ≃ 0 for downgoing

neutrinos and 𝑃(]
𝜇

→ ]
𝜇
) ≃ 1 − sin22𝜃

23
/2 for

upgoing neutrinos.Therefore themeasurement of the
flux ratio

𝑁Up

𝑁Down
≃ 1 −

sin22𝜃
23

2
(11)

can directly provide information of the mixing angle
𝜃
23
.

(iii) A third approach is to measure the ]
𝜇
flux reduction

as a function of the baseline 𝐿 (and therefore of
the zenith angle). In this case one may explore the
argument of the second sinusoidal term in (5) (which
was averaged to ∼1/2 in the previous case).

3.1. Early Experiments. Thefirst experimental information on
atmospheric neutrinos came in the 1960s and 1970s from two
small detectors located at great depths in South Africa (KGF)
[64] and in India (CWI) [65], then followed the experiments
Baksan, IMB, Kamiokande, NUSEX, and Fréjus.

For all these studies the main motivation was the search
for proton decay and atmospheric neutrinos were a back-
ground; only later the search for neutrino oscillations became
an interesting possibility.

The Baksan Underground Scintillation Telescope is
located at a depth of 850m.w.e. in the Caucasus region. It
is made of liquid scintillation counters placed to form a
parallelepiped of 17m × 17m × 11m. The selection of muon
events produced by up-through-going neutrinos ismadewith
time of flight methods. In the early data the zenith angle
distribution deviated from expectations and seemed to agree
with oscillations [30]. Later they considered also the absolute
number of events and there is an agreementwithMonteCarlo
predictions; the ratio data/MC is 1.00 ± 0.04 (stat.) ± 0.08
(syst.) [31].

The IMB detector was an 8000 t cylindrical water box
placed in the Morton salt mine in Ohio, 1750m.w.e. deep
underground [22, 23]. The Cherenkov light produced by
relativistic charged particles passing in thewater was detected
by photomultipliers installed in the tank walls. The detector
started operation in 1982 and was upgraded by increasing the
size of the photomultipliers.

The Kamiokande cylindrical detector had a water mass of
3000 t seen by 1000 large PMTs of 50 cm diameter [24–26,
49]. It was installed in the Kamioka mine in Japan at a depth
of 2700 m.w.e. It started operations in 1983 and had several
upgrades, known as Kamiokande I, II, and III.

The NUSEX detector was a fine granularity detector with
a total mass of 150 t, placed in theMont Blanc tunnel between
Italy and France at a depth of 4800 m.w.e. The detector was
made of horizontal 3mm iron plates interleaved with layers
of limited streamer tubes [27].

At the same depth was located the 912 t Fréjus detector.
It was made of pairs of vertical iron slabs each 1.5mm thick
interleaved with pairs of planes of flash tubes; their trigger
was made with Geiger tube layers inserted every 8 layers of
flash tubes [28, 29].

The early water Cherenkov detectors and the tracking
calorimeters detected ]

𝜇
and ]
𝑒
charged current interactions.

The results were expressed in terms of the double ratio 𝑅 =
𝑅obs/𝑅MC, where 𝑅obs=(𝑁]

𝜇

/𝑁]
𝑒

)obs is the ratio of observed
muon and electron events and 𝑅MC is the same ratio for
Monte Carlo (MC) events. In 𝑅 many systematic uncertain-
ties cancel. The double ratios from IMB and Kamiokande
were smaller than expectations, while for NUSEX and Fréjus
they were in agreement with expectations without oscil-
lations. The IMB collaboration concluded that “however
the magnitude of the deviation is not sufficient to require
neutrino oscillations to explain our data.” The overall spectra
and total number of interactions were in agreement with
predictions. Furthermore there was no correlation of deficit
with energy or angle [22, 23]. The Kamiokande experiment
obtained indications for ]

𝜇
oscillations with maximal mixing

and Δ𝑚2
23
= 16 × 10

−3 eV2, a value considerably larger than
the present best value (2.3 − 2.4) × 10−3 eV2 [24–26].

3.2. The Discovery of Atmospheric Neutrino Oscillations. At
the Neutrino 1998 Conference, Soudan-2, MACRO, and
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Figure 3: Cross section (a) and global view (b) of theMACRO detector. In the left figure are also shown the observed neutrino-induced event
topologies.

Super-Kamiokande (SK) presented strong indications in
favor of atmospheric neutrino oscillations [33–38]. After 1998
several additional results were presented [66–70].

The Soudan-2 experiment [69, 70] used a modular fine
grained tracking and showering calorimeter of 963 t, located
at a depth of 2100m.w.e. in the Soudan Gold mine in Min-
nesota. The bulk of the target was 1.6mm thick corrugated
steel sheets interleaved with drift tubes. In the final analysis
fully contained high resolution events, consisting mostly of
quasi-elastic neutrino interactions were used. The data were
comparedwith theBartolMonteCarlo neutrino flux [39].The
double ratio 𝑅 = (𝑁

𝜇
/𝑁
𝑒
)DATA/(𝑁𝜇/𝑁𝑒)MC integrated over

the zenith angle was (0.68 ± 0.11), consistent with ]
𝜇
→ ]
𝜏

oscillations with maximal mixing and Δ𝑚2
23
= 5.2 × 10−3 eV2

(Figure 6(b)). The experiment ended in 2001.
The MACRO experiment operated at the Gran Sasso

underground Lab (3800m.w.e.) from 1989 to 2000. Figure 3
shows a global view and a cross section of the detector. It
used 3 different subdetectors: scintillation counters, limited
streamer tubes, and nuclear track detectors [71]. Up-through-
going muons with 𝐸

𝜇
> 1GeV came from CC interactions

in the rock below the detector and had ⟨𝐸]⟩ ∼ 50GeV. The
angular distribution of these muons is highly sensitive to
neutrino oscillations as can be seen in Figure 4.

The MC scale uncertainties on the expected muon
flux arising from the neutrino flux, cross section, and
muon propagation were estimated at ∼17%. In Figure 5(a)
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23
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the zenith angle distribution is compared with MC pre-
dictions. A measurement of the up-through-going muon
energies was made via multiple Coulomb scattering in the
dense structure of the apparatus using the streamer tubes in
“drift mode” [72, 73]. The ratios Data/MCno-osc as a function
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of log
10
(𝐿/𝐸]) give additional information on neutrino oscil-

lations.
Low energy neutrino events ⟨𝐸]⟩ ≃ 2-3GeV (Figure 5(b))

included (i) semicontained upgoing muons (IU) from ]
𝜇

interactions inside the lower part of the apparatus, (ii) upgo-
ing muons stopping in the detector (UGS) due to external ]

𝜇

interactions, and (iii) semicontained downgoing muons (ID)
originating from ]

𝜇
interactions in the lower detector. The

lack of time information prevented distinguishing between
ID and UGS samples. In Figure 5(b) the number of IU
events and the angular distributions are compared with MC
predictions. The data show a uniform deficit over the whole
angular distribution with respect to MC.

In 1998 MACRO results were consistent with neutrino
oscillations, with Δ𝑚2

23
= 2.5 × 10−3 eV2 and maximal mixing

[34–37]. In the final analysis [68] three different ratios were
considered in order to reduce systematic uncertainties and
MC prediction effects: (1) the ratio 𝑅

1
= 𝑁vert/𝑁hor of

vertical over horizontal neutrino events in the up-through-
going data sample; (2) the ratio 𝑅

2
= 𝑁low/𝑁high of low

energy over high energy neutrino events; (3) the double ratio
𝑅
3
= (Data/MC)IU/(Data/MC)ID+UGS for the semicontained

data sample. Fitting the three ratios to the ]
𝜇
↔ ]
𝜏
oscillation

hypothesis MACRO obtained sin22𝜃 = 1 and |Δ𝑚
2

23
| =

2.3 × 10
−3 eV2. In Figure 6(b) the 90% CL allowed parameter

region is shown.The addition of the absolute flux information
in the global fit increased the statistical significance of the
result to the 6𝜎 level.

Since ]
𝜇
and ]

𝜏
interactions with matter share the same

weak potential whereas sterile neutrinos do not experience
weak interactions, a possibility to discriminate between ]

𝜇
↔

]
𝜏
and ]
𝜇
↔ ]sterile oscillations is to study the neutrino flux

emerging from different matter amounts. That was realized
by comparing events near the vertical direction with the
event number near the horizontal direction [74, 75]. The
angular regions were chosen by MC methods to obtain the
best discrimination (Figure 6(a)). In the ratio most of the
uncertainties cancel. MACRO excluded at the 99.8% CL the
]
𝜇
↔ ]sterile oscillations compared to the ]

𝜇
↔ ]
𝜏
channel

[76].
The Super-Kamiokande (SK) detector is a large cylindri-

cal water Cherenkov detector containing 50 kt of water, with
a fiducial mass of 22.5 kt. The experiment is still taking data.
The Cherenkov light is seen by 50 cm diameter inner-facing
phototubes (PMTs) (Figure 7). The 2m thick outer layer of
water acts as an anticoincidence using smaller outward facing
PMTs. The detector is located in the Kamioka mine, Japan.
The experiment was originally planned mainly to search for
proton decay. Atmospheric neutrinos are detected through
the Cherenkov light generated by the charged particles
produced in neutrino CC interactions in the water. The large
detector mass allows defining a fiducial volume large enough
to collect good samples of fully contained events (FC) up to
∼5GeV.The events are further subdivided into sub-GeV and
multi-GeV events, with energies below and above 1.33GeV.
The partially contained events (PC) are CC interactions
where the vertex is within the fiducial volume and a charged
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particle, a muon, exits the detector without releasing all of its
energy (Figure 8). In this case the light pattern is a filled circle.
For these events the energy resolution is worse than that for
FC interactions. Upward-going muons (UPMU), produced
by upgoing neutrinos coming from interactions in the rock,
are subdivided into stopping muons (⟨𝐸]⟩ ∼ 7GeV) and up-
through-going muons (with ⟨𝐸]⟩ ∼ 70 ÷ 80GeV) if they stop
or not in the detector.

Particle identification in SK is performed using likelihood
functions to parameterize the sharpness of the Cherenkov
rings, which are more diffuse for electrons than for muons.
The algorithms discriminate the two flavors with high purity.
The zenith angle distributions for 𝑒-like and 𝜇-like sub-GeV
and multi-GeV events, for PC events and upward-going or
stopping muons, are shown in Figure 8.

At the time of Neutrino ’98 Conference the values for the
double ratio 𝑅 previously defined were 0.658 ± 0.016stat ±
0.035sys for the sub-GeV sample and 0.702 ± 0.031stat ±
0.101sys for multi-GeV [66, 67].

SK uses a selected sample of events with good resolution
in 𝐿/𝐸] to search for the dip in the oscillation pattern
expectedwhen the argument of the second sine-squared term

in (5) is 𝜋/2. The dip is observed at 𝐿/𝐸] ≃ 500 km/GeV
(Figure 9). These results favor ]

𝜇
→ ]

𝜏
oscillations and

provide a further constraint on |Δ𝑚
2

23
|. Other models that

could explain the zenith angle and energy dependent deficit
of the atmospheric muon neutrinos are disfavored since they
do not predict any dip in the 𝐿/𝐸] distribution. For ]𝜇 ↔ ]

𝜏

oscillations the best fit yields maximal mixing and |Δ𝑚2
23
| =

2.3 × 10−3 eV2 [66, 67].
Several testswere performed by the SK experimenters and

by several groups of phenomenologists on the ]
𝜇
↔ ]sterile

possibility [78], on the possible LVI [79, 80], and so forth. SK
made also a variety of fits of the SK I, II III, and IV data sets
in the 3-flavor oscillation scenario obtained at 90% CL: 1.7 <
Δ𝑚
2

23
< 2.7 ⋅ 10

−3 eV2 and 0.41 < sin2𝜃
23
< 0.58. In the 3-

flavor analysis there is no preference for normal or inverted
neutrino mass hierarchy [78, 81].

SK also searches for ]
𝜇
→ ]
𝜏
appearance studying several

event-related variables with a neural network. Despite the
complicated ]

𝜏
event topology and the high background they

claimed a 2.4 𝜎 significance [82], recently updated with SK I
+ II + III data to 3.8𝜎.

Super-Kamiokande has the largest statistics in different
energy regions, all in agreement with atmospheric ]

𝜇
oscil-

lations. The SK main results are summarized in Table 2 and
Figures 8, 9, 10, and 11(b). With more data and a 3-flavor
analysis SK may be able to find if 𝜃

23
is smaller than its

maximum and to determine in which octant it lies [83, 84].
Several proposals were made for the Gran Sasso Lab, for

example, theMONOLITHproposal for amassivemagnetized
iron detector for atmospheric neutrinos [85]. For the future
there should be the INO proposal for an India-based Neu-
trino Observatory [86].

4. The Mixing Angle 𝜃
13

In the limit 𝜃
13

→ 0, atmospheric and solar neutrino
oscillations decouple and can be analyzed separately in the
2-neutrino-flavor approximation.
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The knowledge of 𝜃
13
is very important since it is strictly

connected with the CP-violating 𝛿 phase in the matrix
element, 𝑈

𝑒3
= sin 𝜃

13
𝑒
𝑖𝛿. Its precise knowledge is decisive

for further experiments.
The first two ]

𝑒
experiments at nuclear reactors, which

attempted to measure 𝜃
13

in disappearance mode, were
CHOOZ and Palo Verde [87, 88]. No evidence for ]

𝑒
disap-

pearance was found. They obtained limits for ]
𝑒
→ ]
𝜇
at the

level of Δ𝑚2 > 10−3 eV2 for sin22𝜃
13
> 0.1.

Recently 3 experiments, Daya Bay, Double Chooz, and
RENO, each using several nuclear reactors, measured the
neutrino oscillation angle 𝜃

13
, the last parameter needed to

really understand the phenomenon of neutrino oscillations.
The nuclear reactors are of the latest French-German design
(EPR of generation 3 or 3+) [89–95]. In Table 1 the most
relevant parameters of neutrino reactor experiments are
given:

(i) 6 reactors in China (Exp. Daya Bay): sin22𝜃
13

=

0.089 ± 0.010 (stat) ± 0.005 (syst) [89–91],

(ii) 2 reactors in France (Exp. Double Chooz): sin22𝜃
13
=

0.0097 ± 0.034 (stat) ± 0.0034 (syst) [92, 93],
(iii) 6 reactors in Republic of Korea (Exp. Reno):

sin22𝜃
13
= 0.100 ± 0.010 (stat) ± 0.015 (syst) [94, 95].

These experiments used refined detectors. They obtained
important results taking advantage of the very large fluxes of
low energy ]

𝑒
from the power reactors. 𝜃

13
was found to be

small but not zero: the average value is sin2𝜃
13
= 0.098 ± 0.013

[49]. T2K confirmed the measurement [96]. The measured
value of 𝜃

13
opens the possibility of performing many types

of precision measurements in the leptonic sector [97–101].

5. Long Baseline High Energy
] Oscillation Experiments

Long baseline accelerator experiments provide independent
measurements of oscillation parameters. Some of these
experiments may be complementary to reactor experiments.
By combining the results of two such experiments at different
baselines, the sign of Δ𝑚2

23
could be determined.
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Table 1: Nuclear reactor experiments Daya Bay, Reno, and Double Chooz. For each experiment the location, the number of nuclear reactors,
the overall thermal power, the near/far detector distances, and the approximate depth of near/far detectors are given. Note that Daya Bay has
two separate reactor core sites and therefore two near/far distances.

Experiment Location Number of reactors Total thermal power
(GW)

Distances
near/far (m)

Average depth
near/far (mwe)

Daya Bay China 6 17.4 360/1985
500/1615 260/910

Reno Republic of Korea 6 17.3 290/1380 120/450
Double Chooz France 2 8.5 410/1050 120/300

Table 2: Main parameters and results of some relevant atmospheric neutrino experiments.

Experiment Fiducial mass (kt) Detection technique Δ𝑚
2

23
(best fit) (×10−3 eV2) Mixing angle 𝜃

23

Baksan — Scintillators No value Angular distrib. anomaly
Kamiokande 1.04–1.35 Water Cherenkov 16a Maximala

IMB 3.3 Water Cherenkov — —
Soudan-2 0.96 Drift tubes 5.2a Maximala

MACRO 5 Liquid scintillators and streamer tubes 2.3a Maximala

Super-K 22.5 Water Cherenkov 2.2–2.6b 0.95 < sin22𝜃b
23

a2-flavor analysis, b3-flavor analysis.
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Figure 9: Data/MC ratio versus 𝐿/𝐸] (black points) for SK. The
red solid line is the MC expectation with |Δ𝑚2

23
| = 2.5 10−3 eV2 and

maximal mixing [66, 67].

High energy neutrino beams are produced accelerating
protons up to tens of GeV and impinging them on a target.
The produced secondaries are momentum-selected by a
series of lensing devices (“horns”) which focus them into a
parallel beam in an evacuated decay tunnel of ∼1 km length.
Table 2 summarizes the main parameters of atmospheric ]
experiments. In Table 3 the main parameters of past, present,
and possible future long-baseline neutrino oscillation exper-
iments are listed.

The K2K experiment confirmed the atmospheric muon
neutrino oscillation picture [102, 103]. Near detectors located
at ∼300m from the target measured the energy spectrum and
the flux normalization. In total 112 beam-originated neutrino
events were observed in the SK fiducial volume with an

expectation of 158.1+9.2
−8.6

events for no oscillations, providing a
statistical significance against no oscillations of ∼4.3𝜎. A sub-
sample of 58 one-ring events was assumed to be quasi-elastic
interactions and energy reconstructed using the known beam
direction. The energy spectrum in Figure 10(a) shows the
energy-dependent distortion expected from oscillations. In a
2-flavor oscillation scenario, the best-fit value yielded |Δ𝑚2

23
|

= 2.8 × 10
−3 eV2 and maximal mixing. The K2K allowed

region for the oscillation parameters is consistent with that
from atmospheric neutrino data (Figure 10(b)).

The NuMi 3.7GeV energy neutrino beam uses neutrinos
produced by the Fermilab Main Injector, a 120GeV proton
synchrotron capable of accelerating 5 × 10

13 protons with
a cycle time of 1.9 s. The flavor composition of the beam is
98.7% (]

𝜇
+ ]
𝜇
), with a relatively large fraction of ]

𝜇
.

MINOS on the NuMi beam uses a near detector at
Fermilab and a far detector at the Soudan mine site, 735 km
away, at a depth of 2090m.w.e. Both are iron-scintillator
sandwich calorimeters with a toroidal magnetic field in the
octogonal iron plates, interleaved with active planes of long
scintillator strips providing both calorimetric and tracking
information. The far detector (Figure 11(b)) has a total mass
of 5400 t. The magnetic field is 1.3 T. The near detector, with
a total mass of 920 tons, is installed 250m downstream from
the end of the decay pipe.

MINOS confirmed the atmospheric neutrino oscillation
picture with improved accuracy in Δ𝑚

2

23
, not in angle

(Figure 11(a)). It rejects neutrino decay [106] and decoherence
[107]. In the ]

𝜇
↔ ]
𝜏
scheme it obtains |Δ𝑚2

23
| = (2.41 ±

0.10)×10
−3 eV2 and sin22𝜃

23
≳ 0.890 (90%CL) [104, 108, 109].

The CERN to Gran Sasso Neutrino Beam (CNGS). The
400GeV proton beam from the CERN-SPS is transported
to an underground target. Secondary pions and kaons are
focused into a parallel beam and decay into 𝜇 and ]

𝜇
.

The remaining hadrons are absorbed in the hadron stopper.
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oscillations measured by MINOS [104] and other experiments [105].
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Table 3: Main parameters of past, present, and future long-baseline neutrino oscillation experiments.

Experiment Run 𝐸] Baseline (km) Technique Far detector fiducial mass (kt) Near detector fiducial mass (t)
K2K 1999–2004 1.0 250 Water Cherenkov 22.5 1000
MINOS 2005- 3.3 735 Steel + scintillators 4 30
OPERA 2008- 17 732 Nuclear emulsions 1.25 —
ICARUS 2010–2013 17 732 LAr 0.48 —
T2K 2010- 0.6 295 Water Cherenkov 22.5 6
NO]A 2013- 2.0 810 Liquid scintillators 15 220
T2HK 2020?- 0.6 295 Water Cherenkov 540 ?

GPS time stamp resolution ∼ 100ns

Figure 12: Sketch of the 730 km neutrino path from CERN to Gran
Sasso and the GPS selection of events.

Themuons are monitored by two silicon detectors.Themean
]
𝜇
energy is 17GeV. The muon beam size at the second

muon detector at CERN is ∼1m; the ]
𝜇
beam size at Gran

Sasso is ∼1 km. Figure 12 shows the 730 km path of the ]
𝜇

beam from CERN to the Gran Sasso Lab (LNGS). It also
indicates the synchronization via GPS of the atomic clocks
at CERN and at LNGS. The CNGS beam was conceived to
study the oscillation phenomenon in appearance mode; the
𝐸] spectrum was tuned to maximize the 𝜏 lepton production
above its 3.5 GeV kinematic threshold.

During the 90s the ]
𝜏
appearance was searched for in

the “cosmologically relevant region” Δ𝑚2 > 1 eV2 by two
short-baseline experiments, CHORUS [110] and NOMAD
[111], which relied on different techniques to search for 𝜏
appearance. Both experiments excluded ]

𝜇
→ ]
𝜏
oscillations

for Δ𝑚2 ≳ 1 eV2.
OPERA at LNGS is a hybrid emulsion-electronic detector

(Figure 13), designed to search the ]
𝜏
appearance in the

CNGS ]
𝜇
beam [112–115], in the parameter region indicated

by the atmospheric neutrino experiments.The ]
𝜏
appearance

search is based on the detection of the 𝜏 lepton in nuclear
emulsions. The 1.25 kt target is segmented in units (bricks)
consisting of 56 lead plates (1mm thick) and 57 emulsion
layers; each brickweighs 8.3 kg. Eventsmay be analyzed in the
electronic detector and/or in the emulsions. Fast automated
scanning systems running at ≳20 cm2/h per emulsion layer
were developed to cope with the emulsion analysis load [112–
121]. In a brick the spatial and angular resolutions are <1 𝜇m
and ∼2mrad.

Targets Magnetic spectrometers

�

Figure 13: Schematic of the OPERA experiment in Hall C at Gran
Sasso.

So far OPERA found three ]
𝜇
→ ]
𝜏
candidate events

(Figure 14) [122–124]. In Figure 14(a) tracks 1–6 originate
from the primary interaction vertex, and track 7 is a prompt
neutral particle, and track 4 has a kink topology compatible
with a 𝜏-lepton decay. 𝛾

1
and 𝛾

2
in Figure 14(b) are 𝛾-rays

from the secondary vertex; their invariant total mass is
compatible with 𝜋0 → 2𝛾 decay. Track 8 is from a 𝜋−. The
invariant mass of the 𝜋0 and of the 𝜋− is compatible with that
of𝜌(770)mass.Thedecay of the short track is thus compatible
with 𝜏− → 𝜌

−]
𝜏
. The second and third event are shown in

Figures 14(b) and 14(c). From these results the evidence for
]
𝜇

→ ]
𝜏
appearance can be established at the 3.4𝜎 level

[123, 124]. The analysis of events is ongoing; the final result
of ]
𝜏
appearance search is expected by the end of 2014.

The OPERA search for ]
𝜇

→ ]
𝑒
limited the window

region for the LSND anomaly [125].
OPERA made a measurement of the ]

𝜇
velocity and,

after solving some technical problems, obtained precision
measurements with the normal beam (]

𝜇
− 𝑐)/𝑐 = 2.7 ±

3.1(stat.) ± 3.3(syst.) × 10
−6 and with a special “bunched

beam” −1.8 × 10−6 < (]
𝜇
− 𝑐)/𝑐 < 2.3 × 10

−6 [125–128].
The ICARUS T600 detector is an innovative TPC liquid

argon detector which ran on the CNGS beam, in Hall B of
LNGS. One event recorded by T600 is shown in Figure 15.
ICARUS performed a search for ]

𝜇
to ]
𝑒
limiting the window

of open options for the LSND anomaly [129, 130].
TheT2K (fromTokai to Kamioka) experiment is a second

generation long baseline experiment, which uses a 2.5∘ off-
axis neutrino beam produced by 30GeV protons at the Japan
Proton Accelerator Research Complex (J-PARC) [131]. The
neutrino beam is sent to the SK detector, 295 km away;
because of the kinematics of pion decay it emerges as a narrow
beam peaked at 600MeV.The schematic view of the neutrino
beam line is sketched in Figure 16(a). A sophisticated near



Advances in High Energy Physics 13

1mm lead

1

2

3

4

5

6

7

8

Primary 
Kink point

PL18 PL19 PL20 PL21

vertex 𝛾1

(a) (b)

376𝜇m

1

2

3

4

Plate 38 Plate 39 Plate 40 Plate 41 Plate 42
Decay in the plastic base

1ry track

e-pair

Muon

𝜏 candidate

(c)

Figure 14: Display of three ]
𝜇
→ ]
𝜏
candidate events from the OPERA experiment. (a) First event ]

𝜇
→ 4ℎ + ]

𝜏
, 𝜏 → 𝑒

−
+ 𝜋
∘, (b) second

event ]
𝜇
→ ℎ + ]

𝜏
, ]
𝜏
→ 3ℎ, and (c) third event ]

𝜇
→ ℎ + ]

𝜏
, ]
𝜏
→ 𝜇.

Figure 15: OneCNGS event recorded in the ICARUST600 detector.

detector complex (ND280) was built at a distance of 280m
from the target. It includes the on-axis monitor INGRID and
an off-axis detector, a spectrometer with a magnetic field
of 0.2 T which includes a 𝜋0 detector, a projection chamber
system, two scintillation detectors, a 4𝜋 electromagnetic
calorimeter, and a muon range detector. A single 𝜇-like beam
event detected in the SK detector is shown in Figure 16(b). 28
]
𝜇
→ ]
𝑒
candidate events were detected and compared to an

expected background of 4.6 ± 0.4 events. The excess events
at SK correspond to a 90% confidence interval of 0.034 <

sin22𝜃
13

< 0.190 for normal hierarchy [132–135], and now
it has a 7.5𝜎 significance for ]

𝜇
→ ]
𝑒
[96].

TheNO]A experiment, which will run using an upgraded
NuMI beam, is in an advanced construction phase. A proton
beam power of ∼0.7MW is planned, with 𝐸] ∼ 2GeV and
a baseline of 810 km, 14mrad off-axis. The detector will be
a 15 kt “totally active” tracking liquid scintillator, scheduled

to be partly operational by the end of 2013. It will be placed
at ground level in Northern Minnesota. The close detector
will be a 220 t replica of the far detector, placed 14 mrad
off-axis at ∼1 km from the target. The main NO]A physics
aims include the study of ]

𝜇
disappearance and ]

𝑒
appearance

with a precision about one order of magnitude better than at
present [136].

5.1.The LSND Δ𝑚
2 Scale. In the 90s at the Los Alamos Labo-

ratory in New Mexico the 800MeV proton linear accelerator
was used to produce a ]

𝜇
beam with energies up to 300MeV

(frommuon decays at rest) incident on the Liquid Scintillator
Neutrino Detector (LSND), designed primarily to search for
]
𝜇

→ ]
𝑒
oscillations. A 3.8 sigma excess of ]

𝑒
candidate

events was observed and interpreted as due to neutrino
oscillations with a small mixing angle and a relatively large
Δ𝑚
2 in the 0.2–10 eV2 range [137, 138]. The results do not fit

in the conventional 3 neutrino mixing scheme and require at
least a fourth neutrino (sterile neutrino).

The KARMEN [139] reactor experiment partly ruled out
the LSND results leaving a small region, 0.2–2 eV2, still
compatible with the LSND oscillation signal.

The MiniBooNE experiment was designed to provide a
test of the LSND signal. It used the Fermilab Booster neutrino
beam generated from 8GeV protons incident on a Be target.
The center of MiniBooNE was 541m from the production
target. The near neutrino target was mineral oil in which
relativistic particles created both Cherenkov and scintillation
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Figure 16: Sketch (a) of the T2K beam line, showing the primary proton beam line, the target station, the decay volume, the beam dump, the
muon monitors, and the near on-axis and off-axis neutrino detectors. On (b) a single ring ]

𝜇
event in the SK detector.

light. The experiment did not confirm the LSND results but
found an excess of electron-like events in the neutrino energy
range below 475MeV [140]. The source of the excess remains
unexplained, although several hypotheses were put forward
[141, 142]. MiniBooNE reported on an updated search in
antineutrino mode: an excess of ]

𝑒
events for energies above

475MeV was observed. The fit allowed regions for ]
𝜇
→ ]
𝑒

oscillations in the 0.1 to 1 eV2Δ𝑚2 range are consistent with
the allowed region reported by LSND.

The search for sterile neutrinos is very active. The SM
already provides right-handed neutrinos, which are “sterile”
with respect to gauge bosons of the electroweak sector.
Experimental searches concern light sterile neutrinos (𝑚] ∼

1 eV), which could mix with active neutrinos and oscillate at
short baselines.

In addition to the LSND and MiniBooNE results, which
involve electron (anti)neutrino appearance in ]

𝜇
, ]
𝜇
beams,

other anomalies in disappearance mode were found to fit the
same sterile neutrino scenario at the eV scale. The so-called
“gallium anomaly” refers to the ]

𝑒
deficit in radioactive source

calibration tests, at the gallium solar neutrino experiments
SAGEandGALLEX [143]. A reevaluation of ]

𝑒
flux from reac-

tors exceeded themeasured value by∼6%(“reactor anomaly”)
[144]. A recent reanalysis stresses that uncertainties may be
larger than the anomaly [145]. When interpreted in terms of
active to sterile neutrino oscillations, both gallium and reac-
tor anomalies lead to oscillation parameters compatible with
LSND and MiniBooNE results. It should be noted that the
no-oscillation hypothesis is rejected at about 6𝜎, even if most
of the statistical power is driven by LSND: removing LSND
from the analysis, the oscillation significance drops to about
2𝜎 [146]. Moreover it was found that the ]

𝜇
disappearance

channel is compatible with no oscillations in contradiction
to what is expected, thus generating a tension with respect to
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previous results. The ]
𝜇
disappearance channel in this Δ𝑚2

region will be explored using atmospheric neutrinos in large
acceptance detectors such as neutrino telescopes [147]. In
the near future the SOX experiment will test the reactor and
gallium anomalies by detecting neutrinos and antineutrinos
fromMCi sources, with Borexino [148].

Among the various ideas to tackle the sterile neutrino
problem the SPSC-P-347 proposal (ICARUS-NESSiE) at
CERN would be a complete experimental setup to solve this
issue.The project would exploit the ICARUST600 detector as
a far detector in a new low energy ]

𝜇
beam line at the CERN

SPS. In addition a 150 t LAr detector clone could be placed
at 460m from the target position to provide the unoscil-
lated pattern. Two magnetic spectrometers would be placed
downstream of the two LAr-TPC detectors to complement
and enlarge the physics reach of the experiment. The LAr-
TPC technology allows identifying and reconstructing ]

𝑒

interactions. Muon neutrinos could be also identified even if
charge reconstructionwould be performedonly at a statistical
level with a large discrimination power. The spectrometers
could complement and improve the muon neutrino sector by
extending the measurable spectrum and performing charge
identification at the 1% level on an event-by-event basis. The
ICARUS-NESSiE proposal could span a large fraction of the
parameter space in a limited time window simultaneously
facing the ]

𝑒
appearance and ]

𝜇
disappearance channels

and also providing a measurement of NC rates which are
considered reliable signals of sterile neutrino existence [149–
152].

6. Neutrino Oscillations and New Physics

Mechanisms other than flavor transitions have been tested as
alternative or subdominant processes to explain atmospheric
]
𝜇
data (i.e., violation of the equivalence principle, of Lorentz

invariance, and of CPT symmetry) [153]. The most relevant
feature of these scenarios is the departure of the energy
dependence of the oscillation length.

Lorentz Invariance Violation (LIV). MACRO and SK up-
through-going muon data were used to search for subdomi-
nant oscillations due to a possible LIV: in this case there could
be mixing between flavor and velocity eigenstates. Limits
were placed in the Lorentz violation parameter |ΔV| < 6⋅10−24
at sin 2𝜃V = 0 and |ΔV| < 4 × 10

−26 at sin 2𝜃V = ±1 [154]. In
the context of a Standard Model Extension (SME) quantum
strings could introduce nonlocality that could break Lorentz
and/or CPT invariance. The neutrino oscillation probability
may depend on the direction of the neutrino propagation;
this effect wouldmanifest, in experiments with both neutrino
source and detector fixed on Earth, as a sidereal modulation
in the number of detected neutrinos. This was searched for
by the MINOS near detector without finding any effect: in
the context of SME one could set limits on the magnitude of
the Lorentz and CPT violating terms at the level of 10−4–10−2
of the maximum expected, assuming a suppression of the

signature by a factor of 10−17 [155]. More stringent limits may
be obtained by neutrino telescopes; see Section 8.

NeutrinoDecay.Using SK data Fogli et al. [79, 80] have shown
that the neutrino decay hypothesis fails to reproduce the
observed zenith angle distribution of atmospheric neutrinos.
MINOS excluded neutrino decay at 7 standard deviations
studying the 𝐿/𝐸] distribution [104].

The radiative decay modes allowed for massive neutrinos
are ]
2
→ ]
1
+𝛾 and ]

3
→ ]
2,1
+𝛾 [62]. A direct experimental

limit comes from the 2006 total solar eclipse in the Libya
Sahara desert [63]. For the ]

2
→ ]
1
+ 𝛾 radiative decay the

95% CL lower lifetime limits are in the range 10 s ÷109 s for
neutrino masses 10−4 eV < 𝑚

1
< 0.1 eV [63]. A similar limit

was obtained for the ]
3
→ ]
2,1
+ 𝛾 decay, but the limit is

tentative since it depends on the mixing angle 𝜃
13
which was

not known at that time.

Extra Dimensions. In models where the standard 1 + 3

dimensional world (“brane”) is embedded in a larger 1+3+𝑑
dimensional spacetime (“bulk”)—with 𝑑 being the number of
extra dimensions—and SM left-handed neutrinos are frozen
within the brane while right-handed neutrino singlets can
propagate in the bulk.They give rise to perturbations that can
alter the “standard” oscillation pattern of active neutrinos. By
combining the results from KamLAND and MINOS a limit
≲1𝜇mwas obtained on the size of the larger hidden dimension
[156].

Lepton Flavor Violation. Neutrino oscillations arise from
flavor mixing in the leptonic sector. In the SM the violation
would be minimal and lead to a very small branching ratios
for processes which violate lepton flavor, like 𝜇 → 𝑒𝛾

decay. Supersymmetric (SUSY) theories could give rise to
lepton flavor violations through radiative corrections which
could increase the branching ratio. This could happen also
for electric dipole moments, for example, of the neutron and
of the muon.TheMEG collaboration published limits on the
search for 𝜇+ → 𝑒

+
𝛾 decay: <5.7 × 10−13 (90% CL) [157].

7. Cross Section and Particle
Production Measurements

After 1998 it was realized that the existing measurements of
hadron production concerned mainly very forward angles
and high momenta and were not adequate for the proper
atmospheric neutrino simulations and for conventional and
advanced neutrino beams. In 2000 the HARP experiment
at the CERN-SPS pioneered systematic hadron production
measurements over the full acceptance in angle and in
momentum. It used proton and pion beams on different
target materials [158]. It produced the pion data needed for
the K2K and MiniBooNE experiments.

New neutrino cross-section measurements were also
made by the K2K near detector (∼1.2 GeV), MiniBooNE
(∼800MeV), SciBooNE (∼800MeV) [159, 160], MIPP (from
1 to 120GeV), NA61/SHINE experiment at the CERN-SPS
[161, 162], and T2K [163].



16 Advances in High Energy Physics

TheMINERvA experiment in the NuMI beam-line at Fer-
milab is a fine-grained detector which will provide neutrino
scattering data in the ∼1–20GeV region [164–167].

8. Neutrino Telescopes and
Atmospheric Neutrinos

Large size neutrino telescopes were built mainly to shed
light on the most violent and energetic phenomena in the
universe using high energy neutrinos as astrophysical probes.
High energy neutrinos with hundreds of GeV may come
from nonthermal astrophysical sources [168]. Multi-GeV
neutrinos may also come from the interior of celestial bodies,
like the sun, some planets, and the center of our galaxy where
annihilation of weakly interactive massive particles (WIMPs)
could take place. These searches require large detectors,
like the Baikal detector in lake water [169], Amanda [170]
and IceCube [171–173] in South Pole ice, and ANTARES
in the Mediterranean sea [174–176]; a multi-km3 detector
is planned for the Mediterranean sea (Km3NeT) [177]. The
observation of neutrinos is based on the Cherenkov light
induced by upgoing muons produced in high energy CC ]

𝜇

interactions (to reduce the background from atmospheric
muons, neutrino telescopes look downward). Large arrays of
PMTs cover huge volumes of ice or sea water.

The cosmic very high energy neutrino flux is expected
to decrease with energy as 𝐸−2. Atmospheric neutrinos are
a background with an energy dependence of 𝐸−3.7. The
possibility to performneutrino oscillation studies is related to
the energy threshold for detecting lower energy atmospheric
neutrinos. If the spacing between neutrino telescope strings
is reduced (as in the IceCube Deep Core array), the energy
threshold is ∼20GeV. It could be as low as few GeV in the
future Km3NeT-ORCA and IceCube-PINGU inner cores.
This opens the possibility to performhigh statistics oscillation
analyses up to ∼1 TeV, above which the Earth starts to become
opaque to neutrinos.The IceCube present Inner Core allowed
a first measurement of the atmospheric ]

𝜇
oscillations which

yielded in a 2-] flavor formalism: Δ𝑚2
23
= (2.3

+0.6

−0.5
) × 10
−3 eV2

and sin2(2𝜃
23
) > 0.73. The no-oscillation hypothesis is

rejected [178–181]. The ANTARES experiment obtained a
measurement of |Δ𝑚2

23
| of limited accuracy, |Δ𝑚2

23
| = (3.1 ±

0.9) × 10
−3 eV2, but it checks the status of the apparatus and

underlines the potential for future physics [174–176].
Figure 17 shows the atmospheric ]

𝜇
energy spectrum in

the range 0.1–400 TeV, measured by the IceCube, ANTARES,
and AMANDA-II neutrino telescopes, using different energy
estimators and different unfolding methods. The data are
compared with the MC Bartol flux and with the more elab-
orate Bartol + Martin, Bartol + Enberg calculations. Within
large systematic errors, the results from different experiments
are compatible with each other and with the theoretical MC
predictions [182–184]. The data do not confirm nor reject the
presence of prompt components.

Neutrino telescopes have searched for Lorentz invariance
violations. IceCube, operating in a 40-string configuration,
searched for a periodic variation in right ascension, a possible
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Figure 17: Atmospheric muon neutrino spectrum in the 0.1–
200 TeV energy range, measured by ANTARES, AMANDA-II, and
IceCube compared with the Bartol, Bartol + Martin, and Bartol +
Enberg MC fluxes.

consequence of LIV preferred frame. No such direction-
dependent variation was found, and, due to the unique
high energy reach of IceCube, it was possible to improve
constraints on certain LIV oscillation by about three orders
of magnitude with respect to other experiments [178–181].

Very large neutrino telescopes could also yield more
precise direct and indirect results on dark matter (WIMPs)
and on the searches for various exotic particles.

9. Conclusions and Perspectives

The standard model of particle physics obtained important
confirmations in all experiments at LEP, SLC (𝑒+𝑒−), HERA
(𝑒+𝑝), and Fermilab (𝑝𝑝) colliders, and a Higgs boson-like
particle has been seen at the CERN LHC, but the SM needs
further confirmations.

Neutrino oscillations provided a first indication for
physics beyond the standard model. The atmospheric neu-
trino anomaly was experimentally observed and explained
as due to neutrino oscillations with maximal mixing and
|Δ𝑚
2

23
| ≃ 2.4 × 10

−3 eV2. It was later confirmed with more
data andby the long baseline neutrino experiments, including
appearance experiments (]

𝜇
↔ ]
𝜏
) with ]

𝜏
direct detection in

nuclear emulsions.
It may be interesting to consider the variations with

time of the atmospheric oscillation parameters published by
different experiments. In the two neutrino scenario, ]

𝜇
→

]
𝜏
, most experiments obtained maximal mixing and values

of |Δ𝑚2
23
| which changed only slightly with time (in units of

10
−3 eV2):

(i) in 1998: 2.3 (SK), 2.5 (MACRO), and 5.2 (Soudan-2),
(ii) in 2004: 2.5 (SK), 2.3 (MACRO),
(iii) in 2006: 2.8 (K2K),
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(iv) in 2008: 2.43 ± 0.12 (MINOS),

(v) in 2010: 2.32+0.11
−0.08

(MINOS), 2.2-2.3 (SK 2-flavor; 2.11
and 2.51 SK 3-flavor analyses for normal and inverted
hierarchy, resp. [81]),

(vi) in 2013: 2.41 ± 0.10 (MINOS), sin22𝜃
23

= 0.950 ±

0.036, 2.44 (T2K), sin22𝜃
23
≃ 1, 2.3 ± 0.5 (IceCube

DeepCore), and sin2(2𝜃
23
) > 0, 3.1±0.9 (ANTARES).

Globally the variations and the differences among the val-
ues fromdifferent experiments are small andwell within their
systematic errors. The variations are negligible compared to
those reported in the early experiments on weak interactions
and early atmospheric ] experiments.

In the three-active-neutrino frameworks one would like
to solve the so-called “eightfold” degeneracy. Assuming the
measured value of 𝜃

13
and running in ]/] mode there are

two different sets of parameters (𝜃
13
, 𝛿
𝐶𝑃
) producing the

same oscillation probabilities. These “clone solutions” are
doubled by the unknown sign of Δ𝑚2

23
(normal or inverted

hierarchy) and redoubled by the 𝜃
23

octant degeneracy, that
is, the sign of (𝜃

23
− 𝜋/4). The problem may be solved by

performing complete 3 neutrino analyses and by considering
combinations of different baselines and energies [185, 186].

Several groups worldwide are investigating future neu-
trino beams of higher intensity and purity: superbeams, beta-
beams, and neutrino factories [187, 188]. High intensity ]

𝜇

beams (superbeams) from high intensity proton accelerators
are based on the improvements of existing proton accelerator
complexes. Beta-beams could be produced from radioactive
ion beams, taking advantage of the technological progress in
this field.The beta decays of unstable ions would lead to pure
sources of ]

𝑒
and ]

𝑒
beams, which could be used to study

]
𝑒
→ ]
𝜇
oscillations. High energy muon colliders have been

studied for several purposes, in particular to obtain electron
and muon neutrino beams from muon decays. The goal is
to make high energy and high intensity muon storage rings
which could be used as neutrino factories. It was proposed
that simultaneous 𝜇− and 𝜇+ decays could lead to important
tests of CP violation in the leptonic sector [186, 188, 189].

The recent measurements of 𝜃
13

≃ 9
∘, together with

the plans for upgraded higher intensity neutrino beams and
new large refined detectors, open the door to a new golden
age for neutrino physics, where one could obtain important
information on neutrino masses and neutrino hierarchy,
establish if 𝜃

23
is maximal or, if it is not, in which octant it

lies, and make important tests of CP violation in the leptonic
sector.

New large neutrino telescopes may improve the knowl-
edge on dark matter, on supernovae neutrinos, and on the
measurements of some parameters of atmospheric neutrino
oscillations. Do sterile neutrinos exist? Are sterile neutrinos
the explanation of existing experimental data which cannot
be reconciled with the standard mixing scenario?

The search for new physics beyond the SM will be one of
the main fields of research at the LHC. Supersymmetry is still
one of the theoretically favored models and this could shed
light on dark matter. Other topics such as compositeness,
technicolor, and extra dimensions could be searched for at

the new energy frontier. LHC may also yield information on
neutrinos [190].
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The Germanium Detector Array (Gerda) is a low background experiment at the Laboratori Nazionali del Gran Sasso (LNGS) of
the INFN designed to search for the rare neutrinoless double beta decay (0]𝛽𝛽) of 76Ge. In its first phase, high purity germanium
diodes inherited from the former Heidelberg-Moscow and Igex experiments are operated “bare” and immersed in liquid argon,
with an overall background environment of 10−2 cts/(keV⋅kg⋅yr), a factor of ten better than its predecessors. Measurements on two-
neutrino double beta decay (2]𝛽𝛽) giving 𝑇2]

1/2
= (1.88 ± 0.10) × 10

21 yr and recently published background model and pulse shape
performances of the detectors are discussed in the paper. A new result on 0]𝛽𝛽 has been recently published with a half-life limit
on 0]𝛽𝛽 decay 𝑇0]

1/2
> 2.1 × 10

25 yr (90% C.L.). A second phase of the experiment is scheduled to start during the year 2014, after a
major upgrade shutdown. Thanks to the increased detector mass with new designed diodes and to the introduction of liquid argon
instrumentation techniques, the experiment aims to reduce further the expected background to about 10−3 cts/(keV⋅kg⋅yr) and to
improve the 0]𝛽𝛽 sensitivity to about 𝑇0]

1/2
> 1.5 × 10

26 yr (90% C.L.).

1. Introduction
Double beta decay is the simultaneous beta decay of two
neutrons in a nucleus. It is a second-order weak process,
predicted by the standardmodel: (𝐴, 𝑍) → (𝐴,𝑍+2)+2𝑒

−
+

2]
𝑒
. The process (2]𝛽𝛽) has been experimentally observed in

even-even nuclei and can be detected only when its single
beta decay is energetically forbidden or strongly suppressed
because of a large change of spin. Typical half-lives are very
large and lie between 7 × 10

18 yr and 2 × 10
24 yr [1–6].

Extensions of the standard model (SM) predict that also
neutrinoless double beta decay, (𝐴, 𝑍) → (𝐴, 𝑍 + 2) + 2𝑒

−,
could occur (0]𝛽𝛽). Its observation implies that the lepton
number is violated by two units. It would prove that neutrinos
have aMajoranamass component, and consequently they are
their own antiparticle.With the further assumption that 0]𝛽𝛽
decay is mediated by the exchange of light Majorana neu-
trinos, an effective neutrino mass can be evaluated through
the use of predictions for the nuclear matrix element and
the phase space factor. For recent reviews on 0]𝛽𝛽, see
[7–10].

The Gerda [11] experiment in Europe and Majorana
[12, 13] in the USA, at different stages of development and
using different experimental approaches, are the current
state-of-the-art experiments to search for 0]𝛽𝛽 in 76Ge using
germanium detectors. The process has a clear signature with
a monoenergetic line in the observed energy spectrum at
𝑄
𝛽𝛽

= 2039.061±0.007 keV [14], corresponding to the sum of
the two electrons energies. Two previous experiments, Heide-
lberg-Moscow (HdM) and Igex, have studied double beta
decay in germanium and set limits on the 0]𝛽𝛽 half-life:
𝑇
0]
1/2

> 1.9×10
25 yr [15] and𝑇0]

1/2
> 1.6×10

25 yr [16–18], respe-
ctively. Part of the HdM collaboration claimed evidence for a
peak at 𝑄

𝛽𝛽
which corresponds to a half-life central value of

𝑇
0]
1/2

= 1.19
+0.37

−0.23
×10
25 yr [19].The result was later refined with

pulse shape discrimination (PSD) analysis techniques giving
a half-life 𝑇0]

1/2
= 2.23

+0.44

−0.31
× 10
25 yr [20]. Due to various inco-

nsistencies in the analysis pointed out in [7], only the first
claim will be considered in the following.

The data taking of the Gerda experiment has been
organized in two phases. During Phase I, the experiment aims
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Figure 1: Artist view of the Gerda experiment. The following com-
ponents are labeled in the picture: (1) the germanium array strings
(not to scale), (2) the LAr cryostat, (3) the internal copper shield, (4)
the instrumented water tank, and (5) the clean room with the lock
insertion system (6). From [11].

to scrutinize the HdM claim, using high purity germanium
detectors coming from the HdM and Igex collaborations
(about 18 kg of total mass) and operating in a environment
with a lower background. The sensitivity will be improved by
an order of magnitude during the Phase II with the help of an
additional set of new detectors (increasing the mass by about
20 kg) and a higher background suppression thanks to liquid
argon (LAr) instrumentation and enhanced PSD of the new
detectors.

In the following sections, after an introduction to the
experimental setup, the Phase I results will be reviewed:
the first 2]𝛽𝛽 half-life measurement, a detailed study of the
Gerda background decomposition model, and the detector
performances with respect to PSD techniques. Finally, the
recent 0]𝛽𝛽 half-lifemeasurement is discussed and the impli-
cations of the limit with respect to those determined in 76Ge
[19] and with 136Xe based experiments [21, 22] are illustrated.

2. The Gerda Detector

The Gerda [11] experiment, at the Laboratori Nazionali
del Gran Sasso (LNGS) of INFN, operates bare germanium
diodes made of isotopically modified material, enriched to
about 86% in 76Ge, in a LAr cryogenic bath, without their
usual vacuum cryostats. The experiment aims to pursue very
low backgrounds thanks to ultrapure shielding against envi-
ronmental radiation. An artist view of the detector is given in
Figure 1. The germanium detectors are suspended in strings
into the cryostat. The 64m3 of LAr are used both as a
coolant and shield. The stainless steel cryostat vessel is cove-
red, from the inside, with copper lining to reduce gamma
radiation from the cryostat walls. The vessel is surrounded
by a large tank filled with high purity water (590m3) which
further shields the inner volumes from the experimental hall
radiation (absorbing 𝛾s andmoderating neutrons).Moreover
it provides a sensitive medium for the muon system which
operates as a Cherenkov muon veto.

On top of the Gerda building, just above the cryostat
neck, a ISO class 7 clean room has been installed and is used
as a working environment within which a nitrogen fluxed
glove box is used to manipulate the detectors before inse-
rting them into the cryostat. The detectors are arranged
in strings, each supporting three semicoaxial or five broad
energy germanium (BEGe) detectors and are lowered into the
cryostat through a two-arm lock which separates the clean
room from the cryostat. The detector strings are surrounded
by a 60 𝜇m thick copper cylinder (called minishroud) with
dimensions such that the detector outer surface is placed at
few mm from the copper walls. A larger enclosure—a 30 𝜇m
thick copper cylinder—with a 75 cm diameter is built around
all detector strings.

All detectors are read out with charge sensitive preampli-
fiers (called CC2 [23]) operated in LAr at about 30 cm for the
top of the detector array.TheCC2, located inside a copper box
providing electromagnetic shielding, drives 20m long signal
cables from the cold LAr region to the room temperature
DAQ electronics through custom made feedthroughs. The
analog signals are digitized by 100MHz FADCs. The raw
data, saved in binary format, is converted to a standardized
format defined byMGDO (Majorana-GerdaDataObjects)
[24], a software library jointly developed by the Gerda
andMajorana collaborations that contains general-purpose
interfaces and analysis tools supporting digital processing of
experimental or simulated signals. The MGDO data objects
are stored as Root files [25], named Tier1. The Gelatio
software framework [26] provides independent and cus-
tomizable modules which are applied to the Tier1 waveforms
producing several observables (pulse amplitude, rise time,
average baseline, etc.) which are stored in new Root files
(Tier2) and are used for both data and Monte Carlo.

Eight reprocessed semicoaxial germanium detectors,
inherited from the previous HdM and Igex experiments,
were deployed on November 9, 2011, together with three
detectorswith natural isotopic abundance. In July 2012, two of
the semicoaxial diodes with natural isotopic abundance were
replaced by five enrichedBEGedetectors.The latter follow the
Phase II design of Gerda and were recently characterized by
the collaboration with the HEROICA [27] infrastructure at
HADES (Belgium).

Further information on the detectors properties used
in Gerda Phase I are available here [28], while details on
the detector design, construction, and first results on the
commissioning phase can be found here [11].

2.1. Germanium Detectors. In Gerda two types of germa-
nium detectors are used: semicoaxial and BEGe. A sketch
of both reporting their typical geometrical dimensions, elec-
trodes, grooves, and weighting potentials [29] is shown in
Figure 2.The semicoaxial germaniumdetectors used in Phase
I are standard p-type detectors, with a n+ conductive lithium
layer (∼1mm) separated from the boron implanted p+ contact
by a groove. In normal DC coupled readout, the p+ surface
(∼1 𝜇m) is connected to a charge sensitive amplifier and
the n+ surface is biased with up to +4600V. For Phase II
new detectors will be used of BEGe type. The detector has
a cylindrical shape, a small boron-implanted p+ electrode
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Figure 2: Cross-section of a semicoaxial detector (a) and a BEGe
detector (b).The n+ electrode is drawn in black and the p+ electrode
in gray; the thicknesses are not to scale. The two electrodes are
separated by an insulating groove. The weighting potential [29]
inside the detectors is indicated through a color map. For the BEGE
also the readout with a charge sensitive amplifier is shown. From
[32].

is placed on one of the flat surfaces. The lithium-diffused
n+ electrode, covers the rest of the outer surface and it is
separated from the p+ electrode by a circular groove. The
positive bias is applied to the n+ electrode, while the p+
electrode (signal read-out electrode) is grounded. The main
characteristic of this detector is the small area p+ electrode.
This implies a lower capacitive noise and so an improved
energy resolution in a wide range with respect to the standard
semicoaxial detectors. Moreover this geometrical configura-
tion in conjunction with an ad hoc impurities profile inside
the detector permits to obtain enhanced PSD capabilities.

2.2. Data Taking. The data taking started on November 9,
2011, and finished on May 21, 2013. A total exposure of
21.60 kg⋅yr was collected, subdivided into 19.20 kg⋅yr from
the semicoaxial detectors and 2.40 kg⋅yr from the BEGe
detectors. Table 1 shows the different exposures used in the
analyses explained in the following sections, while Table 2
illustrates how the exposure, for the different analyses, is then

Table 1: List of the various analyses illustrated in the paper with the
corresponding exposures and data taking time periods.

Period Exposure
kg⋅yr Analysis

From To
09/11/2011 21/03/2012 5.04 2]𝛽𝛽
09/11/2011 3/03/2013 18.50 Background decomposition
09/11/2011 21/05/2013 21.60 PSD analysis
09/11/2011 21/05/2013 21.60 0]𝛽𝛽

Table 2: Data sets, the detectors used and their exposure are listed
for the data used for the background decomposition, PSD and 0]𝛽𝛽
analyses.

Data set Detectors

Exposure
Background 0]𝛽𝛽 analysis

decomposition PSD analysis
kg⋅yr

𝑆𝑈𝑀-𝑐𝑜𝑎𝑥 all enriched
semicoaxial 16.70 19.20

𝐺𝑂𝐿𝐷-𝑐𝑜𝑎𝑥 all enriched
semicoaxial 15.40 17.90

𝑆𝐼𝐿𝑉𝐸𝑅-𝑐𝑜𝑎𝑥 all enriched
semicoaxial 1.30 1.30

𝑆𝑈𝑀-𝑏𝑒𝑔𝑒 all enriched BEGe 1.80 2.40
𝐺𝑂𝐿𝐷-𝑛𝑎𝑡 GTF 112 3.13 3.98

subdivided into various data sets. The reason to divide the
exposure of the semicoaxial detectors into two different data
sets (𝐺𝑂𝐿𝐷-𝑐𝑜𝑎𝑥 and 𝑆𝐼𝐿𝑉𝐸𝑅-𝑐𝑜𝑎𝑥) is due to the fact that for
approximately 30 days after the BEGe detectors deployment
the background counting rate increased a lot. All the quoted
numbers for the exposures are calculated from the total
detector mass. In the analyses the isotopic abundance of the
76Ge and the active mass are properly taken into account.The
abundances ranges vary from 86% to 88% while the active
volume fractions, that is, the ratio between active detector
mass and total detector mass, from 83% to 92%.

The energy scale of the individual detectors was deter-
mined with 228Th sources once every one or two weeks. The
energy resolution was stable over the entire data acquisition
period. At the 𝑄

𝛽𝛽
point, the exposure-averaged values are

(4.8 ± 0.2) keV for semicoaxial and (3.2 ± 0.2) keV for BEGe,
respectively. The differences between reconstructed peak
positions and the ones from the calibration curves are smaller
than 0.3 keV.

2.3. Background Sources. In the experiments dedicated to the
search of 0]𝛽𝛽 events the level of the background is given
in terms of the so-called background index (BI), that is,
the background counts per keV, per kg, and per year in the
region of interest (ROI) around 𝑄

𝛽𝛽
. In order to achieve its

sensitivity goals, in Phase I Gerda has to confine the BI at the
level of 10−2 cts/(keV⋅kg⋅yr) and down to 10−3 cts/(keV⋅kg⋅yr)
in Phase II.
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The sources of background can be classified by the loc-
ation of the radioactive isotope: backgrounds internal to the
germanium diode and external backgrounds.

The backgrounds internal to the germanium diode are
generated during the diode production above ground. There
the germanium is exposed to hadronic radiation, especially
neutrons. These cause spallation in the material and hence a
variety of isotopes are produced. Most important for the neu-
trinoless double beta decay are the decays of 68Ge and 60Co
since 𝑄 values above 𝑄

𝛽𝛽
= 2039 keV occur in the chain, and

the lifetimes are in the range of years. The cosmogenic pro-
duction of 60Co in a germanium detector is about 4 atoms/
(kg⋅d) above ground [30], while the production rate of 68Ge
in 76Ge is about 1 atom/(kg⋅d) [30]. The final internal back-
ground contamination for the semicoaxial detector was
estimated to be 10−2 cts/(keV⋅kg⋅yr) mainly due to 60Co acti-
vity. For the BEGe detectors all the various steps from the
enrichment of the material to the diode production were
realized minimizing the time exposure on the surface.

The external backgrounds consist of photons from pri-
mordial decay chains, neutrons, and muon induced back-
ground. The cryostat and the water tank were designed in
order to suppress the contribution from 2.615MeV photons
from 208Tl decays (coming from the rock in LNGSHall A and
cryostat material), from neutrons (coming from spontaneous
fission mainly by the 238U isotope, from (𝛼, 𝑛) reactions in
the concrete and the rock and from muon interactions). For
all these background components the BI is reduced to a level
of 10−4 cts/(keV⋅kg⋅yr). The LAr contains the 42Ar isotope,
electrons from the 42K decays, the progeny of 42Ar, have
energies up to 3.5MeV, well above the 𝑄

𝛽𝛽
. Beta decays of

39Ar have a 𝑄 value of 565 keV and do not contribute to
the background for neutrinoless double beta decay. In LAr
also some 222Rn impurities can be present. The experience
of many low background experiments shows that surface
contaminations are often larger than bulk activities; the main
isotopes are 232Th and 210Pb. Another important source of
contamination is the holder material of the diodes: simula-
tions show that the fraction of decays depositing energy in
the interval 2.0 to 2.8MeV is similar to the case of surface
contaminations.

2.4. Background Rejection Techniques. In order to achieve the
goal of one or two orders of magnitude reduction in back-
grounds relative to previous experiments, a very careful
selection ofmaterials wasmade during Phase I.This selection
was carried out by using state-of-the-art screening tech-
niques: gamma ray spectroscopywith high purity germanium
spectrometers in underground laboratories, gas counting
with ultralow background proportional counters and mass
spectrometry with inductively coupled plasma mass spec-
trometers (ICP-MS). To reduce the background further active
techniques have to be used.

(i) Anticoincidence between different detectors in the
setup: this method relies on the fact that 0]𝛽𝛽 events
are single site events (SSE), while large part of the
background can deposit its energy in many distant

locations inside one detector and also in different
detectors (multisite events, MSE).

(ii) PSD analysis: again, the nonlocalized energy depo-
sition for background events is explored (for further
details see Section 3.3).

(iii) Scintillation light detection: ionizing radiation that
creates background signals in the diode with energies
close to 𝑄

𝛽𝛽
typically has energies greater than the

one deposited in the germanium crystals. Part of this
energy is dissipated in the LAr and is visible.The scin-
tillation properties of LAr are well established: about
40,000 photons are emitted per MeV of deposited
energy. Photons are emitted in the deexcitation of
the Ar∗

2
excimer with a wavelength of 128 nm. These

powerful techniques will be used during Phase II of
the Gerda experiment.

3. Results

When all the detectors of Phase I were deployed into the
LAr, the experiment strategy was to maximize the exposure
under stable conditions. In parallel, an effort to understand
the composition of the collected data and to developmethods
to suppress a large fraction of background over signal (0]𝛽𝛽
events) has been started. In the following sections, first
the determination of the 2]𝛽𝛽 half-life [31] and afterwards
the full spectrum background decomposition [28] will be
described. After a discussion on the PSDmethods [32] devel-
oped for background suppression, the first Gerda results on
the 0]𝛽𝛽 process [33] will be reported.

3.1. Determination of the Half-Life of the 2]𝛽𝛽 Decay. The
2]𝛽𝛽 decay of atomic nuclei, with the simultaneous emission
of two electrons and two antineutrinos, conserves lepton
number and is allowedwithin the SM, regardless of the nature
of the neutrino. It is characterized by an extremely low decay
rate because it is a second-order process. So far it is the rarest
decay ever observed in laboratory experiments.Themeasure-
ment of the 2]𝛽𝛽 half-life (𝑇2]

1/2
) is of some interest. Indeed

it has been suggested [34–41] that, within the same model
framework, the evaluation of the nuclear matrix element for
the 2]𝛽𝛽 decay (𝑀

2]) from 𝑇
2]
1/2

measurements could set
some constraints on 𝑀

0]. Moreover, 𝑀
2] can be compared

with the predictions based on charge exchange experiments
[42, 43]. An agreement between those two evaluations will
increase the knowledge of the reaction mechanisms and the
nuclear structure aspects involved in 2]𝛽𝛽.

The data set considered for the 2]𝛽𝛽 analysis was taken
between November 9, 2011, and March 21, 2012, corre-
sponding to an exposure of 5.04 kg⋅yr. The collected data
were processed following the steps already described in
Section 2. The 2]𝛽𝛽 analysis was performed in the energy
range between 600 and 1800 keV. Below 600 keV indeed the
Gerda energy spectrum is largely dominated by 39Ar decay.
FromMonte Carlo simulations, the probability of 2]𝛽𝛽 decay
fully contained in the active volume of the detectors and
producing a total energy release between 600 and 1800 keV is
about 63.5%.The probability of releasing energy in the region
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Figure 3: (a) shows the experimental data (black markers) and the best fit model (black histogram) for the sum of the semicoaxial detectors
in linear scale and (b) in logarithmic scale. Individual components are shown with colored histograms. The shaded band covers the 68%
probability range for themodel expectation. (c) gives the ratio between experimental data and the prediction of the best fitmodel.The smallest
intervals containing the 68%, 95%, and 99.9% probability for the expectation are shown in green, yellow, and red regions, respectively. From
[31].

above 1800 keV is less than 0.02%: therefore the energy region
above 1800 keV gives no information on the 2]𝛽𝛽 process.
The total number of events in the selected energy window is
8796. The experimental spectra of the diodes were analyzed
following a binned maximum likelihood approach described
in [44]. The analysis region was divided into 40 bins, of
30 keV each. A globalmodel was fitted to the observed energy
spectra. It includes the 76Ge 2]𝛽𝛽 decay and three main
background components: 42K, 214Bi, and 40K.The presence of
such background sources was established by the observation
of their characteristic 𝛾 lines in the energy spectra: 1525 keV
from 42K keV, 1460 keV from 40K, and 609 keV and 1764 keV
due to 214Bi. The 2]𝛽𝛽 decay half-life is common in the fit
to the six semicoaxial detector spectra. The intensities of the
background components are independent for each detector.
The shapes of the energy spectra for the signal and the three
backgrounds contamination are obtained from the Monte
Carlo simulation, separately calculated for each detector. The
simulation is performed using the Mage code [45] based on
Geant 4 [46, 47]. The spectrum of the two electrons emitted
in the 76Ge 2]𝛽𝛽 decay follows the distribution of [3] as
implemented in the DECAY0 [48] code. The 42K activity is
uniformly distributed in the LAr volume. The actual position

of the 40K and 214Bi emitters is not known very well: in
the Monte Carlo simulation a “close source” assumption was
made. The spectral fit was performed using the Bayesian
Analysis Toolkit (BAT) [49]. Well-chosen prior probability
density functions (PDF) were given for 𝑇2]

1/2
, for the active

volume fractions and 76Ge isotopic abundances of the ger-
manium diodes. Figure 3 shows the data together with the
best fit model (black histogram) with its 68% uncertainties.
The best fit model returns 8797.0 events in comparison to
8796 data events, with the following components: 76Ge 2]𝛽𝛽
(79%), 42K (14.1%), 218Bi (3.8%), and 40K (2.1%). The signal-
to-background ratio in the region 600–1800 keV is around 4
to 1, much better than that for any past experiment observing
the 76Ge 2]𝛽𝛽 decay. The best half-life estimate, having
marginalized over all nuisance parameters, gives

𝑇
2]
1/2

= (1.84
+0.09

−0.08 fit
+0.11

−0.06 syst) × 10
21 yr. (1)

The first error comes from the statistics and themarginal-
ization of the nuisance parameters, while the second relates
to the systematic uncertainties. Active masses and 76Ge
isotopic abundances drive the uncertainties coming from the
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Figure 4: Experimental results for 𝑇2]
1/2

of 76Ge versus publication
year. The plot includes results from the experiments ITEP-YPI [55],
PNL-USC [56], PNL-USC-ITEP-YPI [57, 58], Heildelberg-Moscow
(HdM) [15, 59], and Igex [17, 18] as well as reanalysis of the HdM
data by Dörr and Klapdor-Kleingrothaus [60] (HdM-K) and by
Bakalyarov et al. [61] (HdM-B). Recommended values coming from
a global analysis are also shown (NNDC [62], Barabash [2]). From
[31].

fit procedure, while the dominant systematic uncertainties
are due to the background model.

A compilation of the 76Ge 𝑇
2]
1/2

results from earlier
experiments plotted versus the publication year, nine exper-
imental measurements and two weighted averages, is shown
in Figure 4. A trend toward longer 𝑇2]

1/2
values is clearly seen.

The effect is probably related to the signal-to-background
ratio increase over the years. This also explains why the total
Gerda uncertainty is comparable to what was obtained by
HdM in spite of themuch smaller exposure. From the present
Gerda result andusing the improved electronwave functions
reported in [50], it is possible to calculate the nuclear matrix
element for the 76Ge 2]𝛽𝛽 decay: 𝑀

2] = 0.133
+0.004

−0.005
MeV −1.

The value is consistent with 76Ge 𝑀
2] extracted from the

charge exchange reactions (d, 2He) and (3He, t) [42, 43].

3.2. Background Decomposition. The characteristic signature
of the 0]𝛽𝛽 process is the presence of a peak at 𝑄

𝛽𝛽
. All

other parts of the energy spectrum are to be considered
as background. It is obvious that a good knowledge of the
background composition is rather important in order to
extract a possible signal or in case of no signal events to
obtain a lower limit on 𝑇

0]
1/2

. Background decomposition is
also useful to derive a strategy for background suppression.
A comprehensive analysis of the background decomposition
of the data was made using 18.50 kg⋅yr over a total collected
exposure of 21.60 kg⋅yr. That exposure was subdivided into
three data sets: 𝐺𝑂𝐿𝐷-𝑐𝑜𝑎𝑥 with 15.40 kg⋅yr, 𝑆𝐼𝐿𝑉𝐸𝑅-𝑐𝑜𝑎𝑥
with 1.30 kg⋅yr, and 𝐵𝐸𝐺𝑒 with 1.80 kg⋅yr.

It is worth reminding that a 40 keV energy window
between 2019 keV and 2049 keV remained blinded up to the
collection of 20 kg⋅yr; afterwards it was partially unblinded,
with the opening of a 30 keV region for the semicoaxial

detectors and a 32 keV wide window for the BEGe detectors,
respectively. The energy widths of the final blind windows
(10 keV for semicoaxial detectors and 8 keV for BEGe detec-
tors) are dictated by the different energy resolution of the two
types of detectors. The partial unblinding was done in order
to test the background model predictions.

The energy spectra obtained from enriched semicoaxial,
enriched BEGe, and natural abundance semicoaxial detectors
are shown in Figure 5, respectively. The low energy part up
to 565 keV is dominated by cosmogenic 39Ar 𝛽-decay in all
spectra, with differences in shape between semicoaxial and
BEGe type detectors due to geometry and of n+ dead layer
thickness variations among the diodes. Between 600 keV and
1500 keV the enriched detectors spectra show an enhanced
continuous spectrum due to 2]𝛽𝛽 decay. 𝛾-lines from the
decays of 40K and 42K can be identified in all spectra. The
enriched detectors spectra contain also lines coming from
208Tl, 214Bi (visible in Figure 5), 60Co, 214Pb, and 228Ac (not
visible in Figure 5) decays. A peak-like structure around
5.3MeV is visible in the enriched semicoaxial diodes spectra
and partially also in that of the natural one. Such feature
can be attributed to the 210Po decay in the detector p+ sur-
faces. Additional peak-like structures at energies of 4.7MeV,
5.4MeV, and 5.9MeV are identified as indicated in Figure 5.
They are attributed to 226Ra, 222Rn, and 218Po 𝛼 decays on the
detector p+ surface, respectively.

Background components clearly identified in the energy
spectra (see the previous discussion) or that were known to
be present near the detectors from the material screening
were simulated using the Mage code. The expected BIs due
to the neutron and muon fluxes at the LNGS underground
laboratories have been estimated to be of the order of
10
−5 cts/(keV⋅kg⋅yr) [51] and 10

−4 cts/(keV⋅kg⋅yr) [52] and
were not considered in the analysis.

The energy spectrum between 570 keV and 1500 keV can
be explained in terms of the same background components
described in the Section 3.1. The events in the 3.5MeV to
7.5MeV energy region are expected to come from 𝛼 emitting
isotopes in the 226Ra decay chain, which can be broken at
210Pb and at 210Po due to their long half-lives of 22.3 yr and
138.4 days, respectively. An analysis of the time distribution
of the collected events demonstrates the presence of the
210Po isotope. The event rate distribution is well described
by an exponentially decreasing plus a constant rate model:
the half-life is 138.4 ± 0.4 days, in nice agreement with
the literature value for the half-life of 210Po. In Figure 6 the
energy spectrum between 3.5MeV and 7.5MeV is shown
(black markers) together with the best fit model (black
histogram). The spectrum is well described assuming the
presence of 210Po on the surface of the diodes and also of
226Ra and its short lived daughter nuclei (222Rn, 218Po) on the
p+ surface and in LAr. In order to describe the data, different
layer thicknesses of the p+ surface were taken into account
(from 300 to 600 nm). In the other panel the ratio of data and
model are shown; the colored bands give the smallest interval
probability for the model expectation.

The best fit model and the single background com-
ponents together with the observed data spectrum from
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Figure 5: Spectra obtained using all the enriched semicoaxial (a), BEGe (b), and nonenriched (c) detectors. The blinding window of 40 keV
around the 𝑄

𝛽𝛽
is indicated with the green band. The bars in the color of the histogram around the green band represent the 200 keV region

from which the BI of the dataset is computed. From [28].
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Figure 6: (a) shows the best fit model (black histogram) and the observed spectrum (black dots) for the 𝐺𝑂𝐿𝐷-𝑐𝑜𝑎𝑥 data set. The other
curves represent the individual components of the model. (b) shows the data over model ratio (empty points) and the smallest intervals
containing 68% (green), 95% (yellow), and 99.9% (red) probability for the model expectation. From [28].

570 keV to 1650 keV and from 1650 keV to 3750 keV is
shown in Figure 7. The best fit model around the 𝑄

𝛽𝛽
for

the 𝐺𝑂𝐿𝐷-𝑐𝑜𝑎𝑥 data is shown in Figure 8. The spectral
shape of the model is flat around 𝑄

𝛽𝛽
, and no peaks are

predicted in the blinded regions. The predicted BI around

𝑄
𝛽𝛽

is 1.85+0.08
−0.09

× 10
−2 cts/(keV⋅kg⋅yr). The main background

contributions come from 214Bi and 228Th in the detector
assembly, 42K homogeneously distributed in LAr and finally
from 𝛼 emitters.The predicted BI nicely agrees with the same
quantity derived from the data interpolation in the energy
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Figure 7: (a) shows the background decomposition (black histogram) and the observed spectrum (black dots) using the best fit minimum
model for the 𝐺𝑂𝐿𝐷-𝑐𝑜𝑎𝑥 data set in the energy range from 570 keV to 1650 keV. The lower panel shows the data over model ratio (empty
points) and the smallest intervals containing 68% (green), 95% (yellow), and 99.9% (red) probability for the model expectation. (b) shows
the same for the energy range from 1650 keV to 3750 keV. From [28].
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Figure 8: Experimental spectrum with minimum (a) model around𝑄

𝛽𝛽
for the𝐺𝑂𝐿𝐷-𝑐𝑜𝑎𝑥 data set. (a) shows the individual contributions

of the considered background sources (colored curves) and the model prediction (black curve). The events colored in gray were used in the
analysis, while the light gray shaded (unblinded data, UB data) ones have not been used in the analysis. The lower panel shows the best fit
model fitted with a constant. In the fit, the peak areas predicted by the model and the 40 keV blinding window are not considered. (b) shows
the same experimental spectrum compared with maximum model around 𝑄

𝛽𝛽
for the 𝐺𝑂𝐿𝐷-𝑐𝑜𝑎𝑥 data set. From [28].

intervals 1930–2019 keV, 2059–2099 keV, 2109–2114 keV, and
2124–2190 keV for a total width of 200 keV: 1.75+0.26

−0.24
×

10
−2 cts/(keV⋅kg⋅yr). This BI evaluation window excludes the

central 40 keV window around 𝑄
𝛽𝛽

and the regions within
±5 keV of the single escape peak from 208Tl at 2104 keV and
the 214Bi 𝛾 line at 2119 keV. The model discussed here gives a
satisfactory description of the spectrumwithout anymedium
distance and distant contaminations. It is called minimum

model. It is also possible to build a model with a fair
description of the data leaving the possibility to have con-
tamination sources at medium and long distances. The main
difference between the two models is the number of events
deposited on the p+ surface of the detectors. This last model
is called maximum model (see Figure 8(b)). The predicted BI
of themaximummodel is 2.19+0.19

−0.12
×10
−2 cts/(keV⋅kg⋅yr), not

very far from the minimum model estimation. To conclude
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Figure 9: Examples of pulse traces taken from SSE data (a), MSE (b), p+ electrode event (c), and n+ surface event (d). The pulse traces are
normalized in order to have the maximum of the charge pulse equal to one, current pulses have equal integrals. From [32].

we have to say that all contaminations expected frommaterial
screening are seen in the background spectra and are taken
into account in the models.

As mentioned, the 40 keV blinded region was partially
unblinded leaving a central 10 keV for semicoaxial detectors
(8 keV for BEGe detectors) window still blind. In total 13
events were observed in the unblinded 30 keV window of the
𝐺𝑂𝐿𝐷-𝑐𝑜𝑎𝑥 data set. The predictions in this window were
8.6 events for the first model and 10.3 for the second one.
The agreement between predictions and observed number of
events in the unblinded region is rather good.

3.3. Pulse Shape Discrimination Analysis. Signal events have
a different topology with respect to a large part of the back-
ground events. Due to the limited range of the electrons in
germanium (a few mm), the two 0]𝛽𝛽 electrons release their
energy in a well-localized space area inside the detectors.This
type of events is SSE.The background in the region of interest
is largely due to 𝛾s. The latter often interact more than once
in the detector at points separated by several centimeters.
This type of events is MSE. This different topology is usually
registered in the rising part of the recorded signal and the
distinction can be facilitated by the particular electric field
inside the detector.The procedure of selecting SSE fromMSE
is called PSD analysis. In Gerda, two different PSD methods
were used: one optimized for the BEGe detectors and the
other for the semicoaxial diodes.

In the case of the BEGe we consider two measured
quantities: the energy 𝐸 of the event (proportional to the

maximum of the charge pulse) and then the maximum (𝐴)
of the current pulse. The current is measured differentiating
the charge pulse.Then the ratio𝐴/𝐸 is built and used as a PSD
variable [53, 54].

The physical justification of such a variable is easy to
understand looking to Figure 2. The weighting potential
sharply rises in the small region around the p+ contact; for
that reason, in a single interaction, mainly holes contribute
to the induced signal on the readout electrode. Single inter-
actions in different places of the detectors produce charge
pulses which differ only from the collection time and the
total released energy. If the energy release happens in different
places of the BEGe (as for a 𝛾 interaction) the output pulsewill
be the convolution of all the different energy deposition and
contain this information in the shape of its rising edge.

An application of this simple idea is shown in Figure 9. In
Figure 9(a) a charge pulse trace for a SSE event is shown with
its current pulse superimposed. For a SSE in the bulk detector
an almost Gaussian distribution of 𝐴/𝐸 is expected with a
width dominated by the noise of the readout electronics. The
situation for a MSE event is depicted in Figure 9(b): for the
same total energy 𝐸, the maximum current amplitude will
be smaller due to the various energy depositions in different
places of the detector and at different times. Examples of p+
electrode and n+ surface events are shown in the bottom right
and left plots of Figure 9, respectively.

The 𝐴/𝐸 method performance was determined using
calibration data. A 228Th calibration spectrum contains a
line at 2614.5 keV from 214Tl decays, a double escape peak
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Figure 10: 𝐴/𝐸 versus energy for the BEGe data set. The accepted
region is that inside the two red lines (low cut at 𝐴/𝐸 = 0.965, high
cut at 𝐴/𝐸 = 1.07). The blinded region is given by the green band.
From [32].

(DEP) at 1592.5 keV dominated by SSE, while the full energy
peak (FEP) at 1620.7 keV or the single escape peak (SEP) at
2103.5 keV are dominated by MSE. (If a 𝛾 ray has sufficiently
high energy (several MeV), the results of pair production are
evident in the electron spectrum. If the two annihilation 𝛾s
leave the detector, only the electron and positron energies are
deposited. The net effect is to add a peak to the spectrum,
called double escape peak, located at an energy of ∼1.02MeV
below the full energy peak. The full energy peak corresponds
to the total energy of the primary 𝛾. If instead only one
annihilation 𝛾 escapes from the detector another peak is
added, called single energy peak, which now appears at an
energy of ∼0.511MeV below the full energy peak.) Further
checks come from the use of the 2]𝛽𝛽 events which are
genuine SSE distributed homogeneously in the detector. If
one determines the mean value of the𝐴/𝐸 distribution using
DEP from calibration data, then it is possible to rescale the
𝐴/𝐸 of any event by that mean value. In this manner, the
𝐴/𝐸 distribution of all SSE (whatever is their origin) will
be centered at 1; MSE and n+ surface events will populate
the region below 1 while p+ electrode events the region
above 1.

An 𝐴/𝐸 distribution plotted versus energy is shown in
Figure 10.The red lines correspond to𝐴/𝐸 < 0.965 (“low𝐴/𝐸

cut”) and 𝐴/𝐸 > 1.07 (“high 𝐴/𝐸 cut”), respectively. The low
𝐴/𝐸 cut has the aim to reject MSE and n+ events; its value is
chosen to minimize at values below 1% the efficiency loss of
the 𝐴/𝐸 Gaussian function for energy above 1MeV. The high
𝐴/𝐸 cut rejects p+ events; its value is twice larger than the low
cut due to the much lower number and better separation of
p+ electrode events.

With the aforementioned cut values, the efficiency of
the 𝐴/𝐸 method for 0]𝛽𝛽 events is 0.92 ± 0.02 as given
by DEP events from calibration data and cross-checked by
the use of 2]𝛽𝛽 events. The 𝐴/𝐸 method rejects about
80% of the background events at 𝑄

𝛽𝛽
. Figure 11 shows the

BEGe data energy spectrum before and after the PSD cuts.
With an exposure of 2.4 kg⋅yr, seven out of 40 events in the
400 keV wide region around 𝑄

𝛽𝛽
are kept. The BI for BEGe
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Figure 12: Simulated current pulse shapes for SSE in a semicoaxial
detector taken at various places inside the diode. The places vary
from the outer n+ surface towards the bore hole (n+ surface) along a
radial line at the midplane of the detector. From [32].

detectors in this interval is reduced from (0.042 ± 0.007) to
(0.007+0.004

−0.002
) cts/(keV⋅kg⋅yr).

For semicoaxial detectors the situation is more compli-
cated. The weighting potential (see Figure 2(a)) also peaks at
the p+ contact but the gradient is lower and hence a larger part
of the volume, with respect to the BEGe, is important for the
charge pulse. For an interaction which happens in the bulk
of the detector, both electrons and holes contribute. All these
complications make the semicoaxial less good in PSD with
respect to the BEGe. Simulated current pulse shapes for SSE
taken in various positions starting from the outer n+ surface
and going towards the bore hole (n+ surface) along a radial
line at the midplane of the detector are shown in Figure 12.
The pulse shape behaviour is rather complicated so a simple
𝐴/𝐸 variable cannot efficiently discriminate between SSE and
MSE.

For the semicoaxial detectors a PSD analysis based on
neural network was applied. The selected algorithm called
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Figure 13: Energy spectrum of semicoaxial detectors without
(empty histogram) and with (black histogram) neural network PSD
selection. From [32].

TMlpANN (present inside the TMVA [63] toolkit imple-
mented in Root) is based on multilayer perceptron. Two
hidden layers, with 50 neurons each, are used.

The rising part of the charge pulse is used for this neural
network analysis. The input parameters are the times when
the pulses reach 1, 3, 5,. . ., 99% height. The time, at which
50% of the charge of the pulse have been seen, serves as a
reference. Due to the 100MHz sampling frequency, a linear
interpolation is required between two consecutive time bins
in order to determine the corresponding time points. For the
training calibration data are used. The output of the neural
network is a number between 0 for background and 1 for
signal like events. The cut values are chosen in order to have
detector per detector a DEP survival probability fixed at 90%.
All possible deviations from 90% were taken into account
(energy dependence, volume effect due to the different
distribution of DEP and 0]𝛽𝛽 events, etc.) and combined
quadratically. The final result for the 0]𝛽𝛽 efficiency of the
neural network is 0.90+0.05

−0.09
. About 45% of the events in a

230 keVwindow around𝑄
𝛽𝛽

are classified as background and
rejected.

The energy spectrum collected by the semicoaxial detec-
tors before and after the neural network PSD selection is
shown in Figure 13.

3.4. Limit on the Half-Life of the 0]𝛽𝛽 Decay Process in
76Ge. The total exposure useful for the 0]𝛽𝛽 analysis was
of 21.60 kg⋅yr of enrGe detectors collected from November
9, 2011, to May 21, 2013 (492.3 live days). The collected data
were processed following the steps described in Section 2.
The deposited energy is reconstructed by a digital filter with

semi-Gaussian shaping. Events generated by discharges or
due to electromagnetic noise are rejected by a set of quality
cuts. The analysis cuts applied to the data were the following.

(i) Only events with an energy deposition in a single
detector were accepted (anticoincidence cut). Around
𝑄
𝛽𝛽

15% of the background events are rejected, with
no loss for 0]𝛽𝛽 events.

(ii) Events in the germanium detectors in coincidence
within 8 𝜇s with a signal from the muon veto are reje-
cted (muon veto cut). This leads to a further rejection
of ∼7% of events.

(iii) Events which are preceded or followed by another
event in the same detector within less than 1ms are
excluded. In thismanner possible events coming from
the decay chain 214Bi-214Po are rejected (anti-“BiPo”
cut). Less than 1% of the events around the 𝑄

𝛽𝛽
are

affected by this cut.
(iv) To the remaining events, the PSD cut is applied as

explained in the Section 3.3.

As mentioned in Section 2.3, there was a blinded region
around the 𝑄

𝛽𝛽
in order to prevent from possible analysis

bias. This region was open and analyzed only after the back-
ground model and all the analysis cuts (especially PSD) were
frozen.

Figure 14 shows the energy spectrumaround the region of
interest with and without PSD selection. No excess of events
were observed over a flat background distribution. Seven
events were seen in the range𝑄

𝛽𝛽
±5 keV before the PSD cuts,

while 5.1 were expected. Only 3 events survived (classified as
SSE) after PSD cuts and no event remained in 𝑄

𝛽𝛽
± 𝜎
𝐸
. To

derive the number of signal counts 𝑁0] a profile likelihood
fit of the spectrum was performed. The fit function was given
by the sum of a constant term for the background and of a
Gaussian for the signal events.Theprofile likelihood ratiowas
limited to the region 𝑇

0]
1/2

> 0. The best fit was obtained for
𝑁
0] = 0, that is, no excess of signal events above background.

The lower limit on the half-life is

𝑇
0]
1/2

> 2.1 × 10
25 yr @ 90% C.L. (2)

including systematic uncertainties. This limit corresponds to
𝑁
0]

< 3.47 events. The median sensitivity was 2.4 ×1025 yr,
taking into account the number of events after PSD, the effici-
ency, and the exposure. A Bayesian calculation using a flat
prior distribution for 1/𝑇0]

1/2
from 0 to 10−24/yr gives 𝑇0]

1/2
>

1.9 × 10
25 yr @ 90%C.I.

As discussed before, the data collected by Gerda do not
show any peak at 𝑄

𝛽𝛽
and do not support the claim descri-

bed in [19]. Taking the 𝑇0]
1/2

from [19], 5.8 signal events are
expected to be observed in Gerda in an energy interval of
±𝜎
𝐸
with 2.0 background events after the PSD cut. In the same

energy range, no events are observed. The model (𝐻
1
) with

the value of 𝑇0]
1/2

and its associated error as given from [19]
gives a worse fit than the background only model (𝐻

0
): the

Bayes factor, that is, the ratio of the posterior probabilities of
the two models, is 𝑃(𝐻

1
)/𝑃(𝐻

0
) = 0.024.
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Figure 14: (a): Energy spectrum for the sum of all enrGe detectors in the range 2020–2060 keV, without PSD (empty histogram) and with
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The Gerda result is consistent with the negative results
from Igex and HdM. A combined profile likelihood fit
including all these three negative results gives as best fit𝑁0] =
0 and a 90% probability limit:

𝑇
0]
1/2

> 3.0 × 10
25 yr @ 90% C.L. (3)

A Bayesian analysis gives the same limit with a Bayes
factor of 2 × 10

−4 strongly disfavoring the claim. Figure 15
shows the limits set on 76Ge 𝑇0]

1/2
as determined by Gerda

alone and combining Gerda with HdM and Igex and on
136Xe 𝑇

0]
1/2

as obtained by KamLAND-Zen and EXO-200
separately and combined. While the Gerda result can be
compared directly with the claim of [19], in order to compare

the results obtained on 136Xe with the claimed signal, the
assumption that the main underlying mechanism mediating
0]𝛽𝛽 is the exchange of light Majorana neutrinos has to be
made. In this case the ratio of the half-lives of the 0]𝛽𝛽
decay in 136Xe and 76Ge is proportional to the square of the
nuclear matrix ratio 𝑀

0](
76Ge)/𝑀

0](
136Xe), which has to be

derived by theoretical calculations. The lines in the shaded
band of Figure 15 are the predictions from the nuclear matrix
calculations reported in [64]. The spread of the predictions
on the nuclear matrix elements comes from various different
approximations. It is possible, through the help of a chosen
set of nuclearmatrix, tomake a combination of all null results
from 76Ge and 136Xe experiments. Taking, to be conservative,
the nuclear matrix element model which gives the lowest
𝑀
0](
136Xe)/𝑀

0](
76Ge) ratio, a Bayesian analysis gives a Bayes

factor of 0.40 for KamLAND-Zen and 0.23 for EXO-200, to
be compared to the Gerda alone result of 0.024. Putting all
these experiment together, the Bayes factor becomes 0.0022.
It is important to note that other theoretical calculations
might lead to even smaller ratios and so weaker exclusions.

The result of (3) can be translated into the following
effective electron neutrino mass 𝑚

𝛽𝛽
< 0.2−0.4 eV having

used the phase space factors from [50] and the nuclearmatrix
elements calculations cited in [64].

4. Outlook

As already explained in Section 1, the life of the Gerda
experiment has been organized in two phases. Phase I
was completed in the middle of May 2013 with the results
discussed in the previous sections. Phase II has the goal to
improve the sensitivity by an order of magnitude, that is, to
reach 𝑇

0]
1/2

> 1.5 × 10
26 yr. For pure Majorana exchange,

this higher sensitivity will constrain the effective electron
neutrino mass to less than 100meV; this value depending on
the choice of the nuclear matrix elements. This improvement
of a factor ten of the sensitivity will be obtained with the
following strategy:

(i) a reduction of a factor ten of the BI; that is, in Phase II
the goal is to reach a BI of 1.0 × 10−3 cts/(keV⋅kg⋅yr);

(ii) adding 30 new enriched BEGe detectors (20.1 kg);
(iii) collecting an exposure of 100 kg⋅yr.
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30 new enriched BEGe detectors have been already
produced by Canberra Olen and fully tested by the Gerda
collaboration. In order to reach the aforementioned, very low
BI various actions will be performed. Detector holders, FE
electronics cards, cables, and all the foreseen material near
the detectors will be accurately selected in order to satisfy the
limits imposed by the BI. Active suppressionmethods such as
PSD analysis and the readout of the scintillation light of the
liquid argonwill be used to further reject the background.The
work for the modification of the Gerda detector will start in
the fall of 2013 and it is foreseen to be completed early in 2014,
after that a commissioning phasewill start and the data taking
could follow in the fall of 2014.

5. Conclusions

In the middle of 2013, the Gerda experiment has completed
its Phase I data taking. After having collected an exposure of
21.6 kg⋅yr, no excess of 0]𝛽𝛽 signal events around the 𝑄

𝛽𝛽

has been observed above a flat background. A lower limit
at 90% C.L. has been determined for the half-life of 76Ge:
𝑇
0]
1/2

> 2.1 × 10
25 yr. This result strongly disfavored the long-

standing claim for a 0]𝛽𝛽 signal in 76Ge with a half-life of
𝑇
0]
1/2

= 1.19 × 10
25 yr [19]. The Gerda experiment is now

undergoing amajor upgradewhichwill permit to increase the
sensitivity by a factor of about 10 (𝑇0]

1/2
> 1.5×10

26 yr) and give
the possibility to explore further regions of the degenerate
Majorana neutrino mass scale.
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Particle detectors based on nuclear emulsions contributed to the history of physics with fundamental discoveries. The experiments
benefited from the unsurpassed spatial and angular resolution of the devices in the measurement of ionizing particle tracks and
in their identification. Despite the decline of the technique around the 1970’s caused by the development of the modern electronic
particle detectors, emulsions are still alive today thanks to the vigorous rebirth of the technique that took place around the beginning
of the 1990’s, in particular due to the needs of neutrino experiments.This progress involved both the emulsion detectors themselves
and the automatic microscopes needed for their optical scanning. Nuclear emulsions have marked the study of neutrino physics,
notably in relation to neutrino oscillation experiments and to the related first detection of tau-neutrinos. Relevant applications in
this field are reviewed here with a focus on the main projects. An outlook is also given trying to address the main directions of the
R&D effort currently in progress and the challenging applications to various fields.

1. Introduction to Nuclear Emulsions

Particle detectors based on the nuclear emulsion technique
contributed to the history of particle physics with fundamen-
tal discoveries and measurements that profited from their
unsurpassed spatial and angular resolution in the measure-
ment of charged elementary particle tracks.Moreover, thanks
to specific detector arrangements, accurate momentum and
energy measurements were also carried out. Despite the
decline of the technique around 1960–1970 due to the devel-
opment and use of the modern electronic particle detectors,
emulsions are still used today, thanks to the vigorous rebirth
of the technique that took place around the beginning of the
1990’s, driven by the needs of neutrino experiments.

Nuclear emulsions have been effectively used in many
particle physics experiments and in particular contributed
to neutrino oscillation physics and to the related issue of
the detection of tau-neutrinos (]

𝜏
). Here, focus is on this

specific physics subject and will unfortunately exclude the
many scientific results that were obtained in other different
fields. For those, we recommend the reader to consult
existing reviews [1–3]. The reader is also invited to note
that the emulsion detection technique is based on two
independent aspects that have been synergic throughout

their technological development: the emulsion detector itself
and the devices (microscopes) necessary for extracting the
information stored in the emulsions.

An emulsion usually consists of a huge number of crystals
of silver bromide (AgBr) dispersed in gelatin. Light or
ionizing particles passing through an emulsion can activate
some of the silver “grains.” This process is rather complex
and details can be found in the above-mentioned review
papers. As a result, the absorption of energy in the crystal
of silver bromide leads to the concentration of a few silver
atoms into an aggregate that can act as a development center,
hence creating a latent image, at this point still invisible.
A physicochemical process then allows transforming those
grains into metallic silver. After a suitable development
procedure, the silver halide emulsion is placed into a bath
(fixer) that only leaves the small black granules of silver. The
detection of space-correlated sequences of these granules by
suitable optical microscopes allows measuring the trajectory
of ionizing particles. The role of the gelatin is to provide
a three-dimensional matrix that allows to locate the small
crystals of the halide and to prevent them from migrating
during the development and fixation procedures. This looks
very similar to what happens for normal photographic films.
However, nuclear emulsions are different from the latter
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for several reasons: for the higher content of silver halide
(by about one order of magnitude), for the larger thickness
(∼ ×100), and for the smaller size and more uniform silver
grains.

Several quantities characterize nuclear emulsions as a
particle detector. At first their sensitivity, related to the
number of grains that are produced for a given energy release
by an incoming particle. The second feature is the so-called
fading.This is the oxidation process that causes the reduction
of the number of “stored” grains along the track as a function
of time. High relative humidity and temperature could accel-
erate fading, leading to the loss of detectable tracks. As we
will see, fading was exploited for recent applications in order
to “clean” emulsions prior to their use, erasing unwanted,
accumulated cosmic-ray and environmental radiation tracks.
The third factor is the mechanical distortion of the emulsion
layers.This occurs either locally or globally and can obviously
affect the knowledge of the absolute position of particle
tracks and more seriously their direction and curvature.
However, several effective techniques exist and are routinely
employed to reduce distortions and their effects. Finally,
random distributed grains (the so-called “fog”) produced
by thermal excitation constitute a background for track
recognition in the emulsion. This potential background for
track identification and reconstruction is usually quantified
by the number of (fog) grains present per 1000 𝜇m3. Figure 1
shows an electron microscope image of the silver crystals in
the emulsion gel, and the reconstructed image of a minimum
ionizing particle track (MIP). The sensitivity corresponds to
about 30 grains/100𝜇m.

2. A Brief History

Emulsions have a long history. The first use of the detector
dates to the pioneering work of Kinoshita [4] and later on
by Powell et al. [5] who got important results in the 1950’s
by profiting from the continuous progress in the production
of gel with improved quality. The discovery of the pion in
1947 constituted an outstanding success of the technique
[6]. An important breakthrough was represented by the
invention of the so-called Emulsion Cloud Chamber (ECC)
(Figure 2). In the ECC, emulsion films or thicker plates are
interspaced by passive material layers made of plastic or
metal, constituting what we would call today a sampling-
calorimeter. In this way, one can potentially fully reconstruct
all tracks of an electromagnetic or hadronic shower. With the
ECC arrangement emulsions became high space-resolution
tracking devices with full 3D reconstruction capabilities, in
addition to the “standard” use as a pure volume/imaging
detector. Similar sandwich arrangements were proposed even
before the advent of the ECC technique, as reported in [2].

The study of events taken with ECC detectors profits
from the potential reconstruction of all tracks produced
in a primary interaction occurring in the passive material.
Space angles are measured for track segments and shower
energy and axis reconstruction is performed as well. Particle
decays can be identified by detecting kinks in the tracks.
Moreover, by exploiting Multiple Coulomb Scattering and
emulsion ionization measurements, one can obtain accurate

measurements of the particle momenta. In the early times,
the mechanical stability of the ECC sandwich was generally
ensured by a vacuum packing paper known as “origami,”
also needed to protect the films from the external light,
humidity and polluting gases. Film-to-film alignment can be
performed by suitable X-ray exposure. As we will see later
on, with the OPERA experiment the ECC technique reached
its highest development with several insights and innovative
technological solutions.

The ECC was first developed and used by Kaplon to
study heavy primaries in cosmic-ray interactions [7]. ECC
detectors were then applied to the study of the cosmic-ray
spectrum and to very high energy interaction processes.
Nishimura, who contributed significantly to the development
of the technique, proposed the ECC for the measurement
of the energy of 𝛾-rays through the study of the induced
electromagnetic shower, and proposed the method of tuning
the development of electron showers by a suitable use of
passive material plates [8]. Still in Japan and in collaboration
with the FUJI company,Niu proposed double-sided emulsion
plates where the sensitive emulsion is deposited on either side
of a plastic base [3]. The optical properties of the base were
chosen to be close to those of the emulsion gel (meta-acrylic,
lucite). The use of a plastic base between the two emulsion
layers allows the precise measurement of the incident particle
track angle by connecting grains near the base, which are not
affected by distortions (Figure 3).

With ECC detectors the emulsion technique got an
impressive boost due to the possibility of realizing large
size (surface and volume) detectors, specially for cosmic-ray
detection, thanks to the use of dense metal plates comple-
menting the outstanding tracking properties of the emulsion
layers. One canmention, in particular, the Chacaltaya [9] and
theMt. Fuji [10, 11] experiments and, inmore recent times, the
RUNJOB [12] and JACEE [12] detectors.

Thanks to an experiment conducted with an ECC detec-
tor placed on a cargo flight in 1971 Niu et al. discovered
the so-called X-particles [13] by observing a cosmic-ray
induced event where two charged particles produced in a
primary interaction exhibit a clearly identified kink decay-
topology (Figure 4). Today we know that that event had to
be attributed to charmed meson production and decay. This
happened three years before the discovery of the 𝐽/Ψ particle
by the groups of Richter and Ting with electronic detectors at
accelerators. More information on Niu’s results can be found
in [3] and references therein.

With the advent of the electronic particle detectors, one
started using ECCs in conjunction with electronic devices,
with the main purpose of giving to some extent time-
resolution to the emulsions, through proper association of
tracks reconstructed “at the same time” in both detectors,
although with a different spatial resolution. We talk in this
case of a hybrid experimental setup. Thanks to the electronic
detectors, tracks originated by particles interacting in the
ECC are preselected to approximately identify the position
where to start the emulsion scanning or look for interaction
vertices, as shown in Figure 2. The consequent emulsion
scanning allows, accurately, measuring and studying the
events with much higher space accuracy (see, e.g., [14]).
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Figure 1: (a) Silver grains (0.2𝜇m) in the emulsion gel. (b) Track produced by a minimum ionizing particle. About 30 grains/100 𝜇m are
detected by the optical microscope performing the measurement.
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Figure 2: Schematic drawing of an ECC detector. One can see the track segments produced by a neutrino interacting in one of the passive
metal plates. Also shown are tracks induced by cosmic-rays that can be used for the film-to-film precision alignment. The downstream
scintillator detector and interface emulsion layers (CS) can be used in specific applications to drive the reconstruction of the event tracks
starting from the most downstream emulsion layer.

For this “step-by-step” event reconstruction procedure one
could introduce a further intermediate phase, by employing
additional thin emulsion films, originally called changeable
sheets (CS), to act as an intermediate interface between the
electronic tracker and the actual emulsions of the ECC.
The CS concept was first applied in the E531 experiment at
Fermilab [14].

The CS detector arrangement is shown in Figure 5, as it
is being used for the OPERA experiment. Scintillator-strip
planes identify some of the particle tracks produced in the
interaction of a primary particle in the ECC sandwich. These
tracks are then extrapolated to the CS interface films that are
scanned to search for track segmentsmatching the scintillator
predictions. Only if this correspondence is validated, the
ECC detector is unpacked, its emulsion films developed and
scanned to search for the primary interaction. For several
applications, the CS detectors were periodically replaced

during the physics runs in order to limit the integration of
background tracks and to facilitate the identification of tracks
found in the electronic detectors.

In the 1970’s emulsion detectors of increasing mass
and complexity were developed for applications to particle
physics experiments conducted at particle accelerators with
hybrid setups. Emulsions were used as active targets with
high space-resolution, combined with electronic trackers,
calorimeters and spectrometers, used to pre-select or trigger
specific events in the emulsions and to complement the
emulsion-based kinematical information. Important for our
discussion, emulsion experiments were successfully designed
and operated to study neutrino interactions. As one of the
first examples one can mention the observation in 1976 of
the decay of a charmed particle produced in a high-energy
neutrino interactions in a Fermilab experiment [15]. Another
experiment performed at CERN in 1977 used emulsions
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Figure 3: Schematics of the reconstruction of double emulsion
layer tracks. The points close to the plastic base allow a precise
measurement of the track angles since they are not affected by
distortions.

coupled to the large bubble chamber BEBC exposed to a
neutrino beam [16]. More than 500 charged current neutrino
interactions in the emulsions were identified, 8 of them
attributed to neutrino-produced charmed particles.

The already mentioned E531 experiment was originally
proposed to study charmed particles produced in neutrino
interactions. The result on the cross-section measurements
are given in [17] and the measurement of the lifetime of
charmed particles is reported in [18–21]. The active neu-
trino target consisted of nuclear emulsions where short-lived
particles could be detected with micrometric accuracy. The
decay products were measured by means of an electronic
spectrometer, thus making E531 the first hybrid particle
physics experiment. 122 events were tagged by the presence of
a secondary vertex in the target, 119 induced by neutrinos and
3 by antineutrinos. Events with a charmed hadron in the final
state were studied in detail in order to detect the presence of
heavily ionizing particles (baryons) and fully reconstruct the
kinematics at the decay vertex. Among those events, 57 were
classified as D0 candidates [22]. One important side result of
E531 was a sensitive search for neutrino oscillations [23, 24].

The excellent capability of hybrid emulsion experiments
in the detection of short-lived particles was exploited inmany
projects that yielded outstanding science contributions. One
can mention in particular the CERNWA75 experiment with
the first direct observation of the production and decay of B
mesons [25], and the Fermilab E653 experiment aimed at the
measurement of B meson lifetime [26], in addition to other
several studies conducted with proton and nucleus-nucleus
interactions (see [3] for a review).

This ability of the emulsion technique in the measure-
ment of short-lived particles was an asset for the studies
started around the 1990’s, which involved neutrino beams, in
particular for the detection of tau-neutrinos, either promptly
produced or coming from the oscillation process. However,
before attacking this subject, it is worth describing the parallel
progress of the emulsion scanning methods and technology
that made feasible such studies.

3. Modern Emulsion Detectors

The progress of the emulsion plate and film technology
has been very much driven by the applications, notably for

the detection of short-lived particles and, in the context
of this review, for the need of identifying tau-leptons. The
latter, in turn, can be indication of the charged current
interaction of tau-neutrinos, either prompt (e.g., from a
beam dump experiment) or coming from the oscillation of
muon neutrinos, as in the case of the dominant channel
for the so-called atmospheric neutrino-mixing signal [27].
We will review these experiments later on. Here, one can
summarize the main technological advances that made these
experiments feasible.

An important milestone was met by fulfilling the require-
ments of the CHORUS neutrino oscillation experiment
at CERN [28, 29]. The hybrid detector was based on an
unprecedented amount of nuclear emulsions to be used as
an active target for the interaction of tau-neutrinos possibly
generated from muon-neutrino oscillations. The emulsion
target had a mass of 770 kg, segmented into four stacks,
each consisting of eightmodules individually composed of 36
plates with a surface of 36 × 72 cm2. The plates had a plastic
support of 90 𝜇m coated on either side with emulsion layers
of 350 𝜇m thickness [29]. CHORUS represented a milestone
in the history of nuclear emulsions for the size of the target
and of the related CS interfaces, also massively used in the
experiment. The realization of the target required labor-
intensive procedures for emulsion gel production, manual
pouring of the plastic bases and development, conducted
in the CERN emulsion laboratory [30], originally proposed
for the CERN WA75 experiment. This effort progressed in
parallel to the development of the required analysis tools,
in primis of the first automatic scanning microscopes, as
described in the next section.

With the conceptual proposal and initial design of the
OPERA experiment [31, 32] we assisted in thematerialization
of original ideas meant for the realization of an unprece-
dented use of the ECC technique for neutrino oscillation
experiments [33]. The project determined a consequent rev-
olution in the technique. Emulsions transformed from active
bulk target detectors, realized and assembled by researchers
at typical laboratory scales, into industrially produced films
thought as high-resolution microtracking devices assembled
in a large number of ECCunits.This effortwas very successful
thanks to the collaboration between the Nagoya group led
by Niwa and the FUJI company [34], together with other
relevant industrial contributions. One should mention, in
particular, the realization of the ∼10 million lead plates with
high mechanical uniformity, the automatic assembly of the
∼150000 ECC detectors constituting the OPERA target by
robotized assembly lines working underground at LNGS,
the large film developing stations at the LNGS, and the
changeable sheet production line operational in one of the
underground LNGShalls. A description of these complex and
large-scale infrastructure can be found in [35].

Very uniform automated machine coating of 44 𝜇m
emulsion layers on either side of a 250𝜇m plastic base was
successfully achieved on the huge scale of about 10 million
films, each of about 10 × 12.5 cm2, for a total emulsion surface
of nearly 110000m2. In order to allow for the automatic
industrial coating, the gel needed to be diluted in order
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Figure 4: Original drawing of Niu’s event representing the first evidence for the production and decay of short-lived X (charmed) particles
in cosmic-ray interactions.
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Figure 5: Principle of a hybrid detector constituted by electronic
trackers, emulsion film interfaces (CS) and ECC modules.

to reduce its viscosity. This implied a reduction of the
grain density, in turn recovered by improvements in the gel
sensitivity obtained, for example, by a controlled double-
jet method for the production of mono-dispersion of AgBr
microcrystals. The number of crystals along the particle
trajectories was increased, by keeping constant the volume
occupancy ofAgBr and the average diameter of the crystals. A
multi-coating of the films was adopted by FUJI: after the first

Emulsion layer

Plastic base (205𝜇m)

Figure 6: Microphotography of the cross-section of an OPERA
emulsion film. Two 44𝜇m thick emulsion layers are coated on a
plastic base of 205𝜇m. One can also notice the 2 𝜇m thick coating
films in the middle of each layer.

20𝜇m layer is coated on both sides of a rolled plastic base, a
second layer is coated over the first one. A thin 2 𝜇m gelatin
spacer protects adjacent emulsion layers. A FUJI OPERAfilm
is shown in Figure 6.

Another development that made the OPERA experi-
ment feasible was the realization of the so-called emulsion
refreshment. High temperature and high relative humidity
increase the rate of the progressive loss of the latent image.
As mentioned above, this process is called fading. This
possibility, however, might even be useful when the exposure
occurs much later than the (large scale) film production and
a low background is required, as in the case of OPERA.
Fading of the OPERA films after production and storage
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(a) (b)

Figure 7: OPERA emulsion film not treated with “refreshing” (a) and after “refreshing” (b). The background goes down from ∼30 to <1
tracks/mm2.

timewas achieved by introducing 5-methylbenzotriazole into
the emulsion gel [34]. Absorption of this compound by the
silver specks induced by radiation decreases the oxidation
reduction-potential, while the sensitized centers of sulfur
and gold remain stable against oxidation. In this way, most
of the tracks recorded after production (due to ambient
radioactivity and cosmic-rays) are erased, still maintaining a
high enough sensitivity of the refreshed films. A typical cycle
consists of three days at 98% relative humidity and 27∘C. Such
a procedure allows erasing more than 95% of all accumulated
tracks. This is illustrated in Figure 7 that shows a film treated
with refreshing compared to another one not refreshed.

Finally, a few words on the continuing R&D on the
emulsion gel technology. We will see in the following that
specific applications demand gel with improved sensitivity
and efficiency features. Somework is in progress, in particular
in Nagoya, where gels of different characteristics can be
produced in the laboratory. In Figure 8 one can see pho-
tographs of emulsions films realized and tested in Bern by
employing custom-made emulsion gel fromNagoya and from
the Russian company Slavic. It is clear that one can achieve
performances appreciably better than those obtained for
the large-scale production of the OPERA experiment. These
results will open the way to several other developments and
to the precision tuning of the emulsion properties, tailored to
the specific application.

4. Modern Emulsion Scanning Systems

In 1974, a great progress in the emulsion scanning technology
took place with the introduction of tomographic readout
of the emulsion layers by the Nagoya group [36], today
still leader in the exploitation and development of emulsion
detectors and scanning devices. If the thickness of the
active layer is appreciably larger than the focal depth of the
microscope optics (10–20 times) one can acquire multiple
(tomographic) pictures of the layer by moving step-by-step
the objective along the direction orthogonal to the emulsion
surface. Suitably combining the images one could be able
to identify and reconstruct tracks of particles traversing

the layer (Figure 3). A first microscope system based on
this approach was successfully employed for the readout of
the CS of the E653 experiment at Fermilab. In that case,
16 tomographic images of the emulsion layer were taken
thanks to a TV tube used as image grabber. The technique
was further developed by replacing the video by a CCD
camera and introducing an FPGA-based processor. This led
to the so-called Track Selector system continuously operated
and updated by the Nagoya group and used for a series of
experiments [37].

With the advent of semiautomatic (operator-assisted) and
fully-automatic scanning the emulsion detection technology
got a consequent boost, given the largely increased number
of events (or equivalently of emulsion surface) that could
be analyzed for a given time interval. The scanning speed
was limited by the time needed for the computer-controlled
movement of the objective lenses to reach the different focal
positions, due to the waiting time, in turn required to damp
mechanical vibrations that become relevant when dealing
with micrometric accuracies. The following generations of
the original Track Selector system improved substantially
with time [38]. The system was complemented by a fully
automatic data offline analysis, applied after the digitization
of the individual tracks around a given angle.This feature was
made possible by the availability of fast electronics and CCDs
and of more and more performing stage mechanics. The
so-called net-scan method [39], also developed in Nagoya,
eventually allowed for the reconstruction of tracks by associ-
ating all detected track segments independently of their angle
and allowed complete event reconstruction [40], momentum
determination by Multiple Coulomb Scattering [41, 42] and
electron identification by shower analysis [43, 44].

The presently running version of the Track Selector, the S-
UTS [45], based on the use of highly customized components,
features impressive performance and bears testimony to the
outstanding work conducted in Nagoya in the course of
about twenty years (Figure 9). For the S-UTS one of the
main design features is the removal of the stop-and-go
process of the stage in the image data taking, which, as said
above, is the mechanical bottleneck of the first originally
developed systems. The objective lens moves at the same
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Figure 8: Example of results obtained with different emulsion gels. GD stands for grain density and FD for fog density. The new “Nagoya”
gel is very promising as indicated by the measured features.
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Figure 9: Time evolution of the scanning speed of the Track Selector
system in relation to themain experiments of application.The speed
is measured in square centimeters of emulsion surface scanned per
hour.

(constant) speed as the stage while moving along the vertical
axis and grabbing images with a very fast CCD camera. A
piezoelectric device drives the optical system. A frontend
image processor makes zero-suppression and pixel packing.
A dedicated processing board performs track recognition,
builds microtracks and stores them in a temporary device.
The routine scanning speed of the S-UTS is of more than
20 cm2/hour/layer while one of the S-UTS systems has
reached the speed of 72 cm2/hour/emulsion layer by using
a larger field of view, without deteriorating the intrinsic
micrometric accuracy of the emulsion films.

Another scanning system was originally developed by
the Salerno group [47]. This seminal work eventually led to
the currently used European Scanning System (ESS) [48–50]
intended for the OPERA experiment. Also, the ESS employs
commercial subsystems in a software-based framework. The
microscope is a Cartesian robot, holding the emulsion film
on a horizontal stage with a CMOS camera mounted on the

vertical optical axis, along which it can be moved to vary the
focal plane with a step equal to the focal depth of about 3 𝜇m.
The control workstation hosts a motion control unit that
directs the stage to span the area to be scanned and drives the
camera along the vertical axis to produce optical tomographic
image sequences. The stage is moved to the desired position
and the images are grabbed after it stops, with a stop-and-
go algorithm.The images are grabbed by a Megapixel camera
at the speed of 376 frames per second while the camera is
moving in the vertical direction. The whole system can work
at a speed analogous to the standard S-UTS. Microscopes
based on the S-UTS and on the ESS are shown in Figure 10.

Regarding the future developments, one canmention two
main lines of research. The first one is the further upgrade
of Nagoya’s S-UTS system; R&D studies are in progress with
the ambitious goal of reaching a scanning speed of more than
a few hundred square centimeters per hour [3]. The idea is
based on the use of commercial steppers used for lithography
and Megapixel cameras with high frame (>60 fps) and high
pixel readout rates (>370Mpixels/s).The steppers can provide
a space resolution better than 350 nm and an exposure field
larger than 20 × 20mm2.

Another approach, very recent, is being considered both
in Japan and in Europe, which features the use of Graphic
Processor Units (GPUs). This approach constitutes a sort of
revolution in the reconstruction of emulsion data. State-of-
the-art GPUs are envisioned, such as the NVIDIA GeForce
TITAN with a power of about 4.6 Teraflops, with 2688
processing cores in one GPU, while even a modern CPU
with 6 cores (of the type i7-3960X) corresponds to only 0.16
Teraflops. A further advantage of this approach is that the
achievable performance is scalable with the number of GPUs.
This idea was proposed by Ariga [51] in Bern, where this
development is presently being actively followed. By now,
several other groups are investigating the possibilities offered
by the use of GPUs for a further step in the development of
automatic emulsion scanning. One canmention in particular
the work done by the Toho [52] and by the Nagoya groups,
which, by using dedicated optics and 72 GPUs, has shown
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(a) (b)

Figure 10: (a) Photograph of one of the Nagoya S-UTS scanning systems; (b) The Bern scanning laboratory equipped with five ESS
microscopes with the associated automated film changers [46].

the possibility of reaching a scanning speed equivalent to
10000 cm2 of emulsion surface per hour.

5. CHORUS and DONUT

Neutrino mixing means that the neutrino flavor eigenstates
involved in weak interaction processes (]

𝑒
, ]
𝜇
and ]

𝜏
) can

be expressed as a superposition of mass eigenstates (with
mass eigenvalues 𝑚

1
, 𝑚
2
and 𝑚

3
) through a rotation and

unitary mixing matrix called Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) [53–55]. The occurrence of mixing generates
oscillations of neutrinos propagating in space and time,
namely the periodic variation of their flavor composition,
provided that neutrinos have nondegenerate mass eigen-
values. The parameters characterizing oscillations are three
mixing angles, similarly to what happens for quark mass and
weak eigenstates through the CKM matrix, and two mass
eigenvalue squared differences Δ𝑚2

13
= 𝑚
2

3
− 𝑚
2

1
and

Δ𝑚
2

12
= 𝑚
2

2
− 𝑚
2

1
, in addition to a possible CP violating

phase term in the matrix [27]. The oscillatory flavor conver-
sion probability also depends on the ratio 𝐿/𝐸 between the
distance traveled by the neutrinos before detection and their
energy.The latter parameter can in principle be chosen when
designing the experiment in order to place the detector(s)
in the condition of actually measuring the appearance of a
different flavor absent in the beam or the disappearance of
neutrinos of the initial flavor.

Following theoretical arguments developed around the
beginning of the 1990’s favoring the ]

𝜏
as a constituent of

the Dark Matter of the Universe (provided it could have a
mass of 1–10 eV2), the neutrino community started arguing
that searching for neutrino oscillations (from muon- to tau-
neutrinos) could be a powerful method to identify such a
massive neutrino. It should be noted that at that timenodirect
evidence existed yet for the ]

𝜏
.The alreadymentioned CHO-

RUS experiment [28] was designed with this twofold goal:
to search for neutrino oscillations in the parameter region

Interaction

Decay

�𝜏

�𝜏

�𝜇

𝜇−
𝜏−

Figure 11: Schematics of the production anddecay topology of a tau-
lepton produced in CHORUS by a tau-neutrino possibly generated
in the oscillation of the muon neutrinos of the CERNWANF beam.

corresponding to a 1–10 eV2 ]
𝜏
mass and to provide the first

evidence for the detection of this elusive lepton.This could be
accomplished by a so-called short baseline experiment, with
the detector placed at about 1 km distance from the source of
high-energy neutrinos, with the right distance and energy to
develop a signal of ]

𝜇
→ ]
𝜏
oscillations corresponding to

a ]
𝜏
in the 1–10 eV2 mass range.
Nuclear emulsions played a key role in the design of

the experiment. The goal was the detection of the very
short track of the 𝜏 lepton coming from the charged current
interaction of a ]

𝜏
, in turn produced by the oscillation of

a ]
𝜇
constituting the neutrino beam. For this one could profit

from the use of the dense, high space-resolution emulsions to
realize a hybrid detector well suited to a high sensitivity study
of the decay topologies of the 𝜏 (Figure 11). Emulsions could
also allow the full reconstruction of the event kinematics, in
turn required for background suppression.This approachwas
supported and justified by the advances in the emulsion tech-
nique, mainly in relation to the handling of large quantities of
emulsions, and also thanks to the above-mentioned progress
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Figure 12: Schematic drawing of the CHORUS apparatus. The large emulsion target was contained in a temperature-controlled cold room
including the emulsion stacks, the changeable sheets, the fiber tracker planes together with their optoelectronic readout chains, and the air
core hexagonal magnet. Downstream, a fiber-lead calorimeter and iron muon spectrometers complement the experimental setup.

in the emulsion scanning and offline analysis, such to reduce
the analysis time of the emulsions by orders of magnitude as
compared to the early times.

The hybrid CHORUS apparatus combined a large nuclear
emulsion target previously described with various electronic
detectors. Since charmed particles and the 𝜏 lepton have
similar lifetimes, the detector was also well suited for the
observation of the production and decay of charm, a source of
background for the oscillation search but also an interesting
physics subject per se. The very large emulsion stacks were
followed by a set of scintillating fiber planes. Three CS
detectors with a 90𝜇m emulsion layer on both sides of a
800𝜇m thick plastic base were used as interface between the
fiber trackers and the “bulk” emulsion. The accuracy of the
tracker prediction in the CSwas about 150 𝜇m in position and
2mrad in track angle.

The electronic detectors downstream of the emulsion
target and its associated trackers included a hadron spec-
trometer measuring the bending of charged particles with
an air-core magnet, a high-resolution calorimeter where
the energy and direction of showers were measured and a
muon spectrometer.TheCHORUS apparatus is schematically
depicted in Figure 12 and a photograph taken during its
installation is shown in Figure 13.

The operation of the experiment consisted of several
steps. It is worth noting that the large-size emulsion target
was replaced only once during the entire duration of the
experiment, while the CS were periodically exchanged with
new detectors, therefore integrating background tracks for a
relatively short period. A much better time resolution was
obviously provided by the electronic detectors. With the CS
scanning the association between electronic detectors and
emulsions takes place, and tracks with position and angle
compatible with that of the electronic trackers’ predictions

Figure 13: Photograph of the CERN hall during the installation of
the CHORUS (bottom right) andNOMAD (top left) detectors along
the WANF muon neutrino beam.

are searched for in the interface emulsions. If found, these
tracks are further extrapolated into the bulk emulsion, with a
much better spatial resolution, up to the track stopping point,
with the above-mentioned scan-back procedure, consisting
in connecting emulsion layers progressively more upstream.
After that, a “volume scan” (net-scan) around the presumed
vertex is accomplished and repeated for all stopping tracks
until the neutrino interaction vertex is found. In the search
for charmed particle decays, a dedicated topological selection
was applied to the collected net-scan data. The analysis
procedure was complemented by the visual inspection of the
selected event candidates, aimed at checking both primary
and secondary vertices making use of the “stack” configura-
tion. Decay topologies could be well separated from ordinary
nuclear interactions, since the latter usually exhibit fragments
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Figure 14: Exclusion plot showing the final result of the CHORUS
experiment in the search for ]

𝜇
→ ]
𝜏
oscillations. The parameter

region corresponding to a ]
𝜏
as Dark Matter candidate is excluded

down to relatively small values of the corresponding mixing angle.
The CHORUS result is compared to the one obtained by the
NOMAD experiment running in parallel in the WANF beam line.

from nuclear break-up or so-called “blobs” from nuclear
recoil.

More than 100000 neutrino interactions were identified
(located) andmeasured in the emulsions of CHORUS.Unfor-
tunately, the search for oscillations was negative and just an
upper limit to the oscillation probability was eventually set
[56]. The negative result is illustrated in Figure 14, which
shows the so-called exclusion plot indicating the region of
the oscillation parameter excluded by the experiment at
the 90% confidence level. The vertex of a muon neutrino
interaction in one CHORUS emulsion stack is shown in
Figure 15. Figure 16 illustrates an eventwith a topology similar
to that of a 𝜏 lepton, due to the production and decay of
a charmed particle. The study of neutrino induced charm
events has been one of themain side results of the experiment.
A large statistics of ∼2000 fully neutrino-induced charmed
hadron event vertices was gathered, with the outstanding
reconstruction features provided by the emulsion detectors.
With such events, CHORUS has been able to measure the Λ

𝑐

and D0 exclusive production cross-section [57], the double-
charm production cross-section in neutral and charged cur-
rent interactions [58] and the associated charm production
[59].

As said above, CHORUS represented a milestone in the
history of nuclear emulsions for the size of the target and of
the CS detectors, for the complexity of the related technical
facilities, as well as for the great challenge represented by
the unprecedented event statistics. All major international
emulsion groups from Japan, Italy, Korea, and Turkey partic-
ipated in the experiment. The convergence of virtually all the
available worldwide expertise (apart from several emulsion
groups from Russia) substantially contributed to the success

Figure 15: Photograph of neutrino vertex (interaction point) in the
CHORUS emulsions.The imagemicroscope image size corresponds
to about 100 × 100 𝜇m2. The neutrino was travelling perpendicular
to the emulsion plate. Heavily ionizing, large angle track point to the
neutrino interaction point.

of the project and to the already mentioned rebirth of the
technique.This is also confirmed by the fact that other groups
and individuals formerly not working on emulsion detectors
soon got acquainted with the technique providing valuable
technical and scientific contributions.

A high-sensitivity follow-up of the CHORUS experiment
was then proposed at CERN with the goal of increasing by
more than one order of magnitude its sensitivity in the mea-
surement of the oscillationmixing-angle, still as suggested by
a scenario where the tau-neutrino could be a Dark Matter
candidate. The conceptual idea was first discussed in [60]. In
that case, emulsions were proposed as large-surface trackers
for the high-resolution measurement of hadron and muon
momenta.This idea was then incorporated in the proposal of
the TOSCA experiment [61]. The project at the end was not
realized,mainly because of the growing evidence for neutrino
oscillations with atmospheric neutrinos, first provided by the
Kamiokande [62] and then by the Super-Kamiokande exper-
iments [63], in a complementary region of the oscillation
parameters characterized by a large mixing angle and a very
small value of the Δ𝑚2 oscillation parameter, related to the
mass eigenvalues of the oscillating neutrinos.

In parallel, it was considered important to directly
observe the ]

𝜏
, whose existence, although indirectly estab-

lished, was still not firmly proven by an appearance exper-
iment. The first direct detection of the ]

𝜏
was the scientific

goal of the Fermilab DONUT experiment [64, 65]. Once
more, nuclear emulsions were considered for the identifica-
tion of tau-leptons in turn produced in the charged current
interaction of tau-neutrinos.The latter were promptly created
in the decay of D

𝑠
mesons produced in a 800GeV proton

beam dump. Also in this case we have to notice the key
contribution of the Nagoya group joined by other Japanese
emulsion groups.

An iron/emulsion ECC target was adopted in DONUT
to provide large mass for neutrino interactions, and the
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Figure 16: Reconstructed charm event in CHORUS. The view is
about 400 × 400 𝜇m2. The neutrino comes from the bottom of
the picture. The event is similar to one possibly induced by a tau-
neutrino.The short track of the charmedparticle (light blue) exhibits
the distinctive kink topology, due to the decay into an undetected
neutrino.The presence of an identified prompt negative muon track
(red dots) bymeans of the downstream spectrometer strongly favors
the charm event hypothesis.

identification of the interaction vertex through the detection
of the millimetric track of the tau prior to its decay. The
ECC target was complemented by fiber trackers (analogously
to CHORUS) to help in the track extrapolation into the
emulsions. The DONUT experiment allowed identifying 578
neutrino interactions with 9 signal candidate events for an
estimated background of 1.5 events. This constituted the
discovery of the tau-neutrino in the year 2000. One of the
signal candidate events is shown in Figure 17. The short
track of the tau (about 300 𝜇m long) is clearly exhibiting
the characteristic kink, unambiguous signature of a decay
topology over the much less probable large-angle hadron or
muon scattering.

6. OPERA: The Largest Nuclear Emulsion
Detector Ever

The solution of the long-standing solar and atmospheric
neutrino anomalies came from a series of crucial experiments
conducted in the last two decades that led to the discovery
of neutrino oscillations (see, e.g., [20]). The occurrence of
oscillations and the consequent existence of a finite (although
very small) mass for the neutrinos is in contrast to what is
assumed in the Standard Model of particles and interactions;
oscillations are so far the only evidence for new physics
beyond the Standard Model.

Around the end of the 1990’s the scientific debate around
neutrino oscillations became very intense. The indications
from experiments involving atmospheric and solar neutrinos
were more and more convincing, until the unambiguous

F.L. = 280𝜇m
𝜃kink = 90mrad
p = 4.6+1.6−0.4 GeV/c
pT = 0.41

+0.14
−0.08 GeV/c

Figure 17: Schematic display of a candidate ]
𝜏
event detected by the

ECC emulsion detector of the DONUT experiment. The identifica-
tion of 9 such events with a 1.5 event background constituted the
discovery of the tau-neutrino [66, 67].

discovery by the already mentioned Super-Kamiokande
experiment [63] pointing to the occurrence of ]

𝜇
→

]
𝜏
oscillations. At that time, there was a general consensus on

the need for a confirmation of the oscillation signal obtained
with atmospheric neutrinos by experiments exploiting man-
made neutrino beams, but sensitive to the same parameter
region. As mentioned above, this could be achieved through
a suitable choice of theL/E parameter.The results fromSuper-
Kamiokande and the other experiments with atmospheric
neutrinos indicated a value of Δm2 around 10−3 eV2, much
smaller than the ∼10 eV2 region explored by CHORUS.

The conceptual idea of the OPERA experiment [31, 32],
contrary to other approaches looking for the disappearance
of an initial neutrino flavor flux coming from an accelerator
or from a nuclear reactor was based on the possibility of
detecting the direct appearance of oscillations in the ]

𝜇
→

]
𝜏
channel, as indicated by the Super-Kamiokande atmo-

spheric neutrino signal. Similarly to CHORUS, looking for
appearance turned into the need of identifying the short-
lived tau-lepton with a “vertex detector” of several thousand
tons mass, because of the large distance required from
source to detector to develop an oscillation signal, given the
small value of Δm2. The only realistic possibility was the
adoption of nuclear emulsions (high space resolution) used
in the ECC configuration (high target mass), since a fully
sensitive emulsion target a la CHORUS would have been
unrealistically expensive and even impossible to produce.
The detection principle of the experiment is described in
Figure 18.

The idea of OPERA was to exploit a long baseline
accelerator neutrino beam with L of the order of 1000 km,
combined with a relatively high neutrino energy (⟨𝐸⟩ ∼
17GeV) such to determine the “correct” L/E ratio and to be
above the kinematical threshold (∼3.5GeV) for producing the
relatively heavy 𝜏 lepton. This concept materialized into the
design of an experiment to be hosted at LNGS, the largest
underground physics laboratory in the world, about 730 km
away from the neutrino beam source at CERN.The dedicated
CNGS neutrino beam was produced by the interaction of
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Figure 18: Schematic view of the detection principle of OPERA (not
to scale). Electronic trackers and changeable sheets are used in series
to predict the neutrino interaction point in one of the nearly 150000
ECC units (bricks) that compose the target of the experiment. The
𝜏 kink decay-topology is identified by high-accuracy emulsion films
sandwiched in the bricks.

Figure 19: Photograph of the OPERA detector at the LNGS. One
can recognize the two SuperModules (target and spectrometers) and
some empty slots in the target after removal of ECC bricks.

primary protons from the CERN SPS onto a carbon target,
hence (mostly) producing pions and kaons. The decay of
these mesons into neutrinos generates the long baseline
neutrino beam directed to the detector at LNGS.

As in CHORUS, the 𝜏 has to be identified by the detection
of its characteristic decay topologies, in one prong (electron,
muon or hadron) or in three prongs. This is done with a
large number of ECC units made of 1mm thick lead plates
interspacedwith thin emulsion films, acting as high-accuracy
tracking devices, contrary to the role of active target that
emulsions had inCHORUS.The fullOPERAdetector ismade
of two identical Super Modules each consisting of a target
section of about 900 tons made of ECC modules (bricks), of
a scintillator tracker detector, needed to prelocalize neutrino
interactions within the target, and of a muon spectrometer.

The OPERA experiment is described in detail in [35]
and shown in Figure 19. Here we just point to the main
features, mostly in relation to the large ECC emulsion target.
At the occurrence of a neutrino interaction, the resulting
charged particle tracks are detected by scintillator counter
planes placed behind each brick target wall, similarly to what
happens in a sampling calorimeter. There are about 150000
ECC bricks in the detector target, each weighing about 8 kg
and consisting of a sandwich of 57 emulsion films and 56

lead plates (see Section 3) arranged into planes of about 10 ×
10m2 surface each. Each target plane is followed by planes of
scintillator strips of identical cross-section readout by multi-
anode photomultipliers.

The event reconstruction procedure starts with signals
from the scintillators upon interaction of a neutrino from the
CNGS beam. On the average, 20–30 neutrino interactions are
collected per day of CNGS operation. Such interactions are
normally accompanied by a “particle shower” that develops in
the calorimetric structure composed of brick and scintillator
planes. The reconstruction of the shower axis and/or the
identification of a muon track allow (with a certain effi-
ciency) identifying the brick where the neutrino interaction
occurred. The candidate brick is then extracted from its
target plane by a robot and the CS emulsions attached to it
are removed and developed. The brick is not unpacked and
is stored underground waiting for a positive indication of
tracks found in the CS (Figure 13). The CS is made of two
emulsion films, for a total of 4 emulsion layers yielding up to
4 microtracks. A CS track is declared found if at least 3 out
of the 4 microtracks are actually reconstructed.The scanning
of the CS is the most time-consuming analysis procedure.
It is performed in two large microscope laboratories located
at LNGS and Nagoya with microscopes just dedicated to CS
scanning. Several tens of square centimeters are normally
scanned per each CS in order to look for neutrino-related
track segments. If no full tracks compatible with the event
reconstructed by the scintillators are found, the brick is
put back in the detector with a new CS. Otherwise, the
brick is exposed to cosmic-rays for a period of 12 hours, to
provide the collection of a sufficient number of muon tracks
for the precise alignment of the brick’s films and for the
correction of emulsion deformations. After this, the brick is
finally unpacked and all its films are developed in the large,
5 station facility at LNGS [35]. Then the bricks’ emulsion
films are shipped to the various scanning laboratories of the
collaboration for the vertex location analysis.

Starting from the position and angle information of
the CS track(s), the so-called scan back procedure initiates,
by looking for CS track extrapolations to the brick’s films,
starting from the most downstream ones. Disappearance
of a scan-back track might indicate the presence of an
interaction vertex (Figure 2). In this case, a general scan
is performed around the disappeared track position over
an equivalent brick volume of about 1 cm3. This procedure,
called decay search, namely, the identification of primary
neutrino vertices and of secondary vertices due to particle
decays (e.g., that of a tau into one or more prongs), is
conducted automatically and routinely by the nearly 40
microscopes of theOPERAbrick scanning laboratories.More
details on the event reconstruction in OPERA are given, for
example, in [68].

Once one or more vertices are found one can exploit all
the rich information stored in the emulsions for a Multiple
Coulomb Scattering (MCS) analysis (for track momentum
determination) or for the search of electron- or gamma-
induced downstream showers. Details on the track momen-
tum determination by MCS can be found in [69]. The
effectiveness of these methods is illustrated in Figure 20,
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Figure 20: Display of the first OPERA event attributed to muon to
tau-neutrino oscillations. The short tau track (red in the picture)
decays into a daughter track, likely a charged pion.

which shows the display of the first tau candidate event found
by OPERA. Several tracks are reconstructed originating
from the primary vertex. One of those is found exhibiting
the peculiar kink topology, indication of the production
and decay of a tau-lepton [70, 71]. This interpretation is
supported by the detailed kinematical analysis of the event,
assumed as the interaction of a tau-neutrino coming from
oscillation, interacting in the lead plate of the selected brick,
and producing a tau in turn decaying into 𝜌 + ]

𝜏
, finally

followed by the decay 𝜌 → 𝜋0 + 𝜋.
The OPERA experiment successfully completed in 2012

its data taking in theCNGS beam, started in 2008. It exploited
a total neutrino flux produced by ∼ 18 × 1019 protons from
the SPS hitting the neutrino production target. The analysis
of the events still “stored” in the bricks in the detector is
in progress. At the moment of writing, several thousand
neutrino interaction events have been located in the emulsion
bricks. So far, 3]

𝜏
candidate events have been identified, with

an expected signal of 2.2 events for an estimated background
of 0.23 events. This corresponds to a ∼3.2𝜎 significance for
a non-null observation of oscillations [72]. The topology
of the second candidate event is compatible with that of
a tau-lepton decaying into three hadrons, while the third
event, announced very recently, is a clean 𝜏 muonic decay
characterized by a very low background. Scanning of the
remaining events will proceed until 2015 with the objective of
a stronger statistical confidence in the observation of ]

𝜇
→

]
𝜏
oscillations. A few more signal events are expected by the

completion of the analysis.
Furthermore, given the capability of the experiment in

identifying prompt electrons through their characteristic
electromagnetic shower in the dense calorimeter constituted
by the ECC sandwich, OPERA has recently provided lim-
its to the observation of ]

𝜇
→ ]

𝑒
oscillation. Overall,

19]
𝑒
interactions were observed in the event sample corre-

sponding to the 2008-2009 statistics, out of which 6 satisfying
the selection criteria for oscillated ]

𝑒
. 1.3 signal events were

expected with 9.4 events of background, mainly due to the
∼1% contamination of ]

𝑒
of the ]

𝜇
beam [73]. This result is

very interesting because it provides so far the best upper

Figure 21: Display of a ]
𝑒
-induced event detected in the OPERA

target. One of the prompt tracks initiates the characteristic electro-
magnetic shower topology. Note that the length of the shower shown
in the picture is less than a couple of centimeters.

limit for the exclusion of the low Δm2 parameter region of
the so-called LSND/MiniBooNE signal, possibly due to the
existence of a fourth and “sterile” neutrino flavor. The event
display of an OPERA ]

𝑒
-induced event is shown in Figure 21.

7. The Future: The Emulsion Technique
Beyond Neutrino Oscillation Experiments

The vigorous R&D conducted for the OPERA experiment
and the consequent dissemination of the modern emul-
sion technique has led some of the groups participating in
the experiment to further continue this activity for future
applications. This strategy is also pursued by other groups
in Europe and Japan not previously involved in OPERA.
Some of the applications concern fundamental physics, while
others refer to technological or even industrial applications.
In [3] and references therein, a few of the notable activi-
ties are presented on experiments conducted with balloon,
airplane, satellite and space station experiments for cosmic-
ray physics, or applications related to radiation dosimetry,
neutron flux measurement and monitoring, imaging for
medical applications, and radiation biophysics. As far as
more recent applications are concerned, we can mention for
example, the GRAINE balloon experiment for the study of
cosmic gamma-rays [74], a study on hadron fragmentation
for medical carbon therapy [75], and a development of a
neutron camera for use in plasma physics experiments [76].

On the other hand, the use of emulsion detectors and
modern (fast) scanning devices has caused a technological
boost also in the active field of muon radiography. The latter
was originally proposed long ago for the measurement of the
thickness of mountains [77] and for the search for unknown
burial cavities in pyramids [78]. The technique is based on
the fact that the interaction of primary cosmic-rays with
the atmosphere provides a stable source of muons that can
be employed for various applications of muon radiography
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(a) (b)

Figure 22: Phantoms used for the test measurement on emulsion-based proton radiography. (a) “step” phantom; (b) “rod” phantom 4.5 cm
thick, containing five 5 × 5mm2 aluminum rods positioned at different depths in a PMMA structure.

and in particular for the study of the internal structure of
volcanoes. This application, pioneered in Japan [79–82], has
recently led to very interesting results and opened the way
to unexpected applications. Related applications of muon
radiography are in fact in the field of the investigation of
geological structures such as glacier bedrocks and in the
search for ice concentrations in Alpine mountains, as well as
in the inspection of the interior of building structures and
blast furnaces. In these cases, emulsion films represent a very
appropriate detector option for twomain reasons: the unbeat-
able position and angular resolutions in the measurement
of the muon track (less than 1 𝜇m and a few mrad, resp.)
and the passive nature of the device, not requiring electric
power, electronics, radio transmission of data, and so forth.
However, a rather long exposure time might be required (up
to severalmonths) for any realistic detector surface, and quasi
real-time analysis of the emulsion data poses challenging
requirements due to the time needed to analyze emulsions by
optical microscopes.The technique will definitely profit from
the advances in the realization of suitable emulsion films and
(mainly) from the availability of more and more performing
scanning microscopes. More information can be found in
[83].

A notable recent application of the emulsion technique
is in the framework of proton radiography for medical
diagnostics. A newmethod based on emulsion film detectors
was proposed and tested in Bern and PSI [84]. This is a
technique in which images are obtained by measuring the
position and the residual range of protons passing through
the patient’s body. For this purpose, nuclear emulsion films
interleaved with tissue-equivalent absorbers can be used to
reconstruct proton tracks with very high accuracy. Proton
radiography can be applied to proton therapy in order to
obtain direct information on the average tissue density for
treatment planning optimization and to perform imaging
with very low dose to the patient.

The detector used in [84] was coupled to two phantoms
shown in Figure 22. The detection apparatus is divided into
two parts. The first one is made of 30 OPERA-like emulsion
films, each interleaved with 3 polystyrene absorber plates,
allowing tracking of passing-through protons using a mini-
mal number of films.The secondpart is composed of 40 films,
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Figure 23: Measured proton range as a function of the transverse
coordinates yielding a proton radiography image of the “rod”
phantom shown in Figure 21.

each interleavedwith one polystyrene plate, allowing a precise
measurement of the proton range in correspondence of the
Bragg peak. The overall dimensions of the detector are 10.2
× 12.5 cm2 in the transverse direction and 90.3mm along the
beam. The results of an exposure to 138MeV protons of the
detector placed behind the “rod” phantom (Figure 22) are
shown in Figure 23. Also for this application, the technique
will become more and more appealing with the further
progress in the high-speed analysis of emulsion films.

Another notable field of application of emulsion detectors
has been originally proposed by the Nagoya group for the
detection of the Dark Matter of the Universe [85]. Weakly
InteractingMassive Particles (WIMPs), possible DarkMatter
candidates, could be in fact detected by measuring the slow
nuclear recoil after their interaction with massive, high-
density emulsion targets. In the case of a WIMP with a mass
of about 100GeV hitting an Ag nucleus in the emulsion
gel, one would obtain a recoil momentum of ∼100 keV, with
a corresponding range of only 100 nm. In order to detect
such a short, heavily ionizing track, the Nagoya group is
presently studying the technical feasibility of the so-called
Nanoimaging Tracking (NIT) [86–88]. The first requirement
is to go from the 200 nm AgBr crystal size of the present
OPERA emulsion gel to about 40 nm size. This would
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(a) (b)

Figure 24: Tracks from minimum ionizing particles and from heavily ionizing nuclear fragments from the annihilation vertex of an
antiproton, observed in the standard gel (a) and in the newly developed gel (b) for the AEgIS experiment.

correspond to a density of more than 10 AgBr crystals per
micron. In addition, in order to have a sufficiently long
track, the idea is to apply the so-called emulsion swelling
prior to development, to expand the 100 nm long recoil
tracks up to 1000 nm or more. First tests are encouraging.
Internal radioactivity and fog grains making random track
coincidences constitute the main background.

Still on fundamental science applications, emulsion films
can be used as high-precision tracker devices to determine
the antihydrogen annihilation vertices with micrometric
space resolution, or even as targets by directly observing
antimatter annihilation vertices. This is a recent application
considered by the Bern group [89] for the AEgIS experiment
at CERN [90]. In AEgIS the free-fall of antihydrogen atoms
launched horizontally will be measured to directly determine
for the first time the gravitational acceleration of neutral
antimatter by matter. The vertical precision on the measured
annihilation point will be around 1𝜇m R.M.S. This will be
achieved by adding an emulsion detector to the originally
foreseen 𝜇-strip detector. For the first time, nuclear emulsion
films will be used in vacuum at relatively low temperature.
An intense R&D program on emulsion films has been
started to cope with their operation under such conditions.
First results on the behavior of emulsions in vacuum have
already been published [89]. Results were also achieved with
antiprotons annihilating in emulsions in vacuum and at room
temperature [91].

For AEgIS new emulsion gels with higher sensitivity
are being considered to increase the detection efficiency
using glass instead of plastic as base material. Glass, in fact,
is better suited to achieve the highest position resolutions
thanks to its superior environmental stability (temperature
and humidity), as compared to plastic bases. Emulsions of the
new type weremanufactured in Bernwith gel provided by the
University of Nagoya. Antiproton interactions reconstructed
within the conventional (OPERA-like) and new gel are shown
in Figure 24. One can definitely see the better features of
the new gel in terms of sensitivity to nuclear fragments and
noise. The new gel composition can be tuned, for example,
to provide higher detection efficiency to fragments from
antimatter annihilation rather than to MIP, contrary to what
was done, for instance, in OPERA.
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The masses of sterile neutrinos are not yet known, and depending on the orders of magnitudes, their existence may explain reactor
anomalies or the spectral shape of reactor neutrino events at 1.5 km baseline detector. Here, we present four-neutrino analysis of
the results announced by RENO and Daya Bay, which performed the definitive measurements of 𝜃

13
based on the disappearance of

reactor antineutrinos at km order baselines. Our results using 3 + 1 scheme include the exclusion curve of Δ𝑚
2

41
versus 𝜃

14
and the

adjustment of 𝜃
13
due to correlation with 𝜃

14
. The value of 𝜃

13
obtained by RENO and Daya Bay with a three-neutrino oscillation

analysis is included in the 1𝜎 interval of 𝜃
13
allowed by our four-neutrino analysis.

1. Introduction

Understanding of the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS)matrix [1] is nowmoving to another stage, due to the
determination of the last angle by multidetector observation
of reactor neutrinos at Daya Bay [2] and RENO [3], whose
success was strongly expected from a series of oscillation
experiments, (T2K [4], MINOS [5], and Double Chooz [6,
7]), which all contributed to the forefront of neutrino physics
[8]. A number of 3] global analyses [9, 10] have presented
the best fit and the allowed ranges of masses and mixing
parameters at 90% confidence level (CL) by crediting RENO
and Daya Bay for the definitive measurements of sin22𝜃

13
.

For instance, the best-fit values given in the analysis of Fogli
et al. [9] are Δ𝑚

2

21
= 7.5 × 10

−5 eV2, sin2𝜃
12

= 3.2 × 10
−1,

Δ𝑚
2

32
= 2.4 × 10

−3 eV2, sin2𝜃
13

= 2.8 × 10
−2, and sin2𝜃

23
=

4.8×10
−1 for normal hierarchy.While all three mixing angles

are now known to be different from zero, the values of the CP
violating phases are completely unknown. Although there are
a number of global analysis which presented consistent values

of masses and mixing parameters [9–11], we focus on 𝜃
13
and

its associated factors obtained by RENO and Daya Bay.
Although the three-neutrino framework is well estab-

lished phenomenologically, we do not rule out the existence
of new kinds of neutrinos, which are inactive so-called
sterile neutrinos. Over the past several years, the anomalies
observed in LSND [12], MiniBooNE [13–15], Gallium solar
neutrino experiments [16, 17], and some reactor experiments
[18] have been partly reconciled by the oscillations between
active and sterile neutrinos. In a previous work, we also
examined whether the oscillation between sterile neutrinos
and active neutrinos is plausible, especially when analyzing
the first results released fromDaya Bay and RENO [19].There
are also other works with similar motivations [20–25].

After realizing the impact of the large size of 𝜃
13
, both

reactor neutrino experiments have continued and updated
the far-to-near ratios and sin22𝜃

13
. Daya Bay improved their

measurements and explained the details of the analysis.
RENO announced an update with an extension until October
2012 and modified their results as follows. The ratio of the
observed to the expected number of neutrino events at the far
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detector 𝑅 = 0.929 replaced the former value of 𝑅 = 0.920,
and sin22𝜃

13
= 0.100 replaced the former best fit of sin22𝜃

13
=

0.113 [26]. The spectral shape was also modified. Again,
we examine the oscillation between a sterile neutrino and
active neutrinos in order to determinewhether four-neutrino
oscillations are preferred to three-neutrino oscillations. This
work is focused on Δ𝑚

2

14
within the range of O (0.001 eV2)

to O (0.1 eV2), where Δ𝑚
2

14
oscillations might have appeared

in the superposition with Δ𝑚
2

13
oscillations at far detectors of

O (1.5 km) baselines. Since the mass of the fourth neutrino
is unknown, it is worth verifying its existence at all available
orders of magnitude which are accessible from different
baseline sizes. For instance, the near detector at RENO can
search reactor antineutrino anomalies withΔ𝑚

2

14
∼ O (1 eV2)

[27, 28].
This paper is organized as follows. In Section 2, the

survival probability of electron antineutrinos is presented in
four-neutrino oscillation scheme.We exhibit the dependence
of the oscillating aspects on the order of Δ𝑚

2

41
, when reactor

neutrinos in the energy range of 1.8 to 8MeV are detected
after travel along a km order baseline. In Section 3, the
curves of the four-neutrino oscillations are compared with
the spectral shape of data through October 2012 to search
for any clues of sterile neutrinos and to see the changes in
sin22𝜃

13
due to the coexistence with sterile neutrinos. Broad

ranges of Δ𝑚
2

41
and sin22𝜃

14
remain. In the conclusion, the

exclusion bounds of sin22𝜃
14

and the best fit of sin22𝜃
13

are
summarized, and the consistency between rate-only analysis
and shape analysis is discussed.

2. Four-Neutrino Analysis of
Event Rates in Multidetectors

The four-neutrino extension of unitary transformations from
mass basis to flavor basis is given in terms of six angles and
three Dirac phases:

�̃�F = 𝑅
34

(𝜃
34
) 𝑅
24

(𝜃
24
, 𝛿
2
) 𝑅
14
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14
)
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23

(𝜃
23
) 𝑅
13

(𝜃
13
, 𝛿
1
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12

(𝜃
12
, 𝛿
3
) ,

(1)

where 𝑅
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(𝜃
𝑖𝑗
) denotes the rotation of the 𝑖𝑗 block by an

angle of 𝜃
𝑖𝑗
. When a 3 + 1 model is assumed as the minimal
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(2)

where the PMNS type of a 3-by-3 matrix 𝑈PMNS with three
rows, (𝑈

𝑒1
𝑈
𝑒2

𝑈
𝑒3
), (𝑈
𝜇1

𝑈
𝜇2

𝑈
𝜇3
), and (𝑈

𝜏1
𝑈
𝜏2

𝑈
𝜏3
),

is imbedded. The CP phases 𝛿
2
and 𝛿

3
introduced in (1) are

omitted for simplicity, since they do not affect the electron
antineutrino survival probability at the reactor neutrino
oscillation.

The survival probability of ]
𝑒
produced from reactors is

𝑃Th (]
𝑒
→ ]
𝑒
) =



4

∑
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(3)

where Δ𝑚
2

𝑖𝑗
denotes the mass-squared difference (𝑚

2

𝑖
−

𝑚
2

𝑗
). It can be expressed in terms of combined Δ𝑚

2

𝑖𝑗
-driven

oscillations as

𝑃Th (]
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14
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13
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31

𝐿
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13
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14
sin2 (1.27Δ𝑚

2

41
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13
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14
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2

43

𝐿
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) ,

(4)

where Δ𝑚
2

32
≈ Δ𝑚

2

31
and Δ𝑚

2

42
≈ Δ𝑚

2

41
. The size

of 𝑚
4
relative to 𝑚

3
is not yet constrained. The above

𝑃Th is understood only within a theoretical framework,
since the energy of the detected neutrinos is not unique
but is continuously distributed over a certain range. So,
the observed quantity is established with a distribution of
neutrino energy spectrum and an energy-dependent cross
section. Analyses of neutrino oscillation average accessible
energies of the neutrinos emerging from the reactors. The
measured probability of survival is

⟨𝑃⟩ =

∫𝑃Th (𝐸) 𝜎tot (𝐸) 𝜙 (𝐸) 𝑑𝐸

∫𝜎tot (𝐸) 𝜙 (𝐸) 𝑑𝐸

, (5)

where 𝜎tot(𝐸) is the total cross-section of inverse beta decay
(IBD), and 𝜙(𝐸) is the neutrino flux distribution from the
reactor. The total cross section of IBD is given as

𝜎tot (𝐸) = 0.0952(

𝐸
𝑒
√𝐸2
𝑒
− 𝑚2
𝑒

1MeV2
) × 10

−42 cm2, (6)

where 𝐸
𝑒
≈ 𝐸] − (𝑀

𝑛
− 𝑀
𝑝
) [28, 29]. The flux distribution

𝜙(𝐸) from the four isotopes (U235,Pu239,U238, and Pu241) at
the reactors is expressed by the following exponential of a fifth
order polynomials of 𝐸]:

𝜙 (𝐸]) = exp(

5

∑

𝑖=0

𝑓
𝑖
𝐸
𝑖

]) , (7)
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Figure 1: The dependency of ⟨𝑃⟩ in (5) on Δ𝑚
2

41
is presented, when

Δ𝑚
2

31
= 2.32 × 10

−3 eV2 as taken in RENO and Daya Bay. Typical
shapes of ⟨𝑃⟩ versus distance are drawn for comparison with the
measured ratios in the two experiments. The amplitudes of Δ𝑚

2

31

oscillation and Δ𝑚
2

41
oscillation are given by sin22𝜃

13
= 0.10 and

sin22𝜃
14

= 0.10, respectively, as an example.

where 𝑓
0

= +4.57491 × 10, 𝑓
1

= −1.73774 × 10
−1, 𝑓
2

=

−9.10302×10
−2, 𝑓
3
= −1.67220×10

−5, 𝑓
4
= +1.72704×10

−5,
and 𝑓

5
= −1.01048 × 10

−7 are obtained by fitting the total
flux of the four isotopes with the fission ratio expected at the
middle of the reactor burn up period [30].

The curves in Figure 1 show ⟨𝑃⟩ as 𝐿 increases in a
logarithmic manner, where the three patterns of probabil-
ities are shown according to the order of Δ𝑚

2

41
. The first

bump in each curve corresponds to the oscillation due to
Δ𝑚
2

41
, while the second bump that appears near 1500m

corresponds to the oscillation due to Δ𝑚
2

31
. RENO and Daya

Bay were designed to observe the Δ𝑚
2

31
-driven oscillations

at far detector (FD) according to three-neutrino analysis,
while additional detector(s) at a closer baseline performs the
detection of neutrinos in the same condition.The comparison
of the number of neutrino events at FD to the number of
events at the near detector (ND) is an effective strategy to
determine the disappearance of antineutrinos from reactors.
That is, the sin22𝜃

13
is evaluated by the slope of the curve

between ND and FD, while their absolute values of event
numbers do not affect the estimation of the angle 𝜃

13
. Both

experiments used the normalization to adjust the data to
satisfy the boundary condition which is that there is no
oscillation effect before the ND. From Figure 1, it can be
shown that the magnitude of Δ𝑚

2

41
can affect not only the

normalization factor but also the ratio between the FD and
ND.

The six baselines of the near detector (ND) and
the far detector (FD) of RENO are 𝐿near (meters) =

{660, 445, 302, 340, 520, 746} and 𝐿 far (meters) = {1560,
1460, 1400, 1380, 1410, 1480}, while their flux-weighted aver-
ages 𝐿near and 𝐿far are 407.3m and 1443m, respectively.
The baselines of Daya Bay, named EH1, EH2, and EH3,
have lengths of EH1 = 494m, EH2 = 554m, and EH3 =

1628m, respectively, so that, conventionally, EH1 and EH2

are regarded as near detectors while EH3 is regarded as a far
detector.

After the first release of results, Daya Bay and RENO
updated the far-to-near ratio of neutrino events with addi-
tional data. Daya Bay reported a ratio of 𝑅 = 0.944 ±

0.007 (stat) ± 0.003 (syst) with 𝑅(EH1) = 0.987 ±

0.004 (stat) ± 0.003 (syst) [31]. RENO also reported an
update with additional data from March to October in 2012,
where 𝑅(FD) = 0.929 ± 0.006 (stat) ± 0.009 (syst) [26]. Their
measurements are marked in Figure 1. In three-neutrino
analysis, the far-to-near ratios give the Δ𝑚

2

31
-oscillation

amplitude sin22𝜃
13

= 0.089 ± 0.010 (stat) ± 0.005 (syst) and
sin22𝜃

13
= 0.100 ± 0.010 (stat) ± 0.015 (syst) in Daya Bay

and RENO, respectively. On the other hand, the far-to-near
ratio and the measured-to-expected ratio are understood as
a combination of Δ𝑚

2

31
oscillations and Δ𝑚

2

41
oscillations

as shown in Figure 1. For a given value of Δ𝑚
2

41
, 0.01 eV2

or 0.01 eV2, the combination of sin22𝜃
14

and sin22𝜃
13

is
described in Figure 2. In the case of RENO, the ⟨𝑃(Δ𝑚

2

41
=

0.01 eV2)⟩ and ⟨𝑃(Δ𝑚
2

41
= 0.1 eV2)⟩ curves which pass the

error bars at ND and FD are drawn as blue- (gray-) shaded
areas. The area where the two shaded areas, ND and FD,
overlap is the allowed region in sin22𝜃

13
−sin22𝜃

14
space using

rate-only analysis.The corresponding analysis forDaya Bay is
shown together in Figure 2. The value of sin22𝜃

13
is in good

agreement with the results released by the two experiments.

3. Four-Neutrino Analysis of Updated
Spectral Shape in RENO

One of RENO’s results was the ratio of the observed to the
expected number of antineutrinos in the far detector, 𝑅 =

0.929 ± 0.011 (see [26]), where the observed is simply the
number of events at FD. On the other hand, the expected
number of events at FD can be obtained using several
adjustments of the number of events at ND:

𝑅 ≡
[Observed at FD]

[Expected at FD]
(8)

≡
[No. of events at FD]

[No. of events at ND]
∗
, (9)

where the number of events at each detector is normalized.
The normalization of the neutrino fluxes at ND and FD
requires an adjustment between the two individual detectors
which includes corrections due to DAQ live time, detection
efficiency, background rate, and the distance to each detector.
The numbers of events at FD and ND in (9) have already
been normalized by these correction factors, and so we have
𝑅far = 0.929 ± 0.017 and 𝑅near = 0.990 ± 0.025 as shown in
Figure 2.The normalization guarantees 𝑅 = 1 at the center of
the reactors. RENO removes the oscillation effect atNDwhen
evaluating the expected number of events at FD by dividing
the denominator of (9) by 0.990 which is taken from 𝑅near.
Now,

𝑅 =
[No. of events at FD]

[No. of events at ND] /0.990
. (10)
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2
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with sin22𝜃

14
= 0 for Δ𝑚

2

31
= 2.83 × 10

−3 eV2 and for Δ𝑚
2

31
= 2.32 × 10

−3 eV2 obtained from the analysis in Figure 4. For each case, the blue
fits are overlaid which are the superposition with Δ𝑚

2

41
= 0.039 eV2 oscillation of amplitude sin22𝜃

14
= 0.050, and the superposition with

Δ𝑚
2

41
= 0.0078 eV2 oscillation of amplitude sin22𝜃

14
= 0.054, respectively, obtained from the analysis in Figure 5.

In rate-only analysis, the ratio of the observed to the expected
number of events at FD in (8) is just the survival at FD, since
the denominator in (10) is eliminated.Thus, 𝑅 coincides with
𝑅far in Figure 2.

In spectral shape analysis, however, the denominator
cannot be neglected, since the oscillation effect at ND differs
depending on the neutrino energy.Thedata points in Figure 3
are obtained by the definition of the ratio 𝑅 given in (8)
and (9) per 0.25MeV bin, as the energy varies from 1.8MeV
to 12.8MeV. The data dots and error bars were updated
by including additional data from March to October in
2012 officially announced at Neutrino Telescope 2013 [26].

The ratio in (10) is compared with theoretical curves overlaid
on the data points. The theoretical curves are described by

⟨𝑃 (FD)⟩

⟨𝑃 (ND)⟩ (0.990)
−1

, (11)

where ⟨𝑃(L)⟩ is given in (4). In Figure 4, the best fit
of (Δ𝑚

2

31
, sin22𝜃

13
) is presented when 𝜃

14
= 0. The

point A (0.00283 eV2, 0.09) indicates the 𝜒
2 minimum

where sin22𝜃
13

and Δ𝑚
2

31
are parameters, while the point

B (0.00232 eV2, 0.10) is the minimumwhere Δ𝑚
2

31
is 0.00232



Advances in High Energy Physics 5

0.0010 0.01000.00500.0020 0.00300.0015 0.0070

1.00

0.50

0.20

0.10

0.05

0.02

0.01

sin
2
2𝜃
13

Δm231

A (0.00283, 0.0900)
B

(0.00232, 0.100)

A: 𝜒2min /dof = 0.96

B: 𝜒2min /dof = 1.32

Figure 4:Three-neutrino analysis of the spectral shape updated until October 2012.The best fit in (Δ𝑚
2

31
, sin22𝜃

13
) is (0.00283, 0.09) denoted

by A. When Δ𝑚
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Only Δ𝑚
2

41
> Δ𝑚

2

31
is considered and sin22𝜃

14
> 0.2 is excluded at 3𝜎 CL. For (A) specified by Δ𝑚

2

31
= 2.83 × 10

−3 eV2, the minimum
𝜒
2

min/dof = 0.48 is at (Δ𝑚
2

41
, sin22𝜃

14
) = (0.039 eV2, 0.050), while, for (B) specified by Δ𝑚

2

31
= 2.32 × 10

−3 eV2, two minima 𝜒
2

min/dof = 1.06

and 0.85 are located at (Δ𝑚
2

41
, sin22𝜃

14
) = (0.0078 eV2, 0.033) and (0.039 eV2, 0.049), respectively.

which RENO and Daya Bay used for the fixed value. Here-
after, two cases depending on Δ𝑚

2

31
are discussed: one is

for Δ𝑚
2

31
= 0.00283 eV2 marked by 𝐴 and the other is for

Δ𝑚
2

31
= 0.00232 eV2 marked by B. According to the analysis

performed with 𝜃
14

= 0, the red curves for the two values
of Δ2
31
are overlaid on the spectral data in Figure 3. Figure 5

shows interpretation of the spectral shape in terms of four-
neutrino oscillation. For given values of Δ

2

31
and sin22𝜃

13
,

the 1, 2, 3𝜎 CL exclusion curves are obtained by convolution
with the energy resolution of RENO detectors (5.9/√𝐸 +

1.1)%. Using the best fits (Δ𝑚
2

41
, sin22𝜃

14
) = (0.039 eV2, 0.05)

for (A) and (Δ𝑚
2

41
, sin22𝜃

14
) = (0.0078 eV2, 0.033) for (B),
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Figure 6: The 1𝜎, 2𝜎, and 3𝜎 fit of combination of the sin22𝜃
13
and sin22𝜃

14
for chosen values of (Δ𝑚

2

31
and Δ𝑚

2

41
). For (A), the 𝜒

2

min/dof of
(0.092, 0.049) is 0.51. For (B), the 𝜒

2

min/dof of (0.118, 0.049) is 0.96. In both cases, the best fit of sin22𝜃
14

= 0 is included in 1𝜎 region.

the blue curves are also added on the spectral data in Figure 3.
To see a distinct different aspect due to the magnitude of
Δ𝑚
2

41
, we choose 𝑚

2

41
= 0.0078 eV2 for the best fit of (B),

avoiding 𝑚
2

41
= 0.039 eV2 which is the same as the 𝑚

2

41
for

(A).
The solid curves in Figure 6 explain 1𝜎, 2𝜎, and 3𝜎 CL of

Δ𝜒
2 in parameters (sin22𝜃

13
, sin22𝜃

14
), of which the best-fits

are found at (0.092, 0.049) for case (A) ofΔ𝑚
2

31
= 0.00283 eV2

and at (0.118, 0.054) for case (B) of Δ𝑚
2

31
= 0.00232 eV2. In

case (B) where the value of Δ𝑚
2

31
is the same as the one that

RENO andDaya Bay took for it, the best fit of sin2 2𝜃
13
is 0.118

in company with nonzero sin22𝜃
14
. The best fit sin22𝜃

13
=

0.100with the restriction sin22𝜃
14

= 0 is still within 1𝜎 region
of four-neutrino analysis. Also in case (B) which is specified
by a rather large Δ𝑚

2

31
compared to the value taken by RENO

and Daya Bay or the value suggested by global analyses, the
best fit sin22𝜃

13
= 0.090 of three-neutrino analysis is placed

in the region of 1𝜎 CL. This implies no preference between
three-neutrino and four-neutrino schemes when the shape in
Figure 3 is analyzed in this rough estimation.

4. Conclusion

If a fourth type of neutrino has a mass not much larger
than the other three masses, the results of reactor neutrino
oscillations like RENO, Daya Bay, and Double Chooz can
be affected by the fourth state. For detectors established for
oscillations driven by Δ𝑚

2

31
= 0.00232 eV2, clues about

the fourth neutrino can be perceived only if the order of
Δ𝑚
2

41
is not much larger than that of Δ𝑚

2

31
. Therefore, this

work examined the possibility of a kind of sterile neutrino
in the range of mass-squared differences below 0.1 eV2,

considering the two announced results of RENO and Daya
Bay. Anomalies of reactor antineutrino oscillations have been
considered for the range, 0.1 eV2 < Δ𝑚

2

14
< 1 eV2. Thus, it is

worth analyzing the absolute flux at the near detector and the
ratio of the far-to-near flux on a common basis [32].

RENO announced an update of rate-only analysis and
the spectral shape of neutrino events [neutrino telescope],
including an observed-to-expected ratio 𝑅 = 0.929 and an
oscillation amplitude of sin22𝜃

13
= 0.100. We compared the

spectral shape with theoretical curves of the superpositions
of Δ𝑚

2

41
oscillations and Δ𝑚

2

31
oscillations. In summary,

sin22𝜃
14

> 0.2 is excluded at 3𝜎 CL. When Δ𝑚
2

31
=

0.00232 eV2 is fixed, the best-fit in four-neutrino parameters
is (Δ𝑚

2

41
, sin22𝜃

14
) = (0.0078 eV2, 0.054). When we search

the fit of Δ𝑚
2

31
along with other parameters of four-neutrino

analysis, the best value is obtained Δ𝑚
2

31
= 0.00283 eV2

with sin22𝜃
13

= 0.090 from the shape in three-neutrino
analysis. When the parameters are extended to four-neutrino
scheme, the best fit is (Δ𝑚

2

41
, sin22𝜃

14
) = (0.039 eV2, 0.049).

As shown in Figure 6, the three-neutrino analysis of RENO
(sin22𝜃

13
, sin22𝜃

14
) = (0.100, 0.0) is also included within

1𝜎 CL in four-neutrino analysis. Thus, it is not yet known
whether the superposition withΔ𝑚

2

41
oscillations is preferred

to the single Δ𝑚
2

31
oscillations at RENO detectors. Figure 7

shows that the rate-only analysis and the spectral shape
analysis are in good agreement within their 1𝜎 CL range.
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The relation of neutrino masses to neutrino oscillations and the nuclear double beta decay is highlighted. In particular, the
neutrinoless 𝛽+

𝛽
+, 𝛽+EC, and resonant ECEC decays are investigated using microscopic nuclear models. Transitions to the ground

state and excited 0+ states are analyzed. Systematics of the related nuclear matrix elements are studied and the present status of the
resonant ECEC decays is reviewed.

1. Introduction

The modern neutrino oscillation experiments have brought
the study of neutrino properties to the era of precision
measurements. At the same time the fundamental character
(Majorana or Dirac) of the neutrino is still unknown, as is
also its absolute mass scale. To gain information on these two
unknowns the atomic nuclei can be engaged as the mediators
of the Majorana-neutrino triggered neutrinoless double beta
(0]2𝛽) decays. The key issue here is how to cope with the
involved nuclear-structure issues of the decays, crystallized
in the form of the nuclear matrix elements (NMEs) [1–
3]. To be able to exploit the potential data extracted from
the 0]2𝛽-decay experiments one needs to evaluate the NMEs
in a reliable enough way. It has become customary to
employ the neutrino-emitting correspondent of 0]2𝛽 decay,
the two-neutrino double beta (2]2𝛽) decay, to confine the
nuclear-model degrees of freedom in the NME calculations.
The 2]2𝛽 decay is a second-order process in the standard
model of the electroweak interactions and the associated half-
lives have been measured for several nuclei [4].

The neutrinoless double 𝛽
− (0]𝛽−

𝛽
−) decays have been

studied intensively over the years [2, 3] due to their
favorable decay 𝑄 values. The positron-emitting modes of
decays, 𝛽+

𝛽
+, 𝛽+EC, and ECEC, aremuch less studied. From

here on we will denote all these decay modes as 0]𝛽+/EC
decays. The general, nuclear model independent frameworks
of theory for these decays have been investigated in [7] for

the 0]𝛽+/EC-decay channels 𝛽+
𝛽
+ and 𝛽

+EC. The formal-
ism for the resonant neutrinoless double electron capture
(R0]ECEC) was first developed in [8] and later discussed and
extended to its radiative variant (0]𝛾ECEC) in [9]. Due to the
resonant nature of the R0]ECEC decay its studies have called
for precisemeasurements of themass differences of the atoms
involved in the decays.The resonantmode of 0]ECECdecays
is studied intensively for its potential enhanced sensitivity to
discover the Majorana mass of the neutrino and that is why
much experimental effort is being invested in observing this
mode of decay.

2. Neutrino Masses and Oscillations

In the calculations of transition rates of the 0]𝛽+/EC decays,
the neutrino-physics part and nuclear-physics part factorize.
We will start by considering the neutrino-physics part. The
weak-interaction Lagrangian of leptons is diagonal in the
neutrino fields ]

𝑒
, ]

𝜇
, and ]

𝜏
, called flavor eigenfields. The

charged-current interaction part of the Lagrangian of the
StandardModel of electroweak interactions, which is relevant
to the considerations of this presentation, is given by

L
𝐶𝐶

= −
𝑔

2√2

∑

ℓ

]
ℓ
𝛾
𝜇
(1 − 𝛾

5
) ℓ𝑊

𝜇
+ h.c.

= −
𝑔

√2

∑

ℓ

]
ℓ𝐿
𝛾
𝜇
ℓ
𝐿
𝑊

𝜇
+ h.c.,

(1)
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where ℓ refers to the three lepton flavors, ℓ = 𝑒, 𝜇, 𝜏, 𝑊𝜇 is
a vector field corresponding to the charged weak boson 𝑊

±,
]
ℓ𝐿

and ℓ
𝐿
are the left-handed chiral components of the neu-

trino and charged lepton fields, and 𝑔 is the gauge coupling
constant. In all phenomena studied so far neutrinos appear
as ultrarelativistic particles, but it is known that, albeit being
extremely light compared with other fermions, neutrinos do
have mass, evidenced by observations of many neutrino-
flavor-oscillation phenomena (see, e.g., [10–18]). In neutrino
oscillations transitions between neutrino flavors take place,
indicating that neutrinos mix with each other. This mixing
arises through the mechanism that gives neutrinos their
mass. The mass part of the neutrino Lagrangian is hence
not diagonalized by the flavor fields ]

ℓ
but by fields ]

𝑖
(𝑖 =

1, 2, 3) that have definite masses 𝑚
𝑖
, known as the mass

eigenfields. The left-handed flavor eigenfields appearing in
the interaction Lagrangian (1) are superpositions of the left-
handed components of the mass eigenfields:

]
ℓ𝐿

= ∑

ℓ=𝑒,𝜇,𝜏

𝑈
ℓ𝑖
]
𝑖𝐿
, (2)

where 𝑈 is a unitary 3 × 3 matrix, called the neutrino mix-
ing matrix or Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [19, 20].

Themass of the left-handedneutrinos can arise frommass
terms of the form

−
1

2
𝑀

𝐿

ℓℓ
(]ℓ𝐿)

𝐶]
ℓ

𝐿
+ h.c., (3)

the so-called Majorana mass terms. They can arise in the
Standard Model of particle physics through nonrenormal-
izable interactions between neutrinos and neutral Higgs
bosons: −(𝑌

ℓℓ
/Λ)(]

ℓ𝐿
)
𝐶
(𝐻

0
)
2]

ℓ

𝐿
+ h.c., where 𝑌

ℓℓ
 is the

Yukawa coupling constant, Λ is the energy scale of some new
physics not present in the Standard Model, and 𝐻

0 is a neu-
tral Higgs field. In the Standard Model, the vacuum expec-
tation value of the neutral Higgs field is nonzero, ⟨𝐻0

⟩ =

V/2 ̸=0, giving rise to the following Majorana mass term for

the left-handed neutrinos:

−
V2𝑌

ℓℓ


4Λ
(]

ℓ𝐿
)
𝐶]

ℓ

𝐿
+ h.c., (4)

that is, 𝑀𝐿

ℓℓ
 = V2𝑌

ℓℓ
/2Λ.

One assigns leptons an additive quantum number called
the lepton number 𝐿, such that 𝐿 = +1 for particles and 𝐿 =

−1 for antiparticles. The lepton number is conserved in
the standard electroweak interactions, like in the charged-
current interactions described by the Lagrangian (1), but
the Majorana mass term (3) breaks it by two units; that
is, Majorana mass terms are sources or sinks of the lepton
number. No empirical evidence of nonconservation of the
lepton number exists so far.

If one assumes that there exist, in addition to the left-
handed neutrino fields ]

ℓ𝐿
, right-handed neutrino fields ]

ℓ𝑅
,

the neutrino mass Lagrangian may contain also the Dirac
mass terms −𝑀𝐷

ℓℓ
]ℓ𝑅]



ℓ
+ h.c. and another type of Majorana

mass terms −(1/2)𝑀𝑅

ℓℓ
(]ℓ𝑅)

𝐶]
ℓ

𝑅
+ h.c. Unless the Majorana

mass terms vanish, the fields ]
𝑖
that diagonalize the full mass

Lagrangian are two-component Majorana fields obeying the
condition (“Majorana condition”)

]
𝑖
= ]𝐶

𝑖
. (5)

There are in this case altogether six mass states. It is generally
assumed that 𝑀𝑅

ℓℓ
 ≫ 𝑀

𝐷

ℓℓ
 ≫ 𝑀

𝐿

ℓℓ
 (the so-called seesaw

model [21–25]), implying that three of these six states are
light, corresponding to the three ordinary neutrinos appear-
ing in (2), while the other three are very heavy and decouple
from the low-energy physics. Even if the mixing between
light and heavy sectors is neglected, the relation (2) is still
applicable.

A lot of empirical information on the neutrino mixing,
that is, the elements of the matrix 𝑈, and the neutrino
masses has been obtained via solar, atmospheric, reactor,
and accelerator neutrino oscillation experiments.Themixing
matrix 𝑈 can be presented in terms of sixmeasurable param-
eters, three rotation angles and three phases, as follows [26]:

𝑈 = (

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

)𝑃, (6)

where 𝑃 = diag(1, 𝑒𝑖𝛼, 𝑒𝑖𝛽), 𝑠
𝑖𝑗

= sin 𝜃
𝑖𝑗
, 𝑐

𝑖𝑗
= cos 𝜃

𝑖𝑗
, and

𝛿 is called the Dirac phase and 𝛼 and 𝛽 the Majorana
phases. The probability for the oscillatory transition from
the neutrino flavor ]

𝛼
to the flavor ]

𝛽
as a function of the

distance of flight 𝐿 and neutrino energy 𝐸 is given by (see,
e.g., [27])

𝑃 (]
𝛼
→ ]

𝛽
)

= 𝛿
𝛼𝛽

− 4∑

𝑖>𝑗

Re [𝑈
∗

𝛼𝑖
𝑈

∗

𝛽𝑗
𝑈
𝛽𝑖

𝑈
𝛼𝑗] sin2

Δ𝑚
2

𝑖𝑗
𝐿

4𝐸

+ 2∑

𝑖>𝑗

Im [𝑈
∗

𝛼𝑖
𝑈

∗

𝛽𝑗
𝑈
𝛽𝑖

𝑈
𝛼𝑗] sin

Δ𝑚
2

𝑖𝑗
𝐿

2𝐸
,

(7)

where Δ𝑚
2

𝑖𝑗
= 𝑚

2

𝑖
− 𝑚

2

𝑗
. As can be seen from this formula,

the neutrino oscillations do not bring us any information
about the absolute neutrino mass scale, only about the
squared mass differences Δ𝑚2

𝑖𝑗
. One can also easily show that

neutrino oscillations are not sensitive to theMajorana phases
𝛼 and 𝛽.
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Figure 1: Feynman diagram for the Majorana-neutrino-
mediated 𝛽

+
𝛽
+ decay.

A global fit to oscillation data yields the following values
for the parameters [5]:

Δ𝑚
2

21
= 7.54

+0.26

−0.22
× 10

−5eV2
,

Δ𝑚
2

31
≃ Δ𝑚

2

32
= 2.43

+0.06

−0.10
× 10

−3eV2
,

sin2𝜃
12

= 0.307
+0.18

−0.16
,

sin2𝜃
23

= 0.386
+0.24

−0.21
,

sin2𝜃
13

= 0.0241
+0.0025

−0.0025
.

(8)

Here the normal mass hierarchy 𝑚
3
> 𝑚

1
, 𝑚

2
is assumed;

the values are slightly varied for the inverse hierarchy 𝑚
3
<

𝑚
1
, 𝑚

2
(see [5]).

The main goals of the forthcoming neutrino oscillation
experiments are to measure the value of the CP phase 𝛿 and
to determine the neutrino mass hierarchy, whether it is
normal or inverted. The other important open questions of
neutrino physics include determining the absolute mass scale
of neutrinos and finding out whether neutrinos are Dirac
particles or Majorana particles. These latter two questions
could be at least partially solved by neutrinoless double
beta decay and other lepton number violating processes.
Information about the absolute neutrino mass can be also
obtained by determining the effective electron neutrino
mass 𝑚

𝛽
= √∑

𝑖
|𝑈

𝑒𝑖
|
2
𝑚

2

𝑖
in beta decay experiments, as well

as from the cosmological precisionmeasurements of the sum
of neutrino masses ∑

𝑖
𝑚

𝑖
. The current experimental upper

limits for 𝑚
𝛽
are 2.3 eV [28] and 2.1 eV [29], and for the sum

of neutrino masses ∑
𝑖
𝑚

𝑖
the recent Planck satellite data [6]

imply the upper limit 0.66 eV.

n0
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n0p+
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W+

�i

p+

n0p+

e−

e−

(b)

Figure 2: Feynman diagrams for the Majorana-neutrino-
mediated 𝛽

+EC (a) and ECEC (b) decays.

3. Neutrino Masses and Double Beta Decay

In the standard picture the neutrinoless double beta
decays (𝐴, 𝑍) → (𝐴, 𝑍 + 2) + 2𝑒

− and (𝐴, 𝑍) →

(𝐴, 𝑍 − 2) + 2𝑒
+ are mediated by light neutrinos. These

processes are of great importance from the particle-physics
point of view, as they would indicate the violation of lepton
number, which in turn would imply that light neutrinos are
Majorana particles. This would be valuable information for
understanding the origin of fermion masses.

We are considering in this work particularly the positron-
emission mode (𝐴, 𝑍) → (𝐴,𝑍 − 2) + 2𝑒

+ (see Figure 1).
In the electroweak model the leptonic part of this process is
described by a second-order perturbation given by

(
𝐺F
√2

)

2

𝑒+𝛾
𝜇
 (1 + 𝛾

5
) ]𝑐

𝑒
]
𝑒
𝛾
𝜇
(1 − 𝛾

5
) 𝑒

−
, (9)
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Figure 3: Absolute value of the effective neutrino mass 𝑚eff =

|⟨𝑚]⟩| against the mass 𝑚
0
of the lightest neutrino for both the

normal and invertedmass hierarchy and for all possible values of the
phases 𝜑

12
and 𝜑

13
defined in (15). The best-fit values [5] are used

for the oscillation parameters (see (8)).The cosmological upper limit
for 𝑚

0
, derived from the Planck satellite measurements [6], is also

given.

where 𝑒
−, 𝑒+, ]

𝑒
, and ]𝑐

𝑒
are the field operators of the elec-

tron, positron, electron neutrino, and electron antineutrino,
respectively. The strength of the interaction is governed by
the Fermi coupling constant 𝐺F/√2 = 𝑔

2
/(8𝑚

2

𝑊
), where 𝑔 is

the fundamental gauge coupling of the electroweak theory
and 𝑚

𝑊
is the mass of 𝑊±. The propagator describing the

internal neutrino is given by

⟨0
]

𝑐

𝑒
(𝑥) ]

𝑒
(𝑦)

 0⟩

= ∑

𝑖

(𝑈
∗

𝑒𝑖
)
2

⟨0
]𝑖 (𝑥) ]𝑖 (𝑦)

 0⟩

= −𝑖∑

𝑖

(𝑈
∗

𝑒𝑖
)
2

∫
d4𝑞
(2𝜋)

4

�𝑞 + 𝑚
𝑖

𝑞2 − 𝑚
2

𝑖

exp (−𝑖𝑞 ⋅ (𝑥 − 𝑦)) ,

(10)

where the condition (5) is used.
The amplitude of the process (𝐴, 𝑍) → (𝐴,𝑍−2)+2𝑒

+ is
proportional to

∑

𝑖

𝐺
2

F𝑈
∗2

𝑒𝑖
𝛾
𝜇
𝛾
𝐿

�𝑞 + 𝑚
𝑖

𝑞2 − 𝑚
2

𝑖

𝛾
𝜇
𝛾

𝐿
= ∑

𝑖

𝐺
2

F𝑈
∗2

𝑒𝑖

𝑚
𝑖

𝑞2 − 𝑚
2

𝑖

𝛾
𝜇
𝛾
𝑅
𝛾
𝜇
 ,

(11)

where 𝑞 is the momentum of the exchanged neutrino
and 𝛾

𝐿(𝑅)
are the chirality projection matrices 𝛾

𝐿(𝑅)
=

(1(−/(+)) 𝛾
5
)/2. Note that the �𝑞 part of the neutrino prop-

agator does not contribute due to chirality mismatch.
Typically 𝑞 ≃ 100MeV, in accordance with a typical nuclear
distance of 1 fm. Given that neutrinos are expected to be
in the sub-eV mass scale, one can safely approximate the
denominator of the neutrino propagator by 𝑞

2, leading to

𝐺
2

F (∑
𝑖

𝑈
∗2

𝑒𝑖
𝑚

𝑖
)

1

𝑞2
𝛾
𝜇
𝛾
𝑅
𝛾
𝜇
 . (12)

The essential part of the amplitude fromneutrino-physics
point of view is the quantity:

⟨𝑚]⟩ ≡ ∑

𝑖

𝑈
∗2

𝑒𝑖
𝑚

𝑖
, (13)

whose absolute value is called the effective neutrinomass; that
is,

𝑚eff =
⟨𝑚]⟩

 . (14)

Although this quantity depends on a great number of observ-
ables, it is associated with just one single parameter of the
fundamental Lagrangian, theMajorana mass term of the left-
handed electron neutrino 𝑀

𝐿

𝑒𝑒
(see (3)).

The modes 𝛽+EC and ECEC (Figure 2) are described
by the same operator (9) as the 𝛽

+
𝛽
+ mode, which is easily

understandable since the antiparticle creation operator is
always associated with the particle annihilation operator in
the fermion fields. Hence all these processes probe the same
effective neutrino mass. The decay rates of the processes are
proportional to |⟨𝑚]⟩|

2.
Using the standard parametrization (6) of the mixing

matrix 𝑈, one can cast ⟨𝑚]⟩ in the following form:

⟨𝑚]⟩ = 𝑐
2

12
𝑐
2

13
𝑚

1
+ 𝑠

2

12
𝑐
2

13
𝑒
−𝑖𝜑
12𝑚

2
+ 𝑠

2

13
𝑒
−𝑖𝜑
13𝑚

3
, (15)

where 𝜑
12

= 𝛼 and 𝜑
13

= 𝛽 − 𝛿. Depending on the phases
𝜑
12

and 𝜑
13
, the contributions of the three neutrino mass

states will add up constructively or destructively. In the case
the CP symmetry is conserved, the phase factors assume
the values +1 or −1, depending on the intrinsic CP quantum
numbers of the mass states, which in turn depend on the
detailed structure of the mass matrix. There are four possible
sign combinations which lead to different values for ⟨𝑚]⟩.
Any values of the phases different from ±1 would mean
violation of the CP symmetry.

The amplitude of the electron-electron decay mode
is proportional to the complex conjugate of ⟨𝑚]⟩.
As the decay widths are proportional to |⟨𝑚]⟩|

2, the
modes 𝛽+

𝛽
+ and 𝛽

−
𝛽
−, as well as of the modes 𝛽+EC

and ECEC, probe neutrino physics through the same
quantity. Hence the CP is not manifestly broken in
neutrinoless double beta decay, although the Majorana
phases 𝜑

12
and 𝜑

13
appear in ⟨𝑚]⟩. One can understand this

also as a consequence of the fact that in the limit 𝑞2 ≫ 𝑚
2

𝑖
the

amplitudes depend on just one parameter of the mass
Lagrangian, the element 𝑀𝐿

𝑒𝑒
, allowing for no measurable

phases. To be sensitive to the Majorana CP phases, one
should be able to distinguish between the mass states ]

𝑖
.

Apart from the CP phases 𝜑
12

and 𝜑
13
, which are not

observables of neutrino oscillations (the possibleCP violation
in oscillation phenomena is due to the Dirac phase 𝛿),
there are two unknowns in the expression of the effective
mass, namely, the absolute neutrino mass scale, say the
mass 𝑚

0
of the lightest neutrino, and the mass hierarchy,

that is, whether 𝑚
3
> 𝑚

1
, 𝑚

2
(normal hierarchy) or 𝑚

3
<

𝑚
1
, 𝑚

2
(inverted hierarchy). All three neutrinomasses can be
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expressed in terms of the absolute mass 𝑚
0
: in the case of the

normal hierarchy

𝑚
1
= 𝑚

0
,

𝑚
2
= √𝑚

2

0
+ Δ𝑚

2

21
,

𝑚
3
= √𝑚

2

0
+ Δ𝑚

2

31
,

(16)

and in the case of inverted hierarchy

𝑚
1
= √𝑚

2

0
+
Δ𝑚

2

31

,

𝑚
2
= √𝑚

2

0
+ Δ𝑚

2

21
+
Δ𝑚

2

31

,

𝑚
3
= 𝑚

0
.

(17)

The squared mass difference Δ𝑚
2

21
and the absolute value of

the mass difference Δ𝑚
2

31
are known from neutrino oscil-

lation experiments. The neutrino hierarchy will be deter-
mined in the forthcoming neutrino oscillation experiments.
This information would be crucial for interpretation of the
results of the double beta decay experiments. In the case
of inverted hierarchy, |⟨𝑚]⟩| has lower limit of the order
of 10−2 eV, as can be inferred from Figure 3, where the
effective mass, 𝑚eff = |⟨𝑚]⟩|, is presented as a function of
the mass 𝑚

0
of the lightest neutrino for all possible values of

the Majorana phases 𝜑
12

and 𝜑
13
. If no signal of double beta

decay is obtained above this limit, it would mean that either
the hierarchy has to be the normal one or the neutrino is not
aMajorana particle. An observation of double beta transition
with |⟨𝑚]⟩| < 10

−2 eV would mean that the mass hierarchy is
normal and the neutrino is a Majorana particle. On the other
hand, nonobservation of the transition would not mean that
the process does not exist, since in the case of the normalmass
hierarchy the effectivemass and hence the decay width can be
arbitrarily small.

4. Double Beta Decays on
the 𝛽+/ Electron-Capture Side

In this section a rather detailed account of the basic theoreti-
cal ingredients of the half-life calculations is given. In this way
the reader can have a unified picture of the formalisms used
for various types of double beta transitions.

4.1. Half-Lives and Nuclear Matrix Elements. In this work
it is assumed that the 0]𝛽+/EC decays proceed exclu-
sively via the exchange of massive Majorana neutrinos,
as discussed in Section 3. The inverse half-lives for the
neutrinoless 𝛽+

𝛽
+ and 𝛽

+EC decays can be cast in the form

[𝑇
𝛼

0] (0
+
)]

−1

= 𝐺
𝛼

0] (0
+
)

𝑀

(0])

2

(𝑚eff [eV])
2

,

𝛼 = 𝛽
+
𝛽
+
, 𝛽

+EC,
(18)

where 𝑚eff is the effective neutrino mass (14) that should be
given in (18) in units of eV. The decays described by (18)

proceed via the available phase space for the final state leptons
and the phase-space integrals 𝐺𝛽

+
𝛽
+

0] (0
+
) and 𝐺

𝛽
+EC

0] (0
+
) are

defined in [7]. The involved nuclear matrix element (NME)
can be written (see, e.g., [45–47]) in terms of the Gamow-
Teller (GT), Fermi (F), and tensor (T) matrix elements in the
form

𝑀
(0])

= (
𝑔
𝐴

1.25
)

2

[𝑀
(0])
GT − (

𝑔
𝑉

𝑔
𝐴

)

2

𝑀
(0])
F +𝑀

(0])
T ] , (19)

where 𝑔
𝐴

= 1.25 corresponds to the bare-nucleon value
of the axial-vector coupling constant and 𝑔

𝑉
= 1.00 is

the vector coupling constant. The tensor matrix element is
neglected in the present calculations since its contribution is
very small [48, 49]. The above defined NME is convenient
since the phase-space factor to be used with it is always
the one defined for 𝑔

𝐴
= 1.25 independent of the value

of 𝑔
𝐴
used in (19).

In the case of the neutrinoless double electron
capture, 0]ECEC, there are no leptons available in the
final state to carry away the decay energy. In this case
one has to engage some additional mechanism to rid
the initial atom of the excess energy of decay. There are
two proposed mechanisms to cope with this situation:
the radiative 0]ECEC decay [9] and the resonant decay,
R0]ECEC [8]. The resonance condition—close degeneracy
of the initial and final (excited) atomic states—can enhance
the decay rate by a factor as large as 106. The R0]ECEC
process is of the form

𝑒
−
+ 𝑒

−
+ (𝐴, 𝑍) → (𝐴,𝑍 − 2)

∗
→ (𝐴,𝑍 − 2) + 𝛾 + 2𝑋,

(20)

where the capture of two atomic electrons leaves the final
atom in an excited state, inmost cases having the final nucleus
in an excited state. The excited state of the nucleus decays by
one or more gamma rays and the atomic vacancies is filled by
outer electrons with emission of X-rays.

Fulfillment of the resonance condition depends on the so-
called degeneracy parameter 𝑄−𝐸, where 𝐸 is the excitation
energy of the final atomic state and 𝑄 is the difference
between the initial and final atomic masses. Possible candi-
dates for such resonant decays are many and a representative
list will be displayed in Section 7.The final nuclear states with
spin-parity 0

+ are the most favorable ones and the only ones
discussed as examples in this review. The inverse half-life for
transitions to 0

+ states can be written as

[𝑇
ECEC
0] (0

+
)]

−1

= 𝑔
ECEC
0] (0

+
)

𝑀

(0])

2 𝑚
2

effΓ

(𝑄 − 𝐸)
2
+ Γ2/4

,

(21)

where the daughter state (𝐴, 𝑍 − 2)
∗ is a virtual state with

energy

𝐸 = 𝐸
∗
+ 𝐸

𝐻
+ 𝐸

𝐻
 + 𝐸

𝐻𝐻
 , (22)

including the possible nuclear excitation energy and the
binding energies of the two captured electrons. The last term
accounts for the Coulomb repulsion between the two holes.
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The quantity Γ denotes the combined nuclear and atomic
radiative widths where the atomic widths dominate and are a
few tens of electron volts [50].The factor 𝑔ECEC

0] can be called
the atomic factor and it contains the information about the
density distributions of the involved atomic orbitals at the
nucleus. It can be written as

𝑔
ECEC
0] (0

+
) = (

𝐺F cos 𝜃𝐶
√2

)

4
𝑔
4

𝐴

4𝜋2 ln 2𝑅2

𝐴

𝑚
6

𝑒
N

𝑛,𝜅
N

𝑛

,𝜅
 ,

(23)

where N
𝑛,𝜅

is the normalization of the relativisticDiracwave
function for the atomic orbital specified by the quantum
numbers (𝑛, 𝜅) [7] in the presence of a uniformly charged
spherical nucleus.

TheGamow-Teller and FermiNMEs appearing in (19) can
be written explicitly in the form

𝑀
(0])
𝐾

= ∑

𝐽
𝜋

∑

𝐽


∑

𝑘
1
𝑘
2

∑

𝑝𝑝

𝑛𝑛


(−1)
𝑗
𝑝
+𝑗
𝑛
+𝐽+𝐽



× √2𝐽 + 1{
𝑗
𝑛

𝑗
𝑝

𝐽

𝑗
𝑝
 𝑗

𝑛
 𝐽

}

× 𝑚
𝐾
(𝑛𝑛


, 𝑝𝑝


; 𝐽


; 𝑘

1
, 𝑘

2
)

× (0
+

𝑓


[𝑐

†

𝑛
𝑐𝑝]

𝐽


𝐽
𝜋

𝑘
1

) ⟨𝐽
𝜋

𝑘
1

| 𝐽
𝜋

𝑘
2

⟩ (𝐽
𝜋

𝑘
2


[𝑐

†

𝑛
𝑐
𝑝
]
𝐽


0
+

𝑖
) ,

(24)

where 𝐾 = F, GT and 𝑘
1
and 𝑘

2
label the different nu-

clear-model solutions for a given multipole 𝐽
𝜋, the

set 𝑘
1
stemming from the calculation based on the final

nucleus and the set 𝑘
2
stemming from the calculation based

on the initial nucleus. Here the one-body transition densities
are (0

+

𝑓
‖[𝑐

†

𝑛
𝑐𝑝]𝐽‖𝐽

𝜋

𝑘
1

) and (𝐽
𝜋

𝑘
2

‖[𝑐
†

𝑛
𝑐
𝑝
]
𝐽
‖0

+

𝑖
), and they are given

separately for the different types of 0+ final states 𝑓 in
Section 4.3.

The two-particle matrix element of (24) can be written as

𝑚
𝐾
(𝑛𝑛


, 𝑝𝑝


; 𝐽


; 𝑘

1
, 𝑘

2
)

= 𝐽𝑗
𝑝
𝑗
𝑝
𝑗

𝑛
𝑗
𝑛
∑

𝜆𝑆

(2𝜆 + 1) (2𝑆 + 1) 𝐹
𝐾

×

{{{{{

{{{{{

{

𝑙
𝑝

𝑙
𝑝
 𝜆

1

2

1

2
𝑆

𝑗
𝑝

𝑗
𝑝
 𝐽



}}}}}

}}}}}

}

{{{{{

{{{{{

{

𝑙
𝑛

𝑙
𝑛
 𝜆

1

2

1

2
𝑆

𝑗
𝑛

𝑗
𝑛
 𝐽



}}}}}

}}}}}

}

× ∑

𝑛
1
𝑛
2
𝑙𝑁𝐿

𝑀
𝜆
(𝑛

1
𝑙𝑁𝐿; 𝑛

𝑛
𝑙
𝑛
𝑛
𝑛
 𝑙
𝑛
)

× 𝑀
𝜆
(𝑛

2
𝑙𝑁𝐿; 𝑛

𝑝
𝑙
𝑝
𝑛
𝑝
 𝑙
𝑝
)

× ∫𝑑
3
𝑟𝜙

𝑛
1
𝑙
(r) ℎ

𝐾
(𝑟

12
,
1

2
(𝐸

𝑘
1

+ 𝐸
𝑘
2

)) 𝜙
𝑛
2
𝑙
(r) ,

(25)

where 𝑗 = √2𝑗 + 1 and 𝑟
12

= |r
1
− r

2
| is the relative distance

between the two decaying protons. The following auxiliary
quantities have been defined

𝐹F = 1, 𝐹GT = 6(−1)
𝑆+1

{{{

{{{

{

1

2

1

2
𝑆

1

2

1

2
1

}}}

}}}

}

. (26)

The quantities 𝑀
𝜆
are the Moshinsky brackets that mediate

the transformation from the laboratory coordinates
r
1
and r

2
to the center-of-mass coordinate R = (1/√2)(r

1
+

r
2
) and the relative coordinate r = (1/√2)(r

1
− r

2
). In

this way the short-range correlations of the two decaying
protons are easily incorporated in the theory. The wave
functions 𝜙

𝑛𝑙
(r) are taken to be the eigenfunctions of the

isotropic harmonic oscillator.
The neutrino potential ℎ

𝐾
(𝑟

12
, 𝐸), 𝐾 = F,GT, in the

integral of (26) is defined as

ℎ
𝐾
(𝑟

12
, 𝐸) =

2

𝜋
𝑅
𝐴
∫𝑑𝑞

𝑞ℎ
𝐾
(𝑞

2
)

𝑞 + 𝐸 − (𝐸
𝑖
+ 𝐸

𝑓
) /2

𝑗
0
(𝑞𝑟

12
) ,

(27)

where 𝑗
0
is the spherical Bessel function and the integration

is performed over the exchanged momentum 𝑞. Here 𝐸
𝑖
=

𝑀
𝑖
𝑐
2 is the ground-state mass energy of the initial nucleus

and 𝐸
𝑓
the (ground-state or excited-state) mass energy of

the final nucleus. In practice the lowest pnQRPA energies of
the two sets 𝑘

1
and 𝑘

2
are normalized such that the energy

difference of these energies and the mass energy of the
initial nucleus match the corresponding experimental energy
difference. The term ℎ

𝐾
(𝑞

2
) in (27) includes the contribu-

tions arising from the short-range correlations, nucleon
form factors, and higher-order terms of the nucleonic weak
current [51]. For all the 0]𝛽+/EC transitions of this work the
NMEs have been computed by the use of both the Jastrow
short-range correlations [52] and the UCOM correlations
[53, 54]. Both short-range correlators have been recently
used in many 0]𝛽−

𝛽
− calculations [48, 49, 55–58] and in

some 0]𝛽+/EC calculations [36, 59–61].

4.2. Nuclear Models and Model Parameters. In this work
the wave functions of the nuclear states involved in the
double beta decay transitions are calculated by the use of
the quasiparticle random-phase approximation (QRPA) in
realistically large single-particle model spaces. The 𝐽

𝜋 states
of the intermediate nucleus of the 𝛽𝛽 decays are generated
by the usual proton-neutron QRPA (pnQRPA) [2, 62] in the
form

𝐽
𝜋

𝑘
𝑀 ⟩ = 𝑄

†
(𝐽

𝜋

𝑘
,𝑀) |QRPA⟩

= ∑

𝑝𝑛

(𝑋
𝐽
𝜋

𝑘

𝑝𝑛
[𝑎

†

𝑝
𝑎
†

𝑛
]
𝐽𝑀

− 𝑌
𝐽
𝜋

𝑘

𝑝𝑛
[𝑎

†

𝑝
𝑎
†

𝑛
]
†

𝐽𝑀
) |QRPA⟩ ,

(28)

where 𝑋 and 𝑌 are the forward- and backward-going ampli-
tudes of the pnQRPA, obtained by solving the pnQRPA
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Figure 4: Schematic representation of the possible 0]𝛽+/EC decay
modes of 106Cd.The atomic resonance at 2766.26 keV includes both
the nuclear excitation energy and the energy related to the two
electron holes in the atomic K shell as given in (22).
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Figure 5: Computed partial 0]𝛽+/EC decay half-lives of the various
decay transitions from 106Cd.The value 𝑚eff = 0.3 eV is adopted for
the effective neutrino mass and the UCOM short-range correlations
have been assumed. The half-lives are given in units of years.

equations of motion [62]. The excited states 𝐼𝜋
𝑘
in the final

even-even nuclei are described by the phonons of the charge-
conserving QRPA (ccQRPA), expressed as


𝐼
𝜋

𝑘
𝑀 ⟩ = 𝑄

†
(𝐼

𝜋

𝑘
,𝑀) |QRPA⟩

= ∑

𝑎𝑏

(𝑍
𝐼
𝜋

𝑘

𝑎𝑏
[𝑎

†

𝑎
𝑎
†

𝑏
]
𝐼𝑀

−𝑊
𝐼
𝜋

𝑘

𝑎𝑏
[𝑎

†

𝑎
𝑎
†

𝑏
]
†

𝐼𝑀
) |QRPA⟩ ,

(29)
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Figure 6: Computed partial 0]𝛽+/EC decay half-lives of the various
decay transitions from 96Ru. The value 𝑚eff = 0.3 eV is adopted for
the effective neutrino mass and the UCOM short-range correlations
have been assumed. The half-lives are given in units of years.

where the symmetrized amplitudes 𝑍 and 𝑊 are obtained
from the usual ccQRPA amplitudes 𝑋 and 𝑌 [62] through
the transformation

𝑍
𝐼
𝜋

𝑘

𝑎𝑏
=

{{{{{{{

{{{{{{{

{

𝑋
𝐼
𝜋

𝑘

𝑎𝑏
, if 𝑎 = 𝑏

1

2
𝑋

𝐼
𝜋

𝑘

𝑎𝑏
, if 𝑎 < 𝑏

1

2
𝑋

𝐼
𝜋

𝑘

𝑏𝑎
, if 𝑎 > 𝑏

(30)

and similarly for 𝑊 in terms of 𝑌.
Now one can take a 𝐼

𝜋

𝑘
= 2

+

1
phonon of (29) and build an

ideal two-phonon 𝐼
+ state of the form


𝐼
+

2−ph⟩ =
1

√2

[𝑄
†
(2

+

1
)𝑄

†
(2

+

1
)]

𝐼
|QRPA⟩ . (31)

An ideal two-phonon state consists of partner states 𝐼𝜋 =

0
+
, 2

+
, 4

+ that are degenerate in energy and exactly at an
energy twice the excitation energy of the 2

+

1
state. In practice

this degeneracy is always lifted by the residual interaction
between the one- and two-phonon states [63]. The one-
and two-phonon states in the final even-even nucleus are
connected to the 𝐽

𝜋 states of the intermediate nucleus by
transition amplitudes obtained from a higher-QRPA frame-
work called the multiple-commutator model (MCM), first
introduced in [64] and further extended in [65].

The calculations were done in sufficiently large single-
particle spaces and the single-particle energies were gener-
ated by the use of a spherical Coulomb-corrected Woods-
Saxon (WS) potential with a standard parametrization [66],
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Figure 8: Values of the computed nuclear matrix elements
for 0]𝛽+/EC decay transitions to the ground state (0+gs), the first
excited 0

+ state (0+
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) and the resonant 0+ state (0+res) for all the nuclei

discussed in this paper.

optimized for nuclei near the line of beta stability. Sometimes
theWoods-Saxon based single-particle energies were slightly
corrected near the proton and/or neutron Fermi surfaces to
better reproduce the low-energy spectra of the neighboring
neutron-odd and/or proton-odd nuclei at the BCS level. The
Bonn-A G-matrix has been used as the two-body interaction
and it has been renormalized in the standard way [64, 67].
The quasiparticles are treated in the BCS formalism and
the pairing matrix elements are scaled by a common factor,
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Figure 9: Values of the computed nuclear matrix elements
for 0]𝛽−

𝛽
− and 0]𝛽+/EC decays for masses 70 ≤ 𝐴 ≤ 100 (a)

and for 104 ≤ 𝐴 ≤ 136 (b). Shown are the NMEs corresponding
to the decay transitions to the ground state (0+gs) and the first
excited 0

+ state (0+
1
).

separately for protons and neutrons. In practice these factors
are fitted such that the lowest quasiparticle energies obtained
from the BCS match the experimental pairing gaps for
protons and neutrons, respectively [62].

As explained in detail in [45] the particle-hole and
particle-particle parts of the proton-neutron two-body
interaction are separately scaled by the particle-hole
parameter 𝑔ph and particle-particle parameter 𝑔pp. The
value of the particle-hole parameter was fixed by the available
systematics [62] on the location of the Gamow-Teller giant
resonance (GTGR) state. The value of the 𝑔pp parameter
regulates the 𝛽

−-decay amplitude of the first 1+ state in
the intermediate nucleus [68] and hence also the decay



Advances in High Energy Physics 9

Ratio = 17.30

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

Nucleus

78Kr 92Mo 96Ru 106Cd

124Xe
130Ba 136Ce

0+gs
0+1
0+res

−
M

(0
�)

G
T

/M
(0
�)

F
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Fermi NMEs for decays to the ground state (0+gs), the first
excited 0

+ state (0+
1
) and the resonant 0+ state (0+res) for all the nuclei

discussed in this paper.

rates of the 𝛽𝛽 decays. This value can be fixed by either the
data on 𝛽

− decays [68] or by the data on 2]𝛽−
𝛽
−-decay

rates within the interval 𝑔
𝐴
= 1.00–1.25 of the axial-vector

coupling constant [48, 54, 55, 57]. The experimental error
and the uncertainty in the value of 𝑔

𝐴
then induce an

interval of physically acceptable values of 𝑔pp, the minimum
value of 𝑔pp related to 𝑔

𝐴
= 1.00 and the maximum

value to 𝑔
𝐴

= 1.25. This is because the magnitude of the
calculated 2]𝛽−

𝛽
− NME, 𝑀(2]), decreases with increasing

value of 𝑔pp in a pnQRPA calculation [67, 69, 70] and
this magnitude is compared with the magnitude of the
experimental NME, 𝑀(2])

(exp) ∝ (𝑔
𝐴
)
−2, deduced from the

experimental 2]𝛽−
𝛽
− half-life. The same correspondence

between 𝑔pp and 𝑔
𝐴
is adopted also here for the 0]𝛽+/EC

decays. In the absence of available half-life data on
the 0]𝛽+/EC side the ranges of the adopted 𝑔pp values
are reasonable choices such that all the physically meaningful
values of the 0]𝛽+/EC NMEs are covered.

For the ccQRPA the default value 𝑔ph = 1.0 was adopted
and the 𝑔pp parameter was fixed such that the experimental
energy of the first 2+ state in the reference even-even nucleus
was reproduced in the ccQRPA calculation.

4.3. Transition Densities. The various transition densities
involved in the decay amplitudes (24) are addressed in this
section. The initial-branch transition density remains always
the same, namely,

(𝐽
𝜋

𝑘
2


[𝑐

†

𝑛
𝑐
𝑝
]
𝐽


0
+

𝑖
) = 𝐽(−1)

𝑗
𝑝
+𝑗
𝑛
+𝐽+1

[V
𝑝
𝑢
𝑛
𝑋

𝐽
𝜋

𝑘2

𝑝𝑛 + 𝑢
𝑝
V
𝑛
𝑌
𝐽
𝜋

𝑘2

𝑝𝑛 ] .

(32)

The transition density corresponding to the final ground state
reads

(0
+

gs

[𝑐

†

𝑛
𝑐𝑝]

𝐽


𝐽
𝜋

𝑘
1

)

= 𝐽(−1)
𝑗
𝑝
+𝑗
𝑛
+𝐽+1

[𝑢
𝑝
V

𝑛
𝑋

𝐽
𝜋

𝑘1

𝑝

𝑛

+ V

𝑝
𝑢

𝑛
𝑌

𝐽
𝜋

𝑘1

𝑝

𝑛

] ,

(33)

where V (V) and 𝑢 (𝑢) correspond to the BCS occupation
and unoccupation amplitudes of the initial (final) even-even
nucleus.The amplitudes 𝑋 and 𝑌 (𝑋 and 𝑌) come from the
pnQRPA calculation starting from the initial (final) nucleus
of the 0]𝛽+/EC decay.

For the excited states the multiple-commutator model
(MCM) [64, 65] is used. It is designed to connect excited
states of an even-even reference nucleus to states of the
neighboring odd-odd nucleus. The states of the odd-odd
nucleus are given by the pnQRPA and the excited states of
the even-even nucleus are generated by the ccQRPA [71].
The ccQRPA phonon (29) defines a state in the final nucleus
of the double beta decay. In particular, if this final state is
the 𝑘th 𝐼

+ state, the related transition density, to be inserted
in (24), becomes

(𝐼
+

𝑘


[𝑐

†

𝑛
𝑐𝑝]

𝐿


𝐽
𝜋
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1

)
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1
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𝑝
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1
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𝑍

𝐼
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𝑘

𝑝
𝑝1
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𝑢

𝑛
𝑌

𝐽
𝜋

𝑘1

𝑝
1
𝑛

𝑊

𝐼
+

𝑘

𝑝
𝑝1
]

× {
𝐽 𝐼 𝐿

𝑗
𝑝
 𝑗

𝑛
 𝑗

𝑝
1
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1
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𝑘
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})

(34)

instead of the expression (33) for the ground-state transition.
Again V (V) and 𝑢 (𝑢) correspond to the BCS occupation
and unoccupation amplitudes of the initial (final) even-even
nucleus.The amplitudes 𝑋 and 𝑌 (𝑋 and 𝑌) come from the
pnQRPA calculation starting from the initial (final) nucleus
of the 𝛽𝛽 decay. The amplitudes 𝑍 and 𝑊 are the ampli-
tudes of the 𝑘th 𝐼

+ state in the final nucleus. In the present
applications we discuss only 𝐼

+
= 0

+ final states.
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Figure 11: Negative of the ratio between the Gamow-Teller and Fermi NMEs for 0]𝛽−
𝛽
− and 0]𝛽+/EC decays for masses 70 ≤ 𝐴 ≤ 100 (a)

and for 104 ≤ 𝐴 ≤ 136 (b). Shown are the ratios corresponding to the decay transitions to the ground state (0+gs) and the first excited 0
+ state

(0+
1
).

In the case of the two-phonon excitation the transition
density to be inserted in (24) attains the form

(𝐼
+

2−ph
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, (35)

where, as usual, the barred quantities denote amplitudes
obtained for the final nucleus of double beta decay. In the
present work we use only 𝐼

+

2−ph = 0
+.

5. Typical Examples

In the present paper the neutrinoless 𝛽+
𝛽
+ and 𝛽

+EC transi-
tions in various nuclei are discussed. Considered are the tran-
sitions to the ground state, 0+gs, and to the first 0+ state, 0+

1
.

The 0]𝛽+/EC decays to only the 0
+ states are considered

since large suppression of the mass mode for the decays
to 2

+ states is expected [72]. Furthermore, the R0]ECEC
transitions to the possible resonant states are considered. In
the present work the analysis of the R0]ECEC half-lives is
performed by assuming a 0

+ assignment for the resonant
states. This assignment leads to a very likely enhancement in
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Figure 12: Decompositions of (37) in 𝐽
𝜋 (a) and 𝐽

 (b) for the ground-state Gamow-Teller NME 𝑀
(0])
GT (0

+

gs) of
124Xe. Results for the Jastrow

short-range correlations are shown with 𝑔
𝐴
= 1.25.

the decay rate. Since this assignment is in many cases only
tentative or even unlikely, the calculated half-lives should be
taken as optimistic estimates or as lower limits for the half-
life.

All the discussed decay transitions are displayed in
Figure 4, where the decay of 106Cd serves as paradigm.
Both 0]𝛽+

𝛽
+ and 0]𝛽+EC transitions to the ground state

are possible whereas only the 0]𝛽+EC mode is possible
for the decay to the 0

+

1
state for phase-space reasons since

the 0]𝛽+
𝛽
+ decay has a negative 𝑄 value for this transition.

The resonant 0]ECEC transition is also shown with the total
energy (including the electron-hole contributions, see (22))
of the resonant atomic state.

The various 0]𝛽+/EC decay modes can now be treated by
applying the formalisms outlined in Section 4. In particular,
the BCS is used to create the quasiparticles in the chosen
single-particle valence space and the pnQRPA is used to
produce the intermediate 𝐽

𝜋 states involved in theNME (24).
The excited states in the final nucleus are produced by the
use of the ccQRPA and the final states are connected to
the intermediate 𝐽

𝜋 states by the MCM prescriptions. After
adjusting the parameters of the model Hamiltonian the rates
related to the various decay transitions can be evaluated. The
results are shown in our paradigm case in Figure 5 for the
range 𝑔

𝐴
= 1.00–1.25 of the axial-vector coupling constant

and for the value 𝑚eff = 0.3 eVof the effective neutrino mass
(14).

As seen from Figure 5, the fastest decay mode is 0]𝛽+EC
to the ground state of 106Pd with a half-life of (1.5–
1.7)× 10

27 years. This could be in the range of detection
sensitivity of the next generation of double beta experiments.
The resonance transition proceeds by the capture of two
K electrons and emission of two K X-rays, has a half-life
of (2.3–6.3) × 1031 years, and is thus very hard to be detected
in the foreseeable future.

In Figure 6 the half-lives of decay transitions in 96Ru
are shown for the range 𝑔

𝐴
= 1.00–1.25 and for the

value 𝑚eff = 0.3 eV. Again the fastest transition is 0]𝛽+EC
to the ground state of 96Mo with a half-life of (5.5–6.3) ×

10
27 years, slightly slower than in the case of 106Cd decay.

Interestingly enough there are decays to two excited 0
+ states

at energies 1148.13 keVand 1330 keV. The latter state is
assumed to be a two-phonon state discussed in this paper,
the former one being a one-ccQRPA-phonon state. In
this case the resonant decay proceeds with the capture of
two L

1
electrons and emission of two L

1
X-rays. The com-

puted half-life for the resonant decay is (4.9–22) × 10
32 years

which is impossible to be detected in the foreseeable future.
The last example of this section pertains to the 0]𝛽+/EC

decays in 124Xe, shown in Figure 7. The ranges 𝑔A = 1.00 −

1.25 and 𝑚eff = 0.3 eV were adopted in the calculations.
The 0]𝛽+EC decay to the ground state of 124Te is the fastest
with a half-life of (1.2–4.2)×1027 years, being in the range of
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Figure 13: The same as in Figure 12 for the two-phonon NME 𝑀
(0])
GT (0

+

1
) corresponding to the 0

+

1
state at 1657 keV in 124Te.

the corresponding decay transition in 106Cd.The decay to the
resonance state at 2854.87 keV proceeds with the capture of
two K electrons and emission of two K X-rays.The computed
half-life is (1.9–5.6) × 10

30 years and is thus the fastest of the
three discussed example cases, though hard to be detected in
the near future.

The computed half-lives can be expressed by the use of the
auxiliary quantities 𝐶𝛽

+
𝛽
+

and 𝐶
𝛽
+EC in the following form:

𝑇
𝛽
+
𝛽
+

1/2
= 𝐶

𝛽
+
𝛽
+

(𝑚eff [eV])
−2

,

𝑇
𝛽
+EC

1/2
= 𝐶

𝛽
+EC

(𝑚eff [eV])
−2

,

(36)

where the effective neutrino mass should be inserted in
units of eV. In Table 1 the auxiliary factors of the above
equations are given for the nuclei and transitions under
discussion. The UCOM short-range correlations have been
used combining the results for the possible different basis
sets used in the nuclear structure calculations and for the
range 𝑔

𝐴
= 1.00–1.25 of the axial-vector coupling constant.

From Table 1 it can be evidenced that generally the fastest
transitions are the 0]𝛽+EC transitions to the ground state
and transitions to the excited 0

+ state(s) are quite much
suppressed relative to the ground-state transitions.

6. Systematic Features of the Nuclear
Matrix Elements

There are not too many nuclei that have reasonable 𝑄 values
and decay by 0]𝛽+/EC decays, and only part of these can have
a reasonable chance of decaying via the resonant neutrinoless
double EC channel. It is nevertheless instructive to have a
fresh view at the systematic features of the involved NMEs.

6.1. The 0]𝛽+/EC NMEs. A systematics of the computed
NMEs of the 0]𝛽+/EC decays is shown in Figure 8. The
values of NMEs for decays to the ground state (0+gs), first
excited 0

+ state (0+
1
) and the resonant 0+ state (0+res) are

shown. As mentioned before the assignment of 𝐽𝜋 = 0
+ to

the resonant states has to be taken in some cases, like
for the 106Cd decay, with a grain of salt. From the figure
one notices that the ground-state NMEs are rather large
(5.0 or more), except for 92Mo. This means that matrix-
element-wise the 0]𝛽+/EC decays are not suppressed relative
to the 0]𝛽−

𝛽
− decays. This can be further evidenced in

Figure 9 where these NMEs are shown together with those
of 0]𝛽−

𝛽
− decays for nuclei with 70 ≤ 𝐴 ≤ 100 (a) and for

nuclei with 104 ≤ 𝐴 ≤ 136 (b).
In Figure 8 it is seen that the NMEs corresponding to the

resonant 0+ states are larger than the NMEs corresponding
to the decays to 0

+

1
states. This stems from the fact that the

resonant states are treated as one-ccQRPA-phonon states
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Figure 14: The same as in Figure 12 for the resonance
NME 𝑀
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res) corresponding to the 0
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nuclear excitation in 124Te.

Table 1: Auxiliary factors of (36) computed for the nuclei under
discussion by using 𝑔

𝐴
= 1.00−1.25 and the UCOM short-range

correlations. The results for 92Mo and 136Ce are taken from [30]
with 𝑔

𝐴
= 1.261.

Nucleus State 𝐶
𝛽
+
𝛽
+

𝐶
𝛽
+EC

78Kr 0
+

gs (9.4−16) × 10
26 (3.9−6.5) × 10

26

0
+

1
— (1.7−4.8) × 10

31

92Mo 0
+

gs — 6.7 × 10
29

96Ru 0
+

gs (5.9−6.7) × 10
27 (5.0−5.7) × 10

26

0
+

1
— (1.0−7.6) × 10

28

0
+

2
— (3.4−7.3) × 10

29

106Cd 0
+

gs (1.9−2.2) × 10
27

(1.3−1.5) × 10
26

0
+

1
— (9.8−12.2) × 10

28

124Xe 0
+

gs (2.1−6.9) × 10
27

(1.1−3.7) × 10
26

0
+

1
— >5.3 × 1031

130Ba 0
+

gs (5.3−15.9) × 10
27 (5.6−16.9) × 10

25

0
+

1
— —

136Ce 0
+

gs 2.7 × 10
29

4.0 × 10
26

whereas the 0
+

1
states are described as two-ccQRPA-phonon

states. The MCM connects the two-phonon states weaker
than the one-phonon states to the 𝐽

𝜋 states of the neigh-
boring odd-odd nucleus due to the 𝑍𝑍 products and the
9𝑗 symbol appearing in the associated transition density (35).

From Figure 9 it is seen that the 0]𝛽+/EC NMEs show
local maxima (96Ru, 106Cd, 124Xe, 130Ba, and 136Ce) for the
ground-state transitions and even a global maximum: 130Ba.
On the other hand, 92Mo shows a global minimum. For the
decays to the 0

+

1
states the 0]𝛽+/EC NMEs are small relative

to the 0]𝛽−
𝛽
− NMEs, except for 96Ru which has a relatively

large NME.

6.2. Fermi and Gamow-Teller Parts of the 0]𝛽+/EC NMEs.
One can also scrutinize the decomposition of the 0]𝛽+/EC
NMEs to their Fermi and Gamow-Teller constituents. This
decomposition is shown in Figure 10 where the negative of
the ratio of these two constituents has been plotted for decays
to the different final states, 0+gs, 0

+

1
, and 0

+

res. In Figure 11 the
same has been done in a global context by including also the
ratios for the 0]𝛽−

𝛽
− emitters. In this figure one notices that

the ratios have a rather universal value of roughly 2.0, except
in the case of 78Kr that has a ratio of about 6.0. The ratios for
the 0

+

1
transitions show pronounced peaks for the 0]𝛽+/EC

emitters 78Kr and 96Ru and for the 0]𝛽−
𝛽
− emitters 110Pd

and 116Cd, whereas pronounced minima occur for 106Cd
and 124Xe. Mostly these ratios for the 0

+

1
are slightly above

2.0.
All in all, much more variation in the Gamow-

Teller/Fermi ratio is seen for the 0
+

1
states than for the

ground states. From Figure 10 it is clear that the ratios for the
resonant states are much higher than for the 0

+

1
or 0+gs states

in the corresponding nuclei.

6.3. Decompositions of the 0]𝛽+/EC NMEs. The 0]𝛽+/EC
NMEs can be decomposed into contributions of different
intermediate multipoles as done in [59] for 96Ru. Let us use
here the decay of 124Xe as an example. The decomposition
of the 0]𝛽/EC NMEs 𝑀(0]) (19) can be made in two ways,
either through the different multipole states 𝐽𝜋 of the inter-
mediate nucleus (in this case the states of 124I) or through
different couplings 𝐽 of the two decaying nucleons [57, 73].
For the Gamow-Teller NME these decompositions can be
schematically written as

𝑀
(0])
GT = ∑

𝐽
𝜋

∑

𝐽


𝑀
(0])
GT (𝐽

𝜋
, 𝐽


) , (37)

where 𝑀
(0])
GT (𝐽

𝜋
, 𝐽


) is given explicitly in (24). The decompo-

sitions (37) are shown for the Gamow-Teller NMEs of the
decays of 124Xe in Figures 12, 13, and 14. All the figures refer
to calculations using the Jastrow short-range correlations and
the value 𝑔

𝐴
= 1.25 for the axial-vector coupling constant.

From the decomposition figures one can make the
following general observations. For the ground-state NME
the decomposition in terms of 𝐽𝜋 is the typical one of
the pnQRPA calculations [45, 57, 59] and the decom-
position in terms of 𝐽 is typical of the shell-model [73]
and pnQRPA [36, 57, 59] calculations. Here typical for
the 𝐽

𝜋 decomposition are the strong contributions of the
high-multipole components 2−, 3+, 4−, and 5

+. In this case
the 1

+ contribution is modest contrary to that of the 96Ru
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Table 2: Comparison of the ground-state NMEs for the QRPA, IBM-2 [31], and PHFB [32]models using the Jastrow short-range correlations.
The results for 136Ce are taken from [30] with 𝑔

𝐴
= 1.261.

Nucleus QRPA (𝑔
𝐴
= 1.25) IBM-2 (𝑔

𝐴
= 1.269) PHFB (𝑔

𝐴
= 1.254)

𝑀
(0])
GT 𝑀

(0])
F 𝑀

(0])
𝑀

(0])
GT 𝑀

(0])
F 𝑀

(0])
𝑀

(0])

78Kr 3.271 −0.331 3.482 3.384 −2.146 4.478 —
96Ru 2.589 −0.988 3.222 2.204 −0.269 2.483 4.82 ± 0.11

106Cd 4.920 −1.586 5.935 2.757 −0.255 3.106 7.97 ± 0.72

124Xe 3.491 −1.889 4.700 3.967 −2.224 5.156 3.69 ± 0.32

130Ba 5.412 −2.528 7.031 3.911 −2.108 5.043 2.75 ± 0.82

136Ce 4.282 −1.961 5.537 3.815 −2.007 4.901 —

Table 3: Comparison of the 0+
1
NMEs for the QRPA and IBM-2 [31] models using the Jastrow short-range correlations.

Nucleus QRPA (𝑔
𝐴
= 1.25) IBM-2 (𝑔

𝐴
= 1.269)

𝑀
(0])
GT 𝑀

(0])
F 𝑀

(0])
𝑀

(0])
GT 𝑀

(0])
F 𝑀

(0])

78Kr 0.039 −0.008 0.044 0.771 −0.479 1.014

96Ru 2.004 −0.396 2.258 0.036 −0.012 0.045

106Cd 0.317 −0.537 0.660 1.395 −0.110 1.537

124Xe −0.005 −0.050 0.028 0.647 −0.359 0.839

decay [59].This contribution depends strongly on the value of
the strength parameter 𝑔pp. For the 𝐽

 decomposition typical
is the large positive monopole contribution and the much
smaller, mostly negative, and higher-multipole contributions.

For the lowest excited 0
+ state, 0+

1
= 0

+

2−ph, the pat-
tern is qualitatively different for the 𝐽

𝜋 decomposition since
the other multipole components than 2

− are suppressed
but sizable negative contributions from the higher mul-
tipole components appear. The relative contributions of
the 1

± and 2
± states for the ground-state and 0

+

1
NMEs are

surprisingly similar. In the case of the 𝐽
 decomposition

the 𝐽

= 0 component is not the dominant one but, instead,

the 𝐽

= 1 component is. The higher-multipole components

contribute sizably, with varying signs. The multipole decom-
positions of the 0

+ resonant state, 0+res, which is a one-
phonon ccQRPA state, are rather blunt. They show both a
strong 𝐽

𝜋
= 1

+ component and a strong monopole 𝐽

=

0 component.The rest of the contributions play only a minor
role.

6.4. Comparison of NMEs Produced by Different Models. In
Table 2 we present the results of recent calculations for the
NMEs of the discussed nuclei. The QRPA results are the ones
of this work, the IBM-2 results are taken from [31], and the
projectedHartree-Fock-Bogoliubov (PHFB) results are taken
from [32]. The IBA-2 model is based on a phenomenolog-
ical Hamiltonian with connections to the underlying shell
model via a mapping procedure. The PHFB is a mean-field
model with phenomenological Hamiltonians. Both IBM-2
andPHFB can explicitly take into account deformation effects
whereas the QRPA calculations assume spherical or nearly
spherical shapes. Since IBM-2 and PHFB quote their results
using the Jastrow short-range correlations, also the QRPA
calculations have been done by using these correlations. All

the quoted calculations in Table 2 use practically the same
value of the axial-vector coupling constant 𝑔

𝐴
.

From Table 2 one observes that the NMEs computed by
the use of the QRPA and IBM-2 are rather similar whereas
the PHFB NMEs deviate from them notably. These trends
are similar to the ones for the 0]𝛽−

𝛽
− decaying nuclei as

discussed extensively in [74].
In Table 3 the NMEs corresponding to the 0]𝛽+/EC

decays to the first excited 0
+ state, 0+

1
, are shown for the

QRPA and the IBM-2. The PHFB model cannot access these
NMEs since it is by definition a mean-field model describing
only ground-state transitions. What is striking in Table 3 are
the very differentNMEs and their trends predicted by the two
models. The QRPA produces small NMEs for 78Kr, 106Cd,
and 124Xe and rather large NME for 96Ru. For IBM-2 the
opposite happens. This tension between the two calculations
is more drastic than in the case of the 0]𝛽−

𝛽
− transitions, as

analyzed in [74].

6.5. Experimental Limits for the Half-Lives. Up to now
only limits of half-lives have been extracted for the
various 0]𝛽+/EC processes. Measurements have been
done, for example, for 74Se [75], for 96Ru [76, 77], for 106Cd
[78], for 112Sn [79], for 136Ce and 138Ce [80], and for 64Zn
and 180W [81]. The obtained lower limits are of the order
of 1020 years for 96Ru [77] and 106Cd [78] and 10

15 years
for 136Ce [80]. These limits are still very far from the
theoretical estimates as implied by Table 1.

7. Present Status of the Resonant Processes

Table 4 lists the known cases of R0]ECEC transitions in
various nuclei where 𝑄-value measurements have been
conducted recently. These 𝑄 values have been meas-
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Table 4: R0]ECEC decay transitions with the final-state spin-parity indicated in the second column and the degeneracy parameters𝑄−𝐸 in
the third column. Also the involved atomic orbitals have been given in the fourth column.The second last column lists the currently available
half-life estimates with the references to the 𝑄-value measurement and calculations indicated in the last column.

Transition 𝐽
𝜋

𝑓
𝑄 − 𝐸 [keV] Orbitals 𝐶

ECEC References
74Se →

74Ge 2
+ 2.23 L2L3 (0.2−100) × 10

43 [33]
96Ru →

96Mo 2
+ 8.92 (13) L1L3 [34]

0
+
? −3.90 (13) L1L1

102Pd →
102Ru 2

+ 75.26 (36) KL3 [35]
106Cd →

106Pd 0
+? 8.39 KK (2.1−5.7) × 10

30 [36]
(2, 3)

−
−0.33 (41) KL3 [35]

112Sn →
112Cd 0

+
−4.5 KK >5.9 × 1029 [37]

124Xe →
124Te 0

+? 1.86 (15) KK (1.7−5.1) × 10
29 [38]

130Ba →
130Xe 0

+? 10.18 (30) KK [38]
136Ce →

136Ba 0
+

−11.67 KK (3−23) × 10
32 [39]

144Sm →
144Nd 2

+ 171.89 (87) KL3 [35]
152Gd →

152Sm 0
+

gs 0.91 (18) KL1 (1.0−1.5) × 10
27 [40, 41]

156Dy →
156Gd 1

− 0.75 (10) KL1 [42]
0
+ 0.54 (24) L1L1 [42]
2
+ 0.04 (10) M1N3 [42]

162Er →
162Dy 2

+ 2.69 (30) KL3 [34]
164Er →

164Dy 0
+

gs 6.81 (13) L1L1 (3.2−5.2) × 10
31 [41, 43]

168Yb →
168Er (2−) 1.52 (25) M1M3 [34]

180W →
180Hf 0

+

gs 11.24 (27) KK (4.0−9.5) × 10
29 [41, 44]

ured by using the Penning-trap techniques. In the cases
of 96Ru, 106Cd, 124Xe, and 130Ba the assignment of 0+ spin-
parity to the resonant state is uncertain. In these cases further
experimental spectroscopy is needed.

In the table we also list the estimated half-lives for the
cases for which such exist. The references of the last column
indicate the origin of the 𝑄-value measurement and the
possible calculations of the related NME. In the table an
auxiliary quantity 𝐶

ECEC is listed and its relation with the
R0]ECEC half-life stands as

𝑇
R0]ECEC
1/2

=
𝐶
ECEC

(𝑚eff [eV])
2
years, (38)

where the effective neutrino mass should be given in units
of eV. In all the listed cases where 𝐶

ECEC has been computed
the decay rates are suppressed by the rather sizablemagnitude
of the degeneracy parameter. Decays to 0

+ states are favored
over the decays to 2

+ or 1−, 2−, 3−, and so forth states due
to the involved nuclear wave functions and/or higher-order
transitions. Also captures from atomic orbitals with orbital
angular momentum 𝑙 > 0 are suppressed [33].

There are some favorable values of degeneracy parameters
listed in Table 4, like 106Cd →

106Pd(2, 3)− and 156Dy →
156Gd(0+, 1−, 2+) but the associated nuclear matrix elements
are still waiting for their evaluation. Strong suppression of the
NMEs related to final states with 𝐽 > 0 is, however, expected.
In case of the 156Dy decay the deformation also plays an
important role. At the moment the most favorable case with
a half-life estimate is the case 152Gd →

152Sm(0
+

gs) which
describes a decay transition to the ground state.

8. Summary and Conclusions

Neutrino masses and their influence on neutrino oscilla-
tions and on the nuclear double beta decay have been
addressed. The various positron-emitting and/or electron-
capture modes of the neutrinoless double beta decays have
been investigated for the associated nuclear matrix elements
and decay half-lives. A QRPA-based theory framework with
G-matrix-based two-body interactions and realistically large
single-particle bases has been used in the calculations. The
computed values of the nuclear matrix elements have been
analyzed and contrasted globally with the double beta minus
nuclear matrix elements. Special attention has been paid to
the resonant neutrinoless double electron capture process to
survey its potential forMajorana-mass detection in dedicated
experiments. Generally, the resonance condition is poorly
satisfied and the emerging half-lives are extremely hard to
measure. Few exceptions occur but the associated nuclear
matrix elements are not known. Further theoretical efforts in
these cases are stringently called for.
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Low-energy neutrino interactions are calculated using results from PCAC and experimental data. The method is restricted to
small values of 𝑄2 where it provides a benchmark for the axial form factor. Vector contributions were already determined using
CVC. Comparisons with available data from recent experiments are satisfactory. The results indicate that three form factors
𝐶
𝑉

3
(𝑄
2
), 𝐶𝑉
4
(𝑄
2
), and 𝐶

𝐴

5
(𝑄
2
) dominate in this kinematic region. The results are useful for investigations where the leptons scatter

in the forward direction.

1. Introduction

Neutrino interactions at low and intermediate energies are
attracting attention because they are used to interpret oscilla-
tion experiments and to discover newproperties of neutrinos.
Older calculations relied on PCAC and their estimates of the
form factors [1, 2] are still used in Monte Carlo programs.
In this paper, we specialize in a small kinematic region the
small 𝑄2 < 0.20GeV2 because the various components of
the cross-section can be correlated to other measurements
through CVC and PCAC. We were motivated to adopt this
approach by the presence of many form factors whose values
at 𝑄
2

= 0 and their 𝑄
2 dependence are ambiguous. In a

recent article [3], we proposed a program for constraining the
number of amplitudes and we wish to present additional tests
in order to confirm or disprove the method.

In this program, matrix elements of the vector current
have been evaluated using the conserved vector current
property by relating them to electroproduction. Matrix ele-
ments of the axial current are harder to estimate and we
relate them through PCAC to pion reactions for 𝑄

2
<

0.20GeV2. We adopt this principle because it has been tested
in other processes where the absence of strong interaction
singularities in a variable guarantees that the amplitudes
vary smoothly with that variable. This method was used
successfully in [3] andwill also be extended to higher energies
by another group [4] which will use coupled channels for

estimating the hadronic reactions. Our main purpose here is
to extend the program of [3] to many other reactions on free
protons and neutrons, and to study the effects of the muon
and electron masses in the final state. The limited range of
𝑄
2 should not be worrisome because we are interested in

establishing a few reliable couplings. Should many reactions
to be measured for small 𝑄2 agree with the results in Figures
2, 3, and 4, then we will have a solid starting point.

In Section 2, we describe themethod and show in Figure 1
the various components of the cross-section. The three
contributions to the cross-section are shown explicitly and
their magnitudes vary relative to each other with increasing
neutrino energy. They provide correlations to be tested
in experiments. Then we give the four possible reactions
induced by neutrinos and antineutrinos and extend this
method to neutral current reactions.Themass of the charged
lepton in the final state has an effect on the small 𝑄2 region.
We calculated the effects and show them in Figure 3.

In the previous article [3], we compared the results with
the ANL, BNL, and the MiniBooNe data for the channel
]
𝜇
𝑁 → 𝜇

−
𝜋
+. In this paper, we extend the method to the

other channel ]
𝜇
𝑁 → 𝜇

−
𝜋
0
𝑋
, where𝑁 is theCH

2
molecule

and 𝑋, 𝑋
 are hadronic final states. For this experiment,

we account for the rescattering effects in the ANP model
based on an analytic solution of the transport equation in
the nucleus. It includes absorption, the Pauli, and charge
exchange effects. Agreement for the 𝜋

+ yield is good and for
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the 𝜋0 yield our curve is lower for 0.10 ≤ 𝑄
2
≤ 0.2GeV2. The

results are encouraging and point to several properties to be
tested in future experiments. The purpose of our paper is to
make available many cross-sections in this limited kinematic
region, thus determining the dominant form factors.

Another approach uses an explicit model for the 𝑊𝑁 →

𝜋𝑁
 reaction including background terms from chiral sym-

metry [5]. The latest articles in this approach [5] prefer a
larger value for 𝐶

𝐴

5
(0) like 1.00 ± 0.11 close to the value of

1.2 that we use (see summary). Then, they fold the original
model with medium effects and final state interactions (FSI).
The model is applied over extensive kinematic regions by
several groups [6–8].Their results were discussed extensively
in the last NUINT-2012 conference where the reader can
find their conclusions [6–9]. In some kinematic regions of
the MiniBooNE results, they underestimate the data with
the missing pions being produced mainly in the forward
direction. Their theory agrees better with data when FSI are
not included. This paper treats also this forward region with
results being closer to the data.

2. Description of the Method

The excitation of resonances by neutrinos involves vector and
axial vector currents. For this reason, their hadronic matrix
elements are expressed in terms of many form factors. For
example, in the production of the Δ resonance the following
form factors were introduced:

M = √
3

2
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2
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𝜆
(𝑝

) {[𝐶
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(1)

where Ψ
𝜆
(𝑝

) is the wave function of the delta, 𝑗𝛼 is the

leptonic matrix element 𝐹𝜆] = 𝑞
𝜆
𝑗
]
− 𝑞

]
𝑗
𝜆, and the Rarita-

Schwinger spinor describes the 𝐽 = 3/2 spin state.
Asmentioned in the introduction, the vector form factors

have been determined by electroproduction data [10] and
their functional forms are given in equation (IV, 20) of [10].
Among the axial form factors, 𝐶𝐴

3
was shown to be small

by dispersion relation calculations [1]. In explicit calculations
the contribution of 𝐶𝐴

4
(𝑞
2
) to the cross-section was shown to

be small (see Figure 9 and equation (A2) in [11]). One reason
is that in the kinematic regionswe consider the lepton current
𝑗
] is proportional to 𝑞

] and the tensor 𝐹𝜆] vanishes.
The direct product of two leptonic currents can be

expanded in terms of polarization four-vectors 𝜖
𝑖

𝜇
with the

coefficients being density matrix elements:

𝑗
𝜇
⊗ 𝑗] = ∑

𝑖,𝑗

𝐿
𝑖𝑗
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Figure 1: Anatomy of the various contributions to the cross-section
at 𝐸] = 1GeV.

This was done in [12, 13] and the density matrix elements
𝐿
00
, . . . were computed including the mass of the lepton

[12]. In addition, the induced pseudoscalar term, which
corresponds to𝐶

𝐴

6
and contains the pion pole, combines with

𝐶
𝐴

5
[3] to produce the relation

𝐶
𝐴

5
(𝑄
2
) 𝜓
𝜆
(𝑝

) 𝑞
𝜆
𝑢 (𝑝) = −𝑓

𝜋
⟨Δ | 𝑗

𝜋
| 𝑝⟩ , (3)

where 𝑗
𝜋
is the pion source. The net effect is that the axial

current alone produces the cross-section

d𝜎(𝐴)

d𝑄2d]
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𝑝) .

(4)

The density matrix elements �̃�
00
, �̃�
𝑙0
, and �̃�

𝑙𝑙
are given

in [12, 13] and include the mass of the charged lepton in
the final state. The cross-section 𝜎(𝜋

+
𝑝 → 𝜋

+
𝑝) is the

production of hadrons at the center of mass energy𝑊 for the
reaction ]

𝜇
𝑝 → 𝜇

−
𝑝𝜋
+ and is taken from [14]. In the present

calculation, the 𝜋
+
𝑝 → 𝜋

+
𝑝 cross-sections are evaluated

at 𝑊 instead of ], which was used in [3]. This modifies
slightly the curves in Figure 1. A small improvement is the
appearance of the additional terms proportional to �̃�

𝑙0
and

�̃�
𝑙𝑙
. For each reaction, we use the appropriate experimental

data. For instance, for the reaction ]
𝜇
𝑛 → 𝜇

−
𝑝𝜋
0
, we use the

reaction 𝜎(𝜋
+
𝑛 → 𝜋

0
𝑝) = 𝜎(𝜋

−
𝑝 → 𝜋

0
𝑛) from [15], as

we will discuss below. The fact that we use data means that
the nonresonant background for the axial current is already
included. For the vector and interference terms, we use the
formalism of [3], where the vector form factors were deter-
mined for the 𝐼 = 3/2 amplitudes. Precise electroproduction
data established a small 𝐼 = 1/2 nonresonant amplitude
which we also include later by increasing the 𝐶

𝑉

3
(0) form

factor by 5% [16].
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Figure 2: Charged current differential cross-sections for 𝐸] = 1GeV.

For the vector and interference terms, we use the for-
malism of [11] with the vector form factors from [10].
For the vector-axial interference 𝐶

𝐴

5
𝐶
𝑉

3
, we use the form

factor 𝐶
𝐴

5
(𝑄
2
) extracted through PCAC, and in addition

𝐶
𝐴

4
= −(1/4)𝐶

𝐴

5
, suggested by PCAC, and the vector form

factors just described. The sign of the interference term is
constructive for neutrinos and destructive for antineutrinos.
With these inputs we calculated the various contributions
to the reaction ]

𝜇
𝑝 → 𝜇

−
𝑝𝜋
+ shown in Figure 1. The

curve denoted as “rest” indicates smaller contributions from
additional form factors beyond 𝐶

𝑉

3
and 𝐶

𝐴

5
.

We repeated the computation for the reaction ]
𝜇
𝑛 →

𝜇
−
𝑝𝜋
0 using data from [14]. We will use both cross-sections

in the comparison with the MiniBooNE data [17, 18]. The
results are shown in Figures 2(a) and 2(c). For antineutrino
reactions, the sign of the𝑊

3
(𝑄
2
, ]) changes.The antineutrino

differential cross-sections are shown in Figures 2(b) and 2(d).
For experiments that use neutrino beams of the electron

type, we replace the muon mass by the very small mass of
the electron. The result for electron- and muon-neutrino
cross-sections are shown in Figure 3 for various incident
energies. For comparison, we include in the same figures the
cross-sections for ]

𝜇
beams. The muon mass turns the cross-

sections to zero as𝑄2 → 0.Themass effect from the charged

leptons is very visible. The turning of the ]
𝜇
reaction toward

zero occurs at smaller and smaller values of 𝑄
2 as 𝐸]

increases. For ]
𝑒
-induced reactions, the turning occurs at

very small values of 𝑄
2 which is not visible in the figure.

It is however important to know the ]
𝑒
cross-sections since

they enter experiments where ]
𝑒
’s are regenerated through

oscillations.
For neutral current reactions, there aremore changes.The

effective interaction is

Heff =
𝐺
2

𝐹

√2

]𝛾𝜇 (1 − 𝛾
5
) ] [𝑥V3

𝜇
+ 𝑦A

3

𝜇
+ 𝛾V

0

𝜇
] , (5)

where V3
𝜇
and A3

𝜇
are the isovector and V0

𝜇
the isoscalar

hadronic currents. The parameters in the hadronic current
are given in terms of the weak angle 𝜃

𝑊

𝑥 = 1 − 2sin2𝜃
𝑊
, 𝑦 = −1, 𝛾 = −

2

3
sin2𝜃
𝑊
, (6)

where sin2𝜃
𝑊

≈ 0.25.The value of𝑦 = −1 gives a constructive
W
3
interference term (because of the structure of the lepton

current ]𝛾𝜇(1 − 𝛾
5
)]), making the neutrino reaction larger

than the antineutrino.
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Figure 3: Comparison of muon and electron neutrino or antineutrino cross-sections for various energies 𝐸],] = 1, 2, 5, 10GeV (bottom to
top). The solid line is for electron neutrinos or antineutrinos and the dashed one for muon neutrinos and antineutrinos, respectively.
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Figure 4: Neutral current reactions at 𝐸] = 1GeV.

Beyond these parameters, there is an overall normal-
ization factor in the amplitudes. In the charged current
interaction appears the current

A
1

𝜇
+ 𝑖A
2

𝜇
= √2(

A1
𝜇
+ 𝑖A2
𝜇

√2

) = √2A
+

𝜇
, (7)

and for the neutral current A3
𝜇
. The The Clebsch-Gordan

coefficients are valid for the triplet (A+
𝜇
,A3
𝜇
,A−
𝜇
).

An additional property of neutral current reactions is

𝜎 (]𝑝 → ]Δ+) = 𝜎 (]𝑛 → ]Δ0)

𝜎 (]𝑝 → ]Δ+) = 𝜎 (]𝑛 → ]Δ0) ,
(8)

which follows from isospin symmetry which for neutral
current interactions is broken by the small term 𝛾𝑉

0

𝜇
. The

calculated differential cross-sections for neutral currents
are presented in Figure 4. The equalities in (8) were also
confirmed by the results of an analytical calculation in Table 2

of [19]. The zero mass of the neutrino produces the finite
values for the cross-sections at 𝑄

2
= 0. This is also the

exact point determined by PCAC where the neutrino and
antineutrino cross-sections are equal. The results in Figures
2, 3, and 4 are some of the main results of this investigation
because they give several cross-sections for reactions that
have not been measured yet. It is our aim to restrict the
presentation to small values of𝑄2 where the input parameters
are more reliable.

3. Comparison with Recent Experiments

In the previous section, we described the initial interactions
on free protons and neutrons which we consider as bench-
mark. In the nucleus, the production and development of
the resonance and of the decay products are influenced by
the medium. The effects of the medium are included in a
transport matrix [20–22] whose nature is determined by
an absorption term and the interactions of the pions. The
method was introduced by Fermi and includes the main
features ofmultiple scatterings.The solutions are also analytic
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which allows the reader to identify the origin of the effects.
The multiple scattering of pions is governed by an inverse
interaction length assumed to be the same for all pions, given
by

𝜅 = 𝜌 (0) 𝜎tot (𝑊) , (9)

𝜎tot (𝑊) = 𝜎abs +
1

3
𝜎
𝜋
+
𝑝
(𝑊) [ℎ

+
(𝑊) + ℎ

−
(𝑊)] , (10)

where 𝜌(0) is the nuclear density at the center of the nucleus,
ℎ
±
(𝑊) describes the forward- and backward-hemisphere

projections of the Pauli blocking factor and 𝜎abs is the
absorption cross-section given in equation (27) of [22]; it is
a phenomenological function which contains several effects:
the excitation of the nucleus, the propagation of the delta
resonance before decay, and so forth.

Some authors compute the interaction of the delta with
the medium as a self-energy correction [23] which shifts the
mass and width of the resonance. Introducing a Breit-Wigner
form for the resonance (with a corrected width Γ + 𝛿Γ) and
taking its Fourier transform, it becomes evident that a shift in
the width corresponds to a shift in the mean-free path:

∫

∞

−∞

d𝑊e𝑖𝑊𝑡

(𝑊 − 𝑀)
2
+ (Γ + 𝛿Γ)

2
/4

=
2𝜋

Γ
e𝑖𝑀𝑡e−((Γ+𝛿Γ)/2)(𝑧/V),

(11)

where 𝑧 = V𝑡 is the length of propagation and V is the
velocity. This shift in the width of a resonance in momentum
space corresponds to a shift in the inverse interaction length
in configuration space. Thus, using 𝜎abs accounts for several
effects.

During the propagation, scatterings take place as
described by the pion-nucleon cross-sections at the center
of mass energy of the delta resonance. The final yields of the
pions (Σ𝑓

𝜋
+ Σ
𝑓

𝜋
0
Σ
𝑓

𝜋
−) are obtained from the initial densities

(Σ
𝑝

𝜋
+ + Σ
𝑛

𝜋
+ , Σ
𝑛

𝜋
0 , 0) produced locally within the nucleus (see

(18)–(20)). They are related through the transport equation

(

Σ
𝑓

𝜋
+

Σ
𝑓

𝜋
0

Σ
𝑓

𝜋
−

) = 𝑀(
6
C12) = (

Σ
𝑝

𝜋
+ + Σ
𝑛

𝜋
+

Σ
𝑛

𝜋
0

0

) . (12)

The transport matrix 𝑀(
6
𝐶
12
) has a simple form with an

effective absorption factor 𝐴(𝑄
2
) and a charge exchange

matrix. For the carbon target [24],

𝑀(
6
𝐶
12
) = 𝐴 (𝑄

2
)(

0.83 0.14 0.04

0.14 0.73 0.14

0.04 0.14 0.83

) , (13)

with

𝐴(𝑄
2
= 0.05GeV2) = 0.71, (14)

𝐴(𝑄
2
= 0.20GeV2) = 0.79, (15)

𝐴(𝑄
2
= 0.40GeV2) = 0.81. (16)

The pion multiple-scattering is solved analytically as a
stochastic problem [22]. The results of calculations confirm
an old suggestion that charge-exchange corrections are sub-
stantial. They also follow a general principle: in a lepton-
nucleus interaction the pions which have the same charge as
the current are reduced. For pions with different charge than
that of the exchanged current, the cross-section is enhanced.

We apply this formalism to the MiniBooNE results. The
target in the experiment is the molecule CH

2
, which we

consider as the incoherent sum of 𝐶12 and two protons. This
is justified since the two structures in the molecule are apart
in comparison to the interatomic distance. The final yields of
𝜋
+ and 𝜋

0 are indicated by Σ𝑓
𝜋
+ and Σ

𝑓

𝜋
0
and are obtained from

Σ
𝑓

𝜋
+ = 𝐴 (𝑄

2
) {0.83 [Σ

𝑝

𝜋
+ + Σ
𝑛

𝜋
+] + 0.14Σ

𝑛

𝜋
0} 6 + 2Σ

𝑝

𝜋
+ , (17)

Σ
𝑓

𝜋
0
= 𝐴 (𝑄

2
) {0.73Σ

𝑛

𝜋
0 + 0.14 [Σ

𝑝

𝜋
+ + Σ
𝑛

𝜋
+]} 6. (18)

The cross-sections within the brackets are defined as

Σ
𝑝

𝜋
+ =

d𝜎
d𝑄2

(]
𝜇
𝑝 → 𝜇

−
𝑝𝜋
+
) , (19)

Σ
𝑛

𝜋
+ =

d𝜎
d𝑄2

(]
𝜇
𝑛 → 𝜇

−
𝑛𝜋
+
) , (20)

Σ
𝑛

𝜋
0 =

d𝜎
d𝑄2

(]
𝜇
𝑛 → 𝜇

−
𝑝𝜋
0
) , (21)

which we call the initial or primitive cross-sections. The bars
over the cross-sections indicate averaging over the flux for
0.50GeV ≤ 𝐸] ≤ 2.00GeV and are the cross-sections we
computed for the spectrum of the MiniBooNE experiment
using the result of Section 2.

The final yields for 𝜋+ and 𝜋
0 are shown in Figure 5 where

we plotted also the data from MiniBooNE. For the effective
absorption factor 𝐴(𝑄

2
), we use the values from (14)–(16).

The agreement of the 𝜋
+-yield with the data is good. For

the 𝜋
0-yield, our curve is lower than the central value of the

second bin by two standard deviations.
Looking into the composition of the yields, one finds the

𝜋
+ yield comes primarily from the direct production of 𝜋+s

with a small feeding from the 𝜋
0s. The 𝜋

0 yield, on the other
hand, receives a substantial feeding from the primitive 𝜋

+.
The contributions from the two terms, direct and feeding, are
almost equal in this channel, as the reader can easily verify
using themonoenergetic initial cross-sections in Figure 2 and
the equations in this section. As we mentioned above, for the
curves in Figure 5, we averaged over the neutrino spectrum.
The contribution from charge exchange (feeding from the 𝜋+
yield) compensates the reduction from 𝐴(𝑄

2
) and produces

the solid curve in Figure 5. The fact that both theoretical
curves in Figure 5 agreewith the data for𝑄2 ≤ 0.10GeV2 is in
favor of PCAC. The values for 0.10GeV2 < 𝑄

2
< 0.20GeV2

being slightly smaller than the data calls attention to the
absorption factor or to a background fromhigher resonances.
This is a topic to be followed up by making comparisons in
new experiments. The absorption of the pions in carbon may
be smaller than the one introduced in (14) to (16).
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Figure 5: Charged and neutral pion production for theMiniBooNE spectrum and comparison with experimental data.The dotted line is the
cross-section without nuclear corrections, the dashed line with constant absorption𝐴 = 0.9, and the solid line with 𝐴(𝑄

2
) interpolated from

(14) to (16). The curves with 𝐴 = 0.9 give a better fit.

4. Summary and Conclusions

We presented a calculation for the production of pions by
neutrinos in the small𝑄2 region for energies (0.5–2.00GeV).
As we explain in the following paragraphs, the form factors
we use are determined by PCAC, CVC, and experimental
data. The results agree with the Argonne and Brookhaven
data for the𝜋+ channel.Weuse the results for the initial cross-
section to compute the yields of the MiniBooNE experiment
which uses CH

2
as a target. This requires nuclear corrections

for which we used the ANP model. The model was tested
qualitatively for ratios of neutral-to-charged current reac-
tions. The agreement for the 1𝜋+ channel is good. For the 1𝜋0
yield it is good for 𝑄

2
≤ 0.10GeV2, but our curve is lower

than the data for 0.10 < 𝑄
2

< 0.2GeV2. Comparisons in
other nuclei will be useful to determine whatever improve-
ments are needed for the effective absorption factor 𝐴(𝑄

2
),

the charge exchange matrix, or both.
One of the uncertainties in neutrino reactions is the

presence of many form factors whose 𝑄
2 dependence is

unknown and is determined by fitting data. We selected
the kinematic region of small 𝑄2 where the lepton current
𝑗
𝜇 is proportional to 𝑞

𝜇 plus small corrections, so that the
tensor 𝐹

𝜇] is small and the contribution of several form
factors including 𝐶

𝐴

3
(𝑄
2
) and 𝐶

𝐴

4
(𝑄
2
) to the cross-section is

suppressed. This is shown explicitly in Figure 9 of [11].
The status of the form factors is as follows. The magnetic

dipole dominance was introduced in early articles of photo
and electroproduction. Its implications for the form factors
was worked out in the appendix of [25] and gave 𝐶

𝑉

4
=

−(𝑚
𝑁
/𝑊)𝐶

𝑉

3
and 𝐶

𝑉

5
(0) = 0. An analysis of electroproduc-

tion amplitudes confirmed the magnetic dipole dominance
(to within 5%) and determined their𝑄2 dependence for𝑄3 ≤
3.0GeV2 (see Figure 4 in [10]).

There are also four axial form factors. PCAC gives the
value 𝐶

𝐴

5
(0) = 1.2 and 𝐶

𝐴

4
(𝑄
2
) = −(1/4)𝐶

𝐴

5
(𝑄
2
). Newer val-

ues of𝐶𝐴
5
(0) closer to 1.00 are still discussed and appear when

a nonresonant background is introduced [26].The remaining
terms 𝐶

𝐴

3
(𝑄
2
) and 𝐶

𝐴

4
(𝑄
2
) disappear in the divergence of

the axial current. They are like electric fields in classical
electrodynamics whose divergence is zero. They must be
detected in their interaction with the leptonic current. Our
results in Figure 1 suggest a possibility. The proximity of the
curves for (𝐶𝑉

3
)
2 and 𝐶

𝑉

3
𝐶
𝐴

5
in Figure 1, together with the fact

that we know their relative contributions to the cross-section
at other values of 𝐸] (see equations (A.1) and (A.3) in [11]),
suggest that these two terms are canceled in antineutrino
reactions. In this case cross-sections for antineutrinos, like
the curves in Figures 2(b) and 2(d), are determined by PCAC
and data alone. Any significant derivations from these curves
as a function of 𝑄2 will indicate contributions from others
form factors.

The cross-sections presented in this paper are also useful
for determining the background to coherent scattering. We
note that the background for antineutrinos is much smaller.
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Newmeasurements of the cosmicmicrowave background (CMB) by the Planckmission have greatly increased our knowledge about
the universe. Dark radiation, a weakly interacting component of radiation, is one of the important ingredients in our cosmological
model which is testable by Planck and other observational probes. At the moment, the possible existence of dark radiation is an
unsolved question. For instance, the discrepancy between the value of the Hubble constant,𝐻

0
, inferred from the Planck data and

local measurements of𝐻
0
can to some extent be alleviated by enlarging theminimalΛCDMmodel to include additional relativistic

degrees of freedom. From a fundamental physics point of view, dark radiation is no less interesting. Indeed, it could well be one of
the most accessible windows to physics beyond the standard model, for example, sterile neutrinos. Here, we review the most recent
cosmological results including a complete investigation of the dark radiation sector in order to provide an overview of models that
are still compatible with new cosmological observations. Furthermore, we update the cosmological constraints on neutrino physics
and dark radiation properties focusing on tensions between data sets and degeneracies among parameters that can degrade our
information or mimic the existence of extra species.

1. Introduction

The connection between cosmological observations and neu-
trino physics is one of the most interesting and hot topics in
astroparticle physics.

Earth-based experiments have demonstrated that neu-
trinos oscillate and therefore have mass (see, e.g., [1] for a
recent treatment). However, oscillation experiments are not
sensitive to the absolute neutrinomass scale, only the squared
mass differences, Δ𝑚2. Furthermore, the sign is known for
only one of the two mass differences, namely, Δ𝑚2

12
, because

of matter effects in the Sun. Δ𝑚2
23
is currently only measured

via vacuum oscillations which depends only on |Δ𝑚2
23
|. Even

for standard model neutrinos, there are therefore important
unresolved questions which have a significant impact on
cosmology. Not only is the absolute mass scale not known,
but the hierarchy between masses is also unknown. In any
case, the two measured mass squared differences imply that
at least two neutrinos are very nonrelativistic today (see, e.g.,
[2] for a recent overview).

Unlike neutrino oscillation experiments, cosmology
probes the sum of the neutrino masses (see, e.g., [3, 4])
because it is sensitive primarily to the current neutrino
contribution to the matter density. At the moment, cosmol-
ogy provides a stronger bound on the neutrino mass than
laboratory bounds from, for example, beta decay, although
the KATRIN experiment is set to improve the sensitivity to
∑𝑚] to about 0.6 eV [5].

The tightest 95% c.l. upper limits to date are ∑𝑚] <

0.15 eV [6] and ∑𝑚] < 0.23 eV [7] from different combi-
nations of data sets and different analyses. This astounding
accuracy is possible because neutrinos leave key signatures
through their free-streaming nature in several cosmological
data sets: the temperature-anisotropy power spectrum of
the Cosmic Microwave Background (see Section 1.1) and
the power spectrum of matter fluctuations, which is one
of the basic products of galaxy redshift surveys (see [8]).
However, it should be stressed that cosmological constraints
are highly model-dependent and, following the Bayesian
method, theoretical assumptions have a strong impact on the
results and can lead to erroneous conclusions. For instance
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in [9, 10], the assumption about spatial flatness is relaxed,
testing therefore the impact of a nonzero curvature in the
neutrino mass bound. It is also well known that the bound
on the neutrino mass is sensitive to assumptions about the
dark energy equation of state [11].

In the standard model, there are exactly three neutrino
mass eigenstates, (]

1
]
2
, ]
3
), corresponding to the three flavor

eigenstates (]
𝑒
, ]
𝜇
, ]
𝜏
) of the weak interaction.

This has been confirmed by precision electroweak mea-
surements at the 𝑍0-resonance by the LEP experiment. The
invisible decay width of 𝑍

0
corresponds to 𝑁] = 2.9840 ±

0.0082 [12], consistent within ∼ 2𝜎 with the known three
families of the SM.

In cosmology, the energy density contribution of one
(𝑁eff = 1) fully thermalised neutrino plus antineutrino
below the 𝑒+𝑒− annihilation scale of 𝑇 ∼ 0.2MeV is at
the lowest order given by 𝜌] = (7/8)(4/11)

4/3
𝜌
𝛾
. However,

a more precise calculation which takes into account finite
temperature effects on the photon propagator and incomplete
neutrino decoupling during 𝑒

+
𝑒
− annihilation leads to a

standard model prediction of 𝑁eff = 3.046 (see, e.g., [13]).
This is not because there is a noninteger number of neutrino
species but simply comes from the definition of𝑁eff.

In the last few years, the WMAP satellite as well as
the high multipole CMB experiments Atacama Cosmology
Telescope (ACT) and South Pole Telescope (SPT) provided
some hints for a nonstandard value of the effective number
of relativistic degrees of freedom 𝑁eff, pointing towards the
existence of an extra dark component of the radiation content
of the Universe, coined dark radiation.

A variation in 𝑁eff affects both the amplitude and the
shape of the Cosmic Microwave Background temperature
anisotropy power spectrum (see Section 1.1). Nevertheless,
the new data releases of these two experiments (see [14] for
ACT and [15] for SPT) seem to disagree in their conclusions
on this topic [16, 17]: in combination with data from the last
data release of the Wilkinson Microwave Anisotropy Probe
satellite (WMAP 9 year), SPT data lead to an evidence of
an extra dark radiation component (𝑁eff = 3.93 ± 0.68

at 68% c.l.), while ACT data prefer a standard value of 𝑁eff
(𝑁eff = 2.74 ± 0.47 at 68% c.l.). The inclusion of external
data sets (Baryonic Acoustic Oscillation [18–22] and Hubble
Space Telescope measurements [23]) partially reconciles the
two experiments in the framework of a ΛCDM model with
additional relativistic species.

The recently releasedPlanck data have strongly confirmed
the standard ΛCDM model. The results have provided the
most precise constraints ever on the six “vanilla” cosmolog-
ical parameters [24] by measuring the Cosmic Microwave
Background temperature power spectrum up to the seventh
acoustic peak [24] with nine frequency channels (100, 143,
and 217GHz are the three frequency channels involved in the
cosmological analysis). Concerning dark radiation, Planck
results point towards a standard value of 𝑁eff (𝑁eff =

3.36
+0.68

−0.64
at 95% c.l. using Planck data combined withWMAP

9 year polarization measurements and high multipole CMB
experiments, both ACT and SPT). However, the ∼2.5𝜎 ten-
sion among Planck and HST measurements of the Hubble

constant value can be solved, for instance, by extending the
ΛCDM model to account for a nonvanishing Δ𝑁eff (𝑁eff =

3.62
+0.50

−0.48
at 95% c.l. using Planck +WP+highL plus a prior

on the Hubble constant from the Hubble Space Telescope
measurements [23]).

In this review, after explaining the effects of 𝑁eff on
CMB power spectrum (Section 1.1), in Section 1.2, we list
the different dark radiation models with their state of art
constraints on the effective number of relativistic degrees of
freedom. Section 2 illustrates the method and the data sets
we use here in order to constrain the neutrino parameters
we are interested in (number of species and masses). The
results of our analyses are reported in Section 3. In Section 4,
we present a forecast of the Euclid results on the neutrino
number and mass. Finally in Section 5, we discuss our
conclusions in light of the former considerations.

1.1. 𝑁eff Effects on Cosmological Observables. The total radi-
ation content of the Universe below the 𝑒+𝑒− annihilation
temperature can be parameterized as follows:


𝑟
= [1 +

7

8
(
4

11
)

4/3

𝑁eff] 𝛾, (1)

where 𝜌
𝛾
is the energy density of photons, 7/8 is the

multiplying factor for each fermionic degree of freedom, and
(4/11)

1/3 is the photon neutrino temperature ratio. Finally,
the parameter𝑁eff can account for neutrinos and for any extra
relativistic degrees of freedom; namely, are particles are still
relativistic at decoupling as follows:

𝑁eff = 3.046 + Δ𝑁eff. (2)

Varying 𝑁eff changes the time of the matter radiation
equivalence: a higher radiation content due to the presence of
additional relativistic species leads to a delay in 𝑧eq as follows:

1 + 𝑧eq =
Ω
𝑚

Ω
𝑟

=
Ω
𝑚
ℎ
2

Ω
𝛾
ℎ2

1

(1 + 0.2271𝑁eff)
, (3)

whereΩ
𝑚
is thematter density,Ω

𝑟
is the radiation density,Ω

𝛾

is the photon density, ℎ is defined as 𝐻
0
= 100ℎ km/s/Mpc,

and in the last equality we have used equation (1). As a
consequence at the time of decoupling, radiation is still a
subdominant component and the gravitational potential is
still slowly decreasing. This shows up as an enhancement of
the early Integrated Sachs Wolfe (ISW) effect that increases
the CMB perturbation peaks at ℓ ∼ 200, that is, around the
first acoustic peak. This effect is demonstrated in Figure 1.

In [25], the authors stress that the most important effect
of changing𝑁eff is located at high ℓ > 600 and is not related
to the early ISW effect. Indeed, the main effect related to a
variation of the number of relativistic species at decoupling is
that it alters the expansion rate, 𝐻, around the epoch of last
scattering. The extra dark radiation component, arising from
a value of𝑁eff greater than the standard 3.046, contributes to
the expansion rate via its energy densityΩDR as follows:

𝐻
2

𝐻
2

0

=
Ω
𝑚

𝑎3
+ Ω
Λ
+

Ω
𝛾

𝑎4
+
Ω]

𝑎4
+
ΩDR
𝑎4

. (4)
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Figure 1: ISW contribution to the CMB temperature power spec-
trum. The raise at ℓ < 30 is due to the late Integrated Sachs Wolfe,
while the peak around ℓ ∼ 200 is the early Integrated Sachs Wolfe
effect. The cosmological model is the ΛCDM with 𝑁eff being equal
to 3 (black solid line), 5 (red dashed line), and 7 (green dot-dashed
line).

If 𝑁eff increases,𝐻 increases as well. Furthermore, the delay
in matter radiation equality, which causes the early ISW, also
modifies the baryon to photon density ratio as follows:

𝑅eq =
3𝜌
𝑏

4𝜌
𝛾

|
𝑎eq
, (5)

and therefore the sound speed

𝑐
𝑠
=

1

√3 (1 + 𝑅eq)
. (6)

The size of the comoving sound horizon 𝑟
𝑠
is given by

𝑟
𝑠
= ∫

𝜏


0

𝑑𝜏𝑐
𝑠
(𝜏) = ∫

𝑎

0

𝑑𝑎

𝑎2𝐻
𝑐
𝑠
(𝑎) (7)

and is proportional to the inverse of the expansion rate 𝑟
𝑠
∝

1/𝐻, when 𝑁eff increases, 𝑟
𝑠
decreases. The consequence is

a reduction in the angular scale of the acoustic peaks 𝜃
𝑠
=

𝑟
𝑠
/𝐷
𝐴
, where𝐷

𝐴
is the angular diameter distance.The overall

effect on the CMB power spectrum is a horizontal shift of the
peak positions towards higher multipoles. In Figure 2(b), the
total temperature power spectrum is corrected for this effect:
the ℓ axis is rescaled by a constant factor 𝜃

𝑠
(𝑁eff)/𝜃𝑠(𝑁eff = 3)

in order to account for the peak shift due to the increase in
𝑁eff. Effectively, it amounts to having the same sound horizon

for all the models. Considering that 𝜃
𝑠
is the most well-

constrained quantity by CMBmeasures, this is the dominant
effect of a varying𝑁eff on the CMB power spectrum.

Besides the horizontal shift, there is also a vertical shift
that affects the amplitude of the peaks at high multipoles
where the ISW effect is negligible. Comparing Figure 2 with
Figure 1, one can also notice that for a larger value of 𝑁eff
the early ISW causes an increase of power on the first
and the second peaks, while the same variation in 𝑁eff
turns out in a reduction of power in the peaks at higher
multipoles. This vertical shift is related to the Silk damping
effect. The decoupling of baryon-photon interactions is not
instantaneous but rather an extended process. This leads to
diffusion damping of oscillations in the plasma, an effect
known as Silk damping. If decoupling starts at 𝜏

𝑑
and ends

at 𝜏
𝑙𝑠
, during Δ𝜏 the radiation free streams on scale 𝜆

𝑑
=

(𝜆Δ𝜏)
1/2 where 𝜆 is the photon mean free path and 𝜆

𝑑
is

shorter than the thickness of the last scattering surface. As a
consequence, temperature fluctuations on scales smaller than
𝜆
𝐷
are damped, because on such scales photons can spread

freely both from overdensities and from underdensities. The
damping factor is exp[−(2𝑟

𝑑
/𝜆
𝑑
)] where 𝑟

𝑑
is the mean

square diffusion distance at recombination. An approximated
expression of 𝑟

𝑑
is given by [25]

𝑟
2

𝑑
= (2𝜋)

2
∫

𝑎
𝑙𝑠

0

𝑑𝑎

𝑎3𝜎
𝑇
𝑛
𝑒
𝐻
[
𝑅
2
+ (6/15) (1 + 𝑅)

6 (1 + 𝑅2)
] , (8)

where 𝜎
𝑇
is the Thompson cross section, 𝑛

𝑒
is the number

density of free electrons, 𝑎
𝑙𝑠
is the scale factor at recom-

bination, and the factor in square brackets is related to
polarization [26]. This diffusion process becomes more and
more effective approaching the last scattering, so we can
consider 𝑎 constant and thus obtain 𝑟

𝑑
∝ 1/√𝐻. Recalling

the dependence 𝑟
𝑠
∝ 1/𝐻 and the fact that 𝜃

𝑠
= 𝑟
𝑠
/𝐷
𝐴

is fixed by CMB observations, we can infer 𝐷
𝐴
∝ 1/𝐻.

The result is that the damping angular scale 𝜃
𝑑
= 𝑟
𝑑
/𝐷
𝐴

is proportional to the square root of the expansion rate
𝜃
𝑑
∝ √𝐻 and consequently it increases with the number of

relativistic species. The effect on the CMB power spectrum
can be seen in Figures 2(c) and 2(d), where, in addition to
the ℓ rescaling, we have subtracted the ISW power spectrum
of Figure 1 in the Figure 2(c), while in the Figure 2(d) we
have taken into account the total ISW contribution (both
the autocorrelation and the cross correlation). This damping
effect shows up as a suppression of the peaks and a smearing
of the oscillations that intensifies at higher multipoles.

It is important to stress that all these effects (on the
redshift of equivalence, on the size of the sound horizon at
recombination, and on the damping tail) can be compensated
by varying other cosmological parameters [27]. For instance
the damping scale is affected by the helium fraction as well
as by the effective number of relativistic degrees of freedom:
𝑟
𝑑
∝ (1 − 𝑌he)

−0.5 [25]. Therefore, at the level of the damping
in the power spectrum, a larger value of𝑁eff can bemimicked
by a lower value of𝑌he (see Figure 5, Section 3.1).The redshift
of the equivalence 𝑧eq can be kept fixed by increasing the
cold dark matter density while increasing 𝑁eff. Finally an
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Figure 2: CMB temperature power spectrum.Themodel and the legend are the same as in Figure 1, the grey error bars correspond to Planck
data. (a)The total CMB temperature power spectrum. (b)The ℓ axis has been rescaled by a factor 𝜃

𝑠
(𝑁eff)/𝜃𝑠(𝑁eff = 3). (c)The total ISW×ISW

contribution has been subtracted. (d) The total ISW (both the autocorrelation and the cross correlation) contribution have been subtracted.

open Universe with a nonzero curvature can reproduce the
same peak shifting of a larger number of relativistic degrees
of freedom. All these degeneracies increase the uncertainty
on the results and degrade the constraint on𝑁eff.

The only effect that cannot be mimicked by other cos-
mological parameters is the neutrino anisotropic stress. The
anisotropic stress arises from the quadrupole moment of
the cosmic neutrino background temperature distribution
and it alters the gravitational potentials [28, 29]. The effect
on the CMB power spectrum is located at scales that cross
the horizon before the matter-radiation equivalence and it
consists of an increase in power by a factor 5/(1 + (4/15)𝑓])
[30], where 𝑓] is the fraction of radiation density contributed
by free-streaming particles.

1.2. Dark Radiation Models. A number of theoretical physics
models could explain a contribution to the extra dark radia-
tion component of the universe, that is, to Δ𝑁eff.

A particularly simple model, based on neutrino oscil-
lation Short BaseLine (SBL) physics results, contains sterile
neutrinos. Sterile neutrinos are right-handed fermions which
do not interact via any of the fundamental standard model
interactions and therefore their number is not determined
by any fundamental symmetry in nature. Originally, models
with one additional massive mainly sterile neutrino ]

4
, with a

mass splitting Δ𝑚2
14
, that is, the so called (3+1) models, were

introduced to explain LSND (Large Scintillator Neutrino
Detector) [31] SBL antineutrino data by means of neutrino
oscillations [32, 33]. A much better fit to both appearance
and disappearance data was in principle provided by the
(3 + 2) models [34] in which there are two mostly sterile

neutrino mass states ]
4
and ]

5
with mass splittings in the

range 0.1 eV2 < |Δ𝑚2
14
|, |Δ𝑚

2

15
| < 10 eV2. In the two sterile

neutrino scenarios we can distinguish two possibilities, one
in which both mass splittings are positive, named as 3 +
2, and one in which one of them is negative, named as
1 + 3 + 1 [35]. Recent MiniBooNE antineutrino data are
consistent with oscillations in the 0.1 eV2 < |Δ𝑚2

14
|, |Δ𝑚

2

15
| <

10 eV2, showing some overlapping with LSND results [36].
The running in the neutrino mode also shows an excess
at low energy. However, the former excess seems to be not
compatible with a simple two-neutrino oscillation formalism
[36]. A recent global fit to long baseline, short baseline,
solar, and atmospheric neutrino oscillation data [37] has
shown that in the 3 + 1 and 3 + 2 sterile neutrino schemes
there is some tension in the combined fit to appearance and
disappearance data. This tension is alleviated in the 1 + 3 + 1
sterile neutrino model case with a 𝑃 value of 0.2%. These
results are in good agreement with those presented in [38],
which also considered the 3 + 3 sterile neutrino models with
three active and three sterile neutrinos. They conclude that
3 + 3 neutrino models yield a compatibility of 90% among
all short baseline data sets highly superior to those obtained
in models with either one or two sterile neutrino species.
The existence of this extra sterile neutrinos states can be
in tension with Big Bang Nucleosynthesis (see Section 2.2).
However, the extra neutrino species may not necessarily be
fully thermalised in the early universe. Even though the
masses and mixing angles necessary to explain oscillation
data would seem to indicate full thermalisation, the presence
of, for example, a lepton asymmetry can block sterile neutrino
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production and lead to a significantly lower final abundance,
making themodel compatible with BBNbounds, see [39–45].

However, an extra radiation component may arise from
many other physical mechanisms, as, for instance, QCD
thermal axions or extended dark sectors with additional
relativistic degrees of freedom. Both possibilities are closely
related to minimal extensions to the standard model of
elementary particles. Cosmological data provide a unique
opportunity to place limits on anymodel containing new light
species, see [46].

We first briefly review the hadronic axion model [47, 48]
since these hypothetical particles provide the most elegant
and promising solution to the strong CP problem. Quantum
Chromodynamics (QCD) respects CP symmetry, despite
the existence of a natural, four-dimensional Lorentz and
gauge invariant operator which violates CP. The presence of
this CP violating-term will induce a nonvanishing neutron
dipole moment, 𝑑

𝑛
. However, the experimental bound on the

dipole moment |𝑑
𝑛
| < 3 × 10

−26
𝑒 cm [49] would require

a negligible CP violation contribution. Peccei and Quinn
[50, 51] introduced a new global 𝑈(1)

𝑃𝑄
symmetry, which is

spontaneously broken at a scale 𝑓
𝑎
, generating a new spinless

particle, the axion. The axion mass is inversely proportional
to the axion decay constant 𝑓

𝑎
which is the parameter

controlling the interaction strength with the standard model
plasma and therefore the degree of thermalisation in the early
universe. The interaction Lagrangian is proportional to 1/𝑓

𝑎

and high mass axions therefore have a stronger coupling
to the standard model and thermalise more easily. Axions
produced via thermal processes in the early Universe provide
a possible (sub)dominant hot dark matter candidate, similar,
but not exactly equivalent to, neutrino hot dark matter. High
mass axions are disfavored by cosmological data, with the
specific numbers depending on the model and data sets used
(see, e.g., [52–55]). Even though moderate mass axions can
still provide a contribution to the energy densitywe also stress
that just as for neutrino hot dark matter it cannot be mapped
exactly to a change in𝑁eff.

Generally, any model with a dark sector with relativistic
degrees of freedom that eventually decouple from the stan-
dard model sector will also contribute to 𝑁eff. Examples are
the asymmetric dark matter scenarios (see, e.g., [56, 57] and
references therein) or extended weakly interacting massive
particle models (see the recent work presented in [58–60]).
We will review here the expressions from [57], in which the
authors include both light (𝑔

ℓ
) and heavy (𝑔

ℎ
) relativistic

degrees of freedom at the temperature of decoupling𝑇
𝐷
from

the standard model. For high decoupling temperature, 𝑇
𝐷
>

MeV, the dark sector contribution to𝑁eff is read [57] as

Δ𝑁eff =
13.56

𝑔
⋆𝑆
(𝑇
𝐷
)
4/3

(𝑔
ℓ
+ 𝑔
ℎ
)
4/3

𝑔
1/3

ℓ

, (9)

where 𝑔
⋆𝑆
(𝑇
𝐷
) refers to the effective number of entropy

degrees of freedom at the dark sector decoupling tempera-
ture. If the dark sector decouples at lower temperatures (𝑇

𝐷
<

MeV), there are two possibilities for the couplings of the dark
sector with the standardmodel: either the dark sector couples

to the electromagnetic plasma or it couples to neutrinos. In
this former case,

𝑁eff = (3 +
4

7

(𝑔
ℎ
+ 𝑔
ℓ
)
4/3

𝑔
1/3

ℓ

)

× (
3 × 7/4 + 𝑔

𝐻
+ 𝑔
ℎ
+ 𝑔ℓ

3 × 7/4 + 𝑔
ℎ
+ 𝑔
ℓ

)

4/3

,

(10)

having 𝑔
𝐻
the number of degrees of freedom that become

nonrelativistic between typical BBN temperatures and 𝑇
𝐷
.

The authors of [57] have shown that the cosmological con-
straints on 𝑁eff can be translated into the required heavy
degrees of freedom heating the light dark sector plasma 𝑔

ℎ

as a function of the dark sector decoupling temperature 𝑇
𝐷

for a fixed value of 𝑔
ℓ
. Recent Planck data [24], combined

with measurements of the Hubble constant 𝐻
0
from the

Hubble Space Telescope (HST), low multipole polarization
measurements from the Wilkinson Microwave Anisotropy
Probe (WMAP) 9 year data release [61], and high multipole
CMB data from both the Atacama Cosmology Telescope
(ACT) [14] and the South Pole Telescope (SPT) [15, 62],
provide that the constraint 𝑁eff is 3.62+0.50

−0.48
at 95% c.l. Using

this constraint, the authors of [63] have found that having
extra heavy degrees of freedom in the dark sector for low
decoupling temperatures is highly disfavored.

Another aspect of dark radiation is that it could interact
with the dark matter sector. In asymmetric dark matter
models (see [56]), the dark matter production mechanism
resembles to the one in the baryonic sector, with a particle-
antiparticle asymmetry at high temperatures. The thermally
symmetric dark matter component eventually annihilates
and decays into dark radiation species. Due to the presence of
such an interaction among the darkmatter and dark radiation
sectors, they behave as a tightly coupled fluid with pressure
which will imprint oscillations in the matter power spectrum
(as the acoustic oscillations in the photon-baryon fluid before
the recombination era). The clustering properties of the dark
radiation component may be modified within interacting
schemes, and therefore the clustering parameters 𝑐2eff and 𝑐

2

vis
may differ from their standard values for the neutrino case
𝑐
2

eff = 𝑐
2

vis = 1/3 (see Section 2.2). In the presence of a
dark radiation-dark matter interaction, the complete Euler
equation for dark radiation, including the interaction term
with dark matter, is read as follows:

̇𝜃
𝑑𝑟
= 3𝑘
2
𝑐
2

eff (
1

4
𝛿
𝑑𝑟
−

̇𝑎

𝑎

𝜃
𝑑𝑟

𝑘2
) −

̇𝑎

𝑎
𝜃
𝑑𝑟

−
1

2
𝑘
2
𝜋
𝑑𝑟
+ 𝑎𝑛
𝑑𝑚
𝜎
𝑑𝑚−𝑑𝑟

(𝜃
𝑑𝑚
− 𝜃
𝑑𝑟
) ,

(11)

where the term 𝑎𝑛
𝑑𝑚
𝜎
𝑑𝑚−𝑑𝑟

(𝜃
𝑑𝑚
−𝜃
𝑑𝑟
) represents themoment

transferred to the dark radiation component and the quantity
𝑎𝑛
𝑑𝑚
𝜎
𝑑𝑚−𝑑𝑟

gives the scattering rate of dark radiation by dark
matter. The authors of [64] have parameterized the coupling
between dark radiation and dark matter through a cross
section given by

⟨𝜎
𝑑𝑚−𝑑𝑟 |V|⟩ ∼ 𝑄0𝑚𝑑𝑚, (12)
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if it is constant, or

⟨𝜎
𝑑𝑚−𝑑r |V|⟩ ∼

𝑄
2

𝑎2
𝑚
𝑑𝑚
, (13)

if it is proportional to 𝑇2, where the parameters 𝑄
0
and

𝑄
2
are constants in cm2MeV−1 units. It has been shown

in [57] that the cosmological implications of both constant
and 𝑇-dependent interacting cross sections are very similar.
Recent cosmological constraints on generalized interacting
dark radiation models have been presented in [65]; here
the authors have shown that if the dark radiation and the
dark matter sectors interact in nature, the errors on the dark
radiation clustering properties largely increase.

2. Analysis Method

The parameter space (see Section 2.2) is sampled through
a Monte Carlo Markov Chain performed with the publicly
available package CosmoMC [66] based on the Metropolis-
Hastings sampling algorithm and on the Gelman Rubin
convergence diagnostic. The calculation of the theoret-
ical observables is done through CAMB [67] (Code for
Anisotropies in the Microwave Background) software. The
code is able to fit any kind of cosmological data with a
bayesian statistic; in our case, we focus on the data sets
reported in the following section.

2.1. Data Sets. Our basic data set is the Planck temperature
power spectrum (both at low ℓ and at high ℓ) in combination
with the WMAP 9 year polarization data (hereafter WP) and
the high multipole CMB data of ACT and SPT (hereafter
highL). These data sets are implemented in the analysis
following the prescription of the Planck likelihood described
in [24]. The additional data sets test the robustness at low
redshift of the predictions obtained with CMB data. These
data sets consist of a prior on the Hubble constant from
the Hubble Space Telescope measurements [23] (hereafter
𝐻
0
) and the information on the dark matter clustering from

the matter power spectrum extracted from the Data Release
9 (DR9) of the CMASS sample of galaxies [68] from the
Baryon Acoustic Spectroscopic Survey (BOSS) [19], part of
the program of the Sloan Digital Sky Survey III [69].

2.2. Parameters. In Table 1, the parameters used in the anal-
yses are listed together with the top-hat priors on them.
The six standard parameters of the ΛCDM model are: the
physical baryon density, 𝜔

𝑏
≡ Ω
𝑏
ℎ
2; the physical cold dark

matter density, 𝜔
𝑐
≡ Ω
𝑐
ℎ
2; the angular scale of the sound

horizon, 𝜃
𝑠
; the reionization optical depth, 𝜏; the amplitude

of the primordial spectrum at a certain pivot scale, 𝐴
𝑠
; and

the power law spectral index of primordial density (scalar)
perturbations, 𝑛

𝑠
.

We include the effective number of relativistic degrees
of freedom 𝑁eff, and, in addition, our runs also contain
one or a combination of the following parameters: the sum
of neutrino masses ∑𝑚], the primordial helium fraction
𝑌he, and the neutrino perturbation parameters, namely, the
effective sound speed 𝑐2eff and the viscosity parameter 𝑐2vis.

Table 1: Priors on the cosmological parameters considered in this
work. All priors are uniform (top hat) in the given intervals.

Parameter Prior
𝜔
𝑏

0.005 → 0.1

𝜔cdm 0.001 → 0.99

𝜃
𝑠

0.5 → 10

𝜏 0.01 → 0.8

ln(1010𝐴
𝑠
) 2.7 → 4

𝑛
𝑠

0.9 → 1.1

𝐴
𝐿

0 → 5

𝑁eff 0 → 7

∑𝑚] [eV] 0 → 7

𝑌he 0.1 → 0.5

𝑐
2

eff 0 → 1

𝑐
2

vis 0 → 1

Finally we also investigated the impact of a varying lensing
amplitude 𝐴

𝐿
.

We assume that massive neutrinos are degenerate and
share the same mass. Indeed given the present accuracy of
CMB measurements, cosmology cannot extract the neutrino
mass hierarchy but only the total hot dark matter density.
Even if the future measurements of the Euclid survey will
achieve an extreme accurate measurement of the neutrino
mass (𝜎

𝑚]
≃ 0.01 eV [70]), the neutrino mass hierarchy

would not be pin down.

2.2.1. Primordial Helium Fraction. The primordial helium
fraction, 𝑌he, is a probe of the number of relativistic species
at the time of Big Bang Nucleosynthesis. As we have seen in
Section 1.1, when𝑁eff increases, the expansion rate increases
as well. This means that free neutrons have less time to
convert to protons through beta decay before the freeze
out and so the final neutron-to-proton ratio is larger. The
observable consequence is that the helium fraction is higher.

Measurements of the primordial light element abun-
dances seem consistent with a standard number of relativistic
species at the time of BBN at 95% c.l. (𝑁BBN

eff = 3.80
+0.80

−0.70
at

2𝜎 [71]). This result is also consistent with the CMB value
𝑁

CMB
eff = 3.68

+0.68

−0.64
at 95% c.l. obtainedwith the combination of

data sets Planck +WP+highL. Nevertheless a tension among
𝑁

BBN
eff and 𝑁CMB

eff arises if the 𝐻
0
prior is taken into account;

indeed in this case𝑁CMB
eff = 3.62

+0.50

−0.48
at 95% c.l. However the

value of𝑁eff at BBN (𝑇 ∼ 1MeV) and the value measured by
CMB at the last scattering epoch (𝑇 ∼ 1 eV) may be different
because of the unknown physics in the region 1MeV < 𝑇 <

1 eV (see [72] for a recent review). Several efforts have been
carried out in order to reconcile 𝑁BBN

eff with the existence of
extra species: decay of massive particles (1MeV < 𝑚 < 1 eV)
in additional relativistic species [73, 74], decay of gravitino
into axino and axion [75], or neutrino asymmetries [76].

The BBN consistency relation implies that the number of
relativistic species present at BBN is the same as the number
measured by CMB at recombination. In order to impose the
BBN consistency, we use the standard option implemented
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in CosmoMC [77]. This routine calculates 𝑌he as a function
of 𝑁eff and Ω

𝑏
ℎ
2 using a fitting formula obtained with the

ParthENoPE code [78].

2.2.2. Lensing Amplitude. Massive neutrinos suppress the
growth of dark matter perturbations both through free
streaming and through the equivalence delay. As a conse-
quence, the matter power spectrum is damped on scales
smaller than the scale of the horizon when neutrinos become
nonrelativistic. The accuracy level of Planck allows for a
detection of this clustering suppression in the CMB lensing
potential, so it is timely to investigate the correlation among
𝐴
𝐿
and neutrino parameters. Planck analysis [24] provides an

anomalous value of the lensing amplitude 𝐴
𝐿
= 1.23 ± 0.11

(68% c.l., Planck +WP+highL). This anomaly was already
revealed by ACT data (𝐴

𝐿
= 1.70 ± 0.38 at 68% c.l. [14])

even if with a lower precision. On the contrary, the SPT
value (𝐴

𝐿
= 0.86

+0.15

−0.13
at 68% c.l. [62]) is consistent with the

standard prediction 𝐴
𝐿
= 1 within 1𝜎. Subsequent analyses

[79] have confirmed this anomaly and studied the impact on
massless𝑁eff.

Even if a modification of General Relativity cannot be
ruled out, this anomaly is most likely a spurious signal
related to the bias induced by the combination of data sets
belonging to different experiments with different experimen-
tal techniques and different analysis methods. However, it is
important to account for its effect in order to get unbiased
constraints on the sum of neutrino masses, that is correlated
with 𝐴

𝐿
, as we will see in Section 3.2.

2.2.3. Neutrino Perturbation Parameters. As we have seen in
Section 1.2, there is a wide variety of models that can explain
an excess in the number of relativistic degrees of freedom at
decoupling. In order to distinguish between these models,
we introduce the neutrino perturbation parameters, the
effective sound speed, and the viscosity parameter, 𝑐2eff and 𝑐

2

vis,
respectively [80, 81]. The reason is that these parameters can
characterize the properties of the component that accounts
for extra relativistic species.

Following [82, 83], we encode 𝑐2eff and 𝑐
2

vis in the massless
neutrino perturbation equations as follows:

̇𝛿] =
̇𝑎

𝑎
(1 − 3𝑐

2

eff) (𝛿] + 3
̇𝑎

𝑎

𝑞]

𝑘
) − 𝑘 (𝑞] +

2

3𝑘
ℎ̇) ,

̇𝑞] = 𝑘𝑐
2

eff (𝛿] + 3
̇𝑎

𝑎

𝑞]

𝑘
) −

̇𝑎

𝑎
𝑞] −

2

3
𝑘𝜋],

̇𝜋] = 3𝑐
2

vis (
2

5
𝑞] +

8

15
𝜎) −

3

5
𝑘𝐹],3,

2𝑙 + 1

𝑘

̇𝐹],𝑙 − 𝑙𝐹],𝑙−1 = − (𝑙 + 1) 𝐹],𝑙+1, 𝑙 ≥ 3.

(14)

Here, the equations are written in the synchronous gauge
(the one used in CAMB package [67]), the dot indicates the
derivative respect to conformal time 𝜏, 𝑎 is the scale factor, 𝑘 is
the wavenumber, 𝛿] is the neutrino density contrast, 𝑞] is the
neutrino velocity perturbation, 𝜋] is the neutrino anisotropic
stress, and 𝐹],ℓ are higher-order moments of the neutrino
distribution function and 𝜎 is the shear.

The viscosity parameter is related to the clustering prop-
erties of particles, because it parameterizes the relationship
between velocity/metric shear and anisotropic stress: 𝑐2vis =
0 indicates a perfect fluid with undamped perturbations,
while an increased value of 𝑐2vis causes an overdamping of the
oscillations. Free streaming particles, such as neutrinos, lead
to anisotropies in the Cosmic Neutrino Background that are
characterized by 𝑐2vis = 1/3.

When 𝑐
2

eff decreases, the internal pressure of the dark
radiation fluid decreases and its perturbations can grow
and start clustering; on the contrary, if 𝑐2eff increases the
oscillations are damped. Furthermore, an increase (decrease)
in 𝑐2eff leads to an increase (decrease) in the neutrino sound
horizon and, as a consequence, also in the scale at which
neutrino perturbations affect the dark radiation fluid.

If the additional relativistic species we are dealing with
consist of free streaming particles, such as neutrinos, the
perturbation parameters would be 𝑐2eff = 𝑐

2

vis = 1/3.

3. Results

In what follows, the results of our analyses are presented.
These results cover a wide range of different parameter spaces
and they are obtained using different combinations of data
sets. In Section 3.1, we study the impact of a varying helium
fraction and of the BBN consistency relation on the effective
number of relativistic degrees of freedom. Section 3.2 ana-
lyzes the dependence of the neutrino abundances andmasses
on the varying lensing amplitude and on the matter power
spectrum information. Finally in Section 3.3, we provide
constraints on the neutrino perturbation parameters.

3.1. Constraints on 𝑁eff: Number of Relativistic Species. In
Table 2, the constraints on the number of effective relativistic
degrees of freedom are shown with different priors.

First of all, in order to recall the effects of the number
of effective relativistic degrees of freedom on CMB, we show
in Figure 3 the degeneracies among 𝑁eff and the parameters
that are directly measured by the CMB temperature power
spectrum: the redshift of the equivalence 𝑧eq, the angular
scale of the sound horizon 𝜃

𝑠
, and the damping scale 𝜃

𝑑
. We

can notice that 𝑧e𝑞 is proportional to the increase of 𝑁eff as
expected from (3), while 𝜃

𝑑
is correlated to 𝑁eff through the

expansion rate at recombination𝐻, because it scales as√𝐻.
The inclusion of the 𝐻

0
prior moves the mean value of

𝑁eff towards a higher value and reduces the error on 𝑁eff
(𝑁eff = 3.81 ± 0.29 with respect to 𝑁eff = 3.63 ± 0.41, 68%
c.l.). The effect can be noticed in Figure 4. The final result
is a ∼2.6𝜎 evidence for an extra dark radiation component.
Instead, applying the BBN consistency relation leads to a
constraint on 𝑁eff much closer to the standard value than in
the case of 𝑌he fixed to 0.24; that is, 𝑁eff = 3.44 ± 0.35 (68%
c.l.).

Finally, if we consider the helium fraction as a free
parameter (last column of Table 2), the evidence for an extra
number of relativistic degrees of freedom disappears and we
obtain a milder constraint on 𝑁eff (𝑁eff = 3.32 ± 0.70, 68%
c.l.) that makes it perfectly consistent with the prediction
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Table 2: Marginalized 68% c.l. constraints on 𝑁eff in a standard cosmology with 𝑁eff massless neutrinos. In the second and in the fourth
columns, we also apply a prior on the Hubble constant from the Hubble Space Telescope measurements. In the third and in the fourth
columns, we apply the BBN consistency relation. In the last column, we also vary the helium fraction 𝑌he and we show its marginalized 68%
c.l.

Planck + WP +
highL

Planck + WP +
highL +𝐻

0

Planck + WP +
highL + BBNc

Planck + WP +
highL +𝐻

0
+

BBNc

Planck + WP +
highL

𝑁eff 3.63 ± 0.41 3.81 ± 0.29 3.44 ± 0.35 3.65 ± 0.26 3.32 ± 0.70

𝑌he 0.24 0.24 BBN BBN 0.260 ± 0.036

Planck + WP + highL

2.5 3.0 3.5 4.0 4.5 5.0
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Figure 3: 68% and 95% c.l. 2D marginalized posterior in the plane𝑁eff − 𝐻0.
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Figure 4: 68% and 95% c.l. 2D marginalized posterior in the plane
𝑁eff − 𝐻0.

of the Standard Model. Figure 5 shows the anticorrelation
between 𝑁eff and 𝑌he from CMB data (blue contours) and
the BBN consistency relation among these two parameters
(dotted line). We can notice that an increase in 𝑁eff requires
a lower value of 𝑌he to reproduce the same CMB power
spectrum, aswe have explained in Section 1.1. Concerning the
comparison between the models with and without varying

Planck + WP + highL

1 2 3 4 5 6
0.16

0.20

0.24

0.28

0.32

0.36

Neff

Y
he

Figure 5: 68% and 95% c.l. 2D marginalized posterior in the plane
𝑁eff − 𝑌he. Dotted line shows the BBN consistency relation.

the primordial helium fraction, the Δ𝜒2 at the best fit point
is negligible, meaning that a higher value of 𝑌he is preferred
by the data but a lower value can be accommodated by tuning
the other parameters.

All the cases described above are illustrated in Figure 6
where the one-dimensional posterior of 𝑁eff is shown for
the different cases of Table 2. We can notice that both the
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Table 3: Marginalized 68% c.l. constraints on𝑁eff and𝐴𝐿 and 95% cl upper bounds on∑𝑚] in extendedmodels with𝑁eff massive neutrinos.
We also include the lensing amplitude as a free parameter.

Planck + WP +
highL

Planck + WP +
highL

Planck + WP +
highL +𝐻

0

Planck + WP +
highL + DR9

Planck + WP +
highL + DR9 +

𝐻
0

𝑁eff 3.38 ± 0.36 3.65 ± 0.38 3.81 ± 0.28 3.33 ± 0.31 3.65 ± 0.26

∑𝑚] [eV] <0.64 <1.03 <0.66 <0.66 <0.51
𝐴
𝐿 1 1.36 ± 0.14 1.36 ± 0.14 1.10 ± 0.08 1.10 ± 0.07

1 2 3 4 5 6 7 8
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Planck + WP + highL + H0 + BBNc

Figure 6: 1D posterior of𝑁eff.The different cases reported in Table 2
are shown: black line corresponds to Planck + WP + highL, blue
line to Planck + WP + highL + 𝐻

0
, red line to Planck + WP +

highL + BBNc, and magenta line to Planck + WP + highL + BBNc
+ 𝐻
0
. Finally, the green line refers to the analysis that includes also

a varying 𝑌he.

inclusion of 𝐻
0
and BBN consistency narrow the posterior

and reduce the error on 𝑁eff. However, 𝐻0 moves the best
fit of 𝑁eff toward a higher value of the number of effective
relativistic degrees of freedom,while BBN consistency prefers
a lower value and brings back 𝑁eff closer to the standard
value. In subsequent analyses, we will follow a conservative
approach, applying the BBN consistency relation in all our
MCMC analyses, accordingly also with Planck team strategy.

3.2. Constraints on 𝑁eff and ∑𝑚]: Massive Neutrinos. The
constraints on massive neutrinos are summarized in Table 3.

We also marginalize over the lensing amplitude and we
study this effect in Figure 7 and in Figure 8 for our basic
data set (Planck +WP+highL). As we already discussed
in Section 2.2, Planck analysis points towards a value of

the lensing amplitude higher than the standard one. This
anomaly is confirmed by our results 𝐴

𝐿
= 1.36 ± 0.14 (68%

c.l.) related to the model with a varying number of massive
neutrinos. Nevertheless, including BOSS DR9, data shift the
𝐴
𝐿
parameter towards a value consistent with the standard

𝐴
𝐿
= 1 value within 2𝜎 (𝐴

𝐿
= 1.10 ± 0.08, 68% c.l.). It is

clear from Figure 7(a) that the neutrino mass has a strong
degeneracy with the lensing amplitude: allowing for a higher
value of𝐴

𝐿
leading to a larger value of the neutrinomass; the

95% upper bound moves from 0.64 eV to 1.03 eV. Figure 7(b)
shows that there is no preferred direction for a correlation
between 𝑁eff and 𝐴

𝐿
, but the side effect of the degeneracy

among∑𝑚] and𝐴𝐿 is also an increasing value of𝑁eff (3.65±
0.38 against 3.38 ± 0.36, 68% c.l.) related to the correlation
among𝑁eff and∑𝑚].This conclusion arises fromFigure 8(a)
where the increasing value of𝐴

𝐿
is located along the bisecting

line in the plane𝑁eff − ∑𝑚]. We summarize the effect of the
lensing amplitude on the neutrino parameters in Figure 8(b):
a varying 𝐴

𝐿
parameter will lead to a larger neutrino mass

and, consequently, to a larger𝑁eff. Finally, we shall comment
that a larger value of 𝐴

𝐿
will provide a better fit to the data,

lowering the 𝜒2 by 4.2 units.
Concerning the effects of external non-CMB data sets,

we include in the analyses of a ΛCDM model with massive
neutrinos and a varying lensing amplitude the 𝐻

0
prior and

the BOSS DR9 data. On one hand with the inclusion of the
𝐻
0
prior, we obtain a better constraint on 𝑁eff, driving 𝑁eff

from 𝑁eff = 3.65 ± 0.38 to 𝑁eff = 3.81 ± 0.28 (68% c.l.). So
the combination of the data sets Planck +WP+highL +𝐻

0

provides a stronger evidence (2.7𝜎) for an extra dark radi-
ation component. On the other hand, 𝐻

0
leads to tighter

constraints on the 95% c.l. upper bound of the sum of
neutrino masses, moving it from ∑𝑚] < 1.03 eV to ∑𝑚] <

0.66 eV at 95% c.l. (see Figure 9(a)). The same effect on ∑𝑚]
can be achieved by including BOSS DR9, but in this case
𝑁eff remains close to the standard value 𝑁eff = 3.26 ± 0.30

(68% c.l.) (see Figure 9(b)).The joint effect of adding both an
𝐻
0
prior and the galaxy clustering information from BOSS

DR9 is shown in Figure 9(c): the 95% upper bound on the
sum of neutrino masses is tightened both by the prior on
𝐻
0
and the BOSS DR9 galaxy clustering information, and

an extra dark radiation component is favored at 2.3𝜎 level
(𝑁eff = 3.65 ± 0.26, 68% c.l.).

3.3. Constraints on 𝑐
2

eff and 𝑐
2

vis: Perturbation Parameters.
Table 4 reports the constraints on the perturbation parame-
ters of a varying number of relativistic species. The neutrino
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Figure 7: 68% and 95% c.l. 2D marginalized posterior in the plane ∑𝑚] − 𝐴𝐿 (a) and in the plane𝑁eff − 𝐴𝐿 (b).
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Figure 8: (a) Scatter plot in the∑𝑚] −𝑁eff plane with points colored by the value of the 𝐴
𝐿
parameter (second column of Table 3). (b) 68%

and 95% c.l. 2D marginalized posterior in the plane ∑𝑚] − 𝑁eff; blue contours refer to the case with a varying lensing amplitude (second
column of Table 3) and red contours illustrate the 𝐴

𝐿
= 1 case (first column of Table 3).

perturbation parameters are not strongly affected by the
inclusion of the 𝐻

0
prior: the constraints on 𝑐

2

eff and 𝑐
2

vis
remain almost the same. Interestingly both the effective
sound speed and the viscosity parameter show a deviation
from the standard value 0.33 having 𝑐2eff = 0.309 ± 0.012

and 𝑐2vis = 0.56 ± 0.17 at 68% c.l. for the basic data set
Planck +WP+highL, consistent with the results of [84].

Furthermore, we can notice that varying the neutrino pertur-
bation parameters does not change our conclusions on the
effective number of relativistic species; the bounds on 𝑁eff
turn out to be almost the same as those reported in Table 2:
varying 𝑐2eff and 𝑐

2

vis, we get𝑁eff = 3.40 ± 0.34 (68% c.l.), while
we obtained 𝑁eff = 3.44 ± 0.35 (68% c.l.) with standard 𝑐2eff
and 𝑐2vis.
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Figure 9: 68% and 95% c.l. 2D marginalized posterior in the∑𝑚] − 𝑁eff plane. Blue contours refer to the constraints from the combination
of Planck +WP+highL and red contours include also𝐻

0
(a), BOSS DR9 (b), and𝐻

0
and BOSS DR9 (c).

4. Future Constraints

We present here a forecast of the impact of the Euclid survey
[85] in constraining𝑁eff and∑𝑚] (for a recent and complete
analysis see [70]). We perform a Fisher matrix analysis
following the prescription of [86]. The fiducial values of the
standard cosmological parameters are fixed at the best fit
values obtained by Planck [24] (see Table 5). Concerning the
neutrino parameters, the fiducial value of 𝑁eff is fixed at the
standard cosmological value𝑁eff = 3.046, while the neutrino
mass fiducial value is ∑𝑚] = 0.2 eV (we recall here that the
minimummass sum in the inverted hierarchy is 0.11 eV,while
in the normal hierarchy it is 0.06 eV). Furthermore, we add
priors on the standard cosmological parameters from Planck
results [24].

The 1𝜎marginalized errors on the parameters of the two
different fiducial cosmological models (with either massless
or massive neutrinos) are reported in Table 6. The relative
errors show that Euclid will improve the constraints on both
𝑁eff and ∑𝑚]. Nevertheless, even Euclid will not be able
to reveal the hierarchy, it would provide a detection of the
neutrino mass sum only if ∑𝑚] > 0.1 eV [87].

5. Conclusions

The newly released Planck data have provided us with an
extremely precise picture of the cosmic microwave back-
ground, confirming the standard ΛCDM model. However,
the exact properties of the dark sector are still under
discussion and, in particular, there is no strong argument
against the existence of a dark radiation component. On the
contrary, combining CMB data with measurements of galaxy
clustering and of the Hubble constant leads to an evidence for
a nonstandard number of relativistic species.

In this paper we have illustrated the effects of an addi-
tional relativistic component on the temperature power spec-
trum and we have reviewed the most promising models to
explain the presence of this component: sterile neutrinos,

Table 4: Marginalized 68% constraints on𝑁eff, 𝑐
2

eff, and 𝑐
2

vis.

Planck + WP +
highL

Planck + WP +
highL +𝐻

0

𝑁eff 3.40 ± 0.34 3.56 ± 0.26

𝑐
2

eff 0.309 ± 0.012 0.310 ± 0.012

𝑐
2

vis 0.56 ± 0.17 0.57 ± 0.17

Table 5: Fiducial values of the cosmological parameters considered
in the forecast analysis.

Parameter Fiducial value
𝜔
𝑏

0.02207

𝜔cdm 0.1203

ℎ 0.671

ln(1010𝐴
𝑠
) 3.098

𝑛
𝑠

0.962

𝑁eff 3.046

∑𝑚] [eV] 0.2

axions, decay of massive particles, and interactions between
dark matter and dark radiation sectors.

We have focused on the hypothesis of a link between
cosmology and neutrino physics that can explain the cosmo-
logically inferred excess in the number of relativistic species
in terms of sterile neutrinos whose existence could explain
some short baseline neutrino oscillations results. In this
framework, we have updated the cosmological constraints
on massive neutrinos including the new Planck CMB data
and the matter power spectrum from BOSS DR9. Including
also a prior on the Hubble constant from the Hubble Space
Telescope measurements, our results show a preference for a
nonstandard number of neutrino species at 2.3𝜎 with 𝑁eff =
3.65 ± 0.26 at 68% c.l. and an upper bound on the sum of
neutrino masses of 0.51 eV at 95% c.l.

However, the relevance of these cosmological constraints
on dark radiation depends on the model and on the data sets.
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Table 6: 1𝜎 marginalized errors and relative errors for all parameters considering the two different fiducial cosmological models described
in the text: ΛCDMmodel with either massless or massive neutrinos.

Euclid + Planck prior
ΛCDM +𝑁eff ΛCDM +𝑁eff + ∑𝑚]

1𝜎 rel. err. 1𝜎 rel. err.
𝜔
𝑏

0.00031 1.4% 0.00031 1.4%
𝜔cdm 0.0021 1.7% 0.0022 1.8%
ℎ 0.007 1.0% 0.007 1.1%
ln(1010𝐴

𝑠
) 0.064 2.1% 0.072 2.3%

𝑛
𝑠

0.009 0.9% 0.009 0.9%
𝑁eff 0.23 7.5% 0.29 9.7%
∑𝑚] [eV] — — 0.10 51.4%

We have stressed the impact of the lensing amplitude on
these results; the inclusion of a varying lensing amplitude
drives the results towards a more statistically significant
detection of dark radiation.

Concerning the data sets, the 𝐻
0
prior also leads to

a better constraint on 𝑁eff. The former effect is related to
the 2.5𝜎 tension among Planck andHSTmeasurements of the
Hubble constant that must be fixed [88].

Finally our results confirm a significant deviation from
the standard values (𝑐2eff = 1/3 and 𝑐2vis = 1/3) expected for
a free streaming dark radiation component. We find 𝑐2eff =

0.309 ± 0.012 and 𝑐2vis = 0.56 ± 0.17 at 68% c.l., allowing for
further consideration on the nature of dark radiation.

In conclusion, there is still ample room for interesting
new discoveries of physics beyond the standard model in the
form of dark radiation.

Acknowledgment

The authors acknowledge the European ITN project
Invisibles (FP7-PEOPLE-2011-ITN, PITN-GA-2011-289442-
INVISIBLES).

References

[1] 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, 2012.

[2] 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.

[3] S. Hannestad, “Neutrino physics from precision cosmology,”
Progress in Particle and Nuclear Physics, vol. 65, no. 2, pp. 185–
208, 2010.

[4] Y. Y. Y. Wong, “Neutrino mass in cosmology: status and
prospects,” Annual Review of Nuclear and Particle Science, vol.
61, pp. 69–98, 2011.

[5] A. Osipowicz, H. Blumer, G. Drexlin et al., “KATRIN: a next
generation tritium beta decay experiment with sub-eV sensi-
tivity for the electron neutrino mass,” http://arxiv.org/abs/hep-
ex/0109033.

[6] S. Riemer-Sørensen, D. Parkinson, and T. M. Davis, “Combin-
ing Planck with large scale structure gives strong neutrino mass
constraint,” http://arxiv.org/abs/1306.4153.

[7] E. Giusarma, R. de Putter, S. Ho, and O. Mena, “Constraints
on neutrino masses from Planck and Galaxy Clustering data,”
Physical Review D, vol. 88, Article ID 063515, 2013.

[8] J. Lesgourgues and S. Pastor, “Neutrino mass from cosmology,”
Advances in High Energy Physics, vol. 2012, Article ID 608515,
34 pages, 2012.

[9] M. C. Gonzalez-Garcia, M. Maltoni, and J. Salvado, “Direct
determination of the solar neutrino fluxes from solar neutrino
data,” Journal of High Energy Physics, vol. 2010, article 072, 2010.

[10] A. Smith, M. Archidiacono, A. Cooray, F. De Bernardis, A.
Melchiorri, and J. Smidt, “Impact of assuming flatness in the
determination of neutrino properties from cosmological data,”
Physical Review D, vol. 85, Article ID 123521, 6 pages, 2012.

[11] S. Hannestad, “Neutrino masses and the dark energy equation
of state:relaxing the cosmological neutrino mass bound,” Phys-
ical Review Letters, vol. 95, Article ID 221301, 2005.

[12] G. Abbiendi, C. Ainsley, P. F. Akesson et al., “Precise deter-
mination of the Z resonance parameters at LEP: ‘Zedometry’,”
European Physical Journal C, vol. 19, no. 4, pp. 587–651, 2001.

[13] G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti, and
P. D. Serpico, “Relic neutrino decoupling including flavour
oscillations,” Nuclear Physics B, vol. 729, no. 1-2, pp. 221–234,
2005.

[14] J. L. Sievers, R. A. Hlozek, M. R. Nolta et al., “The atacama cos-
mology telescope: cosmological parameters from three seasons
of data,” Journal of Cosmology and Astroparticle Physics, vol.
1310, Article ID 060, 2013.

[15] Z. Hou, C. L. Reichardt, K. T. Story et al., “Constraints
on cosmology from the cosmic microwave background
power spectrum of the 2500-square degree SPT-SZ survey,”
http://arxiv.org/abs/1212.6267.

[16] M. Archidiacono, E. Giusarma, A. Melchiorri, and O. Mena,
“Neutrino and dark radiation properties in light of recent CMB
observations,” Physical Review D, vol. 87, Article ID 103519, 10
pages.

[17] S. Riemer-Sørensen, D. Parkinson, and T. M. Davis, “What
is half a neutrino? Reviewing cosmological constraints on
neutrinos and dark radiation,” http://arxiv.org/abs/1301.7102.

[18] D. Schlegel, M. White, D. Eisenstein et al., “The Baryon
oscillation spectroscopic survey: precisionmeasurements of the
absolute cosmic scale,” http://arxiv.org/abs/0902.4680.



Advances in High Energy Physics 13

[19] K. S. Dawson, D. J. Schlegel, C. P. Ahn et al., “The Baryon
oscillation spectroscopic survey of SDSS-III,” http://arxiv.org/
abs/1208.0022.

[20] N. Padmanabhan, X. Xu, D. J. Eisenstein et al., “A 2 % distance
to z=0.35 by reconstructing Baryon Acoustic oscillations—
I :methods and application to the sloan digital sky survey,”
Monthly Notices of the Royal Astronomical Society, vol. 427, no.
3, article 2132, 2012.

[21] F. Beutler, C. Blake, M. Colless et al., “The 6dF galaxy survey:
baryon acoustic oscillations and the local hubble constant,”
Monthly Notices of the Royal Astronomical Society, vol. 416, pp.
3017–3032, 2011.

[22] C. Blake, E. Kazin, F. Beutler et al., “The WiggleZ dark energy
survey: mapping the distance-redshift relation with baryon
acoustic oscillations,”Monthly Notices of the Royal Astronomical
Society, vol. 418, pp. 1707–1724, 2011.

[23] A. G. Riess, L. Macri, S. Casertano et al., “A 3% solution:
determination of the hubble constant with the hubble space
telescope and wide field camera distance 3,” The Astrophysical
Journal, vol. 730, p. 119, 2011.

[24] P. A. R. Ade, N. Aghanim, C. Armitage-Caplan et al., “Planck
2013 results. XVI. Cosmological parameters,” http://arxiv.org/
abs/1303.5076.

[25] Z. Hou, R. Keisler, L. Knox, M. Millea, and C. Reichardt, “How
massless neutrinos affect the cosmic microwave background
damping tail,” http://arxiv.org/abs/1104.2333 .

[26] M. Zaldarriaga and D. D. Harari, “Analytic approach to the
polarization of the cosmic microwave background in flat and
open universes,” Physical ReviewD, vol. 52, no. 6, pp. 3276–3287,
1995.

[27] R. Bowen, S. H. Hansen, A. Melchiorri, J. Silk, and R. Trotta,
“The impact of an extra background of relativistic particles
on the cosmological parameters derived from the cosmic
microwave background,” Monthly Notices of the Royal Astro-
nomical Society, vol. 334, no. 4, pp. 760–768, 2002.

[28] S. Bashinsky and U. Seljak, “Signatures of relativistic neutrinos
in CMB anisotropy and matter clustering,” Physical Review D,
vol. 69, no. 8, Article ID 083002, 2004.

[29] S. Hannestad, “Structure formation with strongly interacting
neutrinos—implications for the cosmological neutrino mass
bound,” Journal of Cosmology and Astroparticle Physics, vol.
0502, article 011, 2005.

[30] W. Hu and N. Sugiyama, “Small-scale cosmological perturba-
tions: an analytic approach,” The Astrophysical Journal Letters,
vol. 471, no. 2, pp. 542–570, 1996.

[31] A. Aguilar-Arevalo, L. B. Auerbach, R. L. Burman et al.,
“Evidence for neutrino oscillations from the observation of 𝑣

𝑒

appearance in a 𝑣
𝜇
beam,” Physical Review D, vol. 64, Article ID

112007, 22 pages, 2001.
[32] S. M. Bilenky, C. Giunti, and W. Grimus, “Neutrino mass

spectrum from the results of neutrino oscillation experiments,”
European Physical Journal C, vol. 1, pp. 247–253, 1998.

[33] V. D. Barger, T. J. Weiler, and K. Whisnant, “Four-way neutrino
oscillations,” Physics Letters B, vol. 427, pp. 97–104, 1998.

[34] M. Sorel, J. M. Conrad, andM.H. Shaevitz, “Combined analysis
of short-baseline neutrino experiments in the (3 + 1) and (3 + 2)
sterile neutrino oscillation hypotheses,” Physical Review D, vol.
70, no. 7, Article ID 073004, 2004.

[35] S. Goswami andW. Rodejohann, “MiniBooNE results and neu-
trino schemes with 2 sterile neutrinos: possible mass orderings
and observables related to neutrino masses,” Journal of High
Energy Physics, vol. 0710, article 073, 2007.

[36] A. A. Aguilar-Arevalo, B. C. Brown, L. Bugel et al., “Improved
Search for 𝑣

𝜇
→ 𝑣

𝑒
Oscillations in the MiniBooNE Exper-

iment,” Physical Review Letters, vol. 110, Article ID 161801, 6
pages, 2013.

[37] J. Kopp, P. A. N. Machado, M. Maltoni, and T. Schwetz, “Sterile
neutrino oscillations: the global picture,” Journal of High Energy
Physics, vol. 1305, article 050, 2013.

[38] J. M. Conrad, C. M. Ignarra, G. Karagiorgi, M. H. Shaevitz,
and J. Spitz, “Sterile neutrino fits to short-baseline neutrino
oscillation measurements,” Advances in High Energy Physics,
vol. 2013, Article ID 163897, 26 pages, 2013.

[39] S. Dodelson, A. Melchiorri, and A. Slosar, “Is cosmology
compatible with sterile neutrinos?” Physical Review Letters, vol.
97, no. 4, Article ID 041301, 2006.

[40] A.Melchiorri, O.Mena, S. Palomares-Ruiz, S. Pascoli, A. Slosar,
and M. Sorel, “Sterile neutrinos in light of recent cosmological
and oscillation data: amulti-flavor scheme approach,” Journal of
Cosmology and Astroparticle Physics, vol. 0901, article 036, 2009.

[41] S. Hannestad, I. Tamborra, and T. Tram, “Thermalisation
of light sterile neutrinos in the early universe,” Journal of
Cosmology and Astroparticle Physics, vol. 1207, article 025, 2012.

[42] M. Archidiacono, N. Fornengo, C. Giunti, S. Hannestad, and
A. Melchiorri, “Sterile neutrinos: cosmology vs short-baseline
experiments,” http://arxiv.org/abs/1302.6720.

[43] A.Mirizzi, G.Mangano,N. Saviano et al., “The strongest bounds
on active-sterile neutrino mixing after Planck data,” Physics
Letters B, vol. 726, pp. 8–14, 2013.

[44] D. Hooper, F. S. Queiroz, and N. Y. Gnedin, “Nonthermal dark
matter mimicking an additional neutrino species in the early
universe,” Physical Review D, vol. 85, no. 6, Article ID 063513,
2012.

[45] C. Kelso, S. Profumo, and F. S. Queiroz, “Nonthermal WIMPs
as “dark radiation” in light of ATACAMA, SPT, WMAP9, and
Planck,” Physical Review D, vol. 88, Article ID 023511, 8 pages,
2013.

[46] C. Brust, D. E. Kaplan, andM. T.Walters, “New light species and
the CMB,” http://arxiv.org/abs/1303.5379.

[47] J. E. Kim, “Weak-interaction singlet and strong CP invariance,”
Physical Review Letters, vol. 43, no. 2, pp. 103–107, 1979.

[48] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, “Can con-
finement ensure natural CP invariance of strong interactions?”
Nuclear Physics, Section B, vol. 166, no. 3, pp. 493–506, 1980.

[49] C. A. Baker, D. D. Doyle, P. Geltenbort et al., “Improved exper-
imental limit on the electric dipole moment of the neutron,”
Physical Review Letters, vol. 97, Article ID 131801, 4 pages, 2006.

[50] R. D. Peccei and H. R. Quinn, “CP conservation in the presence
of pseudoparticles,” Physical Review Letters, vol. 38, no. 25, pp.
1440–1443, 1977.

[51] R. D. Peccei and H. R. Quinn, “Constraints imposed by
CP conservation in the presence of pseudoparticles,” Physical
Review D, vol. 16, pp. 1791–1797, 1977.

[52] S. Hannestad, A. Mirizzi, and G. Raffelt, “A new cosmological
mass limit on thermal relic axions,” Journal of Cosmology and
Astroparticle Physics, vol. 0507, article 002, 2005.

[53] S. Hannestad, A. Mirizzi, G. G. Raelt, and Y. Y. Y. Wong,
“Cosmological constraints on neutrino plus axion hot dark
matter,” Journal of Cosmology and Astroparticle Physics, vol.
0708, article 015, 2007.

[54] A. Melchiorri, O. Mena, and A. Slosar, “Improved cosmological
bound on the thermal axion mass,” Physical Review D, vol. 76,
no. 4, Article ID 041303, 2007.



14 Advances in High Energy Physics

[55] M. Archidiacono, S. Hannestad, A. Mirizzi, G. Raffelt, and Y. Y.
Y. Wong, “Axion hot dark matter bounds after Planck,” Journal
of Cosmology and Astroparticle Physics, vol. 1310, Article ID 020,
2013.

[56] M. Blennow, B. Dasgupta, E. Fernandez-Martinez, and N. Rius,
“Aidnogenesis via leptogenesis and dark sphalerons,” Journal of
High Energy Physics, vol. 1103, article 014, 2011.

[57] M. Blennow, E. Fernandez-Martinez, O. Mena, J. Redondo, and
P. Serra, “Asymmetric dark matter and dark radiation,” Journal
of Cosmology and Astroparticle Physics, vol. 1207, article 022,
2012.

[58] U. Franca, R. A. Lineros, J. Palacio, and S. Pastor, “Probing
interactions within the dark matter sector via extra radiation
contributions,” Physical Review D, vol. 87, Article ID 123521, 6
pages.

[59] C. Boehm, M. J. Dolan, and C. McCabe, “Increasing 𝑁eff with
particles in thermal equilibrium with neutrinos,” Journal of
Cosmology and Astroparticle Physics, vol. 1212, article 027, 2012.

[60] Cl. Boehm, M. J. Dolan, and C. McCabe, “A lower bound on
the mass of cold thermal dark matter from planck,” Journal of
Cosmology and Astroparticle Physics, vol. 1308, article 041, 2013.

[61] G. Hinshaw, D. Larson, E. Komatsu et al. et al., “Nine-
year Wilkinson Microwave Anisotropy Probe (WMAP) obser-
vations: cosmological parameter results,” http://arxiv.org/abs/
1212.5226.

[62] K. T. Story, C. L. Reichardt, Z. Hou et al., “A measurement of
the cosmicmicrowave background damping tail from the 2500-
square-degree SPT-SZ survey,” http://arxiv.org/abs/1210.7231.

[63] E. Di Valentino, A. Melchiorri, and O. Mena, “Dark Radiation
candidates after Planck,” http://arxiv.org/abs/1304.5981.

[64] G. Mangano, A. Melchiorri, P. Serra, A. Cooray, and M.
Kamionkowski, “Cosmological bounds on dark-matter-
neutrino interactions,” Physical Review D, vol. 74, no. 4, Article
ID 043517, 2006.

[65] R. Diamanti, E. Giusarma, O. Mena, M. Archidiacono, and A.
Melchiorri, “Dark radiation and interacting scenarios,” Physical
Review D, vol. 87, Article ID 063509, 8 pages, 2013.

[66] A. Lewis and S. Bridle, “Cosmological parameters from CMB
and other data: a Monte Carlo approach,” Physical Review D,
vol. 66, Article ID 103511, 16 pages, 2002.

[67] A. Lewis, A. Challinor, and A. Lasenby, “Efficient computa-
tion of cosmic microwave background anisotropies in closed
Friedmann-Robertson-Walker models,”The Astrophysical Jour-
nal Letters, vol. 538, no. 2, pp. 473–476, 2000.

[68] C. P. Ahn, R. Alexandroff, C. Allende Prieto et al., “The ninth
data release of the sloan digital sky survey: first spectroscopic
data from the SDSS-III baryonoscillation spectroscopic survey,”
The Astrophysical Journal Supplement, vol. 203, p. 21, 2012.

[69] D. J. Eisenstein, D. H. Weinberg, E. Agolt et al., “SDSS-III:
massive spectroscopic surveys of the distant universe, the
milkyway, and extra-solar planetary systems,”TheAstronomical
Journal, vol. 142, article 72, 2011.

[70] T. Basse, O. E. Bjaelde, J. Hamann, S. Hannestad, and Y. Y. Y.
Wong, “Dark energy and neutrino constraints from a future
EUCLID-like survey,” http://arxiv.org/abs/1304.2321.

[71] Y. I. Izotov and T. X. Thuan, “The primordial abundance
of4He: evidence for non-standard big bang nucleosynthesis,”
The Astrophysical Journal Letters, vol. 710, no. 1, pp. L67–L71,
2010.

[72] G. Steigman, “Neutrinos and big bang nucleosynthesis,”
Advances in High Energy Physics, vol. 2012, Article ID 268321,
24 pages, 2012.

[73] W. Fischler and J. Meyers, “Dark radiation emerging after big
bang nucleosynthesis?” Physical Review D, vol. 83, Article ID
063520, 5 pages, 2011.

[74] O. E. Bjaelde, S. Das, and A.Moss, “Origin of𝑁eff as a result of
an interaction between dark radiation and dark matter,” Journal
of Cosmology and Astroparticle Physics, vol. 1210, article 017,
2012.

[75] J. Hasenkamp, “Dark radiation from the axino solution of the
gravitino problem,” Physics Letters B, vol. 707, no. 1, pp. 121–128,
2012.

[76] L. M. Krauss, C. Lunardini, and C. Smith, “Neutrinos, WMAP,
and BBN,” http://arxiv.org/abs/1009.4666.

[77] J. Hamann, J. Lesgourgues, and G. Mangano, “Using big bang
nucleosynthesis in cosmological parameter extraction from
the cosmic microwave background: a forecast for PLANCK,”
Journal of Cosmology and Astroparticle Physics, vol. 0803, article
004, 2008.

[78] O. Pisanti, A. Cirillo, S. Esposito et al., “PArthENoPE: public
algorithm evaluating the nucleosynthesis of primordial ele-
ments,” Computer Physics Communications, vol. 178, no. 12, pp.
956–971, 2008.

[79] N. Said, E. Di Valentino, and M. Gerbino, “Planck constraints
on the effective neutrino number and the CMBpower spectrum
lensing amplitude,” vol. 88, Article ID 023513, 6 pages, 2013.

[80] H. U. Wayne, “Structure formation with generalized dark
matter,” The Astrophysical Journal Letters, vol. 506, no. 2, pp.
485–494, 1998.

[81] R. Trotta and A. Melchiorri, “Indication for primordial
anisotropies in the neutrino background from the Wilkinson
Microwave Anisotropy Probe and the sloan digital sky survey,”
Physical Review Letters, vol. 95, no. 1, Article ID 011305, 2005.

[82] M. Archidiacono, E. Calabrese, and A. Melchiorri, “Case for
dark radiation,” Physical Review D, vol. 84, no. 12, Article ID
123008, 2011.

[83] T. L. Smith, S. Das, and O. Zahn, “Constraints on neutrino and
dark radiation interactions using cosmological observations,”
Physical Review D, vol. 85, Article ID 023001, 6 pages, 2012.

[84] M. Gerbino, E. Di Valentino, and N. Said, “Neutrino
anisotropies after Planck,” Physical Review D, vol. 88, Article
ID 063538, 8 pages, 2013.

[85] A. Refregier, A. Amara, T. D. Kitching et al., “Euclid imaging
consortium science book,” http://arxiv.org/abs/arXiv:1001.0061.

[86] E. Giusarma, M. Corsi, M. Archidiacono et al., “Constraints
on massive sterile neutrino species from current and future
cosmological data,” Physical Review D, vol. 83, no. 11, Article ID
115023, 2011.

[87] C. Carbone, “Neutrino mass from future large scale structure
surveys,” Nuclear Physics B, vol. 237-238, pp. 50–53, 2013.

[88] V.Marra, L. Amendola, I. Sawicki, andW. Valkenburg, “Cosmic
variance and the measurement of the local Hubble parameter,”
Physical Review Letters, vol. 110, Article ID 241305, 5 pages, 2013.



Hindawi Publishing Corporation
Advances in High Energy Physics
Volume 2013, Article ID 912702, 16 pages
http://dx.doi.org/10.1155/2013/912702

Research Article
Nuclear Effects in Neutrino Interactions and Their Impact on
the Determination of Oscillation Parameters

Omar Benhar and Noemi Rocco

INFN and Department of Physics, “Sapienza” Universitá di Roma, Piazzale Aldo Moro 2, 00185 Roma, Italy
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The quantitative description of the effects of nuclear dynamics on themeasured neutrino-nucleus cross sections—needed to reduce
the systematic uncertainty of long baseline neutrino oscillation experiments—involves severe difficulties. Owing to the uncertainty
on the incoming neutrino energy, different reaction mechanisms contribute to the cross section measured at fixed energy and
scattering angle of the outgoing lepton, and must therefore be consistently taken into account within a unified model. We research
the theoretical approach based on the impulse approximation and the use of realistic nucleon spectral functions, allowing one to
describe a variety of reaction mechanisms active in the broad kinematical range covered by neutrino experiments. The extension
of this scheme to include more complex mechanisms involving the two-nucleon currents, which are believed to be important, is
also outlined. The impact of nuclear effects on the determination of neutrino oscillation parameters is illustrated by analyzing the
problem of neutrino energy reconstruction.

1. Introduction

Experimental searches of neutrino oscillations exploit neutri-
no-nucleus interactions to infer the properties of the beam
particles, which are largely unknown. The use of nuclear
targets as detectors, while allowing for a substantial increase
of the event rate, entails nontrivial problems, as the interpre-
tation of the observed signal requires a quantitative under-
standing of neutrino-nucleus interactions. Given the present
experimental accuracy, the treatment of nuclear effects is
in fact regarded as one of the main sources of systematic
uncertainty (see, e.g., [1]).

Over the past decade, a growing effort has been made,
aimed atmaking use of the knowledge of the nuclear response
acquired from experimental and theoretical studies of elec-
tron scattering. Electron-nucleus scattering cross-sections
are usually analyzed at fixed beam energy 𝐸

𝑒
, and electron

scattering angle 𝜃
𝑒
as a function of the energy loss 𝜔. As an

example, Figure 1 shows the typical behavior of the double
differential cross-section of the following inclusive process:

𝑒 + 𝐴 → 𝑒


+ 𝑋, (1)

in which only the outgoing lepton is detected, at beam energy
around 1GeV. Here, 𝐴 and 𝑋 denote the target nucleus, in
its ground state, and the undetected hadronic final state,
respectively.

It is apparent that the different reaction mechanisms,
yielding the dominant contributions to the cross-section at
different values of 𝜔 (corresponding to different values of
the Bjorken scaling variable 𝑥 = 𝑄

2
/2𝑀𝜔, where 𝑀 is the

nucleon mass and 𝑄
2

= 4𝐸
𝑒
(𝐸
𝑒

− 𝜔)sin2𝜃
𝑒
/2 can be easily

identified.
The bump centered at 𝜔 ∼ 𝑄

2
/2𝑀, or 𝑥 ∼ 1, the position

and width of which are determined by the momentum and
removal energy distribution of the struck particle, corre-
sponds to single nucleon knockout, while the structure visible
at larger 𝜔 reflects the onset of coupling to two-nucleon
currents, arising from meson exchange processes, excitation
of nucleon resonances, and deep inelastic scattering.

The available theoretical models of electron-nucleus scat-
tering provide an overall satisfactory description of the data
over a broad kinematical range. In particular, in the region in
which quasielastic scattering dominates, the data is generally
reproduced with an accuracy of few percentages (for a recent
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Figure 1: Schematic representation of the inclusive electron-nucleus
cross-section at beam energy around 1GeV, as a function of energy
loss.

review on electron-nucleus scattering in the quasielastic
sector, see [2]).

Because neutrino beams are always produced as sec-
ondary decay products, their energy is not sharply defined,
but broadly distributed. As a consequence, in charged-
current neutrino scattering processes detecting the energy
of the outgoing lepton, 𝑇

ℓ
, does not provide a measurement

of the energy transfer, 𝜔, and different reaction mechanisms
can contribute to the double differential cross-section at fixed
𝑇
ℓ
and lepton scattering angle, 𝜃

ℓ
. This feature is illustrated

in the Figure 2(a), showing the inclusive electron-carbon
cross-sections at 𝜃

𝑒
= 37

∘ and beam energies ranging
between 0.730 and 1.501 GeV, as a function of energy of the
outgoing electron [3, 4]. It clearly appears that the highlighted
550 < 𝑇

𝑒
 < 650MeV bin, corresponding to quasifree

kinematics at 𝐸
𝑒

= 730MeV, picks up contributions from
scattering processes taking place at different beam energies,
in which reaction mechanisms other than single nucleon
knockout are known to be dominant. To gauge the extent
to which different contributions are mixed up in a typical
neutrino experiment, consider the energy distribution of the
MiniBooNE neutrino flux, displayed in Figure 2(b), showing
that the fluxes corresponding to energies 𝐸] = 730 and
961MeV are within less than 20% of one another. It follows
that, if we were to average the electron-carbon data of the
left panel with the flux of the right panel, the cross-sections
corresponding to beam energies 730 and 961MeV would
contribute to the measured cross-section in the highlighted
bin with about the same weight.

The above discussion implies that the understanding of
the flux averagedneutrino cross-section requires the develop-
ment of theoretical models providing a consistent treatment
of all reaction mechanisms active in the broad kinematical
range corresponding to the relevant neutrino energies.

In Section 2, we discuss the structure of the neutrino-
nucleus cross-section and point out that a consistent treat-
ment of relativistic effects and nucleon-nucleon correlations
requires the factorization of the nuclear vertex. The main

elements of the resulting expression of the cross-section,
that is, the nucleon spectral function and the elemen-
tary neutrino-nucleon cross-section, are also analyzed. In
Section 3, we briefly research the available empirical infor-
mation on the nucleon weak structure functions in the
kinematical regimes corresponding to quasielastic scattering,
resonance production, and deep inelastic scattering, while
Section 4 is devoted to a discussion of the ambiguities implied
in the interpretation of the events labeled as quasielastic.
As an example of the impact of nuclear effects on the
determination of neutrino oscillations, in Section 5 we ana-
lyze the problem of neutrino energy reconstruction. Finally,
in Section 6 we summarize the main issues and state our
conclusions.

2. The Neutrino-Nucleus Cross-section

Let us consider, for definiteness, charged-current neutrino-
nucleus interactions. The formalism discussed in this section
can be readily generalized to the case of neutral current
interactions [6]. The double differential cross-section of the
process (compare to (1))

]
ℓ

+ 𝐴 → ℓ
−

+ 𝑋, (2)

can be written in the following form [7]:

𝑑
2
𝜎

𝑑Ωk𝑑𝑘


0

=
𝐺
2

𝐹
𝑉
2

𝑢𝑑

16𝜋2


k
|k|

𝐿
𝜇]𝑊
𝜇]
𝐴

. (3)

In the above equation, 𝑘 ≡ (𝑘
0
, k) and 𝑘


≡ (𝑘


0
, k) are

the four momenta carried by the incoming neutrino and
the outgoing charged lepton, respectively, 𝐺

𝐹
is the Fermi

constant, and 𝑉
𝑢𝑑

is the CKMmatrix element coupling 𝑢 and
𝑑 quarks. The tensor 𝐿

𝜇], defined as (we neglect the term
proportional to 𝑚

2

ℓ
, where 𝑚

ℓ
is the mass of the charged

lepton)

𝐿
𝜇] = 8 [𝑘



𝜇
𝑘] + 𝑘



]𝑘𝜇 − 𝑔
𝜇] (𝑘 ⋅ 𝑘


) − 𝑖𝜀
𝜇]𝛼𝛽𝑘
𝛽

𝑘
𝛼

] , (4)

is completely determined by the lepton kinematics, whereas
the nuclear tensor 𝑊

𝜇]
𝐴
, containing all the information on

strong interaction dynamics, describes the response of the
target nucleus. Its definition

𝑊
𝜇]
𝐴

= ∑

𝑥

⟨0

𝐽
𝜇

𝐴

†
𝑋⟩ ⟨𝑋

𝐽
]
𝐴

 0⟩ 𝛿
(4)

(𝑝
0

+ 𝑞 − 𝑝
𝑋

) , (5)

with 𝑞 = 𝑘 − 𝑘
, involves the target initial and final states |0⟩

and |𝑋⟩, carrying four momenta 𝑝
0
and 𝑝

𝑋
, respectively, as

well as the following nuclear current operator:

𝐽
𝜇

𝐴
= ∑

𝑖

𝑗
𝜇

𝑖
+ ∑

𝑗>𝑖

𝑗
𝜇

𝑖𝑗
, (6)

where 𝑗
𝜇

𝑖𝑗
denotes the two-nucleon contribution arising from

meson-exchange processes.
In the kinematical region corresponding to low momen-

tum transfer, typically |q| < 400MeV, inwhich nonrelativistic
approximations are expected to work, the tensor of (5) can be
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Figure 2: (a) Inclusive electron-carbon cross-sections at 𝜃
𝑒

= 37
∘ and beam energies ranging between 0.730 and 1.501 GeV [3, 4], plotted as

a function of the energy of the outgoing electron. (b) Energy dependence of the MiniBooNE neutrino flux [5].

evaluated within highly realistic nuclear models [8, 9]. How-
ever, the event analysis of accelerator-based neutrino experi-
ments requires theoretical approaches that can be applied in
the relativistic regime. The importance of relativistic effects
can be easily grasped considering that the mean momentum
transfer of quasielastic (QE) processes obtained by averaging
over the MiniBooNE [5] and Miner]a [10] neutrino fluxes
turn out to be ∼640 and ∼880MeV, respectively.

Nonrelativistic nuclear many-body theory, based on
dynamical models strongly constrained by phenomenology,
provides a fully consistent theoretical approach allowing for
an accurate description of the target initial state, independent
of momentum transfer. On the other hand, at large |q|, the
treatment of both the nuclear current and the hadronic final
state unavoidably requires approximations.

2.1. The Impulse Approximation. The Impulse Approxima-
tion (IA) scheme, extensively employed to analyze electron-
nucleus scattering data [2], is based on the tenet that, at
momentum transfer q such that q−1 ≪ 𝑑, 𝑑 being the
average nucleon-nucleon distance in the target, neutrino-
nucleus scattering reduces to the incoherent sumof scattering
processes involving individual nucleons.Moreover, final state
interactions between the outgoing hadrons and the spectator
nucleons are assumed to be negligible.

Within the IA picture, the nuclear current of (6) reduces
to the sum of one-body terms, while the final state simplifies
to the direct product of the hadronic state produced at
the interaction vertex, with momentum p

𝑥
, and the state

describing the (𝐴 − 1)-nucleon residual system, carrying
momentum p

𝑅
, that is,

| 𝑋⟩ →
 𝑥, p
𝑥
⟩ ⊗

 𝑅, p
𝑅

⟩ , (7)

implying

∑

𝑋

| 𝑋⟩ ⟨ 𝑋| → ∑

𝑥

∫ 𝑑
3
𝑝
𝑥

 𝑥, p
𝑥
⟩ ⟨p
𝑥
, 𝑥



× ∑

𝑅

∫ 𝑑
3
𝑝
𝑅

 𝑅, p
𝑅

⟩ ⟨p
𝑅

, 𝑅
 .

(8)

Insertion of a complete set of free nucleon states, satisfying

∫ 𝑑
3
𝑘 | 𝑁, k⟩ ⟨k, 𝑁| = 1, (9)

leads to the factorization of the nuclear current matrix ele-
ment according to

⟨0
𝐽
𝜇

𝐴

 𝑋⟩ = (
𝑀

√
p𝑅



2

+ 𝑀2

)

1/2

⟨0 | 𝑅, p
𝑅

; 𝑁, −p
𝑅

⟩

× ∑

𝑖

⟨−p
𝑅

, 𝑁
𝑗
𝜇

𝑖

 𝑥, p
𝑥
⟩ ,

(10)

where the factor (𝑀/√|p
𝑅

|2 + 𝑀2)
1/2, with 𝑀 being the

nucleon mass, takes into account the implicit covariant
normalization of the state ⟨−p

𝑅
, 𝑁| in the matrix element of

𝑗
𝜇

𝑖
.
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Using the above relations, the hadronic tensor can be
rewritten in the following form:

𝑊
𝜇]

= ∑

𝑅,𝑥

∫ 𝑑
3
𝑝
𝑅

𝑑
3
𝑝
𝑥

⟨0 | 𝑅, p
𝑅

; 𝑁, −p
𝑅

⟩


2

× (
𝑀

√
p𝑅



2

+ 𝑀2

)

× ∑

𝑖

⟨−p
𝑅

, 𝑁

𝑗
𝜇

𝑖

†
𝑥, p
𝑥
⟩ ⟨p
𝑥
, 𝑥

𝑗
]
𝑖

 𝑁, −p
𝑅

⟩

× 𝛿
3

(q − p
𝑅

− p
𝑥
) 𝛿 (𝜔 + 𝐸

0
− 𝐸
𝑅

− 𝐸
𝑥
) ,

(11)

where 𝐸
0

is the target ground state energy, 𝐸
𝑅

=

√|p
𝑅

|2 + 𝑀
2

𝑅
, 𝑀
𝑅
being the mass of the recoiling system,

and 𝐸
𝑥
is the energy of the hadronic state 𝑥 produced at the

interaction vertex.
Equation (11) can be cast in the following more concise

form:

𝑊
𝜇]
𝐴

= ∫ 𝑑
3
𝑝𝑑𝐸𝑃 (𝐸, p)

𝑀

𝐸
𝑝

× ∑

𝑥

⟨p, 𝑁

𝑗
𝜇

𝑖

†
𝑥, p + q⟩ ⟨𝑥, p + q 𝑗

]
𝑖

 p, 𝑁⟩

× 𝛿 (�̃� + √p2 + 𝑀2 − 𝐸
𝑥
) ,

(12)

where

�̃� = 𝐸
𝑥

− √p2 + 𝑀2 = 𝜔 + 𝑀 − 𝐸 − √p2 + 𝑀2

= 𝜔 + 𝐸
0

− 𝐸
𝑅

− √p2 + 𝑀2,

(13)

and the spectral function

𝑃 (p, 𝐸) = ∑

𝑅

|⟨0 | 𝑅, −p⟩|
2
𝛿 (𝐸 − 𝑀 + 𝐸

0
− 𝐸
𝑅

) (14)

yields the probability of removing a nucleonwithmomentum
p from the target ground state leaving the residual system
with excitation energy 𝐸.

Using the definition of the tensor describing the interac-
tions of the 𝑖th nucleon in free space (the subscripts 𝛼 = 𝑝, 𝑛

denote proton and neutron, resp.)

W
𝜇]
𝛼

= ∑

𝑥

⟨p, 𝑁

𝑗
𝜇

𝛼

†
𝑥, p + q⟩ ⟨𝑥, p + q 𝑗

]
𝛼

 p, 𝑁⟩

× 𝛿 (�̃� + √p2 + 𝑀2 − 𝐸
𝑥
) ,

(15)

we finally obtain, for a target nucleus with 𝑍 = 𝐴/2,

𝑊
𝜇]
𝐴

= 𝐴 ∫ 𝑑
3
𝑝𝑑𝐸

𝑀

𝐸
𝑝

𝑃 (p, 𝐸)W
𝜇]
𝑁

, (16)

withW
𝜇]
𝑁

= (W
𝜇]
𝑝 + W𝜇]

𝑛
)/2. Note that in deriving the above

equation, we have made the assumption, largely justified

in isoscalar nuclei, that the proton and neutron spectral
functions be the same.

It has to be emphasized that the replacement of 𝜔 with
�̃� (see (15)) is meant to take into account the fact that a
fraction 𝛿𝜔 of the energy transfer goes into excitation energy
of the spectator system. Therefore, the elementary scattering
process can be described as if it took place in free space with
energy transfer �̃� = 𝜔 − 𝛿𝜔.

Collecting the above results, the nuclear cross-section can
be finally written in the following transparent form:

𝑑
2
𝜎IA

𝑑Ωk𝑑𝑘


0

= 𝐴 ∫ 𝑑
3
𝑝 𝑑𝐸 𝑃 (𝑝, 𝐸)

𝑑
2
𝜎elem

𝑑Ωk𝑑𝑘


0

, (17)

with

𝑑
2
𝜎elem

𝑑Ωk𝑑𝑘


0

=
𝐺
2

𝐹
𝑉
2

𝑢𝑑

16𝜋2


k
|k|

1

4𝐸
|p|𝐸|p+q|

𝐿
𝜇]W
𝜇]
𝑁

. (18)

In conclusion, within the IA scheme it is possible to trace
back the hadronic tensor corresponding to the nuclear target
to the ones describing the elementary interaction with iso-
lated nucleons—which can be, at least in principle, measured
using proton and deuteron targets—provided that the four
momentum transfer 𝑞 is replaced with 𝑞 ≡ (�̃�, q) and an
integration on the nucleon momentum and removal energy
is carried out, with a weight given by the spectral function.

We emphasize that, as will be discussed below, (17) and
(18) can be applied to a variety of reaction mechanisms,
including QE scattering, resonance production, and Deep
Inelastic Scattering (DIS).

2.2. Spectral Function. The calculation of the target spec-
tral function requires a model of nuclear dynamics. The
simulation codes employed for the analysis of neutrino
oscillation experiments are largely based on the relativistic
Fermi gas model (RFGM) [11], according to which the target
nucleus can be described as a degenerate gas of protons and
neutrons obeying on-shell relativistic kinematics. Nucleons
occupy all states with momenta smaller than the Fermi
momentum 𝑝

𝐹
—belonging to the Fermi sea—and are bound

with constant energy 𝜖. The values of these two parameters
are determined through a fit of the position and width of the
quasielastic peak of themeasured electron-nucleus scattering
cross-sections [12, 13].

Within the RFGM, the nuclear spectral function, defined
in (14), can be written in the following simple form:

𝑃RFGM (𝑝, 𝐸) =
6𝜋
2

𝑝
3

𝐹

𝜃 (𝑝
𝐹

− 𝑝) 𝛿 (𝐸
𝑝

− 𝜖 + 𝐸) , (19)

where 𝐸
𝑝

= √|p|2 + 𝑀2.
Electron scattering data have provided overwhelming

evidence that the energy-momentum distribution of nucle-
ons in the nucleus is quite different from the one predicted by
the RFGM.The differences are to be ascribed to the presence
of nucleon-nucleon (NN) correlations, mainly arising from
the strongly repulsive nature of the NN interactions at short
distances. Dynamical correlations give rise to virtual scatter-
ing processes leading to the excitation of the participating
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nucleons to states of energy larger than the Fermi energy,
thus depleting the single particle levels within the Fermi
sea. Owing to the contribution of nucleons belonging to a
correlated pair, the nuclear spectral function 𝑃(p, 𝐸) exhibits
tails extending to the regions |𝑝| ≫ 𝑝

𝐹
and 𝐸 ≫ 𝜖.

Highly accurate theoretical calculations of the spectral
function can be carried out for uniform nuclear mat-
ter, exploiting the simplifications arising from translation
invariance [14]. The results of these calculations have been
combined with the information obtained from coincidence
(𝑒, 𝑒

𝑝) experiments at moderate energy and momentum

transfer, to obtain spectral functions of a variety of nuclei
within the local density approximation (LDA) [15, 16].

According to the LDA scheme, the spectral function is
written in the following form:

𝑃LDA (p, 𝐸) = 𝑃MF (p, 𝐸) + 𝑃corr (p, 𝐸) , (20)

where the two terms describe the contributions associated
with the nuclearmean field andNNcorrelations, respectively.
The former is usually written in the following factorized form:

𝑃MF (p, 𝐸) = ∑

𝑛∈{𝐹}

𝑍
𝑛

𝜙𝑛 (p)


2

𝐹
𝑛

(𝐸 − 𝐸
𝑛
) , (21)

where the sum is extended to all states belonging to the
Fermi sea, while the spectroscopic factor 𝑍

𝑛
< 1 and the

function 𝐹
𝑛
(𝐸 − 𝐸

𝑛
), accounting for the finite width of the

𝑛th shell-model state, take into account the effects of residual
interactions that are not included in the mean-field picture.
In the absence of all interactions, 𝑍

𝑛
→ 1 and 𝐹(𝐸 − 𝐸

𝑛
) →

𝛿(𝐸 − 𝐸
𝑛
).

The correlation contribution is given by

𝑃corr (p, 𝐸) = ∫ 𝑑
3
𝑟
𝐴

(r) 𝑃
NM
corr (p, 𝐸;  = 

𝐴
(r)) , (22)

where 
𝐴

(r) is the nuclear density distribution and 𝑃
NM
corr (p,

𝐸; ) is the correlation part of the spectral function of nuclear
matter at uniform density . Note that the spectroscopic
factors 𝑍

𝑛
are constrained by the following normalization

requirement:

∫ 𝑑
3
𝑝𝑑𝐸𝑃LDA (p, 𝐸) = 1. (23)

Typically, the mean-field contribution accounts for ∼80% of
the above normalization integral. The correlation strength
located at large 𝑝 and 𝐸 has been recently measured at
JLab using a Carbon target [17]. The results of this analysis
are consistent with the data at low missing energy and
missing momentum, as well as with the results of theoretical
calculations carried out within nuclear many-body theory.

2.3. Neutrino-Nucleon Vertex. The most general expression
of the target tensor of (15) can be written in terms of five

structure functions, depending on the Lorentz scalars 𝑞
2 and

(𝑝 ⋅ 𝑞) only, as

W
𝜇]

= −𝑔
𝜇]

𝑊
1

(𝑞
2
, (𝑝 ⋅ 𝑞)) +

𝑝
𝜇
𝑝
]

𝑀2
𝑊
2

(𝑞
2
, (𝑝 ⋅ 𝑞))

− 𝑖𝜖
𝜇]𝜎𝑝

𝑞
𝜎

2𝑀2
𝑊
3

(𝑞
2
, (𝑝 ⋅ 𝑞)) +

𝑞
𝜇
𝑞
]

𝑀2
𝑊
4

(𝑞
2
, (𝑝 ⋅ 𝑞))

+
𝑝
𝜇
𝑞
]

+ 𝑝
]
𝑞
𝜇

𝑀2
𝑊
5

(𝑞
2
, (𝑝 ⋅ 𝑞)) .

(24)

In scattering processes involving isolated nucleons, the struc-
ture functions 𝑊

4
and 𝑊

5
give vanishing contributions to the

cross-section, after contraction of the target tensor with 𝐿
𝜇].

Owing to the replacement 𝑞 → 𝑞 in the arguments ofW𝜇],
dictated by the IA, in neutrino-nucleus scattering, this is no
longer the case. However, the results of numerical calcula-
tions suggest that the contribution of the terms involving 𝑊

4

and 𝑊
5
is small, and can be safely neglected [7].

The contraction of the above tensor with 𝐿
𝜇] of (4) can

be cast in the following form:

𝐿
𝜇]

𝑊
𝜇] = 16∑

𝑖

𝑊
𝑖
(

𝐴
𝑖

𝑀2
) , (25)

with the kinematical factors 𝐴
𝑖
given by the following

expressions:

𝐴
1

= 𝑀
2

(𝑘 ⋅ 𝑘

) ,

𝐴
2

= (𝑘 ⋅ 𝑝) (𝑘


⋅ 𝑝) −
𝐴
1

2
,

𝐴
3

= (𝑘 ⋅ 𝑝) (𝑘


⋅ 𝑞) − (𝑘 ⋅ 𝑞) (𝑘


⋅ 𝑝) ,

𝐴
4

= (𝑘 ⋅ 𝑞) (𝑘


⋅ 𝑞) −
𝑞
2

2

𝐴
1

𝑀2
,

𝐴
5

= (𝑘 ⋅ 𝑝) (𝑘


⋅ 𝑞) + (𝑘


⋅ 𝑝) (𝑘 ⋅ 𝑞) − (𝑞 ⋅ 𝑝)
𝐴
1

𝑀2
.

(26)

3. Nucleon Structure Functions

As already stated, the formalism based on the IA provides
a unified framework, suitable to describe neutrino-nucleus
interaction in different kinematical regimes. In this Section,
we discuss the form of the structure functions 𝑊

𝑖
in the QE

and DIS regimes, and briefly outline the extension of the QE
form to the case of resonance production.

3.1. Charged-Current Quasielastic (CCQE) Scattering and
Resonance Production. In the CCQE channel, the structure
functions involve the energy conserving 𝛿-function enforcing
the condition that the scattering process be elastic. They are
conveniently written in the following form:

𝑊
𝑖

= �̃�
𝑖
𝛿 (�̃� +

𝑞
2

2𝑀
) , (27)
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where the �̃�
𝑖
can be obtained from thematrix elements of the

nucleon current. Exploiting the CVC hypothesis and PCAC,
the resulting structure functions, can be written in terms of
the electromagnetic form factors 𝐹

1
and𝐹
2
and the axial form

factor 𝐹
𝐴
according to

�̃�
1

= 2 [𝐹
2

𝐴
(1 + 𝜏) + 𝜏(𝐹

1
+ 𝐹
2
)
2

] ,

�̃�
2

= 2 [𝐹
2

𝐴
+ 𝐹
2

1
+ 𝜏𝐹
2

2
] ,

�̃�
3

= 2𝐹
𝐴

(𝐹
1

+ 𝐹
2
) ,

�̃�
4

=

[𝐹
2

2
(1 + 𝜏) − 2𝐹

2
(𝐹
1

+ 𝐹
2
)]

2
,

�̃�
5

=
𝑊
2

2
,

(28)

with 𝜏 = −𝑞
2
/4𝑀
2.

The form factors appearing in the vector current, 𝐹
1
(𝑞
2
)

and 𝐹
2
(𝑞
2
), are obtained from the measured electric and

magnetic nucleon form factors, 𝐺
𝐸
and 𝐺

𝑀
, through the

following relations:

𝐹
1

(𝑞
2
) =

1

(1 − 𝜏)
[𝐺
𝐸

(𝑞
2
) − 𝜏𝐺

𝑀
(𝑞
2
)] ,

𝐹
2

(𝑞
2
) =

1

(1 − 𝜏)
[−𝐺
𝐸

(𝑞
2
) + 𝐺
𝑀

(𝑞
2
)] .

(29)

Whilemore refined parameterizations of the large body of
data are available (for a review, see, e.g., [18]), the form factors
𝐺
𝐸
and 𝐺

𝑀
are often written in the following simple dipole

form:

𝐺
𝐸

(𝑞
2
) = (1 −

𝑞
2

𝑀
2

𝑉

)

−2

,

𝐺
𝑀

(𝑞
2
) = (𝜇

𝑝
− 𝜇
𝑛
) (1 −

𝑞
2

𝑀
2

𝑉

)

−2

,

(30)

with 𝑀
2

𝑉
= 0.71GeV2. The axial form factor, 𝐹

𝐴
, is also

written in the same form as follows:

𝐹
𝐴

(𝑞
2
) = 𝑔
𝐴

(1 −
𝑞
2

𝑀
2

𝐴

)

−2

. (31)

The value of the axial coupling constant, 𝑔
𝐴

= −1.261 ±

0.004, is obtained from neutron 𝛽-decay, while the axial mass
extracted from low-statistics neutrino-deuteron scattering
data is 𝑀

𝐴
= 1.032 ± 0.036GeV [19, 20]. The contribution

of the pseudoscalar form factor, 𝐹
𝑃
, can be safely neglected,

except for the case of ]
𝜏
scattering.

The generalization of the above formalism to describe the
resonance production region only involves minor changes.
Unlike the CCQE case, the structure functions depend on
both 𝑞

2 and 𝑊
2, the squared invariant mass of the hadronic

final state, and the energy conserving 𝛿-function in (27) is
replaced by the Breit-Wigner factor

𝑀
𝑅

Γ
𝑅

𝜋

1

(𝑊2 − 𝑀
2

𝑅
)
2

+ 𝑀
2

𝑅
Γ
2

𝑅

, (32)

where 𝑀
𝑅
and Γ
𝑅
denote the resonance mass and its decay

width, respectively. In addition, the nucleon form factors are
replaced by the transition matrix elements of the nucleon
weak current [7, 21].

The CCQE and resonance contributions to the total
neutrino-nucleon cross-section reported by the authors of
[7] are shown in Figure 3 as a function of neutrino energy.
The resonance-production cross-section has been obtained
taking into account both the Δ resonance and the three
isospin 1/2 states lying in the so-called second resonance
region the 𝑃

11
(1440), 𝐷

13
(1520), and 𝑆

11
(1535). It clearly

appears that at beam energies ∼ 1 GeV, QE scattering and
resonance production turn out to be comparable.

The decay of the Δ resonance is a prominent mechanism
leading to the appearance of pions in the final state. A detailed
discussion of both coherent and incoherent pion productions
can be found in [22, 23].

3.2. Deep Inelastic Scattering. From the observational point
of view, the DIS regime corresponds to hadronic final states
with more than one pion.

In principle, the three nucleon structure functions enter-
ing the definition of the IA nuclear cross-section, (17) and
(18), can be obtained combining neutrino and antineutrino
scattering cross-sections. However, as the available structure
functions have been extracted from nuclear cross-sections
(see, e.g., [24]), their use in “bottom up” theoretical studies
aimed at identifying nuclear effects involves obvious concep-
tual difficulties.

An alternative approach, allowing one to obtain the
structure functions describing DIS on isolated nucleons, can
be developed within the framework of the quark-parton
model, exploiting the large database of DIS data collected
using charged lepton beams and hydrogen and deuteron
targets (see, e.g., [25]). Within this scheme, the function
𝐹
]𝑁
2

= 𝜔𝑊
2
, where𝜔 is the energy transfer and𝑊

2
is the weak

structure function of an isoscalar nucleon, defined by (24),
can be simply related to the corresponding structure function
extracted from electron scattering data, 𝐹

𝑒𝑁

2
, through

𝐹
]𝑁
2

=
18

5
𝐹
𝑒𝑁

2
. (33)

In addition, the following relation:

𝑥𝜔𝑊
3

= 𝑉 (𝑥) , (34)

where 𝑥 is the Bjorken scaling variable and 𝑉(𝑥) denotes the
valence quark distribution, implies that

𝑥𝜔𝑊
3

= 𝐹
𝑒𝑁

2
− 2𝑞 (𝑥) , (35)

𝑞(𝑥) being the antiquark distribution.
Using the above results and the relation 𝐹

2
= 2𝑥𝐹

1
,

with 𝐹
1

= 𝑀𝑊
1
, one can readily obtain the weak structure

functions from the existing parameterization of the electro-
magnetic structure functions and the antiquark distribution
(see, e.g., [26]).

The above procedure rests on the tenet, underlying the
IA scheme, that the elementary neutrino-nucleon interaction
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Figure 3: QE (solid line) and resonance production (dashed line)
contributions to the charged-current neutrino-nucleon scattering
cross-section (adapted from [7]).

is not affected by the presence of the nuclear medium.
While this assumption is strongly supported by electron-
nucleus scattering data in the quasielastic channel, analyses of
neutrinoDIS data are often carried out allowing for amedium
modification of the nucleon structure functions [27, 28], or of
the parton distributions entering their definitions [29].

The approach of [27, 28] makes use of a model of the
nuclear spectral function and includes a variety of medium
effects, such as the 𝜋- and 𝜌-meson cloud contributions
and nuclear shadowing. The authors of [29], on the other
hand, provide a parameterization of the nuclear parton
distributions at order 𝛼

𝑠
obtained from a fit to the measured

nuclear cross-sections.

4. Interpretation of the CCQE Cross-Section

The data set of CCQE events collected by the MiniBooNE
collaboration [5] provides an unprecedented opportunity to
carry out a systematic study of the double differential cross-
section of the following process:

]
𝜇
+
12

𝐶 → 𝜇
−

+ 𝑋, (36)

averaged over the neutrino flux shown in the right panel of
Figure 2.

As pointed out in the previous Section, the CCQE
neutrino-nucleon process is described in terms of three
form factors. The proton and neutron electromagnetic form
factors, which have been precisely measured up to large
values of 𝑄

2 in electron-proton and electron-deuteron scat-
tering experiments, and the nucleon axial form factor 𝐹

𝐴
,

parameterized in terms of the axial mass 𝑀
𝐴

as in (31).
The data analysis performed using the RFGM yields an axial
mass 𝑀

𝐴
≈ 1.35GeV, significantly larger than that obtained

from deuteron data [19, 20]. A large value of the axial mass,
𝑀
𝐴

≈ 1.2GeV, has been also reported by the analysis of the
CCQE neutrino-oxygen cross-section carried out by the K2K
collaboration [30], while the NOMAD collaboration released

the value 𝑀
𝐴

= 1.05GeV, which is compatible with the
world average of deuteron data, resulting from the analysis
of CCQE neutrino- and antineutrino-carbon interactions at
larger beam energies (𝐸] ∼ 10GeV) [31].

It would be tempting to interpret the value of𝑀
𝐴
reported

byMiniBooNE as an effective axial mass, modified by nuclear
effects not included in the RFGM. However, theoretical
studies carried out within the IA scheme with a realistic
carbon spectral function—an approach that has proved to
be capable of providing a quantitative account of a wealth
of electron scattering data in the quasielastic sector—fail to
describe the flux averaged double differential cross-section
of [5]. This striking feature is illustrated in Figure 4. The left
panel shows a comparison between the electron scattering
data of [3] and the results obtained using the spectral function
of [15], while in the right panel the results obtained within
the same scheme and setting 𝑀

𝐴
= 1.03GeV are compared

to the flux averaged double differential CCQE cross-section
measured by the MiniBooNE collaboration, shown as a
function of kinetic energy of the outgoing muon [32]. It is
apparent that height, position, and width of the QE peak
measured in electron scattering, mostly driven by the energy
andmomentumdependence of the spectral function, are well
reproduced, while the peaks exhibited by the neutrino cross-
sections are largely underestimated.

The authors of [32] argued that the differences observed in
Figure 4 are to be largely ascribed to the flux average involved
in the determination of the neutrino cross-section, leading
to the appearance of contributions of reaction mechanisms
not taken into account in the IA picture. To overcome this
difficulty, they advocated the development of models based
on anewparadigm, inwhich all relevant reactionmechanisms
are consistently taken into account within a unified descrip-
tion of nuclear dynamics. While in this research, we will
mainly focus on the approach based on the spectral function
formalism, it has to be mentioned that a unified description
of a variety of nuclear effects can be also obtained within a
completely different framework, based on transport theory
(for a recent review, see, e.g., [33]).

4.1. Role of Reaction Mechanisms other than Single Nucleon
Knockout. In MiniBooNE data analysis, an event is labeled
as CCQE if no final state pions are detected in addition
to the outgoing muon. The simplest reaction mechanism
compatible with this definition is single nucleon knockout,
induced by the one-nucleon contributions to the nuclear
current (see (6)). In the absence of NN correlations, the
spectator (𝐴 − 1)-particle system is left in a bound state, and
the final nuclear state, consisting of the knocked out nucleon
and the recoiling residual nucleus, is said to be a one particle-
one hole state.

It has been suggested that the observed excess of CCQE
cross-section may be traced back to the occurrence of events
with two particle-two hole final states [34–36]. According to
the above definition, these events cannot be distinguished
from those with one particle-one hole final states. There-
fore, they are often referred to as CCQE-like. The role of
two particle-two hole interactions at higher energies, up to
10GeV, has also been recently discussed in [37].
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Figure 4: (a) Inclusive electron-carbon cross-section at beam energy 𝐸
𝑒

= 730MeV and electron scattering angle 𝜃
𝑒

= 37
∘, plotted as a

function of the energy loss 𝜔. The data points are taken from [3]. (b) Flux averaged double differential CCQE cross-section measured by the
MiniBooNE collaboration [5], shown as a function of the kinetic energy of the outgoing muon. The upper and lower panels correspond to
different values of themuon scattering angle.Theoretical results have been obtained using the same spectral functions and vector form factors
employed in the calculation of the electron scattering cross-section of the left panel, and a dipole parameterization of the axial form factor
with 𝑀

𝐴
= 1.03GeV.

It has to be pointed out, however, that the approaches of
[34–36], while including two-nucleon current contributions,
are based on the oversimplified independent particle model
(IPM) of nuclear structure, the deficiencies of which have
long been recognized (In their classic Nuclear Physics book,
first published in 1952, Blatt and Weisskopf warn the reader
that “the limitation of any independent particle model lies
in its inability to encompass the correlation between the
positions and spins of the various particles in the system”
[38].) This issue is of paramount importance for the inter-
pretation of CCQE-like events, since within the IPM two
particle-two hole states can only be excited by two-nucleon
meson-exchange currents (MEC). On the other hand, in the
presence of NN correlations final states with two nucleons
in the continuum may be also produced by the following
additional mechanisms, which do not involve two-nucleon
currents: (i) initial state correlations (ISC) and (ii) final state
interactions (FSI).

A fully consistent analysis of the role of two particle-two
hole final states within a realistic model of nuclear struc-
ture obviously requires that all mechanisms leading to the
appearance of these final states be included, using a quantum-
mechanical approach that is properly taking into account

the interference between the transition amplitudes involving
one- and two-nucleon currents. Within the approach of
[34–36], based on a model of nuclear dynamics in which
correlations are not taken into account, these interference
terms are generated by adding “ad hoc” contributions to the
two-body current [39].

Within the IA, ISC are taken into account using realistic
spectral functions, which include the contribution of the
continuum spectrum associated with unbound states of the
residual nucleus. Their main effect is the appearance of a tail
of the cross-section, extending to large 𝜔, which is clearly
visible in Figure 4(a). Semi-inclusive (𝑒, 𝑒


𝑝) data [17] suggest

that this contribution is not large, amounting to ∼10% of the
integrated spectrum. In principle, this reaction mechanism
might be clearly identified by detecting two nucleons moving
in opposite directions with momenta much larger than that
the Fermi momentum 𝑝

𝐹
∼ 250MeV (see, e.g., [40]).

In inclusive processes, FSI lead to a shift of the energy
loss spectrum, arising from interactions between the knocked
out nucleon and the mean field of the recoiling nucleus, and
a redistribution of the strength from the quasifree bump to
the tails, resulting from rescattering processes. Theoretical
studies of electron-nucleus scattering suggest that in the
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kinematical region relevant to the MiniBooNE analysis, the
former mechanism, which does not involve the appearance
of two particle-two hole final states, dominates. A recent
discussion of the inclusion of FSI within the IA scheme can be
found in [41]. A different approach, based on a Monte Carlo
simulation, is described in [42].

As advocated in [34–36], the most important contribu-
tion involving two particle-two hole final states is likely to
arise from processes involving MEC, the inclusion of which
is long known to be needed to explain the measured nuclear
electromagnetic response in the transverse channel [8].

The role of the two nucleon current in electron scat-
tering is best illustrated by comparing the longitudinal and
transverse 𝑦-scaling functions, shown in Figure 5. Scaling in
the variable 𝑦 follows from the dominance of one-nucleon
processes, allowing one to write the equation expressing
conservation of energy in a very simple form. As a conse-
quence, in the limit of large momentum transfer, the nuclear
response, which is in general a function of both q and 𝜔,
becomes a function of a single variable 𝑦 = 𝑦(q, 𝜔) [43,
44]. The occurrence of scaling provides a strong handle on
the reaction mechanism, while the observation of scaling
violations reveals the role played by processes beyond the IA.

Figure 5 shows the scaling functions associated with the
longitudinal (L) and transverse (T) responses of Carbon,
extracted from electron scattering data [45, 46]. The onset of
scaling is clearly visible in the region of the quasifree peak,
corresponding to 𝑦 ∼ 0, where the data points at different
momentum transfer tend to sit on top of one another as |q|

increases. On the other hand, large scaling violations, arising
mainly from resonance production, appear in the transverse
channel at 𝑦 > 0, corresponding to 𝜔 > 𝑄

2
/2𝑀. In addition,

in the scaling region, the transverse function turns out to be
significantly larger than the longitudinal one, while within
the IA picture the two scaling functions are expected to be
identical.

The results of highly accurate calculations carried out
for light nuclei in the nonrelativistic regime strongly suggest
that in the quasielastic region, single nucleon knockout
processes are dominant in the longitudinal channel, while
both one- and two-nucleonmechanisms provide comparable
contributions in the transverse channel [47].

The authors of [34–36] carried out extensive calculations
of the CCQE neutrino-carbon cross-section, averaged over
the MiniBooNE flux, taking into account the effects of MEC
as well as collective nuclear excitations, which are known
to be important at low momentum transfer. As an example,
in Figure 6, the results of these approaches, obtained using
a value of the axial mass consistent with the one extracted
from deuteron data, are compared to the MiniBooNE muon
energy spectrum at muon scattering angle 𝜃

𝜇
such that 0.8 ≤

cos 𝜃
𝜇

≤ 0.9. After the inclusion of MEC, both schemes turn
out to provide a quantitative account of the data, and the same
pattern is observed for all values of 𝜃

𝜇
.

Figure 7 shows a comparison between MiniBooNE data
and the results of a different theoretical approach [48]. The
authors of [48] developed a phenomenological procedure
based on an extension of the 𝑦-scaling analysis, suitable to
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Figure 5: Longitudinal (L) and transverse (T) scaling functions of
Carbon at |q| = 400, 500, and 600MeV, resulting from the analysis
of [45], based on the data of [46]. For comparison, the solid line
shows the scaling function obtained from the IA using the spectral
function of [15].

take into account the effects of processes involving MEC. It
is apparent that, while at 0.8 ≤ cos 𝜃

𝜇
≤ 0.9 (Figure 7(a)),

the inclusion of two-nucleon effects brings theory and exper-
iment into agreement, at the larger angles corresponding to
0.3 ≤ cos 𝜃

𝜇
≤ 0.4, the measured cross-section is still severely

underestimated.
As pointed out above, a fully consistent treatment of

processes involving two particle-two hole final states requires
a realistic model of nuclear structure, taking into account
the effects of NN correlations. Models includingMEC within
the framework of the IPM, such as those of [34–36], are in
fact based on the strong assumption that meson exchange,
while playing an important role when the associated current
is involved in interactions with an external probe, can be
safely ignored in the description of the nuclear initial and
final states.The resulting description of the nuclear scattering
process appears to be conceptually inconsistent, although the
impact of this issue on the numerical results needs to be
carefully investigated.

Going beyond this scheme in the kinematical region
in which nonrelativistic approximations are not applicable
requires an extension of the factorization paradigm underly-
ing the IA, expressed by (7).

The starting point is the generalization of the ansatz of (7)
for the hadronic final state to the case inwhich the interaction
with the probe involves two-nucleons as follows:

| 𝑋⟩ →

pp ⟩ ⊗

 𝑛
(𝐴−2)

⟩ =

𝑛
(𝐴−2)

; pp ⟩ , (37)

where |𝑛
(𝐴−2)

⟩ is the state of the spectator (𝐴 − 2)-nucleon
system, carrying momentum p

𝑛
.
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Figure 6: Comparison between the flux averaged muon energy spectrum at muon scattering angle 𝜃
𝜇
such that 0.8 ≤ cos 𝜃

𝜇
≤ 0.9, measured

by the MiniBooNE collaboration [5] and the theoretical results of [34, 35] (thick solid line of (b)) and [36] (thick solid line of (a)). All
theoretical calculations have been carried out using a value of the axial mass consistent with the one extracted from deuteron data.
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Figure 7: Comparison between the flux averaged muon energy spectra measured by the MiniBooNE collaboration at muon scattering angle
𝜃
𝜇
such that 0.8 ≤ cos 𝜃

𝜇
≤ 0.9 (a) and 0.3 ≤ cos 𝜃

𝜇
≤ 0.4 (b) [5] and the results of the approach of [48]. The data, with their error bars, are

represented by the boxes, while the solid lines show the calculated spectra.

It follows that the matrix element of the two nucleon
current simplifies to (compare to (10))

⟨𝑋

𝑗
𝜇

𝑖𝑗


0⟩ → ∫ 𝑑

3
𝑘 𝑑
3
𝑘

𝑀
𝑛

(k, k)

× ⟨pp 𝑗
𝜇

𝑖𝑗


kk⟩ 𝛿 (k + k − p

𝑛
) ,

(38)

with the amplitude 𝑀
𝑛
(k, k) given by

𝑀
𝑛

(k, k) = ⟨𝑛
(𝐴−2)

; kk | 0⟩ . (39)

Within this scheme, the nuclear amplitude 𝑀
𝑛
(k, k) turns

out to be independent of q, and can therefore be obtained

within nonrelativistic many body theory without any prob-
lems.

The connection with the spectral function formalism
discussed in Section 2.1 becomes apparent noting that the
two-nucleon spectral function 𝑃(k, k, 𝐸), yielding the prob-
ability of removing two nucleons from the nuclear ground
state leaving the residual system with excitation energy 𝐸, is
defined as

𝑃 (k, k, 𝐸) = ∑

𝑛


𝑀
𝑛

(k, k)

2

𝛿 (𝐸 + 𝐸
0

− 𝐸
𝑛
) , (40)
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where 𝑀
𝑛
(k, k) is defined as in (39) and 𝐸

0
is the ground

state energy.
The two-nucleon spectral function of uniform and isos-

pin symmetric nuclear matter at equilibrium density has
been calculated within nuclear many-body theory using
a realistic hamiltonian [49]. As an example, the resulting
relative momentum distribution, defined as

𝑛 (Q) = 4𝜋|Q|
2

∫ 𝑑
3
𝐾𝑛 (

Q
2

+ K,
Q
2

− K) , (41)

with

𝑛 (k, k) = ∫ 𝑑𝐸𝑃 (k, k, 𝐸) ,

K = k + k, Q =
k − k

2

(42)

is shown by the solid line of Figure 8. Comparison with the
prediction of the Fermi gas model, represented by the dashed
line, indicates that correlation effects are sizable. As expected,
they lead to a quenching of the peak of the distributions and
an enhancement of the high momentum tail.

Using the (𝐴 − 1)- and (𝐴 − 2)-nucleon amplitudes of
[14, 49], ISC and MEC contributions to the nuclear cross-
sections can be calculated in a fully consistent fashion, taking
into account interference and using the the fully relativistic
expression of two-nucleon current. As pointed out above,
the contribution of FSI is not expected to be critical in the
kinematical region spanned by MiniBooNE data. However,
in principle, they can be also taken into account within the
spectral function formalism [41].

5. Neutrino Energy Reconstruction

In recent years, nuclear effects in neutrino interactions, while
being interesting in their own right, have beenmainly studied
to appraise their impact on the determination of neutrino
oscillations. As an example, in this section, we will discuss the
uncertainty on neutrino energy reconstruction arising from
the nuclear models employed in data analysis.

Let us consider, for simplicity, two-flavor mixing. The
expression of the probability that a neutrino oscillates from
flavor 𝛼 to flavor 𝛽 after travelling a distance 𝐿

𝑃]
𝛼
→ ]
𝛽

= sin22𝜃sin2 ( Δ𝑚
2
𝐿

4𝐸]
) , (43)

where 𝜃 and Δ𝑚
2 are the mixing angle and the squared

mass difference, respectively, clearly shows that the accurate
determination of the neutrino energy, 𝐸], plays a critical role.
A wrongly reconstructed 𝐸] does in fact result in an incorrect
determination of the mixing angle.

The starting point for neutrino energy reconstruction in
]
𝜇
CCQE interactions is the equation expressing the require-

ment that the scattering process be elastic, that is,

(𝑘] + 𝑝
𝑛

− 𝑘
𝜇
)
2

= 𝑀
2

𝑝
, (44)

where 𝑘] ≡ (𝐸], k]) and 𝑘
𝜇

≡ (𝐸
𝜇
, k
𝜇
) are the four momenta

of the incoming neutrino and outgoing muon, respectively,
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Figure 8: Comparison between the two-nucleon relative momen-
tum distribution of nuclear matter computed within nuclear many-
body theory using a realistic hamiltonian (solid line) [49], and the
prediction of the Fermi gas (FG) model (dashed line).

𝑀
𝑝
is the proton mass and 𝑝

𝑛
≡ (𝐸

𝑛
, p
𝑛
), with 𝐸

𝑛
=

𝑀
𝐴

− 𝐸
𝐴−1

and 𝐸
𝐴−1

= √(𝑀
𝐴

− 𝑀
𝑛

+ 𝐸)
2

+ |p
𝑛
|2, is the four

momentum struck neutron.
From (44), it follows that

𝐸] =

𝑀
2

𝑝
− 𝑚
2

𝜇
− 𝐸
2

𝑛
+ 2𝐸
𝜇
𝐸
𝑛

− 2k
𝜇

⋅ p
𝑛

+
p𝑛



2

2 (𝐸
𝑛

− 𝐸
𝜇

+

k
𝜇


cos 𝜃
𝜇

−
p𝑛

 cos 𝜃
𝑛
)

, (45)

where 𝜃
𝜇
is the muon angle relative to the neutrino beam

and cos 𝜃
𝑛

= (k] ⋅ p
𝑛
)/(|k]||p𝑛|). The above equation clearly

shows that 𝐸] is not uniquely determined by the measured
kinematical variables, 𝐸

𝜇
and 𝜃

𝜇
, but exhibits a distribution

reflecting the energy and momentum distribution of the
struck neutron. Therefore, it depends on the nuclear model
employed to describe the target ground state.

In the analysis of MiniBooNE data [50], the energy of the
incoming neutrino has been reconstructed by setting |p

𝑛
| = 0

and fixing the neutron removal energy to a constant value,
that is, setting 𝐸 = 𝜖, and implying in turn that 𝐸

𝑛
= 𝑀
𝑛

− 𝜖.
The resulting expression is

𝐸
rec
] =

2 (𝑀
𝑛

− 𝜖) 𝐸
𝜇

− (𝜖
2

− 2𝑀
𝑛
𝜖 + 𝑚

2

𝜇
+ Δ𝑀

2
)

2 [𝑀
𝑛

− 𝜖 − 𝐸
𝜇

+

k
𝜇


cos 𝜃
𝜇
]

, (46)

where 𝑀
𝑛
is the neutron mass, Δ𝑀

2
= 𝑀
2

𝑛
− 𝑀
2

𝑝
, and |k

𝜇
| =

√𝐸2
𝜇

− 𝑚2
𝜇
is the magnitude of the three-momentum of the

outgoing muon.
In general, the neutrino energy distribution,𝐹(𝐸]), can be

obtained from (45) using values of |p
𝑛
| and 𝐸 sampled from

the probability distribution |p
𝑛
|
2
𝑃(p
𝑛
, 𝐸), and assuming that

the polar and azimuthal angles specifying the direction of the
neutron momentum be uniformly distributed.
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Figure 9: (a) Neutrino energy distribution at 𝐸
𝜇

= 600MeV and 𝜃
𝜇

= 60∘ (upper panel) and 𝐸
𝜇

= 1 GeV and 𝜃
𝜇

= 35∘ (lower panel),
reconstructed from (45) using 2 × 10

4 pairs of (|p
𝑛
|, 𝐸) values sampled from the probability distributions associated with the oxygen spectral

function of [49]. (SF) and the RFGM, with Fermi momentum 𝑝
𝐹

= 225MeV and removal energy 𝜖 = 27MeV (FG). The arrows point to the
values of 𝐸

rec
] obtained from (46). (b) Differential cross-section of the process ]

𝜇
+ 𝐴 → 𝜇 + 𝑝 + (𝐴 − 1), at 𝐸

𝜇
= 600MeV and 𝜃

𝜇
= 60∘ (upper

panel) and 𝐸
𝜇

= 1 GeV and 𝜃
𝜇

= 35∘ (lower panel), as a function of the incoming neutrino energy. The solid line shows the results of the full
calculation, carried out within the approach of [15, 52], whereas the dashed line has been obtained neglecting the effects of FSI. The dot-dash
line corresponds to the RFG model with Fermi momentum 𝑝

𝐹
= 225MeV and removal energy 𝜖 = 27MeV. The arrow points to the value of

𝐸
rec
] obtained from (46).

To gauge the effect of the high momentum and high
removal energy tails of the spectral functions obtainedwithin
realistic dynamical approaches including NN correlations,
the authors of [51] have compared the 𝐹(𝐸]) computed
using 2 × 10

4 pairs of (|p
𝑛
|, 𝐸) values drawn from the

probability distributions associated with the oxygen spectral
function of [16], to that obtained from the RFGM, with Fermi
momentum 𝑝

𝐹
= 225MeV and removal energy 𝜖 = 27MeV.

The results corresponding to 𝐸
𝜇

= 600MeV and 𝜃
𝜇

= 60
∘ ,

and 𝐸
𝜇

= 1 GeV and 𝜃
𝜇

= 35
∘, are displayed in Figure 9(a).

The distributions predicted by the RFGMmodel aremore
sharply peaked at the neutrino energy given by (46), while the
𝐹(𝐸]) obtained from the spectral function of [15] are shifted
towards higher energy by ∼20MeV, with respect to the RFG
results, and exhibit a tail extending to very large values of 𝐸].

Note that the histograms of Figure 9 have been obtained
from (45), which in turn follows from the requirement of
quasielastic kinematics, (44). However, the reconstruction of

the neutrino energy from the measured muon energy and
scattering angle is also affected by the occurrence of FSI
between the outgoing proton and the spectator nucleons.

In order to assess the total impact of replacing the RFGM
with the approach of [15, 52], including both ISC and FSI,
the authors of [51] have also computed the differential cross-
section of the process ]

𝜇
+𝐴 → 𝜇 + 𝑝 + (𝐴−1), as a function

of the incoming neutrino energy 𝐸], for themuon kinematics
of Figure 9(a). The solid lines in Figure 9(b) show the results
of the full calculation, carried out using the spectral function
of [15], while the dashed lines have been obtained neglecting
the effects of FSI and the dot-dash lines correspond to the
RFGM.Note that, unlike the histograms of the left panels, the
curves displayed in Figure 9(b) have different normalizations.

The differences between the results of the approach
obtained from nuclear many-body theory and those of
the RFG model turn out to be sizable. The overall shift
towards high energies and the tails at large 𝐸] appearing
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Figure 10: (a) Neutrino energy distributions at 𝑇
𝜇

= 350MeV, computed at different muon scattering angles using the MiniBooNE flux [53].
The vertical lines correspond to the reconstructed 𝐸] of (46). (b) Event distribution of zero pion events in the MiniBooNE experiment.
The dashed curves show the distributions Φ(𝐸])𝜎

0𝜋
(𝐸]), defined as in (49), corresponding to different reaction mechanisms, while the

distributions Φ(𝐸
rec
] )�̃�
0𝜋

(𝐸
rec
] ) are displayed as solid lines [54].

in the histograms of Figure 9(a) are still clearly visible and
comparable in size in the cross-section, while the quenching
with respect to the RFGM is larger.

The reconstruction of neutrino energy in CCQE-like
processes is more complex, as the four-momentum transfer is
shared between two nucleons. As a consequence, it requires
the knowledge of the two-nucleon spectral function of (39)
and (40), and the inclusion of correlation effects is essential.

The uncertainty associated with the reconstruction of 𝐸]
has been recently estimated in [53] taking into account all
reaction mechanisms included in the model of [34, 35]. The
authors of [53] computed the neutrino energy distribution,
defined by the following equation:

𝑓 (𝐸], 𝐸
𝜇
, cos 𝜃

𝜇
) 𝑑𝐸] = 𝐶 (

𝑑𝜎

𝑑𝐸
𝜇
𝑑 cos 𝜃

𝜇

) Φ (𝐸]) 𝑑𝐸],

(47)
where Φ(𝐸]) denotes the flux of incoming neutrinos with
energy 𝐸] and the normalization constant 𝐶 is defined
through

𝐶
−1

= ∫ 𝑑𝐸]Φ (𝐸]) . (48)

The results obtained using the MiniBooNE flux and setting
𝑇
𝜇

= 350MeV are shown in Figure 10(a) for different values

of the muon scattering angle. Comparison between the dot-
dash line, representing the result obtained taking into account
single nucleon knock out processes only, and the solid
line, corresponding to the full calculation, shows that two-
nucleon mechanisms are important, and their effect on the
neutrino energy reconstruction exhibits a strong dependence
on cos 𝜃

𝜇
.

The impact of reaction mechanisms other than single
nucleon knock out on neutrino energy reconstruction has
been also analyzed in [54, 55]. The authors of [54] pointed
out that the measured cross-section extracted from events
with no pions in the final state—identified as CCQE in both
the MiniBooNE and K2K analyses—is obtained by dividing
the event distribution at a given reconstructed energy by the
incoming neutrino flux at the same energy. This quantity,
denoted �̃�

0𝜋
(𝐸

rec
] ), is in general different from the true cross-

section evaluated at the true neutrino energy, 𝜎
0𝜋

(𝐸]), which
can be obtained from the following relation:

Φ (𝐸]) 𝜎
0𝜋

(𝐸]) = ∫P (𝐸] | 𝐸
rec
] ) Φ (𝐸

rec
] ) �̃�
0𝜋

(𝐸
rec
] ) , (49)

where P(𝐸] | 𝐸
rec
] ) is the probability density of finding

the energy 𝐸] in a distribution of events having the same
reconstructed energy 𝐸

rec
] .
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The right panels of Figure 10 provide an illustration of
the main results of [54]. The dashed curves represent the
distributions Φ(𝐸])𝜎

0𝜋
(𝐸]), defined as in (49), while the

distributions Φ(𝐸
rec
] )�̃�
0𝜋

(𝐸
rec
] ) are displayed as solid lines.

Comparison between different reaction mechanisms shows
that for processes involving the two nucleon current the
difference between the solid and dashed lines is large. Sizable
effects are also visible in the resonance and pion production
channels, although these mechanisms turn out to provide
smaller contributions to the cross-section.

6. Summary and Conclusions

Over the past few years, the availability of the double-diferen-
tial CCQE cross-sectionmeasured by theMiniBooNE collab-
oration and the results of a newgeneration of theoretical stud-
ies have led to a better understanding of neutrino-nucleus
interactions in a broad kinematical range, as well as to the
identification of a number of outstanding unresolved issues.

In view of the fact that no convincing evidence of
medium modifications of the nucleon electromagnetic form
factors has yet emerged, the excess of CCQE events in
carbon reported by the MiniBooNE collaboration [5], the
explanation of which within the RFGM requires a large
increase of the nucleon axial mass with respect to the value
obtained from deuteron data, is likely to be ascribable to the
occurrence of processes other than single nucleon knock out,
as advocated in [32].

The authors of [34–36] argued that the most important
competing mechanism is multinucleon knock out, leading
to the appearance of two particle-two hole final states that
cannot be distinguished from the one particle-one hole final
states associated with single nucleon knockout.

The models developed in [34–36], while proving quite
successful in explaining the MiniBooNE neutrino data in
terms of processes involving the two-nucleon current, are
based on a somewhat oversimplified description of the
nuclear initial and final states, in which the effects of correla-
tions are not taken into account. One important consequence
of this treatment of nuclear dynamics is that reaction mech-
anisms triggered by the one-nucleon current and producing
two particle-two-hole final states are not taken into account.
However, these mechanisms and those involving the two-
nucleon current are inextricably related to one another and
give rise to interference contributions to the cross-section.
Therefore, they should be all consistently included.

The main problem associated with a fully consistent
description of nuclear structure and dynamics in the kine-
matical region relevant to neutrino experiments such as
MiniBooNE and Miner]a stems from the large values of the
momentum transfer, which make nonrelativistic approaches
inapplicable. The extension of the factorization scheme
underlying the spectral function formalism to the case of two-
nucleon processes may provide a viable approach to over-
come this difficulty and study interference effects neglected
in the existing calculations.

The dependence of the contribution of processes involv-
ing the two-nucleon current on the kinematical conditions
should also be carefully investigated. It has been suggested

that this analysis may help to shed light on the source of the
large disagreement between the values of the nucleon axial
mass reported by the MiniBooNE and NOMAD collabora-
tions [56].

The systematic study of the impact of nuclear effects
on the determination of neutrino oscillation parameters is
still in its infancy [57, 58] and is likely to become the most
active research field in the coming years. The problem of
neutrino energy reconstruction, that plays a critical role
in this context, has recently been analyzed using a variety
of models including different reaction mechanisms. The
emerging picture suggests that the reconstructed energy may
turn out to be shifted towards lower values by as much as
∼100MeV, with respect to the true energy.The authors of [54]
argued that this uncertainty may hamper the extraction of a
CP violating phase from an oscillation result.
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TheMINOS experiment has used the world’s most powerful neutrino beam to make precision neutrino oscillation measurements.
By observing the disappearance of muon neutrinos, MINOS has made the world’s most precise measurement of the larger neutrino
mass splitting and has measured the neutrino mixing angle 𝜃

23
. Using a dedicated antineutrino beam, MINOS has made the first

direct precision measurements of the corresponding antineutrino parameters. A search for ]
𝑒
and ]

𝑒
appearance has enabled a

measurement of the mixing angle 𝜃
13
. A measurement of the neutral-current interaction rate has confirmed oscillation between

three active neutrino flavours. MINOS will continue as MINOS+ in an upgraded beam with higher energy and intensity, allowing
precision tests of the three-flavour neutrino oscillation picture, in particular a very sensitive search for the existence of sterile
neutrinos.

1. Introduction

The MINOS experiment, as an idea, was conceived in the
late 1990s [1]. This was a very important period in neutrino
oscillation physics. For thirty years, results from Homestake
[2] and the gallium experiments [3, 4], through to a num-
ber of atmospheric neutrino detectors [5–10], had shown
that neutrinos behaved in an odd fashion, often showing
significant deficits from the expected flux, but none had
conclusively determined the mechanism responsible. Then,
in 1998, Super-Kamiokande [11] proved decisively that muon
neutrinos produced in the Earth’s atmosphere disappeared as
they traveled. Around three years later, the SNO experiment
showed conclusively that neutrinos, as they propagated,
changed between their three flavours [12, 13]. This discovery
of neutrino flavour change showed that neutrinos had mass
and did not conserve lepton number; it was the first, and still
the only, observation of physics beyond the standard model.

It was during this period of discovery that the MINOS
experiment was proposed, to begin an era of precision
measurement of this new phenomenon. The data at the time
were well modeled by the theory of neutrino oscillation, in
which the rate of oscillation between the three flavours is
governed by the differences between the squared neutrino
masses, Δ𝑚2

21
, and Δ𝑚

2

32
. The magnitude of the flavour

change is governed by three mixing angles, 𝜃
12
, 𝜃
23
, and

𝜃
13
, and a CP-violating phase 𝛿; these parameters form the

PMNS rotation matrix [14–16] that relates the neutrino mass
eigenstates to the flavour eigenstates. Nature has decreed
that the two mass splittings differ by more than an order of
magnitude and that one of the mixing angles, 𝜃

13
, is small.

Therefore, oscillation phenomenology can be divided into
two distinct regimes: “solar” oscillation driven by Δ𝑚2

21
and

𝜃
12

and “atmospheric” oscillation driven by Δ𝑚2
32

and 𝜃
23
.

MINOS was designed to make precision measurements of
the parameters governing the atmospheric oscillation regime;
however, it has also played a role in the measurement of
𝜃
13

and will, in the future, make sensitive searches for the
existence of sterile neutrinos. An important feature of the
MINOS design is the ability of the detectors to identify both
]
𝜇
and ]
𝜇
interactions separately.This has allowedMINOS to

make the first direct precision tests that the values of Δ𝑚2
32

and 𝜃
23
are the same for neutrinos and antineutrinos [17–20].

To achieve its goals, the MINOS experiment uses the
world’s most powerful neutrino beam, the NuMI beam. To
make best use of this beam, the experiment has pioneered
a number of techniques associated with the use of the two-
detector arrangement over very long baselines, which is now
the gold standard for all neutrino oscillation experiments.
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2. The MINOS Experiment

The NuMI facility [21] provides MINOS with an intense
beam of muon flavoured neutrinos at energies of a few GeV.
The atmospheric neutrino mass splitting drives oscillation
predominantly between muon and tau flavour neutrinos; the
energy dependence of themuonneutrino survival probability
is given by

𝑃 (]
𝜇
→ ]
𝜇
)

= 1 − sin2 (2𝜃) sin2(
1.27Δ𝑚

2
[eV2] 𝐿 [km]

𝐸 [GeV]
) .

(1)

In this two-flavour approximation, Δ𝑚2 is an admixture of
Δ𝑚
2

32
and Δ𝑚2

31
; 𝜃 is also an admixture of the mixing angles

but is heavily dominated by 𝜃
23
. SinceMINOS cannot observe

the ]
𝜏
appearance, it is the measurement of this ]

𝜇
survival

probability that is used to determine the parameters 𝜃 and
Δ𝑚
2 [20, 22–25].
A nonzero 𝜃

13
causes a small amount of ]

𝑒
appearance in

the beam, with an energy dependence given by

𝑃 (]
𝜇
→ ]
𝑒
)

≈ sin2 (𝜃
23
) sin2 (2𝜃

13
) sin2(

1.27Δ𝑚
2
[eV2] 𝐿 [km]

𝐸 [GeV]
) .

(2)

MINOS has selected a sample of ]
𝑒
-enhanced events to make

a measurement of 𝜃
13
[26–29].

An important signature of neutrino oscillation is that
the rate of neutral-current (NC) neutrino interactions is
unchanged by the process. The NC interaction is equally
sensitive to all three neutrino flavours, so this proves that
flavour change is occurring between the three active neutrino
flavours. By analysing NC interactions, MINOS has con-
firmed that oscillation is the correct picture and has shown
no evidence that this oscillation includes additional, sterile
neutrino flavours [30–32].

The NuMI beam [21], based at Fermilab in Chicago,
has run since 2005 and has reached a typical beam power
of 350 kW. The Fermilab main injector produces a 10 𝜇s
pulse of around 3 × 1013 protons every 2.2 s. These protons
have an energy of 120GeV and strike a graphite target, as

shown in Figure 1. This target has a length of 2.0 nuclear
interaction lengths and consists of a series of forty-seven
2 cm long graphite fins, separated by 0.3mm. A shower of
hadrons is produced at the target, consisting primarily of
pions with a significant kaon component at higher energies.
These hadrons pass through two parabolic, magnetic horns
which focus either positive or negative hadrons depending on
the direction of the electric current through the horns. The
focused hadrons pass down a 675m long, helium filled pipe,
in which they decay to produce a beam of predominantly
muon flavoured neutrinos, with a small electron neutrino
component from the decays of muons and kaons.

Figure 2 shows the composition of the NuMI beam.
With the horns configured to focus positive hadrons, the
spectrum of charged current (CC) interactions observed in
the MINOS near detector at Fermilab consists of 91.7% ]

𝜇
,

7.0% ]
𝜇
, and 1.3% ]

𝑒
and ]
𝑒
. With the horns focusing negative

hadrons, the observed CC interactions consist of 39.9% ]
𝜇
,

58.1% ]
𝜇
, and 2.0% ]

𝑒
and ]

𝑒
. The significant difference in

composition and event rate between these two configurations
arises mainly from the fact that the ]

𝜇
interaction cross-

section is approximately a factor of two lower than the ]
𝜇

interaction cross-section.
The neutrino beam peaks at an energy of close to 3GeV.

However, the current through the focusing horns and the
relative positions of the horns and target are variable, allowing
the energy of the beam peak to be varied to as high as 10GeV.
This feature has enabledMINOS to study and understand the
beam in detail [33], improving the simulation of the beam
beyond the raw Fluka [34] andGEANT [35, 36]Monte Carlos
and significantly reducing the systematic uncertainty from
the modeling of the neutrino flux.

A total of 10.56 × 10
20 protons on target of beam data

has been analysed in the neutrino-dominated beam mode.
This data corresponds to the beam configuration shown in
Figure 2, with the energy spectrum peaking at 3GeV, and is
referred to as the low energy beam configuration. Additional
0.15×10

20 protons on target of data with a 10GeV beam peak
have also been used. In the antineutrino-enhanced beam
mode, a total of 3.36×1020 protons on target of beamdata have
been analysed. These are the exposures used for all analyses
presented in this paper except where otherwise stated, and
they were obtained between May 2005 and April 2012.

The two MINOS detectors [37] are steel-scintillator
calorimeters, shown in Figure 3. They consist of planes of
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Figure 3: The MINOS detectors. (a) the near detector at Fermilab; (b) the far detector at the Soudan Underground Laboratory.

inch-thick steel, interleaved with planes of 1 cm thick plastic
scintillator. The scintillator planes are divided into 4 cm wide
strips, as shown in Figure 4. Along the centre of each strip, a
wavelength shifting fibre collects the scintillation light, shifts
it to green wavelengths, and takes it out to a photomultiplier
tube. Any charged particles passing through the detector
deposit their energy to produce light; the pattern of these
deposits allows the topology of the neutrino interaction to be
reconstructed.The scintillator strips are aligned orthogonally
on adjacent detector planes, to allow three-dimensional
reconstruction.The detectors are magnetised to around 1.3 T,
allowing the charge of particles to be identified.

The smaller of the two detectors, the Near Detector
(ND), sits at Fermilab, 1.04 km from the target. With a
mass of 0.98 kton, it measures the energy spectra of the
neutrinos before oscillation. The far detector is located at
the SoudanUndergroundLaboratory in northernMinnesota,
705m underground and 735 km from the target. With a mass
of 5.4 kton, it again measures the neutrino energy spectra,

seeing the appearance and disappearance of neutrinos due to
oscillation.

This two-detector arrangement, previously used over
distances of around 1 km by experiments such as CCFR,
CDHS, and CHARM [38–40] and then over 250 km by K2K
[41], is very powerful in reducing systematic uncertainties.
Neutrino physics is beset with uncertainty: in particular,
interaction cross-sections are unknown to many tens of per
cent, and neutrino fluxes can be mismodeled by similar
amounts. However, these uncertainties affect both the near
and far detectors in very similar ways. Thus, when a ratio is
taken of the energy spectra measured in the two detectors,
a cancellation occurs and the effects of the uncertainties are
greatly reduced. As an indication of how well this works,
despite the uncertainties of tens of per cent in the simulated
event rate in the detectors, once the near to far detector ratio
is taken, the normalization is known to 1.6%; this 1.6% is
dominated by the uncertainty in the relative efficiency of the
event reconstruction algorithms between the two detectors.
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The MINOS Far Detector is also a very effective detector
of neutrinos produced in the atmosphere. Since it was
switched on in 2003, it has recorded 37.9 kton-years of data,
recording 2072 candidate neutrino interactions that have
been included into the analyses of the beam data to improve
the precision of the oscillation parameter measurements [20,
42–44].

3. Neutrino Interactions in
the MINOS Detectors

Three types of neutrino interaction, shown in Figure 5, are
of interest to MINOS. Muon neutrinos and antineutrinos
interact through the CC process:

]
𝜇
(]
𝜇
) + 𝑋 → 𝜇

−(+)
+ 𝑋

. (3)

The cascade of hadrons, 𝑋, produces a diffuse shower of
energy deposits near the interaction vertex. The muon pro-
duces a long track that curves in the magnetic field the
direction of curvature identifying the incoming neutrino as
a ]
𝜇
or a ]
𝜇
.

All active neutrino flavours undergo NC interactions
through the process:

] + 𝑋 → ] + 𝑋. (4)

Only the hadronic cascade is observed, producing a diffuse
shower of energy deposits.

Finally, electron neutrinos undergo CC interactions
through the process:

]
𝑒
+ 𝑋 → 𝑒

−
+ 𝑋

. (5)

The electron gives rise to an electromagnetic shower, which
produces a much denser, more compact shower of energy
deposits.

The energy of the neutrino is determined by summing the
energies of the shower and anymuon track.Themuon energy
is determined from the length of stopping tracks, leading to
a resolution of around 5%, and from the curvature in the
magnetic field for tracks that exit the detector, leading to a
resolution of around 10%. For NC and ]

𝑒
CC interactions,

the energy of the shower is determined through calorimetry.
The calorimetric energy resolution for hadronic showers is
around 55%/√energy [45] and for electromagnetic showers
20%/√energy [46]. For ]𝜇 CC interactions, a more sophisti-
cated approach is used to improve the resolution of hadronic
shower energy measurement [47]. For low energy showers
(of a few GeV or below), significant additional information is
held in the topology of the shower.Three event characteristics
are used: the calorimetric energy deposit within 1m of the
interaction vertex, the sum of the calorimetric energy in the
two largest showers in the event, and the physical length of
the largest shower. These variables are input into a 𝑘-nearest-
neighbour algorithm [48], which finds the best matches from
a library of simulated events and uses these to estimate the
hadronic energy.This improves the shower energy resolution
from 55% to 43% for showers between 1.0GeV and 1.5 GeV.

3.1. Selection of Charged-Current ]
𝜇
and ]

𝜇
Interactions. To

make a measurement of 𝑃(]
𝜇

→ ]
𝜇
), it is necessary to

select a pure sample of ]
𝜇
CC interactions. This is achieved

by selecting events with a clear muon track. The main loss in
efficiency comes from events with a high inelasticity in which
a short muon track is hidden in a large hadronic cascade.
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Figure 5: Neutrino interaction topologies observed in the MINOS detectors. (a) A CC ]
𝜇
interaction. (b) A NC interaction. (c) A CC ]

𝑒

interaction. Each coloured rectangle represents an excited scintillator strip, the colour indicating the amount of light: purple and blue are low
light levels, through to orange and red for the highest light levels.

The main background occurs at low energies and consists of
small cascades from NC interactions in which a low energy
hadron, such as a proton or a charged pion, exhibits a track-
like topology that mimics a low energy muon. Four variables
are constructed that discriminate between muons tracks,
which are typically long and show a constant energy deposi-
tion along the length and spurious hadronic tracks, which are
typically shorter and show greater fluctuations in the energy
deposition. These variables are the event length, the average
energy deposited per scintillator plane along the track, the
transverse energy deposition profile, and the fluctuation of

the energy deposition along the track. These variables are
input into a 𝑘-nearest-neighbour algorithm, which calculates
a single discrimination variable, shown in Figure 6 [49].
Events for which this variable is greater than 0.3 are selected
as CC ]

𝜇
interactions, yielding a sample with a total efficiency

of 90%; below 2GeV, the NC contamination is 6.5%. The
efficiency and contamination are energy dependent; this full
energy dependence is shown in Figure 6.

The CC interactions of ]
𝜇
and ]

𝜇
result in very similar

topologies; the 𝑘-nearest-neighbour discriminant is therefore
used in the same way in both the neutrino-dominated and
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Figure 6: (a) The discrimination variable used to separate ]
𝜇
CC interactions from hadronic backgrounds. Events with a parameter value

greater than 0.3 are selected as ]
𝜇
CC interactions. (b) The efficiency and background contamination of the selected ]
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CC sample in the far

detector.

antineutrino-enhanced beams. When performing a direct
measurement of the antineutrino oscillation parameters, an
additional selection cut is made, requiring the charge of the
muon track to be positive.This uses the direction of curvature
of themuon asmeasured by aKalman Filter algorithm [50]. A
further sample of ]

𝜇
CC interactions is obtained from the 7%

]
𝜇
component in the neutrino-dominated beam.This sample

contains a significant background of ]
𝜇
events in which a 𝜇−

has been identified with the incorrect charge, often at low
energies where the muon undergoes significant scattering.
Therefore a much stricter set of selection criteria are applied
to purify this ]

𝜇
sample [18].

3.2. Selection of Charged-Current ]
𝑒
Interactions. The selec-

tion of ]
𝑒
CC interactions focuses on identifying the dense

showers from the electromagnetic interaction of the electron,
rather than the much more diffuse hadronic showers. The
primary background comes from purely hadronic showers
which can have a denser than average energy deposit,
particularly in the presence of a neutral pion decaying to
photons. Once a set of shower-like events in the signal
region of 1–8GeV has been obtained, a pattern matching
approach, called library event matching, is used to identify
the interactions most likely to be ]

𝑒
CC [51, 52]. Each event

in the data is compared to a library of 5 × 10
7 simulated

signal and background events; its similarity to the library
events is quantified by comparing the pattern of energy
deposits in each scintillator strip excited by the shower, where
the energy deposit is quantified by the charge recorded on
the photomultiplier tube. For an arbitrary energy deposit,
the mean expected charge on a photomultiplier tube will
be some value 𝜆. The probability of observing an amount
of charge 𝑛 is then a Poisson distribution, 𝑃(𝑛 | 𝜆). The
likelihood, L, of a data event corresponding to the same

physical shower topology as a simulated library event can
therefore be calculated as

logL =

𝑁strips

∑

𝑖=1

log [∫
∞

0

𝑃 (𝑛
𝑖

data | 𝜆) 𝑃 (𝑛
𝑖

lib | 𝜆) d𝜆] , (6)

where 𝑖 represents the 𝑖th scintillator strip in the shower.
Using this definition of the likelihood, the 50 library events
are identified that best match the data event.Three quantities
are calculated from this set of 50 best-matching library events:
the fraction of the events that are true ]

𝑒
CC events, the

average inelasticity of the true ]
𝑒
CC events, and the average

fraction of charge that overlaps between the data event and
each ]

𝑒
CC library event. These three quantities are input to

a neural network, which calculates a classification variable
shown in Figure 7. Events with a classification variable value
above 0.6 are selected for analysis; this value was chosen to
maximise the sensitivity to ]

𝑒
and ]
𝑒
appearance.

The efficiency of the ]
𝑒
CC selection is estimated from

the data, rather than relying totally on the simulation. To
obtain a pure sample of true hadronic showers, a sample
of well-identified ]

𝜇
CC events is selected, and the energy

depositions corresponding to the muon track are removed
[53].The simulated energy depositions of an electron are then
inserted [54], providing a realistic sample of ]

𝑒
CC events.

Using thismethod, the ]
𝑒
CC identification efficiency is found

to be (57.4 ± 2.8)% in the neutrino-dominated beam and
(63.3 ± 3.1)% in the antineutrino-enhanced beam.

3.3. Selection of Neutral-Current Interactions. The signal of an
NC interaction is a diffuse hadronic shower. ]

𝜇
CC interac-

tions also produce hadronic showers, and if the inelasticity
is high, the tell-tale muon track may not visibly extend past
the shower. To purify a sample of NC interactions, a simple
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cut-based approach is taken [55]: events are classified as
NC-like if the event contains no reconstructed track or if
the track extends no more than six planes past the end of
the shower. The resulting distribution of NC interactions in
the near detector is shown in Figure 8. The NC identification
efficiency is 89%, with 61% purity. This selection will identify
97% of ]

𝑒
CC interactions as NC events; therefore, an analysis

of NC interactions in the FD must account for the ]
𝑒

appearance caused by a nonzero 𝜃
13
.

3.4. Selection of Atmospheric Neutrinos. Atmospheric neu-
trino interactions are selected out of any activity seen in

the FD outside of the 10 𝜇s periods when the NuMI beam
is active [44]. The oscillation signal is contained in the ]

𝜇

CC interactions, and, as with the beam-induced interactions,
these are identified by the presence of a muon track. The FD
began taking data with atmospheric neutrinos in July 2003,
two years before the NuMI beam began running.

The FD has a single-hit timing resolution of 2.5 ns. This
timing information is used to determine the direction in
which the detector activity is traveling. Any downwards
traveling activity is required to begin well inside the detec-
tor, to eliminate cosmic muons entering from above. All
upwards or horizontally traveling activity is almost certain
to be neutrino-induced, since no other particle can survive
through the many kilometres of rock. All activity with a
zenith angle of cos 𝜃

𝑧
< 0.14 is defined as horizontal or down-

going; this corresponds to an overburden of at least 14 km
water equivalent.

From this sample of neutrino-induced activity, all events
with a track crossing at least eight planes are designated
track-like; all events with only shower-like activity crossing at
least four planes are designated shower-like. These track-like
and shower-like samples are used in the neutrino oscillation
measurements.The track-like sample contains the oscillation
signal of ]

𝜇
disappearance. The shower-like sample contains

mainly NC interactions and ]
𝑒
and ]

𝑒
CC interactions; it

shows little oscillation signal but is very important for setting
the normalization of the atmospheric neutrino flux.

4. Muon Neutrino and
Antineutrino Disappearance

The atmospheric oscillation parameters, |Δ𝑚2| and sin2(2𝜃),
aremeasured by observing and fitting the energy dependence
of ]
𝜇
and ]

𝜇
disappearance. To minimise the impact of
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systematic uncertainties, the energy spectra of the ]
𝜇
and

]
𝜇
CC interactions observed in the ND (shown in Figure 9

for the neutrino-dominated beam) are used to predict the
spectrum at the FD, in the absence of oscillation [23, 56].
The neutrino energy spectra at the ND and FD are not
identical: the ND subtends a relatively large angle to the
beam, so for each pion or kaon a range of decay angles
can produce a neutrino that passes through the detector,
corresponding to a range of neutrino energies. However, the
FD is effectively a point when viewed from the neutrino
production location, so a single decay angle for each hadron,
therefore a single neutrino energy, contributes to the flux.
To take this difference into account, the hadron-decay kine-
matics are encoded into a beam transfer matrix that converts
the observed ND flux into a predicted FD flux. Once the
ND data has been used in this way, the most important
systematic uncertainties are those that can affect the two
detectors differently, primarily reconstruction efficiencies
and miscalibrations of the neutrino energy measurement
in the detectors [57]. These uncertainties are included in
the fit that extracts the oscillation parameters [58]. The
uncertainty on the reconstruction efficiency is modeled as a
1.6% uncertainty on the relative rate of events between the
ND and FD. The uncertainty on the measurement of muon
energy has two components that are fully correlated between
the detectors: a 2% uncertainty on energies measured from
range and a 3% uncertainty on energies measured from
the curvature in the magnetic field. The uncertainty in the
hadronic energy measurements also has two components.
An uncertainty arising from shower modeling uncertainties
and calibration is fully correlated between the detectors
and is parameterized as (6.6 + 3.5𝑒𝐸shw/1.4GeV)%. The second
component is uncorrelated between the detectors and is 1.9%

in theND and 1.1% in the FD; this is dominated by calibration
uncertainties.

The top row of Figure 10 shows the predicted spectra of
]
𝜇
and ]
𝜇
CC interactions from the neutrino-dominated and

antineutrino-enhanced beams at the FD, along with the data.
In the neutrino-dominated beam, an additional sample is
used, consisting of neutrinos interacting outside the fiducial
volume of the detector and in the rock surrounding the
detector [59, 60]. This nonfiducial sample consists mainly
of high energy neutrinos and has significantly lower res-
olution as not all the energy is contained in the detector;
however, it does contain some oscillation information. In
total, 8,100 reconstructed neutrino events are used in the
analysis; without oscillations, 9,471 would be expected. In
all samples, a clear, energy-dependent deficit of ]

𝜇
and

]
𝜇
interactions is observed. The ratio of the data to the

expectation for the ]
𝜇
interactions in the neutrino-dominated

beam is shown in Figure 11.This ratio shows the “dip and rise”
energy dependence of the deficit, which is characteristic of
oscillation and described by (1).

The bottom row of Figure 10 shows the spectra of atmo-
spheric ]

𝜇
and ]
𝜇
CC interactions, as a function of 𝐿/𝐸, where

𝐿 is the distance traveled by the neutrino and 𝐸 is its energy.
The atmospheric neutrino events are divided into ]

𝜇
and ]
𝜇

interactions according to the direction of curvature of the
muon and separated into samples depending on whether or
not the interaction vertex is contained in the detector.

All the observed ]
𝜇
and ]
𝜇
CC interactions are fit accord-

ing to the two-flavour model of (1), under the assumption
that neutrinos and antineutrinos have the same oscillation
parameters.The resultingmeasurement of |Δ𝑚2| and sin2(2𝜃)
is shown in Figure 12. The fit yields |Δ𝑚2| = (2.41

+0.09

−0.10
) ×

10
−3 eV2 and sin2(2𝜃) = 0.950

+0.035

−0.036
, disfavouring maximal

mixing at the 86% confidence level. Figure 12 compares this
measurement to those from Super-Kamiokande [61] and
T2K [62]. The MINOS measurement is the most precise
determination of |Δ𝑚2|, and all measurements of sin2(2𝜃) are
consistent.

4.1. Muon Antineutrino Disappearance. In the standard
model of neutrino oscillation, neutrinos and antineutrinos
obey the same parameters, with CPT symmetry requiring
that the masses of particles and antiparticles are identical.
The most sensitive test of this symmetry in other sectors is
from the kaon system [63]. The data from the antineutrino-
enhanced beam and the interaction of atmospheric antineu-
trinos enables the first direct comparison of the neutrino
and antineutrino oscillation parameters in the atmospheric
region. This comparison provides a limit on nonstandard
interactions with the matter being passed through by the
neutrino beam [64–70].

Figure 10 showed the energy spectra of ]
𝜇
interactions

observed in the FD. These spectra can be fit in the two-
flavour model of (1), allowing the antineutrino oscillation
parameters to differ from those for neutrinos. This fit yields
the antineutrino parametermeasurement shown in Figure 13:
|Δ𝑚
2
| = (2.50

+0.23

−0.25
) × 10

−3 eV2 and sin2(2𝜃) = 0.97
+0.03

−0.08
.

This is in excellent agreement with the parameters measured



Advances in High Energy Physics 9

 Neutrino energy (GeV)  Neutrino energy (GeV) Neutrino energy (GeV)

0

20

40

60

80

0

5

10

10

15

1515

20

20

25

25

30

 Muon energy (GeV)

0

200

400

600

800

0

100

200

300

400

500

600
10.71 × 1020 POT

Ev
en

ts 
(G

eV
)

Ev
en

ts 
(G

eV
)

Ev
en

ts 
(G

eV
)

Ev
en

ts 
(G

eV
)

�𝜇 �𝜇

�𝜇
�𝜇

0 02 4 56 0 2 4 68 910 12 14 0 2 4 6 8 10 12 14

Neutrino beam Neutrino beam Neutrino beam Antineutrino beam

contained-vertex �𝜇
nonfiducial 𝜇

contained-vertex �𝜇
contained-vertex �𝜇 3.36 × 1020 POT

(a)

0

20

40

60

0

10

20

30

0

10

20

30

0

5

10

15

20

25

MINOS data
Best fit oscillations
No oscillations

NC background
Cosmic-ray muons

�𝜇 �𝜇 �𝜇 �𝜇

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Ev
en

ts

Ev
en

ts

Ev
en

ts

Ev
en

ts

Atmos. contained-vertex �𝜇 Atmos. nonfiducial 𝜇− Atmos. nonfiducial 𝜇+
37.88kton-years

Atmos. contained-vertex �𝜇

log10( (km)/E� (GeV)) log10( (km)/E𝜇 (GeV))L L log10( (km)/E� (GeV))L log10( (km)/E𝜇 (GeV))L

(b)

Figure 10: The energy spectra of ]
𝜇
and ]

𝜇
CC interactions observed at the FD, compared to the expectation with and without oscillation.

(a) shows beam-induced neutrinos; (b) shows atmospheric neutrinos.

with neutrinos alone (the red line in Figure 13). It should be
noted that the first MINOS measurement of the antineutrino
oscillation parameters released in 2010 [17] yielded a notable
tension between the ] and ] oscillation parameters, which
were in agreement only at the 2.0% confidence level.This ten-
sion was shown to be a statistical fluctuation as the addition
of further data brought the ] and ] parameters measurements
into good agreement [19, 20].

5. Electron Neutrino and
Antineutrino Appearance

A search for ]
𝑒
and ]

𝑒
appearance in the ]

𝜇
and ]

𝜇
beams

enables a measurement of the mixing angle 𝜃
13
. It is critical

to know the level of background to the ]
𝑒
sample in the

FD. The energy spectrum of background events measured in
the ND is used to predict the spectrum expected in the FD.
However, the background consists of three components: NC
interactions, CC ]

𝜇
and ]

𝜇
interactions, and the intrinsic ]

𝑒

component in the beam. The relative contribution between
the ND and FD is different for all of these components, since
they are affected differently by oscillation, and the kinematics
of the production in the beam are different. Therefore, each

backgroundmust be individually measured.TheNuMI beam
can be configured to produce neutrino beams of varying
energy, by altering the current passing through the magnetic
horns and changing the relative positions of the target and
horns. Between these different beam configurations, the
relative contributions of the three background components
change in a well-understood way, as shown in Figure 15.
By comparing the ND data to the simulation in the three
different beam configurations shown in the figure, the contri-
butions of the three background components can be extracted
[71].

Using the data-driven background extraction procedure,
a total of 127.7 background events are expected at the FD
in the neutrino-dominated beam and 17.5 events in the
antineutrino-enhanced beam. In the data, 152 and 20 events
are observed, respectively. Figure 16 shows the energy spectra
of these events, divided into bins of the library eventmatching
discriminant variable. Although CC ]

𝑒
and ]
𝑒
events cannot

be separated on an event-by-event basis, the change in
the relative numbers of neutrino and antineutrino inter-
actions between the neutrino-dominated and antineutrino-
enhanced beams is well known.This allows separate limits to
be placed on the rates of ]

𝜇
→ ]
𝑒
and ]
𝜇
→ ]
𝑒
transitions,

on a statistical basis.
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The data are fit to extract a measurement of 𝜃
13
. The

resulting measurement is shown in Figure 17. The measured
value of 𝜃

13
depends on the CP violating phase 𝛿, which

directly affects the ]
𝑒
and ]

𝑒
appearance probabilities, and

themass hierarchy, which affects the appearance probabilities
through the interactions of the neutrinos with the matter in
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the Earth’s crust. Assuming a normal mass hierarchy, 𝛿 = 0,
and 𝜃

23
< 𝜋/4, MINOS measures 2sin2(2𝜃

13
)sin2(𝜃

23
) =

0.051
+0.038

−0.030
. Assuming an inverted mass hierarchy, 𝛿 = 0,

and 𝜃
23

< 𝜋/4, MINOS measures 2sin2(2𝜃
13
)sin2(𝜃

23
) =

0.093
+0.054

−0.049
. This measurement is consistent with the results

from reactor neutrino searches [72–74] and the T2K experi-
ment [75].

This MINOS measurement is the first ever search for ]
𝑒

appearance in a long-baseline ]
𝜇
beam and the first search
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Figure 15: The contribution of the three components to the background in the ]
𝑒
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for ]
𝑒
and ]
𝑒
appearance with significant matter effects. Both

of these effects provide some sensitivity to the neutrino
mass hierarchy and CP violation when the MINOS data is
compared to the measurements made by reactor neutrino
searches [72–74] (we have calculated a limit of sin2(2𝜃

13
) =

0.098 ± 0.013 from the reactor data at the time of analysis).
The sensitivity of MINOS to the mass hierarchy and CP
violation is modest, but this contributes to the first analysis
of the type that will be used by all future long-baseline
experiments. The resulting values of the likelihood by which
MINOS disfavours various values of these parameters are
shown in Figure 18 [76].

6. Search for Sterile Neutrino Mixing Using
Neutral-Current Interactions

The energy spectrum of NC interactions in the FD should be
unchanged by standard neutrino oscillation.The existence of
one or more sterile neutrino flavours, ]

𝑠
, could cause a deficit

in the observed NC interaction rate. As with all the MINOS
oscillation analyses, the energy spectrum of NC interactions
observed in the ND (which was shown in Figure 8) is used
to predict the spectrum expected at the FD [77]. The FD
expectation is shown in Figure 19, with the dashed blue line
taking into account ]

𝑒
appearance corresponding to 𝜃

13
=

11.5
∘ (at the limit set by CHOOZ [78] and a little above

the current accepted value [29, 72–75]; this analysis uses
only the first 7.07 × 10

20 protons on target of data, and
was performed before the recent positive measurements of
a nonzero 𝜃

13
). The data are also shown in the figure and

are in good agreement with the expectation, confirming the
standard model of neutrino oscillation. This agreement can
be quantified using a test statistic 𝑅:

𝑅 =
𝑁data − 𝐵CC

𝑆NC
, (7)

where 𝑁data is the number of events observed, 𝐵CC is the
predicted background of CC interactions, and 𝑆NC is the

predicted number of NC interactions. A value of 𝑅 = 1.01 ±

0.06(stat.) ± 0.05(syst.) is obtained (over the full energy range
0–120GeV), which is in good agreement with the expectation
of 𝑅 = 1 in the case of no mixing with sterile neutrinos.

The data are analysed with a model that assumes a single
sterile neutrino flavour, mixing through the addition of a
fourth neutrino mass state𝑚

4
≫ 𝑚
3
. This introduces a mass

splitting Δ𝑚2
43

with magnitude O(1 eV2), such that no oscil-
lation-induced change to the event rate is observed at the
ND, and the oscillatory energy dependence of the induced
depletion at the FD is so rapid that an overall uniform deple-
tion is observed once the energy resolution of the detectors is
accounted for.Thismodel introduces three additionalmixing
angles, 𝜃

14
, 𝜃
24
, and 𝜃

34
. MINOS is insensitive to 𝜃

14
but sets

limits of 𝜃
24
= (0.0

+5

−0.0
)
∘ and 𝜃

34
= (0.0

+25

−0.0
)
∘. These limits are

evaluated assuming 𝜃
13
at the CHOOZ limit.

The limit on the coupling of sterile to active neutrinos can
be quantified by defining 𝑓

𝑠
, the fraction of disappearing ]

𝜇

which have oscillated into ]
𝑠
:

𝑓
𝑠
=

𝑃]
𝜇
→ ]
𝑠

1 − 𝑃]
𝜇
→ ]
𝜇

. (8)

For the model used in which 𝑚
4
≫ 𝑚

3
, 𝑓
𝑠
is evaluated

at 1.4 GeV: the energy of maximal ]
𝜇
disappearance. To

determine the limit on 𝑓
𝑠
, a large number of test values

are chosen of the mixing angles 𝜃
24
, 𝜃
34
, and 𝜃

23
, from

Gaussian distributions according to the measured values and
1𝜎 uncertainties given above (with 𝜃

23
constrained from the

measurements with CC ]
𝜇
interactions). 𝑓

𝑠
is calculated for

each case, and the value of 𝑓
𝑠
that is larger than 90% of the

test cases represents the limit. MINOS limits 𝑓
𝑠
< 0.40 at the

90% confidence level.

7. The Future: MINOS+

The MINOS experiment has made some very important
contributions to our understanding of neutrino oscillation
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Figure 16: The CC ]
𝑒
(a) and ]

𝑒
(b) candidate events selected in the FD, compared to the expectation without any ]

𝑒
appearance (red) and

with the best fit for 𝜃
13
(purple). The events are divided into bins of the library event matching discriminant variable.
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Figure 18: The values of likelihood 𝐿 by which various values of
theCP violating parameter 𝛿, the mass hierarchy, and the octant of
𝜃
23
are disfavoured.This analysis uses MINOS data and information

from reactor neutrino measurements of 𝜃
13
[72–74].

physics and has finished taking data with the low energy
beam for which it was designed. However, the experiment
will continue taking data and producing new results for the
next few years as MINOS+ [79]. The NuMI beam is being
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Figure 19: The black dots show the energy spectrum of NC
interactions observed in the far detector. The red lines show the
expectation in the case of no sterile neutrinos and 𝜃

13
= 0; the blue

dashed line shows the same expectation with 𝜃
13
= 11.5

∘.

upgraded to a higher energy and intensity for the NO]A
experiment, the far detector of which will sit 14 mrad offaxis.
NO]A will receive a narrow-band beam, peaking at around
2GeV, which is ideal for searching for ]

𝑒
appearance since

the background seen in MINOS from NC interactions of
high energy neutrinos will be heavily reduced. Figure 20
shows that the MINOS FD will see an intense ]

𝜇
beam,
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peaking at around 7GeV. In this configuration, MINOS+ will
observe around 4,000 CC ]

𝜇
interactions in the FD each

year, unprecedented statistics for a long-baseline oscillation
experiment.This will offer a unique, high precision test of the
three-flavour oscillation paradigm.

MINOS+ will be able to make a very sensitive search
for the sterile neutrinos suggested by the LSND [80] and
MiniBooNE [81, 82] data and by some interpretations of
reactor neutrino data [83]. This search will cover more than
three orders of magnitude in the mass splitting between the
sterile and active neutrinos. The signal that MINOS+ will
search for is illustrated in Figure 21. Figure 21(a) illustrates
the increase in statistical precision thatMINOS+will provide
on the ratio of the observed CC ]

𝜇
interaction rate to

that expected without oscillations. Figure 21(b) shows how
this ratio is modified if a sterile neutrino exists and mixes
with the active neutrinos: an additional deficit of muon
neutrino interactions occurs in the higher energy region of
the spectrum. In the model assumed here, which introduces
a single sterile neutrino state, three new mixing angles are
introduced: 𝜃

14
, 𝜃
24
, and 𝜃

34
. An additional mass splitting

Δ𝑚
2

43
is also introduced. The position in energy of the

additional deficit is governed by the value of the new mass
splitting.Themagnitude of the additional deficit in the CC ]

𝜇

interaction rate is governed primarily by the size of 𝜃
24
; this is

in comparison to short-baseline searches for ]
𝑒
disappearance

from reactors which are governed by 𝜃
14
and searches for ]

𝑒

appearance in ]
𝜇
beamswhich are governed by a combination

of 𝜃
14

and 𝜃
24
. A detailed explanation of the global effort to

search for sterile neutrinos can be found in [84].
The sensitivity of the MINOS+ experiment, when com-

bined with the Bugey reactor neutrino data [85], is shown in
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Figure 21: (a) The black points show the ratio of the observed ]
𝜇

energy spectrum to the expectation in the case of no oscillation in
the neutrino-dominated beam of MINOS. The blue region shows
the statistical precision expected from MINOS+. (b) The black line
shows the muon neutrino survival probability in the case of no
sterile neutrinos; the red line shows how the probability would be
modified by the addition of mixing with a sterile neutrino.

Figure 22; MINOS+ has the potential to rule out much of the
LSND allowed region. MINOS+ will begin taking data in the
late summer of 2013, and will continue taking data for at least
two years (Figure 22 assumes two years of data taking with a
neutrino-dominated beam).

8. Conclusion

The MINOS experiment was conceived at a time when neu-
trino oscillation had only recently been confirmed as the
solution to the problem of neutrino flavour change. It has
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Figure 22: The sensitivity of MINOS+ to the existence of sterile
neutrinos, when combined with data from the Bugey [85] reactor
neutrino experiment. Δ𝑚2 is the splitting between the three known
neutrino mass states and a new, fourth state. 𝜃

𝜇𝑒
is the mixing angle
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𝜇
→ ]
𝑒
transitions when a fourth, sterile neutrino state

is introduced into the PMNSmixingmatrix.This figure assumes two
years of MINOS+ running with a neutrino-dominated beam.

played a hugely influential role in bringing neutrino oscilla-
tion physics into an era of precision measurement. MINOS’s
measurement of the largest neutrino mass splitting is the
most precise in the world. MINOS has made the first direct
precision measurement of the corresponding antineutrino
parameters, a measurement that promises to remain the
world’s most precise for many years. And MINOS has played
a role in the discovery of a nonzero value for 𝜃

13
.

Now that the value of 𝜃
13
is known, the neutrino physics

community can move on to determine the neutrino mass
hierarchy and to search for CP violation in the neutrino
sector. MINOS has pioneered a number of techniques that
will be used by future experiments. The two-detector setup,
all important in reducing the impact of systematic uncer-
tainties, is the design of choice for any new experiment, and
MINOS has demonstrated methods of using a near detector
to determine the expectation at a far detector. MINOS has
performed the first search for ]

𝑒
appearance in a ]

𝜇
beam

and the first search for ]
𝑒
and ]
𝑒
appearance with significant

matter effects, demonstrating the analysis techniques that will
be used to determine the mass hierarchy and CP violation
parameter.

In the second half of 2013, MINOS will begin taking data
as the MINOS+ experiment, which will make ever more pre-
cise tests of the three-flavour neutrino oscillation paradigm
and set world-leading limits on the existence of sterile
neutrinos. This is an exciting future for an experiment that,
with a decade of data taking so far, has already created a
lasting legacy for itself in our understanding of the neutrino.

A comparison of themeasured neutrino and antineutrino
mass splittings is shown in Figure 14; the difference between
the two is constrained to |Δ𝑚

2
| − |Δ𝑚

2
| = (0.12

+0.24

−0.26
) ×

10
−3 eV2.
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IceCube andANTARES are the world-largest neutrino telescopes.They are successfully taking data, producing a wealth of scientific
results. Whereas their main goal is the detection of cosmic neutrinos with energies in the TeV-PeV range, both have demonstrated
their capability to measure neutrino oscillations by studying atmospheric neutrinos with energies of 10–50GeV. After recalling the
methods of these measurements and the first published results of these searches, the potential of existing, and planned low-energy
extensions of IceCube and KM3Net are discussed. These new detectors will be able to improve the knowledge of the atmospheric
neutrino oscillation parameters, and in particular they might help to understand the neutrino mass hierarchy. Such studies, which
use atmospheric neutrinos, could be complemented by measurements in a long-baseline neutrino beam, which is discussed as a
long-term future option.

1. Introduction

Themain goal of neutrino telescopes such as IceCube [1] and
ANTARES [2] is the observation of high-energy neutrinos
from nonterrestrial sources. These telescopes are optimised
for the detection of Cherenkov light induced by charged
particles issued from neutrino interactions at TeV energies.
To cope with the expected feeble neutrino fluxes at these
energies, target masses of up to one Gton are equipped with
low-density arrays of photomultipliers. Such a low-density of
detector elements implies a rather high energy threshold for
neutrino detection of about 50GeV.

Nevertheless both IceCube (exploiting its low-energy
infill DeepCore [3]) and ANTARES developed dedicated
analysis methods to access neutrino energies as low as
20GeV, where the effect of neutrino oscillations starts to be
measurable and both collaborations published recently first
results on the measurement of parameters for atmospheric
neutrino oscillations.

Two principal event signatures can be distinguished.
Track-like events are characterized by the presence of a long
muon track, which can be identified by the light pattern from
Cherenkov light emitted along its path. Such events are the
result of muon neutrino charged current (CC) interactions or
tau neutrino CC interactions followed by a muonic tau decay
in conjunction with an analysis-dependent condition on the

minimal muon energy. Cascade-like events are distinguished
by the absence of such a long muon track. The low density of
detector elements does not allow to separate hadronic from
electromagnetic cascades. Therefore all remaining reaction
channels such as neutral current (NC) reactions, electron
and tau neutrino CC interactions (the latter followed by
nonmuonic tau decays) are commonly called cascade-like
events or just “cascades”.

First, published results of ANTARES and IceCube are
presented, followed by the discussion of very recent and still
preliminary studies and their long-termpotential.The second
part of the paper is dedicated to the planned low-energy
extensions of neutrino telescopes in the Mediterranean Sea
as well as in the Antarctic ice. Their potential of studying
atmospheric neutrinos is discussed. The final section evokes
the possibilities of sending neutrino beams towards these
future neutrino telescopes.

2. Atmospheric Neutrino Oscillations at
𝐸]>15GeV

At energies of 𝐸] > 15GeV, Earth matter effects can be
ignored because the resonance energies for typical Earth
densities are significantly lower (see Section 7 and Figure 6).
Oscillation effects are prominently seen in the suppression of



2 Advances in High Energy Physics

muon neutrinos. The survival probability of atmospheric ]
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in the framework of three-flavour mixing is given as
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where 𝐿 is the travel path (in km) of the neutrino through
the earth and 𝐸], its energy (in GeV). 𝑈
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For atmospheric neutrinos, 𝐿 ≤ 𝐷, where 𝐷 is the Earth
diameter, is always satisfied. If the condition 𝐸] > 15GeV
is taken into account, the term sin2(1.27Δ𝑚2
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exceed 5⋅10−3 when usingΔ𝑚2
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Results could in principle be extracted in terms of |𝑈
𝜇3
|
2 and

|Δ𝑚
2

32
| which are the two oscillation parameters in (3). To

maintain compatibility with earlier results, a mixing angle
sin2𝜃
23

= |𝑈
𝜇3
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2 is defined, ignoring the 2.4% deviation from

1 of cos2𝜃
13

= 0.976 [5, 6]. This leads to the usual two-flavour
description
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where 𝐿 has been replaced by 𝐷 ⋅ cosΘ with Θ the zenith
angle. The transition probability 𝑃 depends now on only two
oscillation parameters, |Δ𝑚2

32
| and sin22𝜃

23
, which determine

the behaviour for the atmospheric neutrino oscillations.With
|Δ𝑚
2

32
| = 2.32 ⋅ 10

−3 eV2 and sin22𝜃
23

= 1 from [4]
one expects the first oscillation maximum; that is, 𝑃(]

𝜇
→

]
𝜇
) = 0 for vertical upgoing neutrinos (cosΘ = 1) at

𝐸] =24GeV. Muons induced by 24GeV neutrinos can travel
up to 120m in sea water or Antarctic ice. Both ANTARES

and IceCube have performed studies of neutrino oscillations
using the suppression of muon neutrino events in the vicinity
of this first oscillation maximum. Results of these studies are
presented in the following.

3. The ANTARES Detector

A detailed description of the ANTARES detector can be
found in [2]. The detector consists of 12 lines and equipped
with photosensors and a junction box which distributes
the power and clock synchronization signals to the lines
and collects the data. The junction box is connected to
the shore by a 42 km electro-optical cable. The length of
the detection lines is 450m, of which the lowest 100m are
not instrumented. Their horizontal separation is about 65m
and they are arranged to form regular octagon on the sea
floor. They are connected to the junction box with the help
of a submarine using wet-mateable connectors. Each line
comprises 25 storeys each separated by a vertical distance
of 14.5m. The lines are kept taut by a buoy at the top of
the line and an anchor on the seabed. The movement of
the line elements due to the sea currents is continuously
measured by an acoustic calibration system with an accuracy
of 10 cm [7]. Each storey contains three 45∘ downward-
looking 10

 photomultiplier tubes (PMT) inside pressure
resistant glass spheres—the optical modules [8]. Some of the
storeys contain supplementary calibration equipment such as
acoustic hydrophones or optical beacons [9].

The signals of each photomultiplier are read out by two
ASICs. The charges and arrival times of the PMT signals are
digitised and stored for transfer to the shore station [10].
The time stamps are synchronised by a clock signal which
is sent at regular intervals from the shore to all electronic
cards. The overall time calibration is better than 0.5 ns [11].
Therefore the time resolution of the signal pulses is limited
by the transit time spread of the photomultipliers (𝜎 ∼ 1.3 ns)
[12] and by chromatic dispersion for distant light sources. All
data are sent to the shore station. With the observed optical
background rate of 70 kHzper PMTat the single photon level,
this produces a data flow of several Gbit/s to the shore. In
the shore station a PC farm performs data filtering to reduce
the data rate by at least a factor of 100 [13]. Several trigger
algorithms are applied depending on the requested physics
channel and on the observed optical noise.

4. ANTARES Neutrino
Oscillation Measurement

This analysis is based on data taken with the ANTARES
detector between March 2007 and December 2010. Until
December 2007, ANTARES operated in a 5-line configura-
tion, followed by severalmonths of operationwith 10 installed
detector lines. The detector construction was completed in
May 2008. All physics runs taken under normal conditions
have been used. The events selected by two tight trigger
conditions are used [2]. The analysed sample consists of
293 million triggers, dominated by atmospheric muons,
corresponding to a detector live time of 863 days.
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Downgoing atmospheric muons were simulated with the
program MUPAGE [14, 15] which provides parameterised
muon bundles at the detector. Alternatively, also CORSIKA
[16] was used for cross checks and systematic studies.
Upgoing neutrinos were simulated according to the param-
eterisations from [17–19] in the energy range from 10GeV
to 10 PeV. The Cherenkov light, produced inside or in the
vicinity of the detector instrumented volume, was propagated
taking into account light absorption and scattering in sea
water [20]. The angular acceptance, quantum efficiency, and
other characteristics of the PMTs were taken from [8] and
the overall geometry corresponded to the layout of the
ANTARES detector [2].The optical noise was simulated from
counting rates observed in the data. At the same time, the
definition of active and inactive channels has been applied
from data runs as well. The generated statistics correspond to
an equivalent observation time of 100 years for atmospheric
neutrinos and ten months for atmospheric muons.

The algorithm used to determine the zenith angle Θ
𝑅

of the muon track is described in [21]. A first step of this
procedure is a strict hit selection, which aims at the selection
of those Cherenkov photon hits from the muon track, which
did not undergo any substantial scattering on their path. If
the selected hits occur only on one detector line, a single-
line fit is performed. No azimuth angle is determined in this
case due to the rotational symmetry of the problem. This
does not affect the present measurement, as the oscillation
probability does not depend on the azimuth angle (see (4)).
If selected hits occur instead on several detector lines, a
multiline fit is performed which provides both the zenith
and azimuth angles of the track. The inclusion of single-
line events is a special feature of the reconstruction method
and allows to significantly lower the energy threshold of the
final atmospheric neutrino sample. Whereas for multiline
events, the threshold energy of the final neutrino sample is
about 50GeV due to the 65m horizontal spacing between
lines, single-line events are reconstructed down to 20GeV for
nearly vertical tracks, accessing events with 𝐸]/𝐿 values close
to the first oscillation maximum.

The neutrino energy is estimated from the observed
muon range in the detector (𝐸

𝑅
). The presence of a hadronic

shower at the neutrino vertex is ignored, as well as the fact
that the muon might leave or enter the detector, making only
a fraction of its actual range available for measurement.

Downgoing atmospheric muons might contaminate the
event sample of upgoing atmospheric neutrinos if mis-
reconstructed. A cut on the quality of the reconstructed
tracks is needed to reduce this contamination and derive
reliably neutrino oscillation parameters from the data set.
The cut is chosen in such a way that the contamination of
misreconstructed atmosphericmuons remains below 5%.The
selected event sample consists of 2126 events.

The oscillation parameters are extracted from a 𝜒2 min-
imisation of an event distribution in 𝐸

𝑅
/ cosΘ

𝑅
. Systematic

uncertainties lead to correlated distortion of this distribution.
They are implemented as pull factors 𝜖 and 𝜂 which act
as independent free normalisations for the single-line, and
multiline sample, respectively.

Figure 1 shows the event distribution in 𝐸
𝑅
/ cosΘ

𝑅
and

the fraction of measured and simulated events with respect
to the nonoscillation Monte Carlo hypothesis. A clear event
deficit for 𝐸

𝑅
/ cosΘ

𝑅
< 60GeV can be seen as expected

assuming atmospheric neutrino oscillations.
Restricting the 𝜒

2 minimisation to parameters in the
physically allowed region yields the red curve of Figure 1 with
|Δ𝑚
2

32
| = 3.1 ⋅ 10

−3 eV2 and sin22𝜃
23

= 1.00. The corre-
sponding pull factors are 𝜖 = −0.138 and 𝜂 = −0.142. The
fit yields 𝜒2/NDF = 17.1/21. For the nonoscillation hypoth-
esis, that is, sin22𝜃

23
= 0, 𝜒2/NDF = 31.1/23 is obtained.

The pull factors in this case are 𝜖 = −0.302 and 𝜂 = −0.196.
The event deficit in the single-line channel is seen here as
𝜖 becoming lower than 𝜂. Requiring in addition 𝜖 = 𝜂 the
𝜒
2 increases further to 𝜒

2
/NDF = 40.0/24, which has a

probability of only 2.1%. This measurement is converted into
a 90%C.L. contour of the oscillation parameters and is shown
in Figure 5. More details on this analysis can be found in
[22].

5. The IceCube Detector

IceCube is a cubic-kilometer neutrino detector installed in
the ice at the geographic South Pole [1]. It consists of 5,160
digital optical modules (DOMs). Each of them contains a
photomultiplier tube, supporting hardware and electronics
with in situ pulse digitization [23, 24] inside a pressure
glass sphere. These optical modules are arranged on 86
strings frozen into the antarctic ice at depths from 1450m to
2450m each holding 60 DOMs. The primary (high-energy)
detector has a spacing of 17m between sensors and an
average horizontal distance of 125m between neighboring
strings.The low-energy infill arrayDeepCore consists of eight
dedicated strings with a typical spacing of 70mdeployed near
the center of the IceCube array. On the dedicated Deep- Core
strings, the sensors are concentrated in the clearest deep ice,
with a denser 7m vertical spacing.

Optical properties of South Pole ice are depth dependent.
Typical optical absorption lengths are 100–140m and typical
optical effective scattering lengths are 25–35m. The latter
limits the time resolution of the signal pulses fromCherenkov
light. Unlike sea water, Antarctic ice has a low concentration
in radioactive isotopes. In particular 40K, abundant in salty
sea water, is absent in ice. Furthermore, no light-producing
biological activity occurs. Therefore, the observed optical
background rate at the single photon level is only 500Hz per
PMT in IceCube.

Beginning with the installation of the first string in 2005,
IceCube has been operated in approximately year-long data
taking seasons. During the Antarctic summer seasons in
December and January new strings had been deployed at
a pace up to 20 strings per year. IceCube construction was
finished in December 2010. From May 2010 to April 2011 79
strings had been active (IC79), after this period data taking
proceeds with the complete detector (IC86). The results
which will be presented in the following have been obtained
from analysing these two data-taking periods.
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Figure 1: (a) Distribution of 𝐸
𝑅
/ cosΘ

𝑅
for selected events. Black crosses are data with statistical uncertainties, whereas the blue histogram

shows simulations of atmospheric neutrinos without neutrino oscillations plus the residual background from atmospheric muons. The red
histogram shows the result of the fit. (b) The fraction of events with respect to the nonoscillation hypothesis as function of 𝐸

𝑅
/ cosΘ

𝑅
. Same

color code as for the left figure (figure from [22]).

6. IceCube Neutrino Oscillation Measurements

Downgoing atmospheric muons were simulated with COR-
SIKA [16]. The flux of atmospheric neutrinos has been taken
from [19]. Both the flux normalisation and the spectral
index are allowed to vary and they are included as nuisance
parameters in the analyses described below.

6.1. IC79 Zenith Angle Analysis. Afirst analysis [25] exploited
two samples of upgoing muon neutrino events which had
been collected during a 318.9-day period with the IC79
configuration, excluding periods of calibration runs, partial
detector configurations, and detector downtime. The first
sample was obtained from high-energy events using data
from the entire IceCube detector.The second sample, selected
from events starting in the DeepCore volume, was using
the surrounding IceCube array as an active veto to reject
atmospheric muon background and high-energy (>100GeV)
neutrinos [26].

The directions of the neutrino-induced muon tracks in
the high-energy sample were determined with the standard
maximum likelihood muon track reconstruction of IceCube
[27]. For low-energy events, the same method was applied
as an initial step. However, the standard hypothesis of a
throughgoing track is not appropriate at low energies. In a
subsequent step, the finite length of the low-energy muons
which might start or stop inside the equipped detector vol-
ume was taken into account. Quality cuts on variables related
to the track fit eliminated misreconstructed downgoing
atmospheric muons. The final event sample consisted of 719
low-energy events, while the high-energy sample contained
39,638 events after final cuts. The simulated neutrino energy
distribution of the two samples is shown in Figure 2. The
high-energy sample is not affected by standard oscillations
and it serves as a reference sample which absorbs systematic
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Figure 2: Expected distribution of the neutrino energy of atmo-
spheric neutrinos in the low-energy (DeepCore) and in the high-
energy (IceCube) samples according to simulations (figure from
[25]).

effects related to the overall normalisation. Instead neutrino
oscillations are expected to deplete the low-energy sample.

The oscillation parameters are extracted from the zenith
angle distribution, shown in Figure 3 of the events in both
samples. Within the two samples, no further use of energy
is made. A 𝜒

2-minimization including various systematic
effects is applied to the 20 bins in cosΘ in both samples.

The fit yields |Δ𝑚2
32
| = 2.3

+0.5

−0.6
⋅ 10
−3 eV2 and sin22𝜃

23
>

0.93 at 68% C.L. The nonoscillation hypothesis can be
rejected at 5.6 𝜎. All pull factors related to systematic effects
are found within one 𝜎 from their nominal values. The
resulting 90% C.L. contour is shown in Figure 5.

Both analyses, which have been discussed so far, are final
and their results have been published. Two more studies of
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sample (a) and for the high-energy sample (b). The shaded bands illustrate separately those systematic effects which affect the normalisation
(norm) and the shape (shape) of the distributions (figure from [25]).

IceCube data are under way. They have reported preliminary
results recently.

6.2. IC79 Two-Dimensional Analysis. As this analysis [28]
is well based on data in the IC79 configuration, here 312
days are used. The event selection requires that neutrino
event candidates should have their interaction vertices inside
the instrumented volume of the Deep-Core detector, which
reduces background from high-energy neutrino events and
downgoing atmospheric muons. When using the surround-
ing IceCube strings as a veto, their contributions can be
partly discarded. Apart from the veto cut, only weak selection
criteria are applied, which leads to a final event sample of
8117 events with an estimated purity in ]

𝜇
events of 70%.

The oscillation parameters are fitted on a two-dimensional
distribution in zenith angle and energy. The zenith angle
is reconstructed using standard IceCube methods [27]. The
energy is derived from themeasured track length [26]. For the
likelihood, the standard Poisson formulation is used. For each
bin (𝑖, 𝑗), the probability is calculated to observe 𝑑

𝑖𝑗
events

in the measured data, given 𝑠
𝑖𝑗
events in the simulated data.

In addition to fitting the oscillation parameters, nuisance
parameters 𝑞

𝑘
are also left free in the fit which absorb certain

systematic uncertainties. Gaussian priors are used for each
nuisance parameter 𝑘 with a mean value ⟨𝑞

𝑘
⟩ and a width

𝜎
𝑘
which are added to the likelihood. The full likelihood

expression has the form

−LLH = ∑
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𝑖𝑗
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)

2

.

(5)

Other systematics, which are not directly implemented in
the fit, are evaluated by separate simulations. As a prelimi-
nary result of this analysis, the nonoscillation hypothesis is
rejected by a likelihood ratio corresponding to 5.1 standard
deviations. The corresponding 90% C.L. contour is also
shown in Figure 5.

6.3. IC86 Analysis. The second new analysis [29] uses a
complementary approach. A strict selection of events with
clusters of essentially unscattered Cherenkov photon hits
is applied, following the procedure which had previously
been used for the ANTARES oscillation search [21]. The
describedhit selection andfitting procedure has been adapted
to IceCube/DeepCore. A lower energy threshold and a better
zenith angle distribution are observed compared to the
performances of the above mentioned analyses. Also the
dependence of the result on uncertainties in the description
of the ice properties is reduced as scattered hits are largely
discarded in this analysis. The neutrino energy for the ]

𝜇
CC

sample is estimated from the sum of the fitted cascade energy
at the neutrino vertex and themuon energy obtained from the
measured muon range. Figure 4 shows the performance of
the reconstructions used for the final event selection. A zenith
angle resolution of 7 degrees, comparable with the kinematic
angle between the neutrino, and the muon in the sample,
is obtained. The energy is resolved with an error of 0.25 in
log
10
(𝐸). The analysis was applied to the first year of data

taken by the complete IceCube detector (IC86), from May
2011 until April 2012. In 343 days of lifetime, 1487 neutrino
events were found. For the likelihood, the standard Poisson
formulation with added nuisance terms is also used here (see
(5)). The best fit values for single parameters obtained from
the likelihood profile are sin2(2𝜃

23
) = 1 (> 0.93 at 68% C.L.)
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Figure 4: (a) Performance of reconstructions for the ]
𝜇
CC component of the IC86 analysis in zenith angle (top) and energy (bottom). (b)

Zenith angle and energy distributions of data and best fit simulation. Statistical errors are added to the data; systematic errors are attributed
to the simulation (figure from [29]).

and |Δ𝑚2
32
| = (2.4 ± 0.4) ⋅ 10

−3 eV2. The nuisance parameters
at the best fit point are all well within their one-sigma ranges.
The resulting zenith angle and energy distributions for the
best fit values are shown in Figure 4. The corresponding
90% C.L. contour is also overlaid in Figure 5 and represents
currently the best such measurement provided by a neutrino
telescope.

Whereas the ANTARES oscillation measurement was
based on four years of data, the current IceCube analyses
did all use just one year of data. All of them are currently
statistically limited. It can be expected that the measurement
accuracy improves with roughly √𝑇 (𝑇 being the detector
lifetime) for a couple of years. But to reach a sensitivity,
which would be competitive to the current MINOS [30] and
SuperKamiokande [31] results, increased statistics alone are
not sufficient. An improved energy estimator combined with
a clean high-statistics low-energy event sample is needed. It
has to be seen whether this can be accomplished within the
DeepCore/IceCube setup or whether new, denser detectors
are required.

7. Projects for Low-Energy Extensions of
Neutrino Telescopes

All three mixing angles and both mass square differences
of the neutrino mass eigenstates are known after the

measurement of the mixing angle 𝜃
13

[5, 6]. Global fits of
all experimental input [32] provide a coherent picture of the
oscillation parameters. In the following, the best fit values
from this analysis are used if not stated otherwise. One yet
unknown feature of the oscillation scheme is the ordering
of the mass eigenstates of the neutrinos, the neutrino mass
hierarchy (MH). Whereas 𝑚

2
> 𝑚
1
is determined through

matter effects in the sun, which influence the solar neutrino
flux measurements, the options𝑚

3
> 𝑚
2
(normal hierarchy:

NH) and𝑚
1
> 𝑚
3
(inverted hierarchy: IH) are both allowed.

They could be distinguished by measuring matter effects
in the Earth, which is considered to be in reach for the
next generation of experiments. In the approximation of a
constant electron density 𝑛

𝑒
and for single Δ𝑚2

32
dominance

as derived for (3), its main effect is the modification of the
mixing strength related to 𝜃

13
, which has to be replaced by

the effective matter mixing angle 𝜃𝑚
13
[33]:

sin 2𝜃𝑚
13

=
sin (2𝜃

13
)

√(2√2𝐺
𝐹
𝑛
𝑒
𝐸]/Δ𝑚

2

32
− cos 2𝜃

13
)
2

+ (sin 2𝜃
13
)
2

(6)

with 𝐺
𝐹

the Fermi constant. The sign of 𝑛
𝑒
is positive

for neutrino interactions and negative for antineutrinos. A
resonance, that is, sin 2𝜃𝑚

13
= 1, occurs for neutrinos and

Δ𝑚
2

32
> 0 (NH) and for antineutrinos and Δ𝑚

2

32
< 0 (IH).
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Figure 5: 90% C.L. contours from recent measurements of the
neutrino oscillation parameters by ANTARES [22] and IceCube
[25, 28, 29] compared to earlier measurements by MINOS [30] and
Super-Kamiokande [31] (figure kindly provided by S. Euler, Aachen
University).

For typical densities in the Earth mantle, the resonance is
observed at 𝐸] = 6–8GeV.

Neutrino oscillation probabilities are now calculated in
a full three-flavour scheme including matter effects in the
Earth. The Globes package [34, 35] is used for this purpose.
Figure 6 shows the survival probabilities for upgoing atmo-
spheric ]

𝜇
for different zenith angles as function of neutrino

energy. The Earth density profile is taken from the PREM
model [36]. The two colors refer to the two MH choices. A
striking difference of the oscillation probabilities for the two
options can be seen for zenith angles cosΘ > 0.4 and energies
close to the resonance energy of the matter effect in the Earth
mantle. Neutrino interactions in this energy range can occur
in various channels: quasielastic, via nuclear resonances or as
deep-inelastic reactions. Moreover nuclear effects should be
taken into account. Most of the studies mentioned below are
based on the event generator GENIE [37] which comprises all
mentioned effects.

It has been proposed to determine the MH by measuring
atmospheric neutrinos [38] which has motivated proposals
for low-energy extensions of existing and future neutrino
telescope projects. To measure reliably neutrinos with ener-
gies of few GeVs, higher densities of the photosensor arrays
are needed. Two such detectors have been proposed, which
are presented in the following.

7.1. ORCA. KM3NeT [39] will be the next generation neu-
trino telescope in the Mediterranean Sea with an effective
volume of several cubic kilometers. Funds for a first phase of
the project, corresponding to about 20%of the total envisaged
budget, are meanwhile available. A dedicated “Oscillation
Research with Cosmics in the Abyss” (ORCA) is currently
under evaluation as a low energy part of the KM3Net detector
[40]. ORCA might consist of at least 50 detector lines, each
equipped with 20 optical modules. Each optical module
hosts 31 3-inch phototubes, as designed in the KM3NeT
TDR [39]. Optical modules with many small phototubes
have an enhanced photon counting capability and provide
better directional information than larger tubes. This can be
exploited in reconstruction algorithms and for background
rejection. The readout will be largely simplified compared to
ANTARES. For each detected pulse, only a timestamp and
the “time over threshold”will be recorded. Trigger algorithms
will be applied in an onshore computing farm, as successfully
done for ANTARES. The distance of the detector lines on
the sea bed will be approximately 20m, a value determined
by deployment safety. The vertical distance between modules
on a detector line will be chosen between 5m and 10m, the
precise value being subject to optimization. This leads to an
equipped water mass of about 2Mtons. A newly developed
and simplified deployment scheme [39] will allow deploying
several detector lines during one sea operation. It can be
envisaged to complete the detector installationwithin 5 years.

Studies have been carried out, to evaluate the achievable
resolution in zenith angle and energy. The reconstruction
methods have been derived from ANTARES and have been
adapted to the denser geometry of the ORCA detector.
Preliminary results have been published recently [40] and
they are shown in Figure 7. For events which interact inside
the instrumented volume, a zenith angle resolution close to
the kinematical limit between neutrino and muon direction
can be reached. 68% of events with a muon of a true
energy between 3 and 8GeV can be reconstructed with a
precision of 3GeV from range estimation of the fitted track.
An effective mass of 1.8 Mtons is observed for ]

𝜇
CC events

with 𝐸] > 5GeV, having their interaction vertex inside the
instrumented volume.

7.2. PINGU. PINGU stands for “Precision IceCube Next
Generation Upgrade”, and it is planned as a dense core
extension of the existing IceCube/DeepCore ensemble [41].
Several geometries are under consideration. The two most
promising configurations include additional 20–40 detector
strings, each holding 60 to 120 light detectors, deployed
within the DeepCore volume (see Figure 8 for the example
of the 20-lines configuration). For the 20-lines configuration
the dependence of the effective mass for a sample of ]

𝜇
CC

events and a condition about a minimal number of optical
modules hit is shown in Figure 8. Different reconstruction
algorithms are currently tested for PINGU, some of them
derived from IceCube tools (see above) and some others
are under development specifically for PINGU. Currently a
median in zenith angle resolution of 8–15 degrees is reported
for neutrino energies between 2 and 20GeV whereas the
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Figure 6: Neutrino oscillation probabilities 𝑃(]
𝜇
→ ]
𝜇
) as a function of neutrino energy for different zenith angles cosΘ = 0.2, 0.4, 0.6, and

0.8 which correspond to baselines of 2548; 5097; 7645; 10194 km. Oscillation parameters from a global fit are used. The group of red lines is
for NH, blue for IH, and 𝜙CP varied in steps of 30∘ between 0∘ and 330∘.

median of the absolute neutrino energy resolution can be
conveniently parametrised by 0.7GeV+0.2 ⋅ 𝐸] for an energy
reconstruction which exploits the total brightness of fully
contained events.

7.3. Sensitivity for Neutrino Mass Hierarchy Determination
with Atmospheric Neutrinos. Despite the seemingly easy
distinction of the two MH hypotheses for a given oscillation
channel (as illustrated in Figure 6), the distinction of the
two hierarchy hypotheses with atmospheric neutrinos is
challenging due to the cancellation of contributions from
neutrinos and antineutrinos. Further cancellation effects
occur between ]

𝑒
and ]
𝜇
assuming an unavoidably imperfect

flavour tagging method. The question of flavour tagging,
that is, distinguishing cascade from track signatures and
thereby isolating the ]

𝜇
CC, signal has still to be improved—

in ORCA as well as in PINGU. The reachable sensitivity for
MH is further attenuated by the finite energy and angular
resolutions of the considered detectors which are discussed
above. Last but not least MH effects can be partly masked
by readjusting oscillation parameters (in particularΔ𝑚2

32
and

sin22𝜃
23
) within their present uncertainties.

Both ORCA and PINGU have yet to provide a sensitivity
calculation for MH, including all these effects plus detector
and flux related sources of systematic uncertainties.Themost
detailed sensitivity study to date is based on input from
PINGU performance figures and can be found in [42]. Its
main result is shown in Figure 9. A 1.3𝜎 to 2.9𝜎 significance
might be reached for three years running with the 20-lines
PINGU detector depending on the true MH choice and
the true values for other oscillation parameters. The result
is based on a rather optimistic assumption of a cascade
misidentification fraction of 5% and it assumes that the
neutrino energy can be determined with a perfectly Gaussian
resolution of 25%.

The cancellation of matter effects between neutrinos and
anti-neutrinos can be partly avoided by determining for each
]
𝜇
CC event the hadronic and muon part separately. This

would allow to measure the inelasticity variable Bjorken-
𝑦 which in turn could be used to statistically separate
neutrinos from anti-neutrinos. The best separation would be
reached for events of high inelasticity (large 𝑦), but these
are hardly distinguishable from cascades due to the low-
energy muon tracks. The potential of the 𝑦 determination
for the MH sensitivity is discussed in [43]. When assuming
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a realistic experimental smearing of the measured quantities,
an enhancement of 25% is quoted in [43] by measuring
hadrons and muons separately.

The study of the neutrino mass hierarchy is not the
only physics goal of PINGU and ORCA. The knowledge of
the oscillation parameters Δ𝑚

2

32
and sin2𝜃

23
itself can be

improved.The octant of the mixing angle can be determined,
if its value is sufficiently distinct from maximal mixing and

|Δ𝑚
2

32
| can be measured with a precision better than 1%

based on one year of data with PINGU alone [41] under the
assumption that systematic effects such as the uncertainty
on the ice model do not deteriorate this measurement
too strongly. Further, indirect dark matter searches from
annihilation processes of gravitationally confined particles
can be extended toward lower masses compared to current
results from ANTARES and IceCube.
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8. Neutrino Beams and Neutrino Telescopes

The above-mentioned complications of determining MH
with atmospheric neutrinos are avoided by counting beam
related events of a specific flavour. Neutrino beams can be
rather pure ]

𝜇
beams, that is, with low contamination from

other flavours or polarities. Assuming a moderate capability
of the target neutrino telescope to distinguish track signatures
(]
𝜇
CC events or ]

𝜏
CC events with subsequent muonic

decay) from cascade signatures (everything else), two basic
methods have been proposed to determine MH.

8.1. Muon Counting. Track signatures are isolated and beam
related events are counted. This has been recently proposed
[44] as a simple method to measure MH via the disappear-
ance channel 𝑃(𝜇 → 𝜇). Assuming a conventional narrow
band beam with a mean neutrino energy of 6–8GeV, one
can examine Figure 6 to determine the optimal baseline for
such a measurement. The cleanest distinction of the two
MH hypothesis is seen for cosΘ = 0.6 or equivalently
a baseline of 7645 km. The ignorance about the CP-phase
does not affect the distinction as one can immediately verify
from Figure 6. Taking into account locations of existing
particle accelerators and existing or potential future neutrino
telescopes, a beamline from Fermilab to a KM3Net site close
to Sicily is proposed [44] which yields a baseline of 7800 km.
For 10

20 protons on target, about 1000 ]
𝜇
CC events are

expected in a Megaton detector such as ORCA for NH. This
number is reduced by 30% for IH, providing a 9𝜎 separation
of the two hypotheses on purely statistical ground.

8.2. Electron Counting. An alternative approach exploits the
appearance channel 𝑃(]

𝜇
→ ]

𝑒
) by counting cascade-

like events [45]. Figure 10 shows the oscillation probability

𝑃(]
𝜇
→ ]
𝑒
) for two very long baselines. The left plot corre-

sponds to the distance Fermilab-Sicily (discussed above) the
right plot is typical for a beamline from any accelerator in the
Northern hemisphere to the South Pole, as discussed in [42].
In both cases, a clear separation of the hierarchy hypotheses
is seen and it could be exploited in a counting experiment
of cascade-like events. To find the optimal baseline for such
a measurement, the dependence of the event rate 𝑁 from
the baseline 𝐿 has to be taken into account: 𝑁 ∝ 𝐿

−2.
For a typical neutrino beam, which provides neutrinos in
the energy range 2–8GeV, the event rate dependence from
baseline is shown in Figure 11. An optimal separation between
NH and IH is found for cosΘ = 0.2 or equivalently a
baseline of about 2600 km.A beamwith such a baseline could
be built from the Institute of High Energy Physics (IHEP)
in Protvino near Moscow (located at 54∘52N, 37∘11E [46])
towards one of the potential sites for the ORCA detector.The
IHEP hosts the U70 proton accelerator [47] which provides
protons with energies up to 70GeV. It is operational since
1967 and it had been the world largest proton accelerator
at its time of commissioning. For the calculation of event
numbers below it is assumed that after an intensity upgrade,
𝑁pot = 1.5 ⋅ 10

21 can be provided within few years, similar
to what is planned for the NOVA experiment [48]. If the
ORCA detector would be built close to the ANTARES site
(42∘48N, 6∘10E), a neutrino beam from Protvino to this
location would result in a baseline of 2588 km. An alternative
site in the Ionian Sea off the Sicilian coast results incidentally
in an identical baseline (within 1%) for a beam fromProtvino.
A moderate downward inclination of 11.7∘ is needed.

The corresponding oscillation probabilities 𝑃(]
𝜇

→

]
𝑒
, ]
𝜇
, ]
𝜏
) with the best fit parameters from [32] are shown in

Figure 12. Most of the neutrino path will be in the outer Earth
mantle with amaximal depth of 134 km. A constant density of
3.3 g/cm3 is used for the calculation of the oscillation proba-
bilities as given in the PREMmodel [36] for the outer mantle.

For 𝑃(]
𝜇

→ ]
𝑒
), a significant difference between both

hierarchies is observed in the range 3GeV < 𝐸] < 8GeV.
The variation of the CP-phase 𝜙CP (different lines of the
same color) leads instead only to moderate changes of the
oscillation probabilities. Peak values of 11% for 𝑃(]

𝜇
→ ]
𝑒
)

are observed in NH. This is smaller than that for larger
baselines (see Figure 10), but fully compensated by the higher
flux due to the smaller 𝐿 (see Figure 11). 𝑃(]

𝜇
→ ]

𝜇
)

depends only weakly on MH and not on 𝜙CP. The first
vacuum oscillation maximum at 5GeV is the dominating
feature in the shown energy range. Counting ]

𝜇
events can

serve as a flux normalisation or it could be used to improve
the measurement of the atmospheric oscillation parameters
|Δ𝑚
2

32
| and 𝜃

23
.

To calculate event numbers, simplified cross-section
formulas are used. The total cross sections for ]

𝜇
and ]

𝜇

CC interactions are taken from [4] in the parton scaling
approximation:

𝜎
CC
]
𝜇

(𝐸]) = 0.68 ⋅ (𝐸]/GeV) 10
−38 cm2

𝜎
CC
]
𝜇

(𝐸]) = 0.34 ⋅ (𝐸]/GeV) 10
−38 cm2.

(7)
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Figure 10: Neutrino oscillation probabilities 𝑃(]
𝜇

→ ]
𝑒
) parameters from a global fit as a function of neutrino energy for baselines of

7675 km (a) and 11468 km (b) which corresponds to cosΘ = 0.6 and 0.9, respectively. The group of red lines is for NH, blue for IH and 𝜙CP
varied in steps of 30∘ between 0∘ and 330∘.
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Figure 11: Event rates of oscillated ]
𝑒
-CC events as function of cosΘ, which is proportional to the baseline. (a) Comparison of event rates for

both hierarchy hypotheses (same color code as in earlier figures). (b) Event rate differences from left plot.

Deviations from this linear behaviour due to quasielastic or
resonant interactions are ignored. Their contribution would
not alter the result of this study in a significant way. The
relevant neutrino energies are significantly larger than 𝑚

𝜇

and 𝑚
𝑒
; therefore, from flavour universality, 𝜎CC

]
𝑒

= 𝜎
CC
]
𝜇

and
𝜎
CC
]
𝑒

= 𝜎
CC
]
𝜇

. However for ]
𝜏
CC interactions, themass of the 𝜏-

lepton cannot be neglected.We use the calculation from [49].
For a threshold energy 𝐸

0
= 5GeV and 𝐸

0
< 𝐸] < 30GeV,

we find the following simple parametrisation:

𝜎
CC
]
𝜏

(𝐸]) = 0.29 log(
𝐸]

𝐸
0

)𝜎
CC
]
𝜇

(𝐸]) . (8)

The cross sections for ](])NC interactions for all flavours are
approximated as 1/3𝜎CC

]
𝑒

(𝐸]) and 1/3𝜎
CC
]
𝑒

(𝐸]), respectively.

As a first step, the impact of the MH on the total event
count is evaluated, regardless of its topology in the detector.
Whereas the sum of the oscillation probabilities ∑

𝛼
𝑃(𝜇 →

𝛼) equals unity due to the unitarity of the flavour mixing
matrix, the cross section weighted sum

𝑃
𝜎

𝜇
(𝐸]) =

𝜎
NC
]
𝜇

(𝐸]) + ∑
𝛼
𝑃 (𝜇 → 𝛼) 𝜎

CC
]
𝛼

(𝐸])

𝜎NC
]
𝜇

(𝐸
0
) + 𝜎CC

] (𝐸
0
)

(9)

(arbitrarily normalised at 𝐸
0

= 1GeV) may help iden-
tifying the optimal energy range to separate the two MH
hypotheses. 𝑃𝜎

𝜇
is shown on the left plot of Figure 13 and

it can be interpreted as the event rate per neutrino energy
seen in a detector with an energy independent detection
efficiency for a pure ]

𝜇
flux flat in energy. No distinction is
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Figure 12: Neutrino oscillation probabilities 𝑃(]
𝜇
→ ]
𝑒
), 𝑃(]

𝜇
→ ]
𝜇
) and 𝑃(]

𝜇
→ ]
𝜏
) for a baseline of 2600 km and oscillation parameters

from a global fit as a function of neutrino energy. The group of red lines is for NH, blue for IH and 𝜙CP varied in steps of 30∘ between 0
∘ and

330
∘. The special values 𝜙CP = 0

∘
, 180
∘ (CP conservation) are indicated in magenta, 𝜙CP = 90

∘
, 270
∘ (maximal CP violation) in orange on the

left plot.
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Figure 13: (a) Summed oscillation probabilities 𝑃(𝜇 → 𝛼) weighted by cross-sections (red: NH, blue: IH). (b) Ratio of integrals 𝑁IH/𝑁NH
from left plot between 𝐸min = 2.5GeV and 𝐸max.

made neither between NC and CC interactions nor between
different flavours. Nevertheless, a clear separation of the two
MH hypotheses is observed for energies above 3GeV. It
can be attributed to the kinematical suppression of ]

𝜏
CC

interactions. The size of the effect is quantified in the right
plot of Figure 13 which shows the ratio between IH and
NH integrals from the left plot (for different values of 𝜙CP)
taken between an assumed threshold energy of 2.5 GeV and
a variable maximal energy 𝐸max. An optimal value of 𝐸max =
6GeV can be read from the figure, which yields a suppression
of the IH event rate of 11–14% compared to the expected rate
for NH. Extending the energy range to higher values reduces
the relative size of the separation of the MH hypotheses. It
can be concluded that a measurement of the mass hierarchy
will be possible even without any flavour tagging capabilities

using a neutrino beam in a limited energy range of 2–
6GeV and a large detector which can reliably count beam
related neutrino interactions. Nevertheless, flavour tagging
methods are discussed below and they are used to improve
the significance of the measurement.

In the past, a neutrino beam was provided to several
experiments, among them the bubble chamber SKAT [47].
Secondary hadrons were produced in an aluminum target
and focused by parabolic lenses. Neutrinos were produced
in a 140m long decay line. The bubble chamber was situated
270m behind the target and at a distance of 𝑙SKAT = 245m
downstream the beginning of the decay tube. This value will
be used in the following to scale the beam intensity to the
remote location. The neutrino fluxes 𝑑Φ]/𝑑𝐸], as they were
delivered to the SKAT experiment for focusing of positively
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Figure 14: Neutrino flux 𝑑Φ]/𝑑𝐸] per proton as seen by the SKAT
bubble chamber. The different lines correspond to the different
neutrino flavours.

charged hadrons and for all four flavours present in the
beam, are shown in Figure 14. A parametrisation of the beam
intensity as function of the neutrino energy at the SKAT
detector has been obtained from [47, 50] and it will be used
in the following. As seen from Figure 14, a very clean ]

𝜇
beam

was provided with energies dominantly in the range 2–8GeV.
Contaminations from other flavours were on the subpercent
level.

The rate of detected CC events of flavour 𝛼 can now be
calculated as follows:

𝑑𝑁
𝛼

𝑑𝐸]
= 𝑁pot(

𝑙SKAT
𝑙LBL

)

2
𝑀eff (𝐸])

𝑚
𝑝

× [𝜎
CC
]
𝛼

(

𝑑Φ]
𝜇

𝑑𝐸]
𝑃
𝜇𝛼

+

𝑑Φ]
𝑒

𝑑𝐸]
𝑃
𝑒𝛼
)

+𝜎
CC
]
𝛼

(

𝑑Φ]
𝜇

𝑑𝐸]
𝑃
𝜇𝛼

+

𝑑Φ]
𝑒

𝑑𝐸]
𝑃
𝑒𝛼
)]

(10)

with𝑚
𝑝
the protonmass and the abbreviation 𝑃

𝛽𝛼
= 𝑃(]

𝛽
→

]
𝛼
) and 𝑃

𝛽𝛼
= 𝑃(]

𝛽
→ ]
𝛼
) for the oscillation probabilities.

The effective mass 𝑀eff(𝐸]) is taken from Section 7.1 and it
is assumed to be flavour independent. This overestimates the
relative ]

𝜏
CC detection efficiency due to the escaping neu-

trino(s) of the tau decay. As ]
𝜏
interactions are a background

in the present analysis, this is a conservative approximation.
For 𝑁pot = 1.5 ⋅ 10

21, one obtains 𝑑𝑁
𝑒
/𝑑𝐸] = 1621 ± 255

for NH but only 𝑑𝑁
𝑒
/𝑑𝐸] = 497 ± 100 for IH. The errors

correspond to the uncertainty of the CP-phase.The statistical
separation of both samples is better than 20𝜎. 𝑑𝑁

𝜇
/𝑑𝐸]

depends only weakly on MH (10317 versus 10015) and it can
serve as reference sample.

The last step consists in adding background channels and
considering misidentification for the two topologies. Contri-
butions from atmospheric neutrinos and misreconstructed

downgoing atmospheric muons can be ignored. A pulsed
beam with a typical duty cycle lower than 10

−6 allows to
safely discard these events. The beam itself is a source of
background events. ]

𝜏
CC events with a muonic 𝜏-decay

produce “track” events, whereas NC events and ]
𝜏
CC events

with a nonmuonic 𝜏-decay have a genuine cascade signature.
The rate of detected NC events is given by

𝑑𝑁NC
𝑑𝐸]

= 𝑁pot(
𝑙SKAT
𝑙LBL

)

2
𝑀eff (𝐸]/2)

𝑚
𝑝

× [𝜎
NC
] (

𝑑Φ]
𝜇

𝑑𝐸]
+

𝑑Φ]
𝑒

𝑑𝐸]
)

+𝜎
NC
] (

𝑑Φ]
𝜇

𝑑𝐸]
+

𝑑Φ]
𝑒

𝑑𝐸]
)] .

(11)

No dependence on oscillation parameters enters here. As,
on average, 50% of the neutrino energy is transferred to the
outgoing neutrino, the effectivemass𝑀eff is evaluated at𝐸]/2.

In addition, the probability 𝜖(𝐸]) to misidentify a cascade
as track is introduced, while themisidentification of a track as
cascade will be called 𝜂(𝐸]). Both functions are parametrised
by

𝜖 (𝐸]) = 𝜂 (𝐸]) =
1

(𝐸]/GeV)
; 𝐸] > 2GeV. (12)

For 𝐸] = 2GeV, 𝜖 = 𝜂 = 0.5, which means that the
two topologies cannot be distinguished and the attribution
of an event to one of them is random. A 5GeV neutrino
produces a muon with an average range of 15m in sea water
which exceeds already by far the typical longitudinal size of
a hadronic or electromagnetic shower. Correspondingly, the
misidentification probability is assumed to drop to 20%. For
𝐸] = 10GeV, 𝜖 and 𝜂 further decrease to 10%.With these two
quantities, the total background for the two event samples can
be written as

𝑑𝑁
track
bg

𝑑𝐸]
= 𝜖

𝑑𝑁
casc
sig

𝑑𝐸]

+ [𝜖 (1 − BR
𝜏𝜇
) + (1 − 𝜂)BR

𝜏𝜇
]

×
𝑑𝑁
𝜏

𝑑𝐸]
+ 𝜖

𝑑𝑁NC
𝑑𝐸]

𝑑𝑁
casc
bg

𝑑𝐸]
= 𝜂

𝑑𝑁
track
sig

𝑑𝐸]

+ [(1 − 𝜖) (1 − BR
𝜏𝜇
) + 𝜂BR

𝜏𝜇
]

×
𝑑𝑁
𝜏

𝑑𝐸]
+ (1 − 𝜖)

𝑑𝑁NC
𝑑𝐸]

.

(13)

BR
𝜏𝜇

stands for the muonic branching ratio of the tau decay
(17.4%).The total number of observed events in each channel
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Figure 15: Observed events for𝑁pot = 1.5 ⋅ 10
21 as function of the neutrino energy. (a) Track-like events. (b) Cascade-Like events. In green

the background from NC events is given. The blue histogram shows the total background including misreconstructed CC events. Magenta
histograms are for the total event rate (signal plus background) for NH (solid) and IH (dashed) and various values of 𝜙CP.

Table 1: Event numbers for𝑁pot = 1.5 ⋅ 10
21 in the track and cascade channel for both mass hierarchy schemes and varying 𝜙CP values.

Channel Tracks NH Tracks IH Cascades NH Cascades IH
No oscil 26315 —
Signal 8990 8735 1134–1547 350–519
Misreco 232–329 47–79 1326 1280
]
𝜏

324–332 351–355 978–998 1057–1068
NC 1092 1092 3640 3640
BG Total 1655–1745 1494–1522 5944–5964 5977–5988
Total 10645–10736 10229–10257 7099–7491 6338–6496

is given by adding the (reduced) number of signal events and
the background contribution from (13) as follows:

𝑑𝑁
track
tot

𝑑𝐸]
= (1 − 𝜂)

𝑑𝑁
track
sig

𝑑𝐸]
+

𝑑𝑁
track
bg

𝑑𝐸]

𝑑𝑁
casc
tot

𝑑𝐸]
= (1 − 𝜖)

𝑑𝑁
casc
sig

𝑑𝐸]
+

𝑑𝑁
casc
bg

𝑑𝐸]
.

(14)

The resulting rates are shown in Figure 15 and quoted in
Table 1. The event rates between the two MH hypotheses
differ by 9–18% with a statistical uncertainty of 1.2%. The
statistical significance of the MH hypothesis test is still better
than 7𝜎 and it remains at the level of 3𝜎 even when adding
an additional systematic uncertainty of 3-4% (depending on
the true value of the CP-phase) for the determination of
the total cascade event rate. Figure 15 illustrates the total
event numbers as function of neutrino energy, detailing the
different contributions. NC events are added to the 𝐸]/2 bins
according to their lower light yield in the detector.Theirmain
contribution is found for energies below 6GeV. Background
from CC events is instead mainly seen above 5GeV. The
separation of the MH hypotheses is most pronounced in the
range 4–8GeV.

9. Conclusion

Neutrino telescopes have been designed to identify cosmic
sources of high-energy neutrinos. Both ANTARES and Ice-
Cube have demonstrated their capability to contribute as well
to the measurement of neutrino oscillation parameters. With
several years of IceCube/DeepCore sensitivities comparable
to MINOS might be reachable. Low-energy extensions such
as ORCA and PINGU will allow to lower the effective
detection threshold to values of few GeV. This will open
the possibility to perform competitive measurements of neu-
trino oscillation parameters and to pin down yet unknown
parameters such as the neutrino mass hierarchy or the
octant of the mixing angle 𝜃

23
. The significance of these

future measurements with atmospheric neutrinos could be
complemented by using accelerator neutrinos from yet to be
built long-baseline beams pointing towards one of the future
neutrino telescopes.
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Mass Varying Neutrinos (MaVaN’s) mechanisms were proposed to link the neutrino mass scale with the dark energy density,
addressing the coincidence problem. In some scenarios, this mass can present a dependence on the baryonic density felt by
neutrinos, creating an effective neutrino mass that depends both on the neutrino and baryonic densities. In this work, we study the
phenomenological consequence of MaVaN’s scenarios in which the matter density dependence is induced by Yukawa interactions
of a light neutral scalar particle which couples to neutrinos and matter. Under the assumption of one mass scale dominance, we
perform an analysis of KamLAND neutrino data which depends on 4 parameters: the two standard oscillation parameters, Δ𝑚2

0,21

and tan2𝜃
12
, and two new coefficients which parameterize the environment dependence of neutrino mass. We introduce an Earth’s

crust model to compute precisely the density in each point along the neutrino trajectory. We show that this new description of
density does not affect the analysis with the standard model case. With the MaVaN model, we observe a first order effect in lower
density, which leads to an improvement on the data description.

1. Introduction

In cosmology, dark energy is a hypothetical form of energy
which permeates all space and leads to the accelerated
expansion of the universe [1]. The current standard model of
cosmology has 68% of the total energy of the universe in dark
energy [2]. Regardless of its nature, dark energy must have a
strong negative pressure to explain the accelerated expansion
of the universe and was initially motivated by evidence
from supernovae [3, 4] and data from cosmic microwave
background [5, 6].

The need for a new mysterious dark energy component
can be interpreted as an indication for physics beyond the
standard model. In the present time, the density of dark
matter and dark energy is similar, 𝜌CDM/𝜌Λ ∼ 1/3; however
this ratio evolves as a function of the scale factor with 1/𝑎3.
The fact that today these two quantities are of the same
order, although they vary dramatically in the history of the
universe, became known as the cosmic coincidence problem.
The model that intends to explain the dark energy through a
cosmological constant needs very specific initial conditions to

achieve the correct values for the dark energy density today,
giving us clues that this coincidence can be better explained if
dark energy has tracked another components of matter since
recombination.

Relying on the similarity of scales, (2 × 10−3 eV)4 for
dark energy and (10−2 eV)2 for the neutrino mass split, [7, 8]
propose to explain the nature of dark energy postulating the
neutrinomass as a dynamic quantity, depending on the value
of a scalar field 𝜙. Considering a very slow variation in the
parameters involved, one can take the system as always in
equilibrium, with the potential following the minima.

The potential 𝜙 is then considered very flat and its mag-
nitude dependent on the density of cosmological neutrinos.
As a result, these mass varying neutrinos (MaVaN’s) become
heavier with the decrease of its density.The total energy of the
fluid (contained in the neutrinos and in the field𝜙), identified
as dark energy, may vary smoothly while the density of
neutrinos decreases.

This would explain not only the origin of dark energy
but can also significantly modify the limits of cosmological
neutrino mass [7], the relationship between the mass of
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the neutrino and leptogenesis [8], and the expected change
in the split of flavors for neutrinos and cosmic background
from distant astrophysical sources [9].

It can be shown that interactions of subgravitational force
can occur naturally between ordinary matter and the field
𝜙, which can cause the value of 𝜙 to vary from its value in
vacuum [10]. This leads to neutrinos with masses dependent
on the density of the medium and new effects in the flavor
oscillation, motivating the study of phenomenological effects
of this type of model on the Sun [11–13], in atmospheric
neutrinos [14, 15], supernovae [16, 17], reactor neutrinos [18,
19], and neutrinos propagating on Earth [20].

In this work, we investigate the phenomenology of
MaVaN’s effects in neutrino oscillation, focusing in reactor
neutrino data. By applying a parametrization of the effect
already used in another context and with a detailed Earth’s
crust description, we intend to analyze experimental data
with this hypothetical matter-neutrino interaction.

In Section 2, we describe the MaVaN formalism and
the particular environment approach used and its effects
in neutrino oscillations. In Section 3, we present the results
and examine how these modifications can affect the reactor
neutrino data. In Section 4, we summarize our conclusions.

2. Materials and Methods

2.1. MaVaN’s Mechanism and Parametrization. Previous
works found limits for the product of the effective neutrino-
scalar and matter-scalar Yukawa coupling described in [21].
With the assumption of environment homogeneity, the new
physics evoked always plays the role of a subleading effect
compared to the standard oscillation scenario.

The aim of this work is to find at least one combination
of parameters for the new physics that could lead to an
acceptable solution to the neutrino oscillation data where
such new physics is more than a sub-leading effect. This
implies a nonhomogeneity effect of the Earth’s crust in the
neutrino evolution.

We consider an effective low energy model containing
the standard model particles plus a light scalar (𝜙) of mass
𝑚
𝜙
which couples very weakly both to neutrinos (]

𝑖
) and the

matter fields 𝑓 = 𝑒, 𝑛, 𝑝.
The Lagrangian takes the form

L = ∑

𝑖

]
𝑖
(𝑖�𝜕 − 𝑚

0

𝑖
) ]
𝑖
+∑

𝑓

𝑓 (𝑖�𝜕 − 𝑚
0

𝑓
) 𝑓

+
1

2
[𝜙 (𝜕
2
− 𝑚
2

𝜙
) 𝜙] +∑

𝑖𝑗

𝜆
]
𝑖𝑗
]
𝑖
]
𝑗
𝜙 +∑

𝑓

𝜆
𝑓
𝑓𝑓𝜙,

(1)

where 𝑚0
𝑖
are the vacuum mass that the neutrinos would

have in the presence of the cosmic neutrino background
and 𝜆]

𝑖𝑗
and 𝜆𝑓 are, respectively, the effective neutrino-scalar

and matter-scalar couplings. We have written a Lagrangian
for Dirac neutrinos but equivalently it could be written for
Majorana neutrinos.

It has been argued in [22] that, generically, these models
contain a catastrophic instability which occurs when neutri-
nos become nonrelativistic. Since this transition occurs later

for hierarchical neutrinos, in what follows we assume the
vacuum neutrino masses to be hierarchical:

𝑚
0

1
< 𝑚
0

2
< 𝑚
0

3
. (2)

For solar neutrinos of hierarchical masses, the dominant
contribution to the neutrino mass is due to the matter back-
grounddensity. Correspondingly, we neglect the contribution
to the neutrino mass from the background neutrino density,
and we concentrate on the matter density dependence.

With the additional freedom that the new matter density
dependence provides, there is no reason to believe that
the three neutrino oscillation dynamics factorize into the
dynamics of two neutrino subsystems. However, we will
assume that this is still the case and study their effect
on solar and KamLAND oscillations under the hypothesis
of one mass-scale dominance. Under this assumption, we
parametrize the evolution equation as

𝑖
𝑑

𝑑𝑟
(
]
𝑒

]
𝜇

) =
1

2𝐸]
𝑈
𝜃
12

× (
(𝑚
0

1
−𝑀
1
(𝑟))
2

𝑀
2

3
(𝑟)

𝑀
2

3
(𝑟) (𝑚

0

2
−𝑀
2
(𝑟))
2)𝑈
†

𝜃
12

+ (
𝑉CC(𝑟) 0
0 0

)(
]
𝑒

]
𝜇

)

𝑟=0

,

(3)

where𝑈
𝜃
12

is the 2×2mixingmatrix in vacuumparameterized
by the angle 𝜃

12
and𝑀

𝑖
(𝑟) are the environment dependence

contributions to the neutrino masses; meanwhile 𝑉CC(𝑟) =
√2𝐺
𝐹
𝑛
𝑒
(𝑟) is theMSWpotential proportional to the electron

number density 𝑛
𝑒
(𝑟) in the medium.

The environment effect is introduced as a dependence of
the mass terms with the baryonic matter density with the
following parametrization:

𝑀
𝑖
(𝑟) = 𝑀

0𝑖
tanh[𝜆

𝑖

𝜌 (𝑟)

(g/cm3)
] , (4)

which has been chosen to reproduce two features that we
intend our mass matrix to present a linear growth of mass
with baryonic density for small values of this density as
suggested in [21] and a saturation of the environmental
dependence of neutrino masses for large values of the bary-
onic density. It is important to stress that such behaviour is an
ad hoc choice of our parametrization in a phenomenological
approach to the problem, and it is not derived from details of
the interaction between neutrinos, baryonic matter, and the
scalar field.

2.2. A Study of the Environment. The KamLAND collab-
oration uses the constant density crust approximation of
2.7 gr/cm3 in the neutrino evolution analysis. In order to see a
more detailed effect than that found in the general literature,
we use a specific model of the Earth’s crust. The model used
was the CRUST 2.0 [23] which is specified in a grid of 2 × 2
degrees on the terrestrial surface.
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Source

Crust layers

Detector

Neutrino beam

Figure 1: Simplified representation of the creation-detection neu-
trino path, different cases generate different density maps.
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Figure 2: Real density maps used for specific sources, presented in
intervals of constant density. Path between the Korean reactors and
the detector.

The 2×2 degreemodel is composed of 360 key 1d-profiles
where one of these profiles is assigned to each 2 × 2 degree
cell. Each individual profile is a one-dimensional description
of 7 layers: ice, water, soft sediments, hard sediments, upper
crust, middle crust, and lower crust. For each of these layers,
thickness and density are locally given. Any path determined
to be above the ice is considered outside the crust and
therefore under the influence of typical atmosphere density.

The KamLAND experiment uses as a source of antineu-
trinos several different reactors.With the geographic location
of each reactor and considering a linear path to the detector,
this path will describe a density map specific for each source.
The neutrino cross specific values of depth as shown in
Figure 1, and hence different densities. Examples are shown
in Figure 2. To the best knowledge of the authors of this work
this model has not been used before in this context in the
reactor neutrinos literature.

2.3. Effects in Reactor Neutrinos Oscillations. As we can see in
the specific density maps, it is clear that the description leads
to a completely nonadiabatic evolution of the neutrino. So the
effective angle variation relative to the local density change
causes the nondiagonal terms in the evolution equation of the
mass eigenstates to become relevant. So one cannot use here
the analytic survival probability.

We use the analysis of the probability amplitudes, which
allows local calculation for each region of constant density.
Using what is called slab approximation in [24], the effective
massive neutrinos propagate as plane waves in regions of
constant density.

The transition amplitude 𝐴

𝐴 = ∫−𝑖𝐻eff𝑑𝑟, (5)

will be defined in each slab of constant density so ]
1
=

𝐴
0
]
0
|
𝑟=0

𝐴 total = 𝐴𝑛, . . . , 𝐴1𝐴0
]0⟩ = 𝐴𝑛, . . . , 𝐴1

]1⟩ . (6)

The notation 𝐴
𝑛
indicates that all the matter-dependent

quantities in the 𝐴 definition must be evaluated with the
matter density in the 𝑛th slab. The final amplitude of a
constant density slab is used as initial value at the beginning
of the next slab.

In the case of choice, we consider a pure electronic initial
neutrino so ]

0
|
𝑟=0
= (
1

0
)|
0
. In the two families dynamics we

have

𝑃]
𝑒
]
𝑒

= 1 −
𝐴21



2

, (7)

as the survival probability where 𝐴
21

is the final transition
amplitude between the point of creation and detection.

We could have a smooth description of the density
profiles based on the stepped profiles generated by the
model. However, this would result in a calculation much
more expensive computationally since integration would be
numerical outside the approximation of (6).

2.4. 𝜒2 Analysis. The results of the simulation, that is, the
expected number of events for each energy range are analyzed
by the method of maximum likelihood. Particularly, the
Poisson statistics where the 𝜒2 to be minimized is defined by

𝜒
2
≡

𝑛

∑

𝑗

2[

[

𝐾𝑁
teo
𝑗
− 𝑁

obs
𝑗
+ 𝑁

obs
𝑗

ln(
𝑁

obs
𝑗

𝐾𝑁
teo
𝑗

)]

]

, (8)

where𝐾 is a parameter that can vary, leading to a theoretical
flux free normalization. The sum is made on the 𝑛 energy
intervals,𝑁teo

𝑖
is the event number expected theoretically, and

𝑁
obs
𝑗

is the number of observed events given by collaboration,
both in the energy interval 𝑗.

3. Results and Discussion

We developed a code to simulate the KamLAND neutrino
events and, based on the presented parametrization and
phenomenology of MaVaN’s models, we tested the new
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physics. We implemented the model with normal hierarchy
and a lighter neutrino with zero mass, to avoid the instability
already mentioned:

0 = 𝑀
1
= 𝑀
3
= 𝑚
1
< 𝑚
2
< 𝑚
3
, (9)

that is, leading to an effect only on the diagonal mass
eigenstates

𝐻eff =
1

2𝐸]
𝑈
𝜃
12

(
0 0

0 (𝑚
2
−𝑀
2
(𝑟))
2)𝑈
†

𝜃
12

+ (
𝑉
𝐶𝐶
(𝑟) 0

0 0
) .

(10)

Therefore, the probability amplitude for each interval of
constant density can be written as

𝐴
𝑓
=(

cos(
Δ𝑚
2

𝑓,KL

4𝐸]
𝐿
𝑓
) + 𝑖 cos 2𝜃𝑚

21
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) −𝑖 sin 2𝜃𝑚

21
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21
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21
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2

𝑓,KL

4𝐸]
𝐿
𝑓
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), (11)

where 𝐿
𝑓
is the size of the interval𝑓,𝐸] is the creation energy

of the neutrino, and cos 2𝜃𝑚
𝑓,12

is given by

cos 2𝜃𝑚
𝑓,12

=

Δ�̃�
2

21
(𝑟
𝑓
) cos 2𝜃

𝑓,12
− 2𝐸]𝑉CC (𝑟𝑓)

Δ𝑚
2

𝑓,KL
. (12)

The effective KamLANDmass split is given by

(Δ𝑚
2
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= (Δ�̃�
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with Δ�̃�2
21
(𝑟
𝑓
) = (𝑚

2
−𝑀
2
(𝑟
𝑓
))
2 and

𝑀
2
(𝑟
𝑓
) = 𝑀

02
tanh(𝜆

2

𝜌 (𝑟
𝑓
)

g/cm3
) , (14)

where 𝜌(𝑟
𝑓
) is specific density of the interval.

As we can see in (10), we included an effect that does
not generate oscillations in the mass eigenstates adding two
free parameters that does not interfere with the kinetic term
evolution of the neutrino.

To cover then the parameter space, we let the values run
between

0.2 < tan2𝜃
12
< 0.8,

6.0 × 10
−5 eV2 < Δ𝑚2

21
< 1.0 × 10

−4 eV2,

0 <
𝜆2
 < 10,

−10
−1 eV < 𝑀

02
< 10
−1 eV.

(15)

We find the best fit point

tan2𝜃
12
= 0.448

+0.072

−0.058
,

Δ𝑚
2

21
= 8.8
+0.1

−0.2
× 10
−5 eV2,

𝜆
2
= 1.258

+0.051

−0.108
,

𝑀
02
= 1.90

+0.01

−0.01
× 10
−2 eV,

𝜒
2

min
d.o.f.

=
20.10

15
→

Δ𝜒
2

Δd.o.f.
=
6.22

2
,

(16)

with
Δ𝜒
2
= 𝜒
2

standard − 𝜒
2

MaVaN,

Δd.o.f. = d.o.f.standard − d.o.f.MaVaN.
(17)

Figures 4–7 show the simulation result and its relation
with the values previously obtained from the standardmodel.
Thedescription of the data is not improved in any specific bin.
There is an improved description of the data in the general
distribution of energy, as we can see in Figure 5. Figures 6 and
7 show, respectively, Δ𝜒2 as a function of Δ𝑚2 and Δ𝜒2 as a
function of tan 𝜃 with the other parameters fixed in the best
fit point given by (16).

We can see that there is a statistically significant improve-
ment of the fit with the inclusion of terms MaVaN; however,
we must be careful when interpreting this result, since we
choose a specific parametrization on the behaviour of the
MaVaN effects that is expected to at least reproduce the
quality of the fit from the standard oscillation mechanism.

The value of 𝑀
2
is comparable to 𝑚0

2
for certain values

of density and influences directly the effective mass of the
neutrino. It is not a second order effect. Indeed𝑀

2
→ 𝑚

0

2

for 𝜌 ∼ 0.4 g/cm3 so the difference in effective mass in matter
Δ�̃�
2

21
(𝑟
𝑓
) varies widely for neutrinos crossing density areas

with this feature. This kind of resonance creates, in this case,
a considerably better description of the data, as can be seen
in Figure 3.

Such effect is observed only in a small island in parameter
space, as seen in Figure 8. When any one of two parameters



Advances in High Energy Physics 5

0

2e − 05

4e − 05

6e − 05

8e − 05

0.0001
Δ
m
2 eff

ec
tiv

e
(e

V
2
)

0 1 2 3 4

Density (g/cm3)

SM
MaVaN

Figure 3: Correlation between the effective value of mass after the
inclusion of the effect MaVaN and the same term with only the
parameters of the standard model.

0.3 0.5 0.70.2 0.4 0.6 0.8

tan2𝜃12

6e − 05

7e − 05

8e − 05

9e − 05

99.73% C.L.
99% C.L.
95% C.L.

Best fit
99.73% C.L. standard model
Best-fit

21
(e

V
2
)

Δ
m
2
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tends to zero, the effect MaVaN also vanishes and returns
to the standard model, which is not excluded by our results
within 99% confidence level. A degeneracy occurs because
the new parameters tend to compensate each other. We
cannot write specific limits for the new physics does to this
degeneracy.

In order to quantify the features of this effect inside
such island on MaVaN’s parameters, we display the global
dependence of 𝜒2 on 𝜆

2
(𝑀
02
) in Figure 9 (Figure 10) after the

marginalization over Δ𝑚2
21
, tan2𝜃

12
, and𝑀

02
(𝜆
2
). From the

results we found the following bounds for 90% and 99.73%
CL:
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Figure 5: Ratio curve of the survival probability of survival with the
case of no oscillation.We compared the experimental data (red)with
the description of the standard model (black) and the obtained for
the MaVaN model (green).
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1.15 < 𝜆
2
< 1.60,

1.88 × 10
−2 eV < 𝑀

02
< 1.93 × 10

−2 eV,
(18)

taking into account, for these specific limits, only the island
of best fit. The standard model would be included in the
intervals of 99% confidence level if we take into account the
whole parameter space.

The results and analysis presented here must be viewed as
a specific choice of a particular model. We have three sources
of arbitrariness in the model, the choice of 𝑚

1
= 𝑀
1
= 0

as 𝑀
3
= 0 and the hypothesis of the hyperbolic tangent
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parametrization. However, we expect that similar effects
would be present if we change any of these assumptions.

4. Conclusions

We studied the phenomenological effects of a specific depen-
dence of the effective neutrino mass with the local density of
the propagation medium, considering a model that included
the standard model plus a light scalar (𝜙) that couples weakly
to all constituents of the matter. We used a specific param-
eterization for the new physics and a detailed description
of the Earth’s crust density, the CRUST 2.0, which was not
previously used in the literature in this context.

Assuming that neutrinos masses follow the hierarchy 0 =
𝑚
0

1
< 𝑚
0

2
< 𝑚
0

3
, we analyzed data fromKamLAND (20 points
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data) in the context of this effective model. Our analysis
depends on four parameters: the two standard oscillation
parameters Δ𝑚2

21
= (𝑚
0

2
)
2, tan2𝜃

12
and the two coefficients

related to the MaVaN model, 𝜆
2
and 𝑀

02
. We found the

best fit and the 68.27% C.L. in tan2𝜃
12

= 0.448
+0.072

−0.058
,

Δ𝑚
2

21
= 8.8

+0.1

−0.2
× 10
−5 eV2, 𝜆

2
= 1.258

+0.051

−0.108
, and 𝑀

02
=

1.90
+0.01

−0.01
× 10
−2 eV. This point corresponds to a decrease of

Δ𝜒
2
/Δd.o.f. = 6.22/2 compared to the minimum where only

the standard matter effect was considered. However, we have
seen that this strong effect, although statistically significant,
appears in an island of specific values, and the results remain
consistent with the standard model within 99% confidence
level.

We observed that the new physics is more then a sub-
leading effect and clearly dependent on the specific density
description used. Such effect appears due to a strong variation
of neutrino parameters at lower densities than the value
usually used as constant for Earth crust in the literature,
impliyng a nonhomogeneity effect of the Earth’s crust in the
neutrino evolution.
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To write specific limits including the null value for the
new physics parameters is not possible due to a parameter
degeneracy. The standard model is reproduced when any of
the parameters that describes the MaVaN effects goes to zero.
We believe that a joint analysis with solar neutrinos may
clarify this point. These limits will be tested in the future for
an analysis with solar neutrinos.
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Geoneutrinos, electron antineutrinos from natural radioactive decays inside the Earth, bring to the surface unique information
about our planet.The new techniques in neutrino detection opened a door into a completely new interdisciplinary field of neutrino
geoscience. We give here a broad geological introduction highlighting the points where the geoneutrino measurements can give
substantial new insights. The status-of-art of this field is overviewed, including a description of the latest experimental results
from KamLAND and Borexino experiments and their first geological implications. We performed a new combined Borexino and
KamLAND analysis in terms of the extraction of themantle geo-neutrino signal and the limits on the Earth’s radiogenic heat power.
The perspectives and the future projects having geo-neutrinos among their scientific goals are also discussed.

1. Introduction

The newly born interdisciplinar field of neutrino geoscience
takes the advantage of the technologies developed by large-
volume neutrino experiments and of the achievements of
the elementary particle physics in order to study the Earth
interior with new probe geoneutrinos. Geoneutrinos are
electron antineutrinos released in the decays of radioactive
elements with lifetimes comparable with the age of the Earth
and distributed through the Earth’s interior. The radiogenic
heat released during the decays of these Heat Producing
Elements (HPE) is in a well fixed ratio with the total mass
of HPE inside the Earth. Geoneutrinos bring to the Earth’s
surface an instant information about the distribution of HPE.
Thus, it is, in principle, possible to extract from measured
geoneutrino fluxes several geological information completely
unreachable by other means. This information concerns the
total abundance and distribution of the HPE inside the Earth
and thus the determination of the fraction of radiogenic heat
contribute to the total surface heat flux. Such a knowledge is
of critical importance for understanding complex processes
such as the mantle convection, the plate tectonics, and the
geodynamo (the process of generation of the Earth’smagnetic
field), as well as the Earth formation itself.

Currently, only two large-volume, liquid-scintillator neu-
trino experiments, KamLAND in Japan and Borexino in Italy,

have been able tomeasure the geoneutrino signal. Antineutri-
nos can interact only through theweak interactions.Thus, the
cross-section of the inverse-beta decay detection interaction:

]
𝑒
+ 𝑝 → 𝑒

+
+ 𝑛, (1)

is very low. Even a typical flux of the order of 106 geoneutrinos
cm−2 s−1 leads to only a hand-full number of interactions,
few or few tens per year with the current-size detectors. This
means that the geoneutrino experiments must be installed in
underground laboratories in order to shield the detector from
cosmic radiations.

The aimof the present paper is to review the current status
of the neutrino geoscience. First, in Section 2 we describe the
radioactive decays of HPE and the geoneutrino production,
the geoneutrino energy spectra and the impact of the neu-
trino oscillation phenomenon on the geoneutrino spectrum
and flux. Section 3 is intended to give an overview of the cur-
rent knowledge of the Earth interior.The opened problems to
which understanding the geoneutrino studies can contribute
to are highlighted. Section 4 sheds light on how the expected
geoneutrino signal can be calculated considering different
geological models. Section 5 describes the KamLAND and
the Borexino detectors. Section 6 describes details of the
geoneutrino analysis: from the detection principles through
the background sources to the most recent experimental
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results and their geological implications. Finally, in Section 7
we describe the future perspectives of the field of neutrino
geoscience and the projects having geoneutrino measure-
ment among their scientific goals.

2. Geoneutrinos

Today, the Earth’s radiogenic heat is in almost 99% produced
along with the radioactive decays in the chains of 232Th
(𝜏
1/2

= 14.0 ⋅ 10
9 year), 238U (𝜏

1/2
= 4.47 ⋅ 10

9 year),
235U (𝜏

1/2
= 0.70 ⋅ 10

9 year), and those of the 40K isotope
(𝜏
1/2

= 1.28 ⋅ 10
9 year). The overall decay schemes and the

heat released in each of these decays are summarized in the
following equations:

238U →
206Pb+8𝛼 + 8𝑒− + 6]

𝑒
+ 51.7MeV, (2)

235U →
207Pb+7𝛼 + 4𝑒− + 4]

𝑒
+ 46.4MeV, (3)

232Th →
208Pb+6𝛼 + 4𝑒− + 4]

𝑒
+ 42.7MeV, (4)

40K →
40Ca+𝑒− + ]

𝑒
+ 1.31MeV (89.3%) , (5)

40K+𝑒 →
40Ar+]

𝑒
+ 1.505MeV (10.7%) . (6)

Since the isotopic abundance of 235U is small, the overall
contribution of 238U, 232Th,and 40K is largely predominant.
In addition, a small fraction (less than 1%) of the radiogenic
heat is coming from the decays of 87Rb (𝜏

1/2
= 48.1⋅10

9 year),
138La (𝜏

1/2
= 102⋅10

9 year), and 176Lu (𝜏
1/2

= 37.6⋅10
9 year).

Neutron-rich nuclides like 238U, 232Th, and 235U, made
up [1] by neutron capture reactions during the last stages
of massive-stars lives, decay into the lighter and proton-
richer nuclides by yielding 𝛽− and 𝛼 particles; see (2)–(4).
During 𝛽

− decays, electron antineutrinos (]
𝑒
) are emitted

that carry away in the case of 238U and 232Th chains, 8%
and 6%, respectively, of the total available energy [2]. In the
computation of the overall ]

𝑒
energy spectrum of each decay

chain, the shapes and rates of all the individual decays have
to be included: detailed calculations are required to take into
account up to ∼80 different branches for each chain [3]. The
most important contributions to the geoneutrino signal are
however those of 214Bi and 234Pa𝑚 in the uranium chain
and 212Bi and 228Ac in the thorium chain [2].

Geoneutrino spectrum extends up to 3.26MeV and the
contributions originating from different elements can be
distinguished according to their different end-points; that
is, geoneutrinos with E >2.25MeV are produced only the
uranium chain, as shown in Figure 1. We note that according
to geochemical studies, 232Th is more abundant than 238U
and their mass ratio in the bulk Earth is expected to be
𝑚(
232Th)/𝑚(

238U) = 3.9 (see also Section 3). Because the
cross-section of the detection interaction from (1) increases
with energy, the ratio of the signals expected in the detector
is 𝑆(232Th)/𝑆(

238U) = 0.27.
The 40K nuclides presently contained in the Earth were

formed during an earlier and more quiet phase of the
massive-stars evolution, the so-called Silicon burning phase
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Figure 1: The geoneutrino luminosity as a function of energy is
shown for themost important reaction chains and nuclides [4]. Only
geoneutrinos of energies above the 1.8MeV energy (vertical dashed
line) can be detected by means of the inverse beta decay on target
protons shown in (1).

[1]. In this phase, at temperatures higher than 3.5 ⋅ 10
9 K,

𝛼 particles, protons, and neutrons were ejected by photo-
disintegration from the nuclei abundant in these stars and
were made available for building-up the light nuclei up to
and slightly beyond the iron peak (𝐴 = 65). Being a lighter
nucleus, the 40K, beyond the 𝛽− decay shown in (5), has also
a sizeable decay branch (10.7%) by electron capture; see (6). In
this case, electronneutrinos are emitted but they are not easily
observable because they are overwhelmed by themany orders
of magnitude more intense solar-neutrino fluxes. Luckily, the
Earth is mostly shining in antineutrinos; the sun, conversely,
is producing energy by light-nuclide fusion reactions and
only neutrinos are yielded during such processes.

Both the 40K and 235U geoneutrinos are below the
1.8MeV threshold of (1), as shown in Figure 1, and thus they
cannot be detected by this process. However, the elemental
abundances ratios are much better known than the absolute
abundances. Therefore, by measuring the absolute content of
238U and 232Th, also the overall amount of 40K and 235U
can be inferred with an improved precision.

Geoneutrinos are emitted and interact as flavor states
but they do travel as superposition of mass states and are
therefore subject to flavor oscillations.

In the approximation Δ𝑚2
31
∼ Δ𝑚

2

32
≫ Δ𝑚

2

21
, the square-

mass differences of mass eigenstates 1, 2, and 3, the survival
probability 𝑃

𝑒𝑒
for a ]

𝑒
in vacuum is

𝑃
𝑒𝑒
= 𝑃 (]

𝑒
→ ]
𝑒
)

= sin4𝜃
13
+ cos4𝜃

13
(1 − sin22𝜃

12
sin2 (

1.267Δ𝑚
2

21
𝐿

4𝐸
)) .

(7)
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In the Earth, the geoneutrino sources are spread over a
vast region compared to the oscillation length:

𝐿
𝑜
∼ 𝜋𝑐ℎ

4𝐸

Δ𝑚
2

21

. (8)

For example, for a∼3MeVantineutrino, the oscillation length
is of ∼100 km, small with respect to the Earth’s radius of
∼6371 km, and the effect of the neutrino oscillation to the
total neutrino flux is well averaged, giving an overall survival
probability of

⟨𝑃
𝑒𝑒
⟩ ≃ cos4𝜃

13
(1 −

1

2
sin22𝜃

12
) + sin4𝜃

13
. (9)

According to the neutrino oscillation mixing angles and
square-mass differences reported in [5], 𝑃

𝑒𝑒
∼ 0.54.

While geoneutrinos propagate through the Earth, they
feel the potential of electrons and nucleons building-up the
surrounding matter. The charged weak current interactions
affect only the electron flavor (anti)neutrinos. As a con-
sequence, the Hamiltonian for ]

𝑒
’s has an extra term of

√2𝐺
𝐹
𝑛
𝑒
, where 𝑛

𝑒
is the electron density. Since the electron

density in the Earth is not constant and moreover it shows
sharp changes in correspondencewith boundaries of different
Earth’s layers, the behavior of the survival probability is
not trivial and the motion equations have to be solved by
numerical tracing. It has been calculated in [3] that this
so-called matter effect contribution to the average survival
probability is an increase of about 2% and the spectral
distortion is below 1%.

To conclude, the net effect of flavor oscillations during
the geoneutrino (]

𝑒
) propagation through the Earth is the

absolute decrease of the overall flux by∼0.55with a very small
spectral distortion, negligible for the precision of the current
geoneutrino experiments.

3. The Earth

The Earth was created in the process of accretion from
undifferentiated material, to which chondritic meteorites are
believed to be the closest in composition and structure. The
Ca-Al rich inclusions in carbonaceous chondrite meteorites
up to about a cm in size are the oldest known solid conden-
sates from the hotmaterial of the protoplanetary disk.The age
of these fine grained structures was determined based on U-
corrected Pb-Pb dating to be 4567.30 ± 0.16 million years [6].
Thus, these inclusions together with the so-called chondrules,
another type of inclusions of similar age, provide an upper
limit on the age of the Earth. The oldest terrestrial material is
zircon inclusions fromWesternAustralia being at least 4.404-
billion-year old [7].

The bodies with a sufficient mass undergo the process
of differentiation, for example, a transformation from an
homogeneous object to a body with a layered structure. The
metallic core of the Earth (and presumably also of other
terrestrial planets) was the first to differentiate during the first
∼30 million years of the life of the Solar System, as inferred
based on the 182Hf - 182W isotope system [8]. Today, the core

has a radius of 2890 km, about 45% of the Earth radius and
represents less than 10% of the total Earth volume.

Due to the high pressure of about 330GPa, the Inner Core
with 1220 km radius is solid, despite the high temperature
of ∼5700K, comparable to the temperature of the solar
photosphere.

From seismologic studies, and, namely, from the fact
that the secondary, transverse/shear waves do not propagate
through the so-called Outer Core, we know that it is liquid.
Turbulent convection occurs in this liquid metal of low
viscosity. These movements have a crucial role in the process
of the generation of the Earth magnetic field, so-called
geodynamo.Themagnetic field here is about 25Gauss, about
50 times stronger than at the Earth’s surface.

The chemical composition of the core is inferred indi-
rectly as Fe-Ni alloy with up to 10% admixture of light
elements, most probable being oxygen and/or sulfur. Some
high-pressure, high-temperature experiments confirm that
potassium enters iron sulfidemelts in a strongly temperature-
dependent fashion and that 40Kcould thus serve as a substan-
tial heat source in the core [9]. However, other authors show
that several geochemical arguments are not in favor of such
hypothesis [10]. Geoneutrinos from 40K have energies below
the detection threshold of the current detection method (see
Figure 1) and thus the presence of potassium in the core
cannot be tested with geoneutrino studies based on inverse
beta on free protons. Other heat producing elements, such
as uranium and thorium, are lithophile elements and due to
their chemical affinity they are quite widely believed not to
be present in the core (in spite of their high density). There
exist, however, ideas as that of Herndon [11] suggesting an
U-driven georeactor with thermal power <30 TW present in
the Earth’s core and confined in its central part within the
radius of about 4 km.Theantineutrinos thatwould be emitted
from such a hypothetical georeactor have, as antineutrinos
from the nuclear power plants, energies above the end-point
of geoneutrinos from “standard” natural radioactive decays.
Antineutrino detection provides thus a sensitive tool to test
the georeactor hypothesis.

After the separation of the metallic core, the rest of the
Earth’s volumewas composed by a presumably homogeneous
Primitive Mantle built of silicate rocks which subsequently
differentiated to the present mantle and crust.

Above the Core Mantle Boundary (CMB) there is a
∼200 km thick zone called D (pronounced D-double
prime), a seismic discontinuity characterized by a decrease
in the gradient of both 𝑃 (primary) and 𝑆 (secondary, shear)
wave velocities. The origin and character of this narrow zone
is under discussion and there is no widely accepted model.

The Lower Mantle is about 2000 km thick and extends
from the D zone up to the seismic discontinuity at the
depth of 660 km. This discontinuity does not represent
a chemical boundary while a zone of a phase transi-
tion and mineral recrystallization. Below this zone, in the
Lower Mantle, the dominant mineral phases are the Mg-
perovskite (Mg

0.9
Fe
0.1
)SiO
3
, ferropericlase (Mg, Fe)O, and

Ca-perovskite CaSiO
3
. The temperature at the base of the

mantle can reach 3700K while at the upper boundary
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the temperature is about 600K. In spite of such high
temperatures, the high lithostatic pressure (136GPa at the
base) prevents the melting, since the solidus increases with
pressure. The Lower Mantle is thus solid, but viscose, and
undergoes plastic deformation on long time-scales. Due to
a high temperature gradient and the ability of the mantle
to creep, there is an ongoing convection in the mantle.
This convection drives the movement of tectonic plates with
characteristic velocities of few cm per year. The convection
may be influenced by themineral recrystallizations occurring
at 660 km and 410 km depths, through the density changes
and latent heat.

The mantle between these two seismic discontinuities at
410 and 660 km depths is called the Transition Zone. This
zone consists primarily of peridotite rock with dominant
minerals garnet (mostly pyrop Mg

3
Al
2
(SiO
4
)
3
) and high-

pressure polymorphs of olivine (Mg, Fe)
2
SiO
4
, ringwoodite,

and wadsleyite below and above cca. 525 km depth, respec-
tively.

In the Upper Mantle above the 410 km depth disconti-
nuity the dominant minerals are olivine, garnet, and pyrox-
ene. The upper mantle boundary is defined with seismic
discontinuity called Mohorovičić, often referred to as Moho.
It is average depth is about 35 km, 5–10 km below the oceans
and 20–90 km below the continents. The Moho lies within
the lithosphere, the mechanically defined uppermost Earth
layer with brittle deformations composed of the crust and
the brittle part of the upper mantle, Continental Lithospheric
Mantle (CLM). The lithospheric tectonic plates are floating
on the more plastic asthenosphere entirely composed of the
mantle material.

Partial melting is a process when solidus and liquidus
temperatures are different and are typical for heterogeneous
systems as rocks. The mantle partial melting through geo-
logical times leads to the formation of the Earth’s crust.
Typical mantle rocks have a higher magnesium-to-iron ratio
and a smaller proportion of silicon and aluminum than the
crust. The crust can be seen as the accumulation of solidified
partial liquid, which thanks to its lower density tends to
move upwards with respect to denser solid residual. The
lithophile and incompatible elements, such as U and Th,
tend to concentrate in the liquid phase and thus they do
concentrate in the crust.

There are two types of the Earth’s crust. The simplest
and youngest is the oceanic crust, less than 10 km thick. It
is created by partial melting of the Transition-Zone mantle
along the mid-oceanic ridges on top of the upwelling mantle
plumes. The total length of this submarine mountain range,
the so-called rift zone, is about 80,000 km. The age of the
oceanic crust is increasing with the perpendicular distance
from the rift, symmetrically on both sides. The oldest large-
scale oceanic crust is in the west Pacific and north-west
Atlantic—both are up to 180–200-million-year old. However,
parts of the eastern Mediterranean Sea are remnants of the
much older Tethys ocean, at about 270-million-year old. The
typical rock types of the oceanic crust created along the
rifts are Midocean Ridge Basalts (MORB).They are relatively
enriched in lithophile elements with respect to the mantle
from which they have been differentiated but they are much

depleted in them with respect to the continental crust. The
typical density of the oceanic crust is about 2.9 g cm−3.

The continental crust is thicker, more heterogeneous, and
older and has a more complex history with respect to the
oceanic crust. It forms continents and continental shelves
covered with shallow seas. The bulk composition is granitic,
more felsic with respect to oceanic crust. Continental crust
covers about 40% of the Earth surface. It is much thicker than
the oceanic crust, from 20 to 70 km. The average density is
2.7 g cm−3, less dense than the oceanic crust and so to the
contrary of the oceanic crust, the continental slabs rarely
subduct. Therefore, while the subducting oceanic crust gets
destroyed and remelted, the continental crust persists. On
average, it has about 2 billion years, while the oldest rock
is the Acasta Gneiss from the continental root (craton) in
Canada and is about 4-billion-year old.The continental crust
is thickest in the areas of continental collision and com-
pressional forces, where new mountain ranges are created
in the process called orogeny, as in the Himalayas or in
the Alps. There are the three main rock groups building up
the continental crust: igneous (rocks which solidified from a
molten magma (below the surface) or lava (on the surface)),
sedimentary (rocks that were created by the deposition of the
material as disintegrated older rocks, organic elements, etc.),
and metamorphic (rocks that recrystallized without melting
under the increased temperature and/or pressure conditions).

There are several ways in which we can obtain informa-
tion about the deep Earth. Seismology studies the propaga-
tion of the 𝑃 (primary, longitudinal) and the 𝑆 (secondary,
shear, transversal) waves through the Earth and can construct
the wave velocities and density profiles of the Earth. It
can identify the discontinuities corresponding to mechanical
and/or compositional boundaries. The first order structure
of the Earth’s interior is defined by the 1D seismological
profile, called PREM: Preliminary Reference Earth Model
[12]. The recent seismic tomography can reveal structures as
Large Low Shear Velocity Provinces (LLSVP) below Africa
and central Pacific [13] indicating that mantle could be even
compositionally nonhomogeneous and that it could be tested
via future geoneutrino projects [14].

The chemical composition of the Earth is the subject of
study of geochemistry. The direct rock samples are however
limited. The deepest bore-hole ever made is 12 km in Kola
peninsula in Russia. Some volcanic and tectonic processes
can bring to the surface samples of deeper origin but often
their composition can be altered during the transport. The
pure samples of the lower mantle are practically in existent.
With respect to the mantle, the composition of the crust is
relatively well known. A comprehensive review of the bulk
compositions of the upper, middle, and lower crust were
published by Rudnick and Gao [15] and Huang et al. [16].

The bulk composition of the silicate Earth, the so-called
Bulk Silicate Earth (BSE) models describe the composition
of the Primitive Mantle, the Earth composition after the core
separation and before the crust-mantle differentiation. The
estimates of the composition of the present-day mantle can
be derived as a difference between the mass abundances pre-
dicted by the BSE models in the Primitive Mantle and those



Advances in High Energy Physics 5

observed in the present crust. In this way, the predictions of
theU andThmass abundances in themantle aremade, which
are then critical in calculating the predicted geoneutrino
signal; see Section 4.

The refractory elements are those that have high conden-
sation temperatures; thus, they did condensate from a hot
nebula, today form the bulk mass of the terrestrial planets,
and are observed in equal proportions in the chondrites.
Their contrary is volatile elements with low condensation
temperatures and which might have partially escaped from
the planet. U and Th are refractory elements, while K is
moderately volatile. All U,Th, andK are also lithophile (rock-
loving) elements, which in the Goldschmidt geochemical
classification means elements tending to stay in the silicate
phase (other categories are siderophile (metal-loving), chal-
cophile (ore, chalcogen-loving), and atmophile/volatile).

The most recent classification of BSE models was pre-
sented by Šrámek et al. [14]

(i) Geochemical BSEModels.Thesemodels rely on the fact that
the composition of carbonaceous (CI) chondrites matches
the solar photospheric abundances in refractory lithophile,
siderophile, and volatile elements. These models assume that
the ratios of Refractory Lithophile Elements (RLE) in the bulk
silicate Earth are the same as in the CI chondrites and in the
solar photosphere. The typical chondritic value of the bulk
mass Th/U ratio is 3.9 and K/U ∼ 13,000. The absolute RLE
abundances are inferred from the available crust and upper
mantle rock samples. The theoretical petrological models
and melting trends are taken into account in inferring the
composition of the original material of the Primitive Mantle,
from which the current rocks were derived in the process
of partial melting. Among these models are McDonough
and Sun [17], Allégre et al. [18], Hart and Zindler [19],
Arevalo et al. [20], and Palme and O’Neill [21]. The typical
U concentration in the bulk silicate Earth is about 20 ± 4 ppb.

(ii) Cosmochemical BSE Models. The model of Javoy et al.
[22] builds the Earth from the enstatite chondrites, which
show the closest isotopic similarity with mantle rocks and
have sufficiently high iron content to explain themetallic core
(similarity in oxidation state).The “collisional erosion”model
ofO’Neill and Palme [23] is covered in this category aswell. In
this model, the early enriched crust was lost in the collision
of the Earth with an external body. In both of these models
the typical bulk U concentration is about 10–12 ppb.

(iii) Geodynamical BSE Models. These models are based on
the energetics of the mantle convection. Considering the
current surface heat flux, which depends on the radiogenic
heat and the secular cooling, the parametrized convection
models require higher contribution of radiogenic heat (and
thus higher U and Th abundances) with respect to geo-and
cosmochemical models. The typical bulk U concentration is
35 ± 4 ppb.

The surface heat flux is estimated based on the measure-
ments of temperature gradients along several thousands of
drill holes along the globe. The most recent evaluation of
these data leads to the prediction of 47 ± 2 TW predicted

by J. H. Davies and D. R. Davies [24], consistent with the
estimation of Jaupart et al. [25]. The relative contribution of
the radiogenic heat from radioactive decays to this flux (so-
calledUrey ratio) is not known and this is the key information
which can be pinned down by the geoneutrino measure-
ments. The geochemical, cosmochemical, and geodynamical
models predict the radiogenic heat of 20 ± 4, 11 ± 2, 33 ±
3 TW and the corresponding Urey ratios of about 0.3, 0.1,
and 0.6, respectively. The Heat Producing Elements (HPE)
predicted by these models are distributed in the crust and
in the mantle. The crustal radiogenic power was recently
evaluated by Huang et al. [16] as 6.8+1.4

−1.1
TW. By subtracting

this contribution from the total radiogenic heat predicted by
different BSE models, the mantle radiogenic power driving
the convection and plate tectonics can be as little as 3 TW and
as much as 23 TW. To determine this mantle contribution is
one of the main goals and potentials of neutrino geoscience.

4. Geoneutrino Signal Prediction

The geoneutrino signal can be expressed in several ways. We
recall that geoneutrinos are detected by the inverse beta decay
reaction (see (1)) in which antineutrino interacts with a target
proton. The most straightforward unit is the normalized
event rate, expressed by the so-called Terrestrial Neutrino
Unit (TNU), defined as the number of interactions detected
during one year on a target of 1032 protons (∼1 kton of liquid
scintillator) and with 100% detection efficiency. Conversion
between the signal 𝑆 expressed in TNU and the oscillated,
electron flavor flux 𝜙 (expressed in 10

6cm−2 s−1) is straight-
forward [26] and requires a knowledge of the geoneutrino
energy spectrum and the interaction cross section, which
scales with the ]

𝑒
energy:

𝑆 (
232Th) [TNU] = 4.07 ⋅ 𝜙 (

232Th) ,

𝑆 (
238U) [TNU] = 12.8 ⋅ 𝜙 (

238U) .
(10)

In order to calculate the geoneutrino signal at a certain
location on the Earth’s surface, it is important to know the
absolute amount and the distribution ofHPE inside the Earth.
As it was described in Section 3, we know relatively well such
information for the Earth’s crust, but we lack it for themantle.
Instead, the BSE models, also described in Section 3, predict
the total amount of HPE in the silicate Earth (so, excluding
themetallic core, in which noHPE are expected).Thus, in the
geoneutrino signal predictions, the procedure is as follows.
First, the signal from the crust is calculated. Then, the total
mass of the HPE concentrated in the crust is subtracted
from the HPE mass predicted by a specific BSE model; the
remaining amount of HPE is attributed to be concentrated in
the mantle.

Due to the chemical affinity of HPE, the continental
crust is their richest reservoir. Thus, for the experimental
sites built on the continental crust, the total geoneutrino
signal is dominated by the crustal component. It is important
to estimate it with the highest possible precision since the
mantle contribution can be extracted from the measured
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Table 1: Expected geo-neutrino signal in Borexino and KamLAND.
Details in text.

Borexino KamLAND
[TNU] [TNU]

LOC [32] 9.7 ± 1.3 17.7 ± 1.4

ROC [16] 13.7
+2.8

−2.3
7.3
+1.5

−1.2

Total crust 23.4
+3.1

−2.6
25.0
+2.1

−1.8

CLM [16] 2.2
+3.1

−1.3
1.6
+2.2

−1.0

Mantle [16] 8.7 8.8
Total 34.3

+4.4

−2.9
35.4
+3.0

−2.1

signal only after the subtraction of the expected crustal
component.

The first estimation of the crustal geoneutrino signal
[27] modeled the crust as a homogeneous, 30 km thick
layer. Since then, several much more refined models have
been developed. In these models, different geochemical and
geophysical data are used as input parameters. The crust is
divided in finite volume voxels with surface area of either
5
∘
× 5
∘ [28], 2∘ × 2

∘ [29–31], or, most recently, 1∘ × 1
∘ [16].

The oceanic and continental crusts are treated separately.
The continental crust is further divided in different layers, as
upper, middle, and lower continental crusts.

On the sites placed on the continental crust, a significant
part of the crustal signal comes from the area with a radius
of few hundreds of km around the detector [31]. Thus, in
a precise estimation of the crustal geoneutrino signal, it is
important to distinguish the contribution from the local crust
(LOC) and the rest of the crust (ROC) [32]. In estimating the
LOC contribution, it is crucial to consider the composition
of real rocks surrounding the experimental site, while for
the ROC contribution it is sufficient to take into account the
mean crustal compositions.

Borexino and KamLAND, the only two experiments
which have provided geoneutrino measurements, are placed
in very different geological environments. Borexino is placed
on a continental crust in central Italy. KamLAND is situated
in Japan, in an area with very complicated geological struc-
ture around the subduction zone. In Table 1 we show the
expected geoneutrino signal for both experiments.

The LOC contributions are taken from [32]. The calcu-
lations are based on six 2∘ × 2

∘ tiles around the detector, as
shown in Figure 2. The LOC contribution in Borexino, based
on a detailed geological study of the LNGS area from [33], is
low, since the area is dominated by dolomitic rock poor in
HPE. The LOC contribution in KamLAND is almost double,
since the crustal rocks around the site are rich inHPE [29, 34].

The ROC contributions shown in Table 1 are taken
from [16]. This recent crustal model uses as input several
geophysical measurements (seismology, gravitometry) and
geochemical data as the average compositions of the con-
tinental crust [15] and of the oceanic crust [35], as well
as several geochemical compilations of deep crustal rocks.
The calculated errors are asymmetric due to the log-normal
distributions of HPE elements in rock samples. The authors
of [16] estimate for the first time the geoneutrino signal from

the Continental LithosphericMantle (CLM), a relatively thin,
rigid portion of the mantle which is a part of the lithosphere
(see also Section 3).

The mantle contribution to the geoneutrino signal is
associated with a large uncertainty. The estimation of the
mass of HPE in themantle is model dependent.The relatively
well known mass of HPE elements in the crust has to be
subtracted from the total HPE mass predicted by a specific
BSE model. Since there are several categories of BSE models
(see Section 3), the estimates of themass ofHPE in themantle
(and thus of the radiogenic heat from the mantle) varly by
a factor of about 8 [14]. In addition, the geoneutrino signal
prediction depends on the distribution of HPE in the mantle,
which is unknown. As it was described in Section 3, there are
indications of compositional inhomogeneities in the mantle
but this is not proved and several authors prefer amantle with
homogeneous composition. Extremes of the expectedmantle
geoneutrino signal with a fixed HPE mass can be defined
[14, 32].

(i) Homogeneous Mantle. The case when the HPE are dis-
tributed homogeneously in the mantle corresponds to the
maximal, high geoneutrino signal.

(ii) Sunken Layer. The case when the HPE are concentrated
in a limited volume close to the core-mantle boundary
corresponds to theminimal, low geoneutrino signal.

(iii) Depleted Mantle + Enriched Layer (DM + EL). This is
a model of a layered mantle, with the two reservoirs (DM
and EL) in which the HPE are distributed homogeneously.
The total mass of HPE in the DM + EL corresponds to a
chosen BSE model. There are estimates of the composition
of the upper mantle (DM), from which the oceanic crust
(composed of Mid-Ocean Ridge Basalts, MORB) has been
differentiated [36–38]. Since in the process of differentiation
the HPE are rather concentrated in the liquid part, the
residual mantle remains depleted in HPE. The measured
MORB compositions indicate that their source must be in
fact depleted in HPE with respect to the rest of the mantle.
The mass fraction of the EL is not well defined and in the
calculations of Šrámek et al. [14] a 427 km thick EL placed
above the core-mantle boundary has been used.

An example of the estimation of the mantle signal for
Borexino and KamLAND, given in Table 1, is taken from [16].

5. Current Experiments

At the moment, there are only two experiments measuring
the geoneutrino s signals: KamLAND [41, 42] in the Kamioka
mine in Japan and Borexino [43–45] at Gran Sasso National
Laboratory in central Italy. Both experiments are based on
large volume spherical detectors filled with 287 ton and
1 kton, respectively, of liquid scintillator.They both are placed
in underground laboratories in order to reduce the cosmic
ray fluxes; a comparative list of detectors’ main features is
reported in Table 2.

5.1. KamLAND. The Kamioka Liquid scintillator ANtineu-
trino Detector (KamLAND) was built, starting from 1999, in
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Figure 2: The map of six 2∘ × 2∘ tiles from which the LOC geoneutrino signal (see Table 1) is calculated for the Borexino ((a), from [39]) and
KamLAND ((b), from [40]) sites.

Table 2: Main characteristics of the Borexino and KamLAND detectors.

Borexino KamLAND
Depth 3600m.w.e (𝜙

𝜇
= 1.2m−2 h−1 ) 2700m.w.e (𝜙

𝜇
= 5.4 m−2 h−1)

Scintillator mass 278 ton (PC + 1.5 g/l PPO) 1 kt (80% dodec. + 20% PC + 1.4 g/l PPO)
Inner detector 13m sphere, 2212 8 PMT’s 18m sphere, 1325 17 + 554 20 PMT’s
Outer detector 2.4 kt HP water + 208 8 PMT’s 3.2 kt HP water + 225 20 PMT’s
Energy resolution 5% at 1MeV 6.4% at 1MeV
Vertex resolution 11 cm at 1MeV 12 cm at 1MeV
Reactors mean distance ∼1170 km ∼180 km

a horizontal mine in the Japanese Alps at a depth of 2700
meters water equivalent (m.w.e.). It aimed at a broad experi-
mental program ranging fromparticle physics to astrophysics
and geophysics.

The heart of the detector is a 1 kton of highly purified
liquid scintillator, made of 80% dodecane, 20% pseudoc-
umene, and 1.36 ± 0.03 g/L of 2,5-Diphenyloxazole (PPO).
It is characterized by a high scintillation yield, high light
transparency, and a fast decay time, all essential requirements
for good energy and spatial resolutions. The scintillator is
enclosed in a 13m spherical nylon balloon, suspended in
a nonscintillating mineral oil by means of Kevlar ropes
and contained inside a 9m radius stainless-steel tank (see
Figure 3). An array of 1325 of “17” PMTs and 554 of “20” PMTs
(inner detector) is mounted inside the stainless-steel vessel
viewing the center of the scintillator sphere and providing
a 34% solid angle coverage. The containment sphere is
surrounded by a 3.2 kton cylindrical water Cherenkov outer
detector that shields the external background and acts as an
active cosmic-ray veto.

The KamLAND detector is exposed to a very large flux
of low-energy antineutrinos coming from the nuclear reactor
plants. Prior to the earthquake and tsunami of March 2011,
one-third of all Japanese electrical power (which is equiv-
alent to 130 GW thermal power) was provided by nuclear
reactors. The fission reactors release about 1020 ]

𝑒
GW−1 s−1

that mainly come from the 𝛽-decays of the fission products
of 235U, 238U, 239Pu, and 241Pu, used as fuels in reactor cores.
The mean distance of reactors from KamLAND is ∼180 km.

Figure 3: Schematic view of the KamLAND detector.

Since 2002, KamLAND is detecting hundreds of ]
𝑒
interac-

tions per year.
The first success of the collaboration, a milestone in

the neutrino and particle physics, was to provide a direct
evidence of the neutrino flavor oscillation by observing
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the reactor ]
𝑒
disappearance [46] and the energy spectral

distortion as a function of the distance to ]
𝑒
-energy ratio [47].

The measured oscillation parameters, Δ𝑚2
21

and tan2(𝜃
12
),

were found, under the hypothesis of CPT invariance, in
agreement with the Large Mixing Angle (LMA) solution to
the solar neutrino problem, and the precision of the Δ𝑚2

21

was greatly improved. In the following years, the oscillation
parameters were measured with increasing precision [48].

KamLAND was the first experiment to perform exper-
imental investigation of geoneutrino s in 2005 [49]. An
updated geoneutrino analysis was released in 2008 [48].
An extensive liquid-scintillator purification campaign to
improve its radio-purity took place in years 2007–2009. Con-
sequently, a new geoneutrino observation at 99.997%C.L.
was achieved in 2011 with an improved signal-to-background
ratio [50]. Recently, after the earthquake and the consequent
Fukushima nuclear accident occurred in March 2011, all
Japanese nuclear reactors were temporarily switched off for a
safety review. Such situation allowed for a reactor on-off study
of backgrounds and also yielded an improved sensitivity for ]

𝑒

produced by other sources, like geoneutrino s. A new result
on geoneutrino s has been released recently in March 2013
[51].

In September 2011, the KamLAND-Zen ]-less double
beta-decay search was launched. A 𝛽𝛽 source, made up by
13 ton of Xe-loaded liquid scintillator was suspended inside
a 3.08m diameter inner balloon placed at the center of the
detector (see Figure 3). A new lower limit for the ]-less
double-beta decay half-life was published in 2013 [52].

5.2. Borexino. The Borexino detector was built starting from
1996 in the underground hall C of the Laboratori Nazionali
del Gran Sasso in Italy, with the main scientific goal to mea-
sure in real-time the low-energy solar neutrinos. Neutrinos
are even trickier to be detected than antineutrinos. In a
liquid scintillator, ]

𝑒
’s give a clean delayed-coincidence tag

which helps to reject backgrounds; see Section 6.1. Neutrinos,
instead, are detected through their scattering off electrons
which does not provide any coincidence tag. The signal is
virtually indistinguishable from any background giving a 𝛽/𝛾
decays in the same energy range. For this reason, an extreme
radio-purity of the scintillator, a mixture of pseudocumene
and PPO as fluor at a concentration of 1.5 g/L, was an essential
prerequisite for the success of Borexino.

For almost 20 years the Borexino collaboration has been
addressing this goal by developing advanced purification
techniques for scintillator, water, and nitrogen and by exploit-
ing innovative cleaning systems for each of the carefully
selected materials. A prototype of the Borexino detector, the
Counting Test Facility (CTF), [53, 54] was built to prove the
purification effectiveness. The conceptual design of Borexino
is based on the principle of graded shielding demonstrated
in Figure 4. A set of concentric shells of increasing radio-
purity moving inwards surrounds the inner scintillator core.
The core is made of ∼280 ton of scintillator, contained in
a 125 𝜇m thick nylon Inner Vessel (IV) with a radius of
4.25m and shielded from external radiation by 890 ton of
inactive buffer fluid. Both the active and inactive layers are

Borexino detector
External water

tank
Ropes

Internal
PMTs

Steel plates
for extra 
shielding

Water

Buffer
Scintillator

Muon
PMTs

Stainless steel sphere
Nylon outer vessel

Nylon inner vessel
Fiducial volume

Figure 4: Schematic diagram of the Borexino detector.

contained in a 13.7m diameter Stainless Steel Sphere (SSS)
equipped with 2212 “8” PMTs (Inner Detector). A cylindrical
dome with diameter of 18m and height of 16.9m encloses
the SSS. It is filled with 2.4 kton of ultrapure water viewed
by 208 PMTs defining the Outer Detector.The external water
serves both as a passive shield against external background
sources, mostly neutrons and gammas, and also as an active
Cherenkov veto system tagging the residual cosmic muons
crossing the detector.

After several years of construction, the data taking
started in May 2007, providing immediately evidence of the
unprecedented scintillator radio purity. Borexino was the
first experiment to measure in real time low-energy solar
neutrinos below 1MeV, namely, the 7Be-neutrinos [55, 56].
In May 2010, the Borexino Phase 1 data taking period was
concluded. Its main scientific goal, the precision 7Be-]
measurement has been achieved [57] and the absence of the
day-night asymmetry of its interaction rate was observed
[58]. In addition, other major goals were reached, as the first
observation of the 𝑝𝑒𝑝-] and the strongest limit on the CNO-
] [59], the measurement of 8B-] rate with a 3MeV energy
threshold [60], and in 2010, the first observation of geoneu-
trino s with high statistical significance at 99.997%C.L. [61].

In 2010-2011 six purification campaigns were performed
to further improve the detector performances and in October
2011, the Borexino Phase 2 data taking period was started. A
new result on geoneutrino s has been released in March 2013
[62]. Borexino continues in a rich solar neutrino program,
including two evenmore challenging targets: 𝑝𝑝 and possibly
CNO neutrinos. In parallel, the Borexino detector will be
used in the SOX project, a short baseline experiment, aiming
at investigation of the sterile-neutrino hypothesis [63].

6. Geoneutrino Analysis

6.1. The Geoneutrino Detection. The hydrogen nuclei that are
copiously present in hydrocarbon (C

𝑛
H
2𝑛
) liquid scintillator

detectors act as target for electron antineutrinos in the inverse
beta decay reaction shown in (1). In this process, a positron
and a neutron are emitted as reaction products. The positron
promptly comes to rest and annihilates emitting two 511 keV



Advances in High Energy Physics 9

Table 3:Themost important backgrounds in geoneutrinomeasure-
ments of Borexino [62] and KamLAND [51].

Borexino KamLAND
Period Dec 07–Aug 12 Mar 02–Nov 12
Exposure (proton ⋅ year) (3.69 ± 0.16) 1031 (4.9 ± 0.1) 1032

Reactor-]
𝑒
events (no osc.) 60.4 ± 4.1 3564 ± 145

13C(𝛼, 𝑛) 16O events 0.13 ± 0.01 207.1 ± 26.3
9Li-8He events 0.25 ± 0.18 31.6 ± 1.9
Accidental events 0.206 ± 0.004 125.5 ± 0.1
Total non-]

𝑒
backgrounds 0.70 ± 0.18 364.1 ± 30.5

𝛾-rays, yielding a prompt event, with a visible energy 𝐸prompt,
directly correlated with the incident antineutrino energy 𝐸]

𝑒

:

𝐸prompt = 𝐸]
𝑒

− 0.784MeV. (11)

The emitted neutron keeps initially the information about
the ]
𝑒
direction, but, unfortunately, the neutron is typically

captured on protons only after a quite long thermalization
time (𝜏 = 200–250 𝜇s, depending on scintillator). During
this time, the directionalitymemory is lost inmany scattering
collisions. When the thermalized neutron is captured on
proton, it gives a typical 2.22MeV deexcitation 𝛾-ray, which
provides a coincident delayed event. The pairs of time and
spatial coincidences between the prompt and the delayed
signals offer a clean signature of ]

𝑒
interactions, very different

from the ]
𝑒
scattering process used in the neutrino detection.

6.2. Background Sources. The coincidence tag used in the
electron antineutrino detection is a very powerful tool in
background suppression.Themain antineutrino background
in the geoneutrinomeasurements results from nuclear power
plants, while negligible signals are due to atmospheric
and relic supernova ]

𝑒
. Other, nonantineutrino background

sources can arise from intrinsic detector contaminations,
from random coincidences of noncorrelated events, and from
cosmogenic sources, mostly residual muons. An overview
of the main background sources in the Borexino and Kam-
LAND geoneutrino measurements is presented in Table 3.

A careful analysis of the expected reactor ]
𝑒
rate at a

given experimental site is crucial. The determination of the
expected signal from reactor ]

𝑒
’s requires the collection of

the detailed information on the time profiles of the thermal
power and nuclear fuel composition for all the reactors,
especially for the nearby ones. The Borexino and KamLAND
collaborations are in strict contact with the International
Agency of Atomic Energy (I.A.E.A.) and the Consortium of
Japanese Electric Power Companies, respectively.

A new recalculation [65, 66] of the ]
𝑒
spectra per fission

of 235U, 238U, 239Pu, and 241Pu isotopes predicted a ∼3% flux
increase relative to the previous calculations. As a conse-
quence, all past experiments at short-baselines appear now to
have seen fewer ]

𝑒
than expected and this problemwas named

the Reactor Neutrino Anomaly [67]. It has been speculated
that it may be due to some not properly understood systemat-
ics but in principle an oscillation into an hypothetical heavy
sterile neutrino state with Δ𝑚

2
∼ 1 eV2 could explain this
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Figure 5: Reactor ]
𝑒
signal (expressed in TNU) in the world as in

the middle of 2012, calculated in [64].

anomaly. In the KamLAND analysis, the cross section per
fission for each reactor was normalized to the experimental
fluxesmeasured by Bugey-4 [67].TheBorexino analysis is not
affected by this effect since the absolute reactor antineutrino
signal was left as a free parameter in the fitting procedure
and the spectral shape of the new parametrization is not
significantly different up to 7.5MeV from the previous ones.

The expected reactor ]
𝑒
signal in the world [64] is shown

in Figure 5; it refers to the middle of 2012 when the Japanese
nuclear power plants were switched off. The red spot close to
Japan is due to theKorean reactors.Theworld average nuclear
energy production is of the order of 1 TW, a 2% of the Earth
surface heat flux. There are no nuclear power plants in Italy,
and the reactor ]

𝑒
flux in Borexino is a factor of 4-5 lower than

in the KamLAND site during normal operating condition.
A typical rate of ∼5 and ∼21 geo-] events/year with

100% efficiency is expected in the Borexino and KamLAND
detector, for a 4m and 6m fiducial volume cut, respectively.
This signal is very faint and also the non-]

𝑒
-induced back-

grounds have to be incredibly small. Random coincidences
and (𝛼, n) reactions in which 𝛼’s are mostly due to the
210Po decay (belonging to the 238U chain) can mimic the
reaction of interest. The 𝛼-background was particularly high
for the KamLAND detector at the beginning of data taking
(∼103 cpd/ton) but it has been successfully reduced by a
factor 20 thanks to the 2007–2009 purification campaigns.
Backgrounds faking ]

𝑒
interactions could also arise from

cosmic muons and muon induced neutrons and unstable
nuclides like 9Li and 8He having an 𝛽+neutron decay
branch. Very helpful to this respect is the rock overlay
of 2700m.w.e for the KamLAND and 3600m.w.e for the
Borexino experimental site, reducing this background by a
factor up to 10

6. A veto applied after each muon crossing
the outer and/or the inner detectors, makes this background
almost negligible.

6.3. Current Experimental Results. Both Borexino [62] and
KamLAND [51] collaborations released new geoneutrino
results in March 2013 and we describe them in more detail
below.The corresponding geoneutrino signals and signal-to-
background ratios are shown in Table 3.

The KamLAND result is based on a total live-time of 2991
days, collected between March 2002 and November 2012.
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Figure 6: (a) Event rate in the KamLAND detector as a function of time in the 0.9–2.6 energy window. (b) The excess of events with respect
to the expected background rate is constant in time and attributed to the geo-] signal, taken from [51].

In this 10-year time window the backgrounds and detector
conditions have changed. After the April 2011 earthquake the
Japanese nuclear energy production was strongly reduced
and in particular in the April to June 2012 months all the
Japanese nuclear reactors were switched off with the only
exception of the Tomary plant which is in any case quite far
(∼600 km) from theKamLANDsite.This reactor-off statistics
was extremely helpful to check all the other backgrounds and
it is included in the present data sample even if with a reduced
Fiducial Volume (FV). In fact, because of the contemporary
presence of the Inner Balloon containing the Xe loaded
scintillator at the detector center, the central portion of the
detector was not included in the analysis.

The ]
𝑒
event rate in the KamLAND detector and in the

energy window 0.9–2.6MeV as a function of time is shown in
Figure 6(a).Themeasured excess of events with respect to the
background expectations is constant in time, as highlighted
in Figure 6(b), and is attributed to the geoneutrino signal.

To extract the neutrino oscillation parameters and the
geoneutrino fluxes, the ]

𝑒
candidates are analyzed with an

unbinned maximum likelihood method incorporating the
measured event rates, the energy spectra of prompt candi-
dates, and their time variations.The total energy spectrum of
prompt events and the fit results are shown in Figure 7(b). By
assuming a chondriticTh/Umass ratio of 3.9, the fit results in
116
+28

−27
geoneutrino events, corresponding to a total oscillated

flux of 3.4+0.8
−0.8

⋅10
6 cm−2 s−1. It is easy to demonstrate that given

the geoneutrino energy spectrum, the chondritic mass ratio,
and the inverse beta decay cross section, a simple conversion
factor exists between the fluxes and the TNU units: 1 TNU =

0.113 ⋅ 10
6]
𝑒
cm−2 s−1. By taking this factor we could translate

the KamLAND result to (30 ± 7)TNU.
While the precision of the KamLAND result is mostly

affected by the systematic uncertainties arising from the size-
able backgrounds, the extremely low background together
with the smaller fiducial mass (see Tables 3 and 4) makes
the statistical error largely predominant in the Borexino
measurement.

Table 4: Measured geo-neutrino signal in Borexino [62] and
KamLAND [51].

Borexino KamLAND

Period Dec 07–Aug 12 Mar 02–Nov 12
Exposure (proton ⋅ year) (3.69 ± 0.16) 1031 (4.9 ± 0.1) 1032

Geo-] events 14.3 ± 4.4 116
+28

−27

Geo-] signal [TNU] 38.8 ± 12 30 ± 7
Geo-] flux (oscill.)
[⋅10
6 cm−2 s−1] 4.4 ± 1.4 3.4 ± 0.8

Geo-] signal/(not-oscill.
anti-] background) 0.23 0.032

Geo-] signal/(non anti-]
background) 20.4 0.32

The Borexino result, shown in Figure 7(a), refers to the
statistics collected from December 2007 to August 2012. The
levels of background affecting the geo-] analysis were almost
constant during the whole data taking, the only difference
being an increased radon contamination during the test
phases of the purification campaigns. These data periods are
not included in the solar neutrino analysis but can be used
in the geoneutrino analysis. A devoted data selection cuts
were adopted to make the increased background level not
significant, in particular, an event pulse-shape analysis and
an increased energy threshold have been applied for delayed
candidates.

The Borexino collaboration selected 46 antineutrino can-
didates (Figure 7(a)), among which 33.3 ± 2.4 events were
expected from nuclear reactors and 0.70±0.18 from the non-
]
𝑒
backgrounds. An unbinned maximal likelihood fit of the

light-yield spectrum of prompt candidates was performed,
with the Th/U mass ratio fixed to the chondritic value of 3.9,
and with the number of events from reactor antineutrinos
left as a free parameter. As a result, the number of observed
geoneutrino events is 14.3± 4.4 in (3.69± 0.16) ⋅ 1031 proton ⋅
year exposure. This signal corresponds to ]

𝑒
fluxes from U
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Figure 7: Prompt event energy spectrum measured in Borexino (a) and in KamLAND (b). The Borexino collaboration quotes the prompt
event energy as total number of photoelectrons detected by the PMTs, the conversion factor being approximately 500 p.e./1MeV.

andThchains, respectively, of 𝜙(U) = (2.4±0.7)⋅10
6 cm−2 s−1

and 𝜙(Th) = (2.0 ± 0.6) ⋅ 10
6 cm−2 s−1 and to a total measured

normalized rate of (38.8 ± 12) TNU.
The measured geoneutrino signals reported in Table 4

can be compared with the expectations reported in Table 1.
The two experiments placed very far from each other have
presently measured the geoneutrino signal with a high
statistical significance (at ∼4.8𝜎C.L.) and in a good agree-
ment with the geological expectations. This is an extremely
important point since it is confirming both that the geological
models are working properly and that the geoneutrino s
are a reliable tools to investigate the Earth structure and
composition.

6.4. Geological Implications. In the standard geoneutrino
analysis, the Th/U bulk mass ratio has been assumed to be
3.9, a value of this ratio observed in CI chondritic meteorites
and in the solar photosphere, and, a value assumed by the
geochemical BSE models. However, this value has not yet
been experimentally proven for the bulk Earth. The knowl-
edge of this ratio would be of a great importance in a view
of testing the geochemical models of the Earth formation
and evolution. It is, in principle, possible to measure this
ratio with geoneutrino s, exploiting the different end-points
of the energy spectra from U and Th chains (see Figure 1).
A mass ratio of 𝑚(Th)/𝑚(U) = 3.9 corresponds to the signal
ratio 𝑆(U)/𝑆(Th) ∼ 3.66. Both KamLAND and Borexino
collaborations attempted an analysis in which they tried to
extract the individual U and Th contributions by removing
the chondritic constrain from the spectral fit. In Figure 8, the
confidence-level contours from such analyses are shown for
Borexino (a) and for KamLAND (b). Borexino has observed
the central value a 𝑆(U)/𝑆(Th) of ∼2.5 while KamLAND of
∼14.5 but they are not in contradiction since the uncertainties

are still very large and the results not at all conclusive. Both
the best fit values are compatible at less than 1𝜎 level with the
chondritic values.

As discussed in Section 3, the principal goal of geoneu-
trino measurements is to determine the HPE abundances in
the mantle and from that to extract the strictly connected
radiogenic power of the Earth. The geoneutrino fluxes from
different reservoirs sum up at a given site, so the mantle
contribution can be inferred from the measured signal by
subtracting the estimated crustal (LOC + ROC) components
(Section 4). Considering the expected crustal signals from
Table 1 and the measured geoneutrino signals from Table 4,
such a simple subtraction results in mantle signals measured
by KamLAND 𝑆

KL
Mantle and Borexino 𝑆BXMantle of

𝑆
KL
Mantle = (5.0 ± 7.3) TNU,

𝑆
BX
Mantle = (15.4 ± 12.3) TNU.

(12)

A graphical representation of the different contributions in
the measured signals is shown in Figure 9.

TheKamLANDresult seems to highlight a smallermantle
signal than the Borexino one. Such a result pointing towards
mantle inhomogeneities is very interesting from a geological
point of view, but the error bars are still too large to get
statistically significant conclusions. Indeed, recent models
predicting geoneutrino fluxes from themantle not spherically
symmetric have been presented [14]. They are based on the
hypothesis, indicated by the geophysical data, that the Large
Low Shear Velocity Provinces (LLSVP) placed at the base
of the mantle beneath Africa and the Pacific represent also
compositionally distinct areas. In a particular, the TOMO
model [14] predicts a mantle signal in Borexino site higher
by 2% than the average mantle signal while a decrease of
8.5% with respect to the average is expected for KamLAND.
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Figure 8: (a)The 68.3, 95.4, and 99.7% contour plots of theTh versus U signal, expressed in TNU units, in the Borexino geoneutrino analysis
[62]; the dashed blue line is the expectation for a chondritic Th/U mass ratio of 3.9. (b) the same confidence level contours are shown for the
KamLAND analysis [51], expressed in number of total events versus the normalized difference of the number of events from U andTh. The
vertical dashed line represents the chondritic ratio of 3.9 while the shadowed area on this line is the prediction of the BSE model from [17].
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We have performed a combined analysis of the Borexino and
KamLAND data in the hypothesis of a spherically symmetric
mantle or a not homogeneous one as predicted by the TOMO
model.

The Δ𝜒2 profiles for both models are shown in Figure 10.
For the homogeneous mantle we have obtained the signal
𝑆
SYM
Mantle of

𝑆
SYM
Mantle = (7.7 ± 6.2) TNU. (13)

Instead, when the Borexino and KamLAND mantle signals
have been constrained to the ratio predicted by the TOMO
model, the mean mantle signal 𝑆TOMO

Mantle results to be

𝑆
TOMO
Mantle = (8.4

+6.6

−6.7
) TNU. (14)

There is an indication for a positive mantle signal but only
with a small statistical significance of about 1.5𝜎C.L. The
central values are quite in agreement with the expectation
shown in Table 1. A slightly higher central value is observed
for the TOMO model. We stress again the importance of
a detailed knowledge of the local crust composition and
thickness in order to deduce the signal coming from the
mantle from the measured geoneutrino fluxes.

In Figure 11, we compare the measured mantle signal
𝑆
SYM
Mantle from (13) with the predictions of the three categories
of the BSE models according to [14] which we have discussed
in Section 4, that is, the geochemical, cosmochemical, and
geodynamical ones. For each BSE model category, four
different HPE distributions through the mantle have been
considered: a homogeneous model and the three DM + EL
models with the three different depletedmantle compositions
as in [36–38]. All the Earth models are still compatible
at 2𝜎 level with the measurement, as shown in Figure 11,
even if the present combined analysis slightly disfavors
the geodynamical models. We remind that these models
are based on the assumption that the radiogenic heat has
provided the power to sustain the mantle convection over the
whole Earth story. It has been recently understood [68] the
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importance of thewater orwater vapor embedded in the crust
and mantle to decrease the rock viscosity and so the energy
supply required to promote the convection. If this is the case
the geodynamical models are going to be reconciled with the
geochemical ones.

It is, in principle, possible to extract from the measured
geoneutrino signal the Earth’s radiogenic heat power. This
procedure is however not straightforward; the geoneutrino
flux depends not only on the total mass of HPE in the Earth,
but also on their distributions, which is model dependent.
The HPE abundances and so the radiogenic heat in the crust
are rather well known, as discussed in Sections 3 and 4.
As the main unknown remains the radiogenic power of the
Earth’s mantle. Figure 12 summarizes the analysis we have
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Figure 12: The mantle radiogenic heat power from U and Th
as a function of the measured geoneutrino signal; the solid lines
represent the sunken-layer model, while the dotted lines the homo-
geneousmantle (see Section 4).The green and the blue lines indicate
the individualTh andU contributions, respectively, while the brown
lines show the total signal.Themeasured mantle geoneutrino signal
𝑆
SYM
Mantle from a combined Borexino + KamLAND analysis is shown
by the vertical solid orange line; the corresponding 1𝜎 band is shown
by a filled triangular area. The arrows on the vertical 𝑦-axis indicate
the radiogenic heat corresponding to the best fit geoneutrino signal.
Details in text.

performed in order to extract the mantle radiogenic heat
from the measured geoneutrino signals.

The geoneutrino luminosity Δ𝐿 (]
𝑒
emitted per unit time

from a volume unit, so-called voxel) is related [2] to theU and
Thmasses Δ𝑚 contained in the respective volume:

Δ𝐿 = 7.46 ⋅ Δ𝑚 (
238U) + 1.62 ⋅ Δ𝑚 (

232Th) , (15)

where the masses are expressed in units of 1017 kg and the
luminosity in units of 1024 s−1.

The measured geoneutrino signal at a given site can
be deduced by summing up the U and Th contributions
from individual voxels over the whole Earth [14, 26, 29,
32], and by weighting them by the inverse squared-distance
(geometrical flux reduction) and by the oscillation survival
probability. We have performed such an integration for the
mantle contribution to the geoneutrino signal. We have
varied the U and Th abundances (with a fixed chondritic
mass ratio Th/U = 3.9) in each voxel. The homogeneous and
sunken layer models of the HPE distributions in the mantle
(Section 4) were taken into account separately. For each
iteration of different U andTh abundances and distributions,
the total mantle geoneutrino signal (taking into account (15))
and the U + Th radiogenic heat power from the mantle
(considering equation (4) from [2]) can be calculated. The
result is shown in Figure 12 showing the U + Th mantle
radiogenic heat power as a function of the measured mantle
geoneutrino signal.The solid lines represent the sunken-layer
model, while the dotted lines the homogeneous mantle. The
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individual U and Th contributions, as well as their sums are
shown.Themeasuredmantle signal 𝑆SYMMantle = (7.7±6.2)TNU
from the combined Borexino andKamLANDanalysis quoted
in (13) is demonstrated on this plot by the vertical solid
(orange) line indicating the central value of 7.7 TNUwhile the
filled (light brown) triangular area corresponds to ±6.2TNU
band of 1𝜎 error. The central value of 𝑆SYMMantle = 7.7 TNU
corresponds to the mantle radiogenic heat from U and
Th of 7.5–10.5 TW (orange double arrow on 𝑦-axis), for
sunken-layer and homogeneous HPE extreme distributions,
respectively. If the error of the measured mantle geoneutrino
signal is considered (±6.2TNU), the corresponding interval
of possible mantle radiogenic heat is from 2 to 19.5 TW,
indicated by the black arrow on 𝑦-axis.

7. Conclusions and Future Perspectives

The two independent geoneutrino measurements from the
Borexino and KamLAND experiments have opened the door
to a new interdisciplinary field, the neutrino geoscience.They
have shown that we have a new tool for improving our
knowledge on the HPE abundances and distributions. The
first attempts of combined analysis has appeared [26, 32, 50,
62], showing the importance of multisite measurements. The
first indication of a geoneutrino signal from the mantle has
emerged.The present data seem to disfavor the geodynamical
BSE models, in agreement with the recent understanding of
the important role of water in the heat transportation engine.

These results together with the first attempts to directly
measure the Th/U ratio are the first examples of geologically
relevant outcomes. But in order to find definitive answers
to the questions correlated to the radiogenic heat and HPE
abundances, more data are needed. Both Borexino and
KamLAND experiments are going on to take data and a
new generation of experiments using liquid scintillators is
foreseen.One experimental project, SNO+ inCanada, is in an
advanced construction phase, and a new ambitious project,
Daya-Bay 2 in China, mostly aimed to study the neutrino
mass hierarchy, has been approved. Other interesting pro-
posals have been presented, LENA at Pyhäsalmi (Finland) or
Fréjus (France) and Hanohano in Hawaii.

The SNO+ experiment in the Sudbury mine in Canada
[69, 70], at a depth of 6080m.w.e., is expected to start the
data-taking in 2014-2015. The core of the detector is made of
∼780 ton of LAB (linear alkylbenzene) with the addition of
PPO as fluor. A rate of ∼20 geoneutrino s/year is expected
and the ratio of geoneutrino to reactor ]

𝑒
events should be

around ∼1.2. The site is located on an old continental crust
and it contains significant quantities of felsic rocks, which
are enriched in U and Th. Moreover, the crust is particularly
thick (ranging between 44.2 km and 41.4 km), approximately
40% thicker than the crust surrounding the Gran Sasso and
Kamioka sites. For these reasons, a strong LOC signal is
expected, around 19 TNU. A very detailed study of the local
geology ismandatory to allow themeasurement of themantle
signal.

Themain goal of the Daya Bay 2 experiment in China [71]
is to determine the neutrino mass hierarchy.Thanks to a very

large mass of 20 kton it would detect up to 400 geoneutrino s
per year. A few percent precision of the total geoneutrino flux
measurement could be theoretically reached within the first
couple of years and the individual U and Th contributions
could be determined as well. Unfortunately, the detector site
is placed on purpose very close to the nuclear power plant.
Thus, under the normal operating conditions, the reactor
]
𝑒
flux is huge (∼40 detected events/day). Data interesting

for the geoneutrino studies could be probably taken only in
correspondence with reactor maintenance or shutdowns.

LENA is a proposal for a huge, 50 kton liquid scintillator
detector aiming at the geoneutrinomeasurement as one of the
main scientific goals [72]. Two experimental sites have been
proposed: Fréjus in France or Pyhäsalmi in Finland. From the
point of view of the geoneutrino study, the site in Finland
would be strongly preferable, since Fréjus is very close to
the French nuclear power plants. LENA would detect about
1000 geoneutrino events per year: a few percent precision on
the geoneutrino flux could be reached within the first few
years, an order ofmagnitude improvementwith respect to the
current experimental results.Thanks to the largemass, LENA
would be able tomeasure theTh/U ratio, after 3 years with 10-
11% precision in Pyhäsalmi and 20% precision in Fréjus.

Another very interesting project is Hanohano [73] in
Hawaii, placed on a thin, HPE depleted oceanic crust. The
mantle contribution to the total geoneutrino flux should be
dominant, ∼75%. A tank of 26m in diameter and 45m tall,
housing a 10 kton liquid scintillator detector, would be placed
vertically on a 112m long barge and deployed in the deep
ocean at 3 to 5 kmdepth.The possibility to build a recoverable
and portable detector is part of the project. A very high
geoneutrino event rate up to about ∼100 per year would be
observed with a geoneutrino to reactor-]

𝑒
event rate ratio

larger than 10.
In conclusion, the new interdisciplinary field has been

formed. The awareness of the potential to study our planet
with geoneutrino s is increasing within both geological and
physical scientific communities This may be the key step in
order to promote the new discoveries about the Earth and the
new projects measuring geoneutrinos.
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6Dipartimento di Fisica, Università degli Studi dell’Aquila, 67100 L’Aquila, Italy
7 INFN, Laboratori Nazionali del Gran Sasso, 67010 Assergi, Italy
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In the field of fundamental particle physics, the neutrino has become more and more important in the last few years, since the
discovery of its mass. In particular, the ultimate nature of the neutrino (if it is a Dirac or a Majorana particle) plays a crucial role
not only in neutrino physics, but also in the overall framework of fundamental particle interactions and in cosmology. The only
way to disentangle its ultimate nature is to search for the neutrinoless double beta decay. The idea of LUCIFER is to combine
the bolometric technique proposed for the CUORE experiment with the bolometric light detection technique used in cryogenic
dark matter experiments. The bolometric technique allows an extremely good energy resolution while its combination with the
scintillation detection offers an ultimate tool for background rejection.The goal of LUCIFER is not only to build a background-free
small-scale experiment but also to directly prove the potentiality of this technique. Preliminary tests on several detectors containing
different interesting DBD emitters have clearly demonstrated the excellent background rejection capabilities that arise from the
simultaneous, independent, double readout of heat and scintillation light.

1. State of the Art

The double beta transition, which is the rarest nuclear weak
process, takes place between two even-even isobars, when the
decay to the intermediate nucleus is energetically forbidden

due to the pairing interaction, which opens a gap between the
even-even and the odd-odd mass parabolas in a given
isobaric chain. 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—that explains its
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low rate—and it has been observed for a dozen of nuclei, with
lifetimes in the range of 1018–1022 y [2].

Besides the two-neutrino decay, a much more intriguing
process, the so-called neutrinoless double beta decay 0]-DBD
[3–6], was proposed by Furry [7] shortly after the Majorana
theory of the neutrino [8]. In this case, the simultaneous
transformation of two neutrons into two protons is accompa-
nied by the emission of two electrons and nothing else. The
main feature of 0]-DBD 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
full generality, we can imagine this process as a mechanism
capable of creating electrons in a nuclear transition.

It is remarkable that 0]-DBD is not necessarily due to
the exchange of Majorana neutrinos (mass mechanism) as
a leading contribution, even though its detection would
demonstrate that neutrinos are self-conjugate particles [9].
In spite of the wide variety of mechanisms possibly inducing
the 0]-DBD, 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 0]-
DBD to important parameters of 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, the lifetime of the 0]-DBD decay is related to the
so-called effective Majorana neutrino mass ⟨𝑚]⟩, a crucial
parameter that contains the three neutrino masses 𝑚

1
, 𝑚
2
,

and 𝑚
3
, the elements of the first row of the neutrino mixing

matrix, and the unknown CP-violating Majorana phases,
which make the cancellation of terms possible; ⟨𝑚]⟩ could
be smaller than any of the three neutrino masses.

Majorana mass and weak isospin selection rules make
it possible to find a natural explanation to the smallness of
neutrino mass. The pattern of neutrino masses and mixing
admits an elegant solution, the so-called see-sawmechanism.
At the same time, the only viable explanation of the matter-
antimatter asymmetry available today, the justification for
our very existence, is based on the leptogenesis, which again
requires a Majorana nature for neutrinos [10]. This well
motivates why 0]-DBD plays a central role in particle physics
and cosmology.

Thanks to the information we have from oscillations and
assuming the standard three active neutrino scenarios, it
is useful to express the effective Majorana neutrino mass
⟨𝑚]⟩ in terms of three unknown quantities: the mass scale,
represented by the mass of the lightest neutrino 𝑚min, and
the two Majorana phases. It is then common to distinguish
three mass patterns: normal hierarchy, where𝑚

1
< 𝑚
2
< 𝑚
3
,

inverted hierarchy where, 𝑚
3
< 𝑚
1
< 𝑚
2
, and the quasi-

degenerate spectrum, where the differences between the
masses are small with respect to their absolute values. We
ignore the neutrinomass ordering at themoment, and the 0]-
DBD has the potential to provide this essential information.

In the standard interpretation of 0]-DBD in terms of
mass mechanism, three challenges are in front of the exper-
imentalists who study this process. The first one consists in
scrutinizing the much debated 76Ge claim [11]; recent experi-
mental results [12, 13] have practically accomplished 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.

While scrutinizing the 76Ge claim can be done in princi-
ple with only ∼10 kg of isotope, we need typically 1 ton of iso-
tope 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
1Mmol (typically 100 tons).

Just having a large source is not enough; in order to appre-
ciate such tiny signal rates, the experimentalists are obliged to
operate in conditions of almost zero background. Acceptable
background rates are of the order of 1–10 counts/y/ton if the
goal is just to approach or touch the inverted hierarchy region,
whereas one needs at least one order of magnitude lower val-
ues to explore it fully, around or even less than 1 count/y/ton.

The experimental strategy pursued to investigate the 0]-
DBD consists of the development of a proper nuclear detec-
tor, with the purpose of revealing the two emitted electrons
in real time and collecting their sum energy spectrum as
minimal information. Indeed, the shape of the two electron
sum energy spectrum enables us to distinguish between the
two discussed decaymodes. In case of 2]-DBD, this spectrum
is a continuumbetween 0 and the𝑄

𝛽𝛽
-valuewith amaximum

around 1/3 ⋅ 𝑄
𝛽𝛽
. For 0]-DBD, the spectrum is just a peak

at the transition energy, enlarged only by the finite energy
resolution of the detector.

The ideal desirable features of this nuclear detector are: (i)
high energy resolution, as a peak must be identified over an
almost flat background; (ii) large source, in order to monitor
many candidate nuclides; and (iii) low background, which
requires underground detector operation to shield from cos-
mic rays, very radiopure materials, well-designed passive
and/or active shielding against local environmental radioac-
tivity and possibly event tracking andtopology capability.This
last point is useful not only to reject the background but also
to provide additional kinematical information on the emitted
electrons [14]. Typically, the listed features cannot be met
simultaneously in a single detection method.

The searches for 0]-DBD can be further classified into
two main categories: the so-called calorimetric technique, in
which the source is embedded in the detector itself andwhich
provides extremely high efficiency, and the external-source
approach, in which source and detector are two separate
systems, allowing excellent event reconstruction.

Which are the best isotopes to search for 0]-DBD?
Experimental practice shows that the following three factors
weigh the most in the design of an experiment: (i) the 𝑄

𝛽𝛽
-

value; (ii) the isotopic abundance together with the ease of
enrichment; and, last but not least, (iii) the compatibility
with an appropriate detection technique. The 𝑄

𝛽𝛽
-value is

probably the most important criterion. It influences both the
phase space and the background. On the basis of 𝑄

𝛽𝛽
-value

selection, at the moment there are only 9 experimentally rel-
evant isotopes. The transition energies of all these isotopes
are larger than 2.4MeV, with the important exception of
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76Ge (𝑄
𝛽𝛽
-value = 2.039MeV). There are two important

energy markers in terms of background which have to be
compared with the𝑄

𝛽𝛽
-value: (i) the 2615 keV line represents

the endpoint of the bulk of the natural gamma radioactivity;
(ii) the 3270 keV line represents the 𝑄-value of the 214Bi 𝛽-
decay, which, among the 222Rn daughters, is the one releasing
the highest-energy 𝛽’s and 𝛾’s. The 9 candidates are divided
according to these two markers into three groups of three
isotopes each.

The first group (76Ge, 130Te, and 136Xe) has to cope
with some gamma background and with the radon-induced
one; however, very sensitive experiments can be performed
with these nuclides since they are particularly suitable to
be studied with a calorimetric approach. Germanium semi-
conductor diodes are excellent devices for the isotope 76Ge
[11, 13]; TeO

2
bolometers are at the forefront due to their high

content of 130Te [15], while the last of these three isotopes can
be easily embedded in gaseous or liquid TPC [16, 17] or in
large volumes of a liquid scintillator [12].

The second group (82Se, 100Mo, and 116Cd) is out of the
reach of the bulk of the gamma environmental background;
as shown in the next section, they belong to the realm of
the scintillating bolometers, which are almost perfectly suited
to investigate these isotopes. LUCIFER’s experimental results
described below show that at least two of them, namely, 82Se
and 100Mo, can be studied with high sensitivity.

The candidates of the third group (48Ca, 96Zr, and
150Nd) are in the best position to realize a background-free
experiment. For a sort of conspiracy of nature, however, these
three golden-plated elements cannot be enriched at low cost
and high throughput.

We are now (September 2013) at a turning point in the
experimental search for 0]-DBD decay. The 76Ge claim is
strongly disfavored after the results provided by EXO-200
[16], KamLAND-Zen [12], and especially GERDA (phase I)
[13], which investigates the same isotope as the claim and is
therefore free from the systematics induced by the calculation
of the nuclear matrix elements. The follow-up of these
searches and others which are in an advanced construction
phase (CUORE [15] and SNO+ [18]) promises to go well
below 0.2 eV. Therefore, the first of the three aforementioned
challenges is very close to be achieved, and it will be in the
near future.

However, there is no univocal strategy to deal with the
second challenge, namely, to explore deeply the inverted hier-
archy band of the neutrino mass pattern. Searches in prepa-
ration can only approach the onset of this region at ⟨𝑚]⟩ ∼

0.05 eV.
The place of LUCIFER in this context is very clear. This

experiment does not foresee at themoment a sensitivity com-
parable to those of the most advanced experiments. In fact,
LUCIFER is essentially an R&D activity, aiming at building
a technology demonstrator at the 10–15 kg scale. However, it
will face and hopefully solve all the issues related to a final
search. Therefore, the LUCIFER results will have a major
impact on the investigation for 0]-DBD. All the experimental
indications collected so far and reported in detail in this
work show not only that the LUCIFER technology is viable,

but also that the experiments which will adopt it are among
the best positioned to achieve a background of the order
of 1 count/y/ton, combined with the high energy resolution
of the bolometric technique, the sensitive mass scalability
guaranteed by the detector modular structure, and the high
efficiency property of the calorimetric approach. They would
have therefore all the numbers to achieve the second chal-
lenge in the search for 0]-DBD decay.

2. Bolometers and Scintillating Bolometers

Cryogenic particle detectors (see, e.g., [19]) have been used
for many years for the study of rare events such as 0]-DBD
and dark matter (DM) searches.

A cryogenic bolometer is simply made of a suitable
absorber and a thermometer coupled with it. When a particle
releases energy within the absorber, a tiny temperature rise
can be measured with an appropriate thermometer, provided
that the heat capacity of the absorber is reasonably small.This
can be fulfilled even with a multi-kg absorber [20] provided
that it is made of a dielectric crystal kept at cryogenic
temperatures of the order of tens of mK.

Bolometers offer a wide choice of absorber materials, and
at the same time, they are able to achieve an energy resolution
competitive with that of Ge diodes (viz. of the order of 5 keV
FWHM at 3MeV).The freedom in the choice of the absorber
provides the unique opportunity of selecting theDBD isotope
without the limitations usually induced by the experimental
technique (e.g., with semiconductor detectors).

The CUORE experiment represents the most advanced
stage in the use of bolometers for 0]-DBD search. CUORE
will consist of an array of 988 crystals for a total mass of ≃1
ton of TeO

2
. Its data taking is expected to begin in 2015.

Unlike other solid-state devices, however, bolometers are
not ionization detectors but phonon detectors. As a conse-
quence, they are almost equally sensitive to any kind of par-
ticle, despite the way energy is released. In other words elec-
trons, 𝛼 particles, and nuclear recoils—depositing the same
amount of energy in the detector—produce a pulse with
the same amplitude and shape. The Cuoricino [21] data
demonstrated that the background in the region of interest
is dominated by radioactive contaminations on the surfaces
facing the detectors. 𝛼 particles produced by these contami-
nants can lose a fraction of their energy in the host material
and the rest in the detector, thus producing a flat background
from the energy of the decay (several MeV) down to the 0]-
DBD region [22].

The background induced by surface 𝛼-emitters repre-
sents, in fact, the limiting background in the region of interest
for this technique [23].

Scintillating bolometers, developed in recent years for
DM searches [24, 25] and proposed also for 0]-DBD surveys
[26], allow overcoming this disadvantage by providing the
possibility to distinguish 𝛼 interactions (background only)
from 𝛽/𝛾 interactions (background and signal). A scintillat-
ing bolometer is obtained by coupling a scintillating crystal,
operating as a cryogenic bolometer (as described above), to a
proper light detector (see Section 5).
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When a particle traverses the scintillating crystal, a large
fraction of the deposited energy is converted into heat (thus
inducing a temperature rise), while the remaining small
fraction is spent to produce scintillation light.

The interesting feature of scintillating bolometers is that
the ratio between the two signals (light/heat) depends on
the particle mass and charge. Particles like 𝛽’s and 𝛾’s have
the same light emission (conventionally referred to as the
light yield (LY), i.e., the fraction of particle energy emitted in
photons) which is typically different from the light emission
of 𝛼 particles or neutrons. Consequently, the simultaneous
readout of the heat and light signals allows particle discrimi-
nation.

If the scintillating crystal contains a DBD candidate, the
0]-DBD signal (i.e., the energy deposition produced by the
two electrons emitted after the decay) can be distinguished
from an 𝛼 signal, and only 𝛽’s and 𝛾’s can give a sizable
contribution to the background that limits the experimental
sensitivity. The feasibility of this technique is today widely
proven. Scintillating bolometers containing Ca, Mo, Cd,
and Se have been successfully tested, coupled to a thin Ge
wafer operating as bolometer for the light readout [27–30].
Presently, those that look most promising for a 0]-DBD large
scale experiment are ZnSe and ZnMoO

4
.

3. The LUCIFER Layout

The LUCIFER setup will consist of an array of individual
single module detectors, arranged in a tower-like structure,
as schematized in Figure 1. The single module (see Section 6)
will consist of a cylindrical crystal of 45mm diameter and
55mm height, equipped with a Ge-crystal light detector (see
Section 5). The crystal is fastened by means of four S-shaped
Teflon pieces fixed to the two cylindrical Cu frames. The
frames are held together through twoCu columns.The crystal
is surrounded (without being in thermal contact) with a
reflecting plastic foil (3M VM2002) in order to increase the
light collection. Individual single modules allow us to test
in advance each single detector before assembling the entire
tower experiment.

The tower will be installed in the same dilution cryostat
that hosted the Cuoricino experiment. The cryogenic layout
and the readout electronics (see Section 4) are based on the
experience gained in the Cuoricino experiment and imple-
mented in the CUORE project.

The key point of the experiment will be the crystal
growthmadewith enriched isotope, as discussed in Section 7.
With the enriched material being extremely expensive, the
losses during the various stages of the production have to
be minimized. This R&D is still ongoing and could slightly
change some parameter of the layout (number of crystals and
their final dimensions).

The evaluation of the background and of the sensitivity
foreseen for this layout, as explained in Section 9, takes
advantage of the Cuoricino experiment that was able to char-
acterize and simulate the various dangerous contaminants
present in the cryogenic facility. As explained in Section 1,
the main source of background arises from 226Ra that will
produce 214Bi whose rare, but high, energies 𝛾s can travel

Light detector

Thermometer

Copper holder

Scintillating crystal

PTFE

Reflecting foil

Figure 1: LUCIFER layout. Left: single module detector consisting
of the scintillating bolometer and the light detector. Right: 9-floor
tower constituted by 36 single modules.

enough to reach the tower. With respect to 228Th, producing
the 208Tl whose decay represents the real “nightmare” for all
the DBD experiments, the situation is rather different. Even
if the 𝑄-value of the 208Tl 𝛽-decay is the highest among the
natural radioactive chains, in order to produce background
above 2615 keV, the contamination must be present in the
proximity of the detectors, so that summing effects can take
place. For the LUCIFER project, all thematerials (Cu holders,
and thermal shields of the cryostat) within the first 5 cm from
the detectors will be replaced with new ones that will be
produced with already selected and tested Cu, whose 228Tl
activity is found to be negligible.

4. The Electronic System

The thermometers used in LUCIFER are thermistors (see
Section 8). These devices show a resistivity that changes
exponentially with the temperature being below 100mK.
The readout scheme is, in principle, very simple; the ther-
mistor is polarized by a simple bias circuit, consisting of
a voltage generator closed on two load resistors; when a
particle releases energy in the absorber, the temperature rises
and the resistance of the thermistors changes, thus producing
a measurable voltage drop. Given that the study of rare
events such as 0]-DBD is performed over a long period of
time, the overall stability of the readout system plays a crucial
role.

To fully exploit this stringent requirement and to match
the DAQ dynamic range, a dedicated system has been
developed, as schematized in Figure 2; the bolometer, Bol, is
coupled with the thermistor, 𝑅

𝐵
. It is inside the fridge, at a

temperature between 10 and 20mK.
Signals from bolometers (depending on their mass) show

a signal bandwidth froma few tens ofHz up to a fewhundreds
of Hz. In case of relatively fast detector response (e.g., light
detectors; see next section), a unity gain buffer and the load
resistors are located inside the fridge [31–34], at a larger tem-
perature this time, 120K. This is the box Option in Figure 2,
which is close to the detectors (a few tens of cm in terms of
signal wire), to minimize parasitic capacitance. The box
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Figure 2: Schematic diagram of the electronics system of LUCIFER. Stars on the blocks denote the presence of remote programmability.

Option is not present for the readout of the slow (massive)
detectors, and, in this case, the thermistor 𝑅

𝐵
is connected

directly to the box Con. Block, at room temperature, through
a small thermal conductance electrical link [35], and, in this
case also, the load resistors are at room temperature (Bias
and Load Res.). All the electrical connections of the detectors
consist of twisted pairs ofwires, so that all the possible sources
of commonmode disturbances and crosstalk between nearby
channels are minimized [36, 37].

The Con. Block of Figure 2 allows us to connect the
preamplifier, PR, to the detector, to the ground, or to a test
pulse. This block, together with Bias and Load Res., that can
switch between 2 different sets of load resistances and set the
level and polarity of the detector bias voltage, is exploited for
DC characterization of the detectors to optimize their work-
ing points, detector by detector [38]. The detector load resis-
tancesmay have an impact on the thermal and low-frequency
parallel noise. The minimization of their low-frequency
noise, otherwise proportional to the square of the applied
voltage, has been extensively studied [39] and addressed.
Other noise sources originate from the PR. Also in this case,
the input transistors, a pair of JFETs, have been selected with
a semicustom approach [40]. Moreover, in order to decrease
the thermal drift of the preamplifiers, a special circuit was
developed [41, 42] that ensures a maximum drift of the order
of a fraction of 𝜇V/∘C.

Remote programmability [37] is available for many parts
of the electronic system, marked with a star in Figure 2.
DC coupling is necessary not only for what concerns signal
analysis but also for detector monitoring.

The second-stage amplifier (SS) buffers the outputs of PR
with a programmable gain.The outputs of SS are connected to
the DAQ system after the antialiasing filter BF that consists of
a 6-pole-roll-offThomson or Bessel filter.The antialising filter
has a few programmable frequency bandwidths [43]. The
blocks before the BF are all located on the top of the cryostat,
just a few cm away from it. The BF is instead located close
to theDAQ, in a remote location, so as to reject every possible
disturbance from the long connecting links.

The power supply of LUCIFER, as well as parts of the elec-
tronics system previously described, is an upgraded version
of [44]. The DC input to the power supply is derived from a
2-stage AC/DC system based on an AC (main line)/48V DC
and a 48V/±11 V/±6V/6V.

5. Light Detectors

The first light/heat measurement was performed with a
thermal bolometer and a silicon photodiode in 1992 [45] but
was no longer pursued due to the difficulties of running a
“standard photodevice” at cryogenic temperatures. The use
of a bolometer as a light detector (LD) was first developed
in 1997 [46] and further optimized for DM searches [24, 25]
after a few years.The first developments for 0]-DBD searches
began in 2006 [47].

The LUCIFER light detectors consist of thin germanium
slabs, operating as bolometers, facing the main scintillating
crystal. The choice of such material is driven by several con-
siderations. Being opaque semiconductors, they are sensitive
over an extremely wide range of photon wavelengths and,
moreover, satisfy the very stringent radiopurity requirements
of rare event searches. Their overall quantum efficiency can
be as good as the one of photodiodes. To further increase
the light collection, a SiO

2
dark layer [48] is deposited

on the surface of the Ge crystal that faces the bolometer.
Each LUCIFER light detector consists of a disk-shaped pure
Ge crystal (⊘ = 44mm, thickness = 180 𝜇m) grown using
Czochralski technique and purchased from Umicore. The
temperature sensor is a neutron transmutation doped (NTD)
Ge thermistor (see Section 8).

The scintillation photons, as well as other particles,
interact in the LD and deposit their energy within its volume.
The energy deposition is eventually converted into phonons,
causing a temperature rise in the system and, in particular, in
the NTD thermistor.

To allow proper calibration of the signal, a 55Fe source,
producing two X-rays at 5.9 and 6.5 keV, is faced to the light
detector. The choice of such low-energy calibration lines is
due to the fact that light signals produced in scintillating
bolometers have typical energies of the order of ∼10 keV.

As shown in [49], LUCIFER light detector performances
have a clear dependence on the applied bias current, both
in terms of energy resolution and signal time development
(see Figure 3). As will be shown in Section 6.2, a very efficient
particle discrimination can be obtained using the time devel-
opment of the scintillation signal. Therefore, very often, the
working point of the LD is chosen as a compromise between
good energy resolution and fast detector response, obtained
by tuning the polarization current.
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Figure 3: (a) LD performances (rise time and FWHM energy resolution) as a function of the polarization current, using load resistors of
11 GΩ (black dots) and 2GΩ (open circles). (b) calibration spectrum of the detector, using a 55Fe X-ray source.

6. Bolometric Investigation of the Crystals

6.1. Experimental Setup. As explained in Section 2, bolome-
ters offer a wide choice in terms of the absorber material. An
extensive R&D activity was carried out over these last years in
order to understand the features of the various crystals, and
several prototypes of different masses and production lines
were investigated. All the analyzed crystals were operated as
bolometers in the deep underground facilities of Laboratori
Nazionali del Gran Sasso, Italy.

The detectors were installed in a 3He/4He dilution refrig-
erator (operating at about 10mK) properly shielded from
external radiations (𝛽’s/𝛾’s and neutrons) by means of lead
and polyethylene shields, inside a Faraday cage continuously
flushed with nitrogen. The experimental setup consists of a
copper structure for the housing of the crystals and light
detectors. In order to avoid the noise induced by the vibration
of the cryogenic facility, the structure is mechanically decou-
pled [50] from the cryostat by using a two stage damping sys-
tem [51].The thermal stability of the holder (whose variations
arewithin a few tens of𝜇K) is ensured by a completely custom
proportional, integrative, and derivative (PID) feedback loop
[52]. In order to further increase the stability of each single
detector, a resistor of 100 ÷ 300 kΩ, realized with a heavily
doped meander on a 3.5mm3 silicon chip, is attached to each
bolometer and acts as a heater to stabilize the gain of the
detector [53] by injecting “monochromatic” voltage pulses
[54, 55] across the heater.

The heat and light signals produced by interacting parti-
cles into the absorbers are transformed into voltage pulses by
NTD thermistors; then the signals are amplified and fed into
an 18 bit NI-6284 PXI ADC unit. Software triggers ensure
that every thermistor pulse is recorded with a 0.5 ÷ 2 kHz
sampling rate over a 0.25 ÷ 5 s duration (depending on the
crystal). Moreover, when a trigger is generated by the main
crystal, the correspondingwaveform from the LD is recorded,
irrespectively of its trigger. The amplitude and the shape of
the voltage pulse are determined by the offline analysis that

makes use of the optimumfilter technique [56, 57].The signal
amplitudes are computed as the maximum of the filtered
pulse. The amplitude of the light signal is estimated from
the value of the filtered waveform at a fixed time delay with
respect to the signal of the bolometer, as described in detail
in [58].

The energy calibration of the crystals is performed using
removable 𝛾 sources placed outside the cryostat. The heat
channel is calibrated, attributing to each identified 𝛾-peak the
nominal energy of the line, as if all the energy is converted
into heat. Consequently, this calibration does not provide an
absolute evaluation of the heat deposited in the crystal. It has
to be remarked that in scintillating bolometers, the energy
scale of 𝛾/𝛽 and 𝛼 particles is different.This is simply induced
by the different scintillation yield; in standard scintillators,
for example, 𝛾/𝛽 particles scintillate more than 𝛼’s with
the same impinging energy. This energy, therefore, “escapes
from the crystal” and, as a consequence, implies a different
energy scale for a different type of particles [29]. For this
reason, the energy scale is, usually, labelled as keVee (electron
equivalent), meaning that the energy scale is calibrated on
𝛾/𝛽 particles. The energy difference between the two scales
is normally at the few % level, but for ZnSe it can reach larger
values [30] that cannot be explained in terms of escaping
light.

6.2. Zn82Se. Because of its high content of Se (56%), as well
as its good bolometric and scintillating properties, ZnSe has
always been an interesting candidate for the search of the 0]-
DBD of 82Se (𝑄

𝛽𝛽
= 2995 keV).

The largest ZnSe bolometer ever realized, a 431 g crystal
grown at ISMA, Ukraine, was recently characterized in terms
of energy resolution, internal contaminations, and particle
identification capabilities.

The FWHM energy resolution was found to be 13.4 ±
1.0 keV at 1461 keV and 16.3 ± 1.5 keV at 2615 keV. However,
starting from the consideration that light and heat are two
correlated estimates of the particle energy, we developed an
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Figure 4: Particle discrimination in ZnSe. The light emitted by the ZnSe crystal (a) and the shape of the same light pulses (b) are reported
as a function of the energy released in the ZnSe bolometer. A 228Th 𝛾-source was used to produce 𝛽/𝛾 events (blue), up to 2615 keV (208Tl),
while a smeared 𝛼 source was placed under the crystal to provide a continuum of 𝛼’s extending to lower energies (red). The (heat channel)
𝑥-axis is (energy) calibrated using the most intense 𝛾-peaks. The extremely different energy scale between 𝛼 and 𝛽/𝛾 events can be observed,
as discussed in Section 6.1. The blue and red points of the upper plot are determined by a cut on the bottom plot.

analysis algorithm that allowed us to considerably improve
the energy resolution by removing this correlation. The
application of the algorithm, whose details are described in
[59], resulted in a FWHM energy resolution of 12.2 ± 0.8 keV
at 1461 keV and 13.4 ± 1.3 keV at 2615 keV.

Many runs were performed in order to assess the scin-
tillation properties of ZnSe at cryogenic temperatures. In
Figure 4(a), the detected scintillation light is reported as a
function of the heat released in the crystals. In order to
study the discrimination power between 𝛽/𝛾 and 𝛼 events,
a uranium 𝛼 source covered with a thin mylar foil was placed
close to the ZnSe surface. The mylar foil degrades the energy
of the emitted 𝛼’s, producing a continuum at low energy (red
dots in the plot).Using a 228Th 𝛾-source, (outside the cryostat)
and the “internal” 𝛼 source, we were able to investigate the
discrimination potential in the DBD energy region.

Looking at Figure 4(a), we observed that the events pro-
duced by the 𝛾-source (blue) lie in a different region with
respect to 𝛼 particles with the same energy. The LY of 𝛽/𝛾
events resulted in LY

𝛽/𝛾
= 6.416 ± 0.008 keV/MeV, irre-

spective of the energy deposit. The LY of 𝛼 particles was
studied separately for surface and internal 𝛼 contaminations,
resulting in LYsurf

𝛼
= 29.70 ± 0.17 keV/MeV and LYbulk

𝛼
=

26.62 ± 0.86 keV/MeV. Several tests showed that the differ-
ence in the LY of bulk/surface events cannot be ascribed to
self-absorption in the crystal or to energy dependence of the
effects. Therefore, the origin of this behavior must reside in
an effectively larger light production on the crystal surface or
in nonuniformities in the light collection.

The larger LY of 𝛼 events with respect to 𝛽/𝛾 in ZnSe
crystals is not yet understood and, in principle, could affect
the discrimination capability. A poor efficient light collection
for𝛼 particles, indeed, can generate𝛼 event leaking in the𝛽/𝛾
band, increasing the background in the region of interest (see
Figure 4(a)).

In order to overcome this problem, we developed an
analysis algorithm which is sensitive to the difference in the
pulse shape of 𝛼’s and 𝛽/𝛾’s (see details in [59]). Each pulse
was fitted using a model that takes into account the develop-
ment of the phonon signals, the thermistor and electronics
response, and the scintillation process, which cannot be
considered instantaneous. Applying this algorithm to the heat
and light pulses of ZnSe, we discovered that a poor particle
discrimination can be obtained using the heat channel alone.
The shape of the light pulses, on the contrary, is very sensitive
to the type of interacting particles (see Figure 4(b)).

Thanks to the pulse shape discrimination, it is possible to
identify and reject the 𝛼 interaction with very high efficiency,
thus strongly reducing the background in the energy region
of interest.

Finally, we performed a 524-hour background run to
investigate the internal contaminations of the ZnSe crystal.

The study of the 𝛼 spectrum highlighted a contamination
of 17.2±4.6 𝜇Bq/kg in 232Thand of 24.6±5.5 𝜇Bq/kg in 238U,
both in equilibrium with their daughters.

The 𝛽/𝛾 energy spectrum of this measurement, obtained
using cuts on the LY and pulse shape, is reported in Figure 5.
Besides the 40K and 208Tl peaks, due to the natural con-
taminations of the environment, only contaminations in 75Se
(𝑇
1/2

= 119.8 d, 𝑄-value = 863.6 keV) and 65Zn (𝑇
1/2

= 244 d,
𝑄-value = 1359.9 keV) were found. The presence of these
isotopes, due to the activation of 74Se and 64Zn, respectively,
does not affect the background in the DBD region because of
their short half-lives and low 𝑄-values.

Above the 2615 keV 𝛾-line, a single event can be observed.
This event was in time coincidence with high energy 𝛾’s
detected by other bolometers in the same setup, and, there-
fore, it was likely produced by a muon interaction.

In order to further improve the background suppression,
a feasibility study of a muon veto for LUCIFER is ongoing.
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Figure 5: 524 h background run performed with a 431 g ZnSe crys-
tal. Energy spectrum of 𝛽/𝛾 events. Data are calibrated using 𝛾-
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6.3. Zn100MoO
4
. A possible alternative to ZnSe is ZnMoO

4
,

which is an interesting candidate for the search of 0]-DBD
of 100Mo (𝑄

𝛽𝛽
= 3034 keV). This compound, synthesized in

the last years, gained a lot of attention because of the excellent
bolometric performances and discrimination capabilities.

In this paper, we summarize the results obtained by mea-
suring a 330 g ZnMoO

4
crystal [60], grown by the Nikolaev

Institute of Inorganic Chemistry (NIIC, Novosibirsk, Russia),
starting with high purity ZnO (produced by Umicore) and
MoO
3
, synthesized by NIIC.

TheFWHMenergy resolution achievedwith this bolome-
ter ranged from 2.9 ± 0.4 keV at 583 keV to 6.3 ± 0.5 keV at
2615 keV. Similar results were achieved by other large mass
ZnMoO

4
crystals, demonstrating the reproducibility of the

bolometric performances.
The internal contaminations of the crystals were investi-

gated in a 524-hour background run, showing that ZnMoO
4

can reach excellent radiopurity levels evenwithout dedicating
too much effort to the radiopurity controls. Only internal
contaminations in 226Ra (27 ± 6 𝜇Bq/kg) and 210Pb (700 ±
30 𝜇Bq/kg) were found.

For the isotopes of 232Th, 228Th, 238U, 234U, and 230Th,
upper limits of <8 𝜇Bq/kg, <6 𝜇Bq/kg, <6𝜇Bq/kg, <11𝜇Bq/
kg, and <6𝜇Bq/kg, respectively, were set.

The internal contaminations measured in other proto-
types (even if with low exposure) were found to be compatible
with the previous results [61, 62], showing that the radiopurity
levels achievable with ZnMoO

4
crystals match the require-

ments for a low background 0]-DBD detector.
Finally, the scintillation properties of the bolometer were

investigated in several calibration runs performed with a
228Th 𝛾-source, a smeared 𝛼 source (similar to the ones
described in the previous section), and an Am-Be neutron
source to provide high energy 𝛾’s.

In Figure 6(a), the relative LY is reported as a function
of the heat released in the crystal, showing that an excellent
particle discrimination can be achieved. In this run, we mea-
sured LY(𝛽/𝛾) = 1.54 ± 0.01 keV/MeV, which is much larger
with respect to LY(𝛼) = 0.257 ± 0.002 keV/MeV (evaluated
on the internal 𝛼 line of 210Po). The QF for 𝛼 particles
obtained with this crystal is QF( 210Po) = 0.167 ± 0.002, in
agreement with the values measured in smaller samples [61].

An interesting feature of ZnMoO
4
can be observed in

Figure 6(b), where the shape of the heat pulses is reported as
a function of the energy deposited in the crystal. This plot
shows that the 𝛼 background rejection provided by the pulse
shape discrimination on the heat channel is very similar to the
one given by the LY (Figure 6(a)). This feature is induced by
the “long” decay constant of the scintillation signal [63] and
has several advantages in view of a large mass experiment.
Besides the reduction of costs and complexity of the setup,
discarding the LDswill also reduce themass of inertmaterials
next to the detectors, thus possibly reducing the background.

7. Isotopic Enrichment and Crystal Growth

The first choice material for LUCIFER is ZnSe crystals grown
from 82Se enriched raw material. ZnSe crystals are well
known for their extended infrared (IR) transmission and
for their scintillating properties and are currently produced
for the use in IR optics, optoelectronic devices, and security
control systems [64]. ZnSe crystals’ growth, however, is quite
difficult, and the constraints imposed on their use in DBD
experiments add further complications to the obtainment
of relatively large crystal samples. Preliminary cryogenic
tests show that only ZnSe crystals grown from the melt
can have the crystal perfection needed for good bolometric
performances. The growth of ZnSe crystals from the melt is
hampered by several factors.

(i) The 1525∘C melting point is relatively high and the
high total vapor pressure of ZnSe (2 Bar at 1525∘C)
causes containment problems due to the high volatil-
ity of components (Zn and Se) resulting in vapor-
ization and dissociation according to the following
reaction:

2(ZnSe)solid ←→ (2Zn)gas + (Se2)gas, (1)

where the different vapor pressures of zinc and sele-
nium lead to deviation from the stoichiometric com-
positions of the melt during melt growth.The growth
from off-stoichiometric melt in nonreactive high
pressure enclosures is applied in order to circumvent
this problem.

(ii) Melt grown crystals are prone to constitutional super-
cooling, resulting in local deviations from stoichiom-
etry and formation of inclusions of the excess com-
ponent. This effect is mainly due to the very sharp
homogeneity range in the ZnSe phase diagram [65].

(iii) The low thermal conductivity of ZnSe (15W/m⋅∘C)
leads to a very difficult control of the growth inter-
face and therefore to the formation of stresses in
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Figure 6: Particle discrimination in ZnMoO

4
obtained in a calibration run with a 228Th 𝛾-source and a smeared 𝛼 source. In (a), the LY is

reported as a function of the 𝛾 calibrated heat energy. In (b), the shape of the heat pulses is plotted as a function of the energy, using the same
events reported in (a).

the crystal.This is further worsened by a relatively low
stacking fault energy (10 erg/cm2), leading to the easy
formation of stacking faults (change in the stacking
sequence over few interplanar distances) and twin-
ning (stacking faults over several atomic spacings).

(iv) The solid-solid phase transition from wurtzite
(hexagonal symmetry) to sphalerite (cubic symme-
try) occurring in the proximity of 1400∘C [65, 66] is
another cause of extended defects (high dislocation
density) in melt grown ZnSe crystals. The application
of low cooling rates in the proximity of the phase
transition reduces the formation of defects. The
postgrowth annealing further contributes to the
recovery of the crystal perfection.

The challenging obtainment of ZnSe crystal for DBD
application is further hampered by the necessity to make
a dedicated synthesis of the ZnSe compound starting from
elemental Zn and Se (82Se enriched).The use of 82Se enriched
material is required by the relatively low isotopic abundance
(8.73%) in natural selenium. The enrichment, starting from
natural selenium, is ongoing at URENCO, Stable Isotope
Group in Almelo, The Netherlands. The starting material is
natural SeF

6
produced by an external supplier.The technique

is based on centrifuges, in a cascade recently updated and
fully separated from 235U production in order to avoid any
U and/orTh contamination of the final product. In addition,
the centrifuges were flushed before use with fluoride, thus
ensuring very good cleaning of the entire cascade. The
enriched 82SeF

6
is further chemically processed to obtain

elemental selenium [67]. Care and control are applied at
every step of the process from the procurement of natural
SeF
6
to the delivery of enriched Se in order to guarantee

the chemical and radiochemical purity of the final product
[68].The chemical conversion of enriched 82SeF

6
is the most

challenging step in the process of enriched Se production.
The selected chemical reaction and corresponding equipment

had to be compliant with very strict rules concerning radio-
contamination prevention. In addition, the process has to
be conducted in such a way to reduce the contamination by
impurities defined as critical for the scintillation performance
of ZnSe crystals (Fe, Cr, V, Ni, As, Cu, Mo, Si, and S). The
chosen technology required the construction of a dedicated
area at the URENCO site in Almelo where the dedicated
82SeF
6
to 82Se conversion rig will be operated.

Presently, the overall chemical purity turns out to be
better than 99.8% on trace metal base; in particular, the
concentrations of 238U and 232Th fall below 10−10 g/g and the
critical impurities have concentrations below the accepted
limits for a good scintillation performance of ZnSe crystals
[68]. The distribution of different phases of the very complex
process of ZnSe crystal production is currently fixed, and
the related production contracts are in progress or under
discussion. The diagram of the production of enriched
crystals is given in Figure 7.

The crystals discussed in this work were grown from the
melt, in graphite crucibles using the Bridgman technique
in a vertical furnace under inert gas (Argon) pressured up
to 15 Bar in a temperature gradient with the maximum
temperature reaching 1575∘C in the melt zone. The growth
rate (variable along crucible length) was 2–5mm/hour. After
growth, crystals were annealed in the same furnace and then
cut and polished to the standard (LUCIFER) dimensions:
45mm diameter and 55mm length for a total volume of
87.4 cm3 and amass of 460.7 g in the case of natural ZnSe.The
expectedmass of ZnSe crystals grown from enrichedmaterial
(enriched selenium with 95% 82Se content) with standard
dimensions is 469.98 g corresponding to 248.1 g content of
82Se. Table 1 gives the mass balance of ZnSe crystals grown
from natural and enriched raw material.

The amount of enriched Se foreseen for the experiment
is 15 kg. For an estimated yield of ZnSe synthesis of 97%
(3% irrecoverable loss of enriched Se, i.e., 14.55 kg effective
enriched Se embodied in 26.2 kg of enriched ZnSe powder)
and an estimated yield of crystal growth and processing of
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65% (35% irrecoverable loss of enriched ZnSe), it comes out
that the total expected enriched crystal mass is 16.9 kg (8.9 kg
content of 82Se) embodied in a total number of 36 crystals
with standard dimensions. The relatively low yield of crystal
production comes from the irrecoverable loss in evaporated
material during the growth process and the losses during the
mechanical processing (cutting, shaping, and polishing) of
the as grown crystal to the final crystal sample.

8. Thermistor Production

Neutron transmutation doped (NTD) thermistors are semi-
conductor devices doped close to the metal to insulator tran-
sition. Melt-doped Ge crystals cannot achieve the necessary
uniformity due to a variety of dopant segregation effects. The
only technique available for producing a uniform doping is
to produce the dopant by bombarding the Ge crystal with
thermal neutrons. The most important aspect of this process
is that 70Ge transmutes into 71Ga, an acceptor, and 74Ge
transmutes into 75As, a donor, the primary active dopants
in NTD Ge. The optimization of the detector performance is
strictly related to the characteristics of the NTDs.

The thermal signal from ZnSe crystals and light detectors
will be read out using NTDs that must be optimized for
such specific application. The variation of resistivity of heav-
ily doped thermistors as function of temperature, 𝑇, is well
represented by the formula

𝜌 (𝑇) = 𝜌
0
⋅ 𝑒
(𝑇
0
/𝑇)
𝛾

, (2)

Figure 8: Six out of nine wafers in the Al holder before the neutron
irradiation that took place at MIT between 2012 and 2013.

where 𝛾 is a parameter that normally shows a value around 1/2
and 𝜌
0
and 𝑇

0
are directly correlated with the doping profile

of the NTD. In particular, the more critical parameter is 𝑇
0
,

due to its extremely strong dependence on the total neutron
fluence.

Starting from our previous experience [21], there are pre-
cise indications for the characteristics of sensors that will give
us the best performance in our experimental temperature
range. In fact, we have chosen a 𝑇

0
of the order of 3.8 K that,

together with the fixed dimensions of the thermistors (3 × 3 ×
1mm3), gives a working resistance of few MΩ at 15 mK.

In order to produce thermistors with the adequate fea-
tures, we proceeded in two independent ways.

8.1. New Production. A completely new production has
begun in 2012, starting fromnineHPGEGewafers.The shape
of the single wafer is close to a circular shape with ⊘ = 66mm
and 3.2mm thickness (see Figure 8).

All the neutron irradiations (ten independent runs) were
performed at MIT Nuclear Reactor Laboratory between
February 2012 and March 2013. Considering that a change in
the total dose of neutrons of only 2.5% will change the value
of 𝑇
0
by 1 unity (our𝑇

0
acceptancewindow is between 3.3 and

4.3 K) and that the whole process of production (irradiation +
cooling time) takes 2 years, we asked for four different doses:
3 wafers at −7% of the nominal dose, 2 wafers at −3% of the
nominal does, 3 wafers at the nominal dose, and 1 wafer at
the +2% of the nominal dose. From the single wafer, more
than 500 thermistors can be obtained. The first cryogenic
characterizations of the irradiated wafers will take place in
October 2013.

8.2. NTD Fine Tuning. We have a previous “old” NTD wafer
that is slightly underdoped, with 𝑇

0
= 4.6K. This value,

which is considered slightly too high for LUCIFER, can be
corrected by reirradiating the sample with a total fluence
of ∼0.9⋅1017 𝑛/cm2. This is not a large value but the new
irradiation phase needs a very precise integral flux control.
Due to the fact that MIT NRL cannot provide this fine
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Table 1: Mass balance of ZnSe crystals grown from natural and enriched raw material. The baseline choice for LUCIFER is highlighted in
bold.

Natural Enriched 95%
Dia. (cm) Height (cm) Vol. (cm3) Mass (g) 𝑚(Se) (g) 𝑚(82Se) (g) 𝑁(82Se) (1023) Mass (g) 𝑚(Se) (g) 𝑚(82Se) (g) 𝑁(82Se) (10−23)
4.5 5 79.5 418.8 229.1 16.5 1.22 427.2 237.5 225.6 16.6
4.5 5.5 87.4 460.7 252.0 18.2 1.34 469.9 261.2 248.1 18.2
4.5 6 95.4 502.6 274.9 19.9 1.46 512.7 284.9 270.7 19.9

tuning, we found an alternative nuclear reactor. To fulfill the
previously mentioned requests, we characterized a selected
neutron irradiation channel in the TRIGA Mark II nuclear
reactor of the LENA (Laboratorio Energia Nucleare Appli-
cata) Laboratory of Pavia University. After a long character-
ization of the neutron spectrum of the various irradiation
channels [69] (in terms of flux and energy spectrum), the
irradiation of the “old” NTD wafer was started in July 2013.
Due to the cooling time, we will make the first test of those
thermistors by the beginning of 2014.

9. Background and Sensitivity

Thesensitivity of a given 0]-DBDexperiment is defined as the
half-life corresponding to the signal that could be emulated
by a background fluctuation of a chosen significance level,
expressed in numbers of the Gaussian standard deviations
(𝑛
𝜎
)

𝑇
0]
1/2

=
ln 2
𝑛
𝜎

𝑁
𝐴
𝑎𝜂𝜖

𝑊

√
𝑀𝑇

𝐵Δ𝐸
𝑓 (𝛿𝐸) , (3)

where 𝜂 is the stoichiometric coefficient of the DBD can-
didate, 𝑎 is the DBD candidate isotopic abundance, 𝑁

𝐴
is

Avogadro’s number, 𝑊 is the molecular weight of the active
mass,𝐵 is the background rate per unit mass and energy,𝑀 is
the detector mass, 𝑇 is the live time, Δ𝐸 is the FWHM energy
resolution, 𝜖 is the detection efficiency, and 𝑓(𝛿𝐸) is the frac-
tion of signal events that fall in an energy window 𝛿𝐸 around
the 𝑄-value.

The sensitivity 𝑇0]
1/2

from (3) is then translated into an
effective Majorana mass sensitivity

⟨𝑚]⟩ =
𝑚
𝑒

(𝑇
0]
1/2
𝐹
0]
𝑁
)
1/2
, (4)

where 𝑚
𝑒
is the electron mass and 𝐹0] is the nuclear factor

of merit, defined as 𝐹0]
𝑁

= 𝐺
0]
|𝑀
0]
|
2. The quantities 𝐺0]

and 𝑀
0] represent, respectively, the two-body phase-space

factor and the 0]-DBDnuclearmatrix element (NME).While
𝐺
0] can be calculated with reasonable accuracy, the NME

value is strongly dependent on the nuclear model used for its
evaluation.

Equation (3) holds if the number of background counts is
large enough so that its distribution can be considered to be
Gaussian. In the limit of zero background counts in the region
of interest (see e.g., [70]), the above formula reduces to

𝑇
0]
1/2

= −
ln 2

ln (1 − C.L./100)
𝑁
𝐴
𝑎𝜂𝜖

𝑊
𝑀𝑇𝑓 (𝛿𝐸) . (5)

Table 2: LUCIFER experimental parameters for the two baseline 0]-
DBD candidates. For each isotope, we quote the type of scintillating
crystal, the total detector mass, the molecular weight of the active
mass (𝑊), the isotopic abundance assuming enrichment (𝑎), the effi-
ciency, and the energy resolution.

Isotope Crystal Mass
(kg) 𝑊 𝑎 (%) 𝜖 (%) FWHM

(keV)
82Se ZnSe 17 144.34 95 76 10
100Mo ZnMoO4 14 225.32 95 77 5

To calculate the sensitivity of LUCIFER to 0]-DBD, we
need to define the assumptions on the experimental parame-
ters and quantities of (3), as well as the setup of the exper-
iment. These assumptions are summarized in Table 2. The
value of 𝑓(𝛿𝐸) for 𝛿𝐸 = Δ𝐸 is 0.76. On the basis of what
was discussed in Section 3, we assume a tower-like detector
of 36 crystals (ZnSe or ZnMoO

4
) arranged in a modular

configuration of 9 floors with 4 crystals each, held together by
a copper structure. Light detectors, consisting of Ge ultrapure
wafers of about 180 𝜇mthickness and 44mmdiameter, will be
faced to each of the scintillating crystals, which are wrapped
in a reflecting sheet to improve the light collection efficiency.

The detection efficiency (𝜖) of ZnSe and ZnMoO
4
crystals

was estimated by means of GEANT4 Monte Carlo simula-
tions and represents the fraction of 0]-DBDdecays, where the
total energy of the two emitted electrons is contained within
the crystal. The energy resolution (FWHM) is assumed to be
10 keV for ZnSe crystals and 5 keV for ZnMoO

4
crystals.

The LUCIFER tower will be inserted into a dilution
refrigerator made of few nested cylindrical copper thermal
shields. A 10 cm thick lead disk, placed just above the tower,
provides supplementary shielding against the radioactivity
of the various components of the refrigerator located above
the detectors: the dilution unit, the pumping lines, and the
cabling system. Outside the refrigerator, a 20 cm (minimum)
thick lead shield and a 10 cm thick borated polyethylene
shield will be used to absorb 𝛾’s and neutrons from the
environmental background of the LNGS experimental hall.

Generally, the background components for an under-
ground DBD experiment can be divided into the so-called
near sources (radioactive contaminations of crystals and
copper mounting structures), far sources (radioactive con-
taminations of refrigerator and its external shields), and envi-
ronmental sources (muons, neutrons, and gamma rays fluxes
at the experimental site).

GEANT4 simulations of the various background compo-
nents for a detector setup similar to what was described here
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Table 3: LUCIFER half-life background-fluctuation sensitivity in 5
or 10 yr at 90% C.L., calculated using (5), and the corresponding
ranges of the Majorana neutrino mass, calculated considering the
most recent NME [71–77] calculations.

Crystal Live time (y) Half-life sensitivity
(1026 y) ⟨𝑚]⟩ (meV)

ZnSe 5 0.6 65–194
10 1.2 46–138

ZnMoO4
5 0.3 60–170
10 0.6 42–120

have shown [61] that, exploring the background discrimina-
tion potential of the scintillating bolometers discussed in this
work and given the radiopurity of the selected crystals and the
detector’smaterials presently available, a background index of
10−4 counts/kg/keV/y in the ROI is within reach.

However, as pointed out in Section 3, the detector will be
mounted in the Cuoricino cryostat. This cryostat, unfortu-
nately, was constructed in the late 1980s, and at that time,
the materials’ selection requirements were not so stringent
as nowadays. This implies that, even with changing the most
internal Cu thermal and vacuum shields of the cryostat, the
ultimate background will be dominated by the liquid helium
Dewar in which the dilution unit is placed. The unavoidable
background induced by 214Bi 𝛾’s generated in the Dewar is
evaluated to be ≤1.5 × 10−3 counts/kg/keV/y.

For ZnMoO
4
crystals, the dominant background con-

tribution comes from an additional source with respect to
the ones mentioned above: the accidental pileup of 2]-DBD
decays [62], given the slow time response of bolometric
detectors and the relatively “fast” 2]-DBD decay of 100Mo.

It has been shown, however, that a faster time response
of light detectors can improve the pileup discrimination
potential and reduce the background induced by 100Mo 2]-
DBD to well below 10−4 counts/kg/keV/y [71].

From the numbers in Table 2 and assuming a background
index in the ROI of 10−3 counts/kg/keV/y, we can estimate the
number of background counts in the ROI to be ∼1 (∼2) for a
live time of 5 (10) yr. This means we cannot use the Gaussian
approximation for the background fluctuations, but indeed
we need to use the zero-background approximation.

In Table 3, we report the LUCIFER half-life background-
fluctuation sensitivity at 90% C.L. in 5 or 10 yr, calculated
using (5). From the value of 𝑇0]

1/2
, we extracted the corre-

sponding limit on the effective Majorana neutrino mass that
could be set by LUCIFER, considering the spread on most
recent NME calculations [72–78] and the phase space factor
from [79].

Moreover, LUCIFER can be considered a demonstrator of
the scintillating bolometer technology with a significantmass
and a full test of all the critical experimental issues of this
technique and could lead the way towards a new generation
of 0]-DBD experiments with scintillating bolometers able
to scrutinize the inverted hierarchy region of the Majorana
neutrino mass spectrum.

10. Conclusions

In this paper, we have exposed a set of relevant results which
show how the LUCIFER technology is now mature not only
for the fabrication of a LUCIFER demonstrator at the 10 ÷
15 kg scale (immediate objective of the LUCIFER program)
but also for a much larger next-generation experiment.

The activity described here has allowed us to set the
bases for the procurement of a considerable amount of 82Se,
including for the first time a European company in the
extremely exclusive group of potential producers of enriched
isotopes for 0]-DBD search. We have studied in detail the
production chain which allows us to embed the enriched
isotope into the final ZnSe crystals, basic elements of the
0]-DBD detectors. The technical performances of the ZnSe
scintillating bolometers, in terms of energy resolution and
alpha-particle rejection factor, are fully compatible with an
extremely sensitive 0]-DBD experiment. The present indica-
tions on the background are also very promising and show
that a background index of at least 10−3 counts/kg/keV/y is
reachable.

We have presented also results on an alternative isotope
and compound, that is, 100Moembedded inZnMoO

4
crystals,

which competes with the 82Se way in view of a next-gen-
eration experiment, offering better energy resolution thanks
to superior crystal features. The radiopurity of the crystals
studied so far is also quite promising.

Coming to more technical aspects, we have fully deter-
mined the structure of the light detectors and fabricated
successful prototypes of these devices. We have also started
the production of a considerable amount of neutron trans-
mutation doped thermistors (the temperature sensors used
both in the heat and in the light channels), largely sufficient
to equip all the scintillating crystals and the light detectors
foreseen in the LUCIFER demonstrator.

A detailed study of the background and of the sensitivity,
assuming detector configuration and performance based on
the features—reported here—exhibited by working proto-
types, shows that the LUCIFER demonstrator can approach
the inverted hierarchy region both in the ZnSe and in the
ZnMoO

4
versions. In the former case, the required amount

of isotope is available. A well-founded extrapolation to the
sensitivities of larger setups, limited essentially by the cost of
the enrichment, indicates clearly that arrays of ZnSe and/or
ZnMoO

4
scintillating bolometers are viable candidates for a

next-generation 0]-DBD experiment, capable of fully explor-
ing the inverted hierarchy region of the neutrino mass
pattern.
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TheEXOcollaboration has built and operated a 200 kg liquid xenondetector for studies of double beta decay.This paper summarizes
the results obtained so far and their significance.The excellent performance of the detector encourages the concept of a much larger
detector to obtain improved sensitivity to the possible detection of the neutrinoless decay mode of xenon.

1. Introduction

The search for neutrinoless double beta decay is one of
the most pressing but also one of the most challenging
endeavours in the push to understand the natural world
beyond the standard model of particle physics. The standard
model has had great success in describing the interactions of
the elementary particles and, with the recent observation of
a Higgs-like particle, of explaining the mass of all particles
except for the neutrinos. In 1937, Majorana [1] suggested that
neutrinos might be described as 2-component Weyl spinors
rather than the 4 component description of the Dirac model.
Shortly after, Furry [2] pointed out that while the Majorana
model would not change normal beta decay, it would allow a
new form of double beta decay in which no neutrinos were
emitted. More than 75 years later, we still have not detected
this decaymode or resolved the fundamental difference in the
Majorana and Dirac models for the neutrino.

Thefirst evidence that rates for eithermode of double beta
decay that would be very long came from the observation of
apparently stable isotopes in nature which were energetically
able to decay by this mode. This sets a lower bound on the
lifetimes comparable to geological timescales.The limits were
extended to higher values by searches for possible daughter
elements. For example, in the work of Inghram and Reynolds
[3] tellurium bearing ores were analyzed for the presence of

xenon isotopes. Limits on decay half-lives in the order of
1019 years were set. Direct searches for double beta decay
using counters were also started at about this time. Searches
for two electrons being emitted from 124Sn were carried
out using coincident electron counters by Fireman [4] and
in a bubble chamber by Fireman and Schwarzer [5] gave
a lower bound of 1017 years. A motivation for these early
searches was the expectation that the neutrinoless decay
would be much faster than the two-neutrino decay, if the
neutrino was indeed a Majorana particle. This expectation
changed dramatically when parity nonconservation in weak
interactions was observed and the V-A behavior of the weak
interaction established.

The first successful detection of the two-neutrino double
beta decay mode was made by a group led by Moe (see
Elliott et al. [6]). Electrons from a foil of 82Se were detected
in a TPC to give an unambiguous signature of the decay
process.The observed half-life was about 1020 years.The two-
neutrino decay mode of several metallic elements has now
been measured with the most precise data coming from the
NEMO [7] experiment.

Limits on neutrinoless double beta decay lifetimes con-
tinued to increase with the application of more sophisticated
experimental techniques, but the recent observation of neu-
trino oscillations has greatly enhanced the interest in this
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search. Neutrino oscillations, as discovered for atmospheric
neutrinos by Fukuda et al. [8], for solar neutrinos by Ahmad
et al. [9] and for reactor neutrinos by Eguchi et al. [10] show
that neutrinos must possess mass and that the individual
lepton flavor numbers are not conserved quantities. These
discoveries have been confirmed by a number of experiments
that have, in many cases, improved on the precision of
the parameters entering oscillation description. Some recent
references can be found in [11–17].

Neutrino-antineutrino oscillations were first proposed by
Pontecorvo [18] in analogy with the 𝐾

0
oscillation in the

hadron sector. Pontecorvo and Gribov [19, 20] first suggested
that the solar neutrino problem could be explained by
flavor oscillation of neutrinos and this fundamental insight,
with modifications due to matter effects, has now been
demonstrated to be correct. The observation that neutrinos
do oscillate is a challenge to the standard model because it
cannot explain, without some extension, why particles always
observed to be left handed can have mass.

Thus, the fundamental questions which can now be
addressed by an observation of neutrinoless double beta
decay are as follows.

(1) Are neutrinos Dirac or Majorana particles?
(2) Is total lepton number conserved or is it violated as

required in some cosmological models?
(3) Can we determine the absolute mass scale for neutri-

nos?

There are several isotopes which can be exploited in
the search for double beta decay. Germanium is attractive
because of the advanced technology for making high reso-
lution, high volume detectors. Tellurium is attractive because
of the high natural abundance of the candidate isotope 130Te.
In this paper, we describe a search for double beta decay in
136Xe.

2. Xenon Detectors for Double Beta Decay

There are several reasons why xenon is an attractive target for
the double beta decay search. The most interesting isotope,
136Xe, is quite abundant at 9.6% in nature and it is one of the
easiest (and hence least expensive) of the double beta decay
candidates to enrich. It is possible to make xenon extremely
pure and this is essential both to allow a detector to be built
in which electrons drift without serious loss and to eliminate
radioactive backgrounds which can mimic the double beta
decay signal. There are no long-lived xenon isotopes which
might give internal backgrounds. Xenon detectors may be in
gaseous form (as used, e.g., in the Gotthard double beta decay
search [21] and in theNEXT [22] projects) or as a liquid detec-
tor as used in EXO-200. Xenon may also be dissolved into a
liquid scintillator as used at Gando et al. [23]. Each form has
advantages and disadvantages. Gaseous detectors offer the
possibility of excellent spatial information about the decays
including a clear signature of two electron tracks. This has
proven important in reducing gamma ray backgrounds [21].
The best gaseous detectors have offered near Fano limited
energy resolutions [22], while this has not yet been reached

with liquid detectors. The gas detectors can operate at room
temperature and do not require complex cryogenics. Finally,
gas detectors can operate with intrinsic gain and this greatly
reduces the electronic noise contributions. Detectors which
employ xenon dissolved into organic liquid scintillators offer
excellent low background environments and a high degree
of uniformity and homogeneity. The energy resolution has
not yet matched that of other technologies and the detectors
act as a pure calorimeter without any tracking information.
On the other hand, condensed liquid xenon detectors are
muchmore compact requiring much less underground space
and shielding. Furthermore, the high density of liquid xenon
allows very good self-shielding against external gamma back-
grounds, moderate resolution, and the ability to reconstruct
the event topologies. EXO-200 is a liquid phase detector.

3. Barium Tagging

A unique possibility offered by a xenon detector is that all
backgrounds except the two-neutrino decay mode could be
effectively removed by identification of the daughter barium
ion. This possibility was first put forward by Moe [24] and
is based on the observation by a number of groups of single
ion detection for barium. Essentially, one transports the
daughter ion to a region where it can be identified using
atomic laser resonant spectroscopy. The EXO-200 detector
does not include a barium tag provision, but the EXO group
are actively pursuing technologies to accomplish this tag
with both liquid and gas type detectors and this may prove
essential for an ultimate double beta decay detector sensitive
through the normal hierarchy of neutrino masses.

4. The EXO-200 Detector

TheEXO-200 detector is in the formof a back-to-back liquid-
xenon time projection chambers (TPCs), with high efficiency
UV light detection with a total inventory of 200 kg of xenon
enriched to 81% in 136Xe. Both liquid and gas detectors
require the scintillation signal to provide the start time signal,
but, in addition, it was determined early in the development
of the EXOdetector that in liquid xenon the energy deposited
by ionizing radiation is split between production of electrons
and scintillation photons and that both must be measured to
ensure a good energy resolution [25]. The detector has been
described in detail in [26]. Figure 1 shows the details of the
central detector element, while Figure 2 displays the overall
detector arrangement.

4.1. Detector Operation. In an ionizing event, a burst of
scintillation light at 175 nm is emitted.The intensity is approx-
imately 50,000 photons per MeV for minimum ionizing
particles. These photons are recorded using an array of large
area avalanche photodiodes located behind the anode. All
surfaces except the diodes are reflecting to maximize the
detected yield.

Electrons liberated by the ionization drift towards the
anode under the drift field of about 500V/cm. At the anode,
there is a pair of wire planes oriented 60 degrees to each
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Figure 1: Details of the EXO-200 detector.

other. At the first plane, signals are induced by the passing
electrons, while the electrons are collected on the second
plane. An increased field between the wires gives high
gridding efficiency. Signals from the wires are digitized at
1MHz so that the time evolution of the arriving electrons
can be determined. From this information, it is possible to
reconstruct the full 3-dimensional distribution of ionization.
As discussed below, this information is critical for two
aspects of the analysis—it allows for a definition of a fiducial
boundary to maximize the signal to background ratio and it
allows a separation betweendouble beta-like eventswhere the
energy is deposited in a single location from the gamma-like
events where the events tend to involve multiple Compton
scatterings giving multisite ionization. The resolution is not
adequate to see the electron tracks or to distinguish single
from double electron events. Alpha-decay events can be
readily identified by their very high light to ionization yield.

The detector is constructed as two back-to-back TPCs
with a common central cathode. This configuration allows
shorter average electron drift distances that, in turn, mini-
mizes the electron loss due to attachment.

There are several aspects of the detector design that are
aimed at controlling the radioactive background. All detector
materials have been carefully screened for activity and a
lengthy report on the assay program has been published [20].
The materials for the inner detector are mainly low activity
copper, phosphor bronze, acrylic, and teflon. The central
detector is surrounded by a heat transfer fluid HFE7000
[28] which provides a cooling link between the refrigeration
systems and the detector and with a specific density of about
1.8 at liquid xenon temperatures provides a good gamma
shield. The next layer is the copper cryostat formed from two
layers of ultralow background copper of thickness 2.5 cm.The
cryostat is surrounded by 25 cmof low activity lead to provide
themain shield against external gammabackgrounds. Finally,
a set of cosmic ray veto detectors covers most of the surface
to tag muon events. With this configuration, the residual

backgrounds are mainly from the local detector materials.
The detector is located in the WIPP facility in New Mexico,
USA which provides an overburden of 1600 metres of water
equivalent.

4.2. Detector Performance. The detector response is mea-
sured using a calibration facility that can move gamma
sources to locations about the detector. Key parameters to
be measured include the charge calibration for the wires, the
light response as a function of position, the electron lifetime
during drift, single site and multisite event ratios, and the
overall energy scale.

The electron lifetime is an important parameter in estab-
lishing good energy resolution and it is a very sensitive mea-
sure of the xenon purity. In EXO-200, lifetimes of about 3ms
have been maintained. This is achieved by careful attention
to cleanliness at all stages of the detector construction and a
high recirculation flow through a SAES getter for impurity
removal.

An important aspect of the analysis of EXO-200 data is
the discrimination between gamma and beta events based
on the number of ionization clusters. The discrimination
depends on energy, but for events near the zero neutrino
𝑄 value, the enhancement of gamma events in the multisite
partition is about a factor of 5 (as seen in Figure 3). This
is important not only for understanding the gamma back-
ground but also, if a peak were observed at 𝑄

𝛽𝛽
in the single

site spectrum, ruling for out a gamma interpretation if a
much stronger peak were not observed in the corresponding
multisite data.

The overall test of the calibration process is the extent to
which the detector Monte Carlo can reproduce the observed
response to known gamma sources. Such a test is displayed in
Figure 3. The agreement is excellent.

5. Experimental Results

5.1. Two-Neutrino Double Beta Decay of 136Xe. The first low
background physics run of EXO-200 produced the data
displayed in Figure 4. Events are classified as single site or
multisite, as was done for the calibration data. Now, most
of the events involving gamma rays will appear as multisite
because most gammas will Compton scatter in the detector.
Most of the double beta events will show up at single sites
because the range of the betas is very small in the liquid xenon
compared with the spatial resolution. One can see that the
data are completely dominated by the two-neutrino decay.
That is, the backgrounds are typically less than 10% of the
signal. One can also see that the fit of all known signals to the
data gives an excellent description of the observed spectrum.

Prior to the EXO experiment no observation of the
two-neutrino double beta decay mode had been reported
although there were two reports of studies which produced
only upper limits for the decay rate [29, 30]. The reported
bounds were of concern because they suggested that the
two-neutrino decay of 136Xe was anomalously low. The EXO
collaboration first reported a clear observation of the two
neutrino decay mode in 2011 [31]. The rate seen was consid-
erably higher than the limits previously reported and reflects
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Figure 3: Multisite and single site data and Monte Carlo for a
228Th source [25]. Excellent quantitative agreement is observed
demonstrating that the detector is well characterized.

the advantages of a largemass, very low background detector.
The EXO results were confirmed by the KAMLAND-ZEN
team shortly after [24]. In a paper recently submitted for
publication, the EXO group have presented a fuller analysis
where several of the systematic errors have been reduced
to provide the highest precision measure of a two-neutrino
double beta decay.The final result is a half-life of 2.172±0.017
(stat) ± 0.060 (sys) × 1021 years [32].

5.2. Search for Zero Neutrino Decays of 136Xe. The primary
aim of the EXO project is the search for neutrino-less decay
of 136Xe. The signature of such a decay would be a peak in
the total deposited energy spectrum at the decay 𝑄 value.
The EXO-200 first search for this decay mode was published
in 2012 [27] where details of the analysis may be found. The
data are displayed in Figure 4. Critical to the search for the
neutrino-less decay is the separation between gamma back-
grounds and the signal through the multisite/single site dis-
crimination. No evidence for neutrino-less decay is observed.

As discussed in [27], the analysis of these data gives a
bound on the possible neutrinoless double beta decay of
136Xe 𝑇 > 1.6 × 1025 years at 90% confidence. To extract
a corresponding limit to the neutrino mass, one needs to
choose a nuclear matrix element. For recently published
values using generator coordinate method [33], nuclear shell
model [34], interacting boson model [35], RQRPA [36], and
the QRPA-2 [37], the mass limit is 140–380meV.

There has been a claim of observation of neutrinoless
double beta decay in germanium [38]. In order to compare
the EXO limits to expectations for germanium, one uses the
relativematrix elements from a set of calculations.The results
are displayed in Figure 5. Clearly themeasurement fromEXO
does not support the previous claim. Again, the EXO result
has been confirmed by Gando et al. [39].

6. General Discussion of
Strengths of the Liquid Xenon Detection
and Future Directions

The EXO-200 experiment has provided world-leading mea-
sures of two-neutrino double beta decay and limits for
neutrino-less decay of 136Xe. There are a number of reasons
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Figure 4: The EXO data [27] showing the multisite events and the single site events. The best fit is shown in blue, while the background
components are as follows: grey: 2]𝛽𝛽; dotted orange: 40K; dark blue: 60Co; green, cyan and black are 238U (mainly 214Bi) on the air gap, TPC
vessel, and cathode, respectively; dotted magenta: 232Th in the vessel.
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Figure 5:This figure compares the expected half-lives of 136Xe and 76Ge for matrix elements from various models. References for the models
are found in the text.

for this success. Clearly, a large mass detector is essential for
a low decay rate study, but the EXO design offers a unique
suite of advantages. The precision measure is in part due to
the highly homogeneous nature of the detector. This allows
very tight control on the systematic errors. The rejection of
the gamma background arises first from the choice of very
clean materials, second from the ability to determine the
full structure of the events and thus discriminate against

gamma rays that tend to Compton scatter, and finally from
the ability to set a fiducial boundary inside the xenon mass.
The background is qualitatively different from that found
for germanium or tellurium experiments in that, as can be
seen from Figure 5, there is very little continuum beneath the
peak region. Instead, we need to reject two discrete gamma
activities (2448 keV from 214Bi and the 2505 keV sum peak
from 60Co) with energies very close to 𝑄

𝛽𝛽
together with
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the tail of the 2614 keV gamma line from thorium. Improved
rejection of all of these backgrounds will likely come from
better single site/multisite discrimination, whereas better
energy resolution will benefit mainly the 2614 rejection.
Significant improvements to themulti-site identification look
possible.

7. The Future

Many of the detector concepts and implementation in EXO-
200 are readily scalable to a much larger sensitive mass of
xenon. Indeed, the critical self-shielding improves with larger
mass. With the extremely high purity level demonstrated for
xenon, it should be possible to cover the inverted hierarchy
in a sufficiently large detector. The EXO collaboration is
planning a new, next generation detector using 5 tonnes of
enriched xenon. The detector would be placed in a large
water shield instead of the lead shield used for EXO-200
and a deeper site would be chosen to reduce the cosmogenic
neutron backgrounds. The plan is to run initially without a
barium tag but to design the facility so that such a tag could
be implemented at a later time.Many physics and engineering
studies are underway to explore the full capability of such a
detector, but it is clear that such a detector would allow a very
substantial advance in the sensitivity to a Majorana neutrino
mass and, with a barium tag, it would be possible to cover the
entire inverted hierarchy parameter space. This is clearly the
next milestone in this exciting area of research. Much work
remains to be done, but it seems reasonable to think that this
exciting project could be ready to start data taking a decade
from now.
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We investigated the potential of the energy resolving hybrid pixel detector Timepix contacted to a CdTe sensor layer for the search
for the neutrinoless double-beta decay of 116Cd. We found that a CdTe sensor layer with 3mm thickness and 165 𝜇m pixel pitch
is optimal with respect to the effective Majorana neutrino mass (𝑚

𝛽𝛽
) sensitivity. In simulations, we were able to demonstrate a

possible reduction of the background level caused by single electrons by approximately 75% at a specific background rate of 10−3
counts/(kg × keV × yr) at a detection efficiency reduction of about 23% with track analysis employing random decision forests.
Exploitation of the imaging properties with track analysis leads to an improvement in sensitivity to 𝑚

𝛽𝛽
by about 22%. After 5

years of measuring time, the sensitivity to 𝑚
𝛽𝛽

of a 420 kg CdTe experiment (90% 116Cd enrichment) would be 59meV on a 90%
confidence level for a specific single-electron background rate of 10−3 counts/(kg × keV × yr). The 𝛼-particle background can
be suppressed by at least about six orders of magnitude. The benefit of the hybrid pixel detector technology might be increased
significantly if drift-time difference measurements would allow reconstruction of tracks in three dimensions.

1. Introduction

The question of whether or not neutrinos are their own
antiparticles still has not been answered. In many experi-
ments, researchers have to cope with large backgrounds to be
able to see if neutrinoless double-beta decay (0]𝛽𝛽) occurs
in nature or not. An observation of one single neutrino-
less double-beta decay would directly prove the Majorana
character of neutrinos via the Schechter-Valle theorem [1].
Besides this, a measurement of the decay rate Γ (or the half-
life 𝑇
0]
1/2

= Γ
−1) of neutrinoless double-beta decay allows the

determination of the effectiveMajorana neutrinomass which
is given by

𝑚
𝛽𝛽

=
𝑚
𝑒

√𝑇
0]
1/2

× 𝐺
0] (𝑄𝛽𝛽, 𝑍) ×

𝑀0]


2

=



3

∑

𝑖=1

𝑈
2

𝑒𝑖
× 𝑚
𝑖



, (1)

where 𝑚
𝑒
is the electron rest mass, 𝐺

0](𝑄𝛽𝛽, 𝑍) is the
calculable factor for the decay specific phase-space volume,

|𝑀
0]|
2 is also the calculable nuclear matrix element, and the

𝑈
𝑒𝑖
are elements of the mixing matrix �̂� which describes

neutrinomixing of the three mass eigenstates with masses𝑚
𝑖

to the electron neutrino. 𝑍 is the nuclear charge and 𝑄
𝛽𝛽

is
the 𝑄-value of the double-beta decay. Thus, a measurement
of the half-life of 0]𝛽𝛽-decay gives information on themasses
of the mass eigenstates and the elements of the mixing
matrix �̂� which depends on the mixing angles 𝜃

12
, 𝜃
23
, 𝜃
13

and potentially on CP-violating phases [2]. If neutrinos are
Majorana fermions, two Majorana phases 𝛼

1
and 𝛼

2
appear

in the mixing matrix in addition to the Dirac phase 𝛿. In
the Majorana case the mixing matrix reads �̂� = �̂�PMNS ×

diag (1, 𝛼
1
, 𝛼
2
) where �̂�PMNS is the Standard Model PMNS-

matrix describing Dirac neutrinos and diag (1, 𝛼
1
, 𝛼
2
) is a

3 × 3 diagonal matrix with the entries 1, 𝛼
1
, 𝛼
2
on the main

diagonal.
On a microscopic scale, the signatures of double-beta

decays (neutrino accompanied and neutrinoless) are different
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from most other reactions that might also release energy
in the region of the 𝑄-value of the double-beta decay: two
electrons start simultaneously at one location and travel
through the detector materials. In contrast to neutrino
accompanied double-beta decay (2]𝛽𝛽), the summed kinetic
energies of the two electrons from 0]𝛽𝛽-decay equal the total
energy released in the decay (𝑄-value). Energy resolution,
background reduction, and mass increase are the keys for
improving sensitivity to the effective Majorana neutrino
mass. If a detector could be built, that is, able to “image” the
two electrons starting at one location, most background par-
ticles would be eliminated: 𝛼-particles, Compton scattered
electrons, electrons and positrons from beta decays (𝛽−, 𝛽+),
and muons. Beta decays to excited states with subsequent
internal conversion of 𝛾-line photons could still have a similar
track topology but could be identified because the internal
conversion electron has a defined energy.

The experiments SuperNEMO [3] and the Neutrino
Xenon TPC (NEXT) [4, 5] plan to perform tracking with
or in gaseous detectors. Semiconductor detector materials—
which can in principle serve as sensor materials in hybrid
pixel detectors—are used in the experiments GERDA [6],
Majorana [7], and COBRA [8]. The tracking option with
CdTe semiconductor pixel detectors has been evaluated as
an additional possible route in the COBRA collaboration
[8]. The “Current status and perspectives of the COBRA
experiment” are described in detail also in this special issue
of Advances in High Energy Physics by Fritts et al. [9].
Background studies with silicon sensor pixel detectors have
already been presented in [10]. Hybrid pixel detectors are also
an interesting option for the still missing direct detection of
neutrino accompanied double electron capture [11].

Hybrid pixel detectors comprise pixelated semiconductor
sensor layers for particle detection. We are thus restricted
to double-beta decay nuclides of elements which can
compose semiconducting materials. The technology of
hybrid pixel detectors with silicon sensors is mature.
The development of hybrid pixel detectors connected to
Germanium sensors is still ongoing. CdTe and Cd(Zn)Te fine
pitch hybrid pixel detectors have already been developed,
mainly for X-ray imaging for energies from 3 keV to
150 keV. The elements cadmium, tellurium, and zinc
offer several isotopes that decay via 𝛽

−
𝛽
−, 𝛽
+
𝛽
+, 𝛽
+EC,

ECEC: 70Zn, 114Cd, 116Cd, 128Te, 130Te, 106Cd, 64Zn, 120Te,
108Cd. 116Cd decays via the neutrino accompanied 𝛽

−
𝛽
−-

decay to the ground state of 116Sn with the largest
Q-value of 2.814MeV in the Cd, Te, Zn complex.
The phase-space factor for the 0]𝛽𝛽-decay of 116Cd is
𝐺
0](𝑄𝛽𝛽, 𝑍) = 4.68 × 10

−14 yr−1 [12]. The matrix element
|𝑀
0]| is about 3.5 [13], but the values given in the literature

vary strongly depending on the calculation model. The half-
life of the 2]𝛽𝛽-decaywasmeasured by Bongrand et al. [14] to
be𝑇2]
1/2

= [2.88±0.04 (stat.)±0.16 (syst.)]×10
19 yr. Danevich

et al. [15] have set a limit of 𝑇
0]
1/2

= 1.7 × 10
23 yr to the

half-life of the 0]𝛽𝛽-decay channel.The COBRA-experiment
(Cadmium Zinc Telluride 0-neutrino double-beta Research
Apparatus) proposed by Zuber [8] is located in the Gran
Sasso National Laboratory (LNGS). COBRA focuses on

the possible detection of the 0]𝛽𝛽-decay in 116Cd with
semiconducting CdZnTe detectors, whereby the cadmium
will be enriched in the isotope 116Cd. The original proposal
of Zuber [8] is focused on the use of many monolithic, cubic,
CdZnTe detectors with medium size of a few cm3. They
are larger in volume than the typical sensor layer of a pixel
detector but smaller than the germanium diodes employed
in the GERDA experiment [6]. Each CdZnTe crystals
should be read out individually. This option is the main
route of the COBRA collaboration, because experimental
complexity and technical challenges are less demanding
than in the case of a large-scale experiment with 420 kg
of CdTe pixel detectors. Such a large mass is necessary
to access the inverted hierarchy neutrino mass scheme,
where 𝑚

3
< 𝑚
1

< 𝑚
2
, in reasonable measuring time. One

additional direction that has been followed in the COBRA
study was the exploitation of CMOS-based hybrid active
pixel detectors with a sensor layer of the II-VI-semiconductor
CdTe. The idea is that the topological structure of the tracks
of the two decay electrons from a 0]𝛽𝛽-decay of 116Cdmight
be used to discriminate between 0]𝛽𝛽-events and single
electrons from background processes. Possible background
processes include electrons from beta decays of radioactive
impurities, Compton scattering of high-energetic photons
caused by thermal neutron capture in any remaining 114Cd
impurities, or photon production after decays of radioactive
impurities in the detectors.

Hybrid pixel detectors comprise an Application Specific
Integrated Circuit (ASIC) realized in CMOS technology and
a semiconductor sensor layer coupled pixel-wise to the ASIC
by bump-bonding techniques. The ASIC is electronically
segmented in both a matrix of pixels and a periphery for
controlling and read-out of the pixel matrix. Hybrid pixel
detectors have their origins in high-energy physics and are
a very important part of the tracking systems in the LHC
experiments. In ATLAS, CMS, and ALICE, tracking of high-
energy charged particles is performed close to the vertex
by detecting the energy depositions of charged particles in
several layers of pixel detectors with silicon sensor layers.
In LHCb, hybrid pixel detectors with silicon sensors are
used to detect accelerated photoelectrons released from
photocathodes by Cherenkov photons in the RICH detectors.
The Timepix3 detector [16], which has just been developed
by the Medipix collaboration, might be a promising option
for a LHCb particle telescope to replace the current sili-
con microstrip system in the SLHC era. Can hybrid pixel
detectors also help in neutrino physics experiments to decide
whether the neutrino has Dirac or a Majorana character?
By how much can one reduce the background with track
analysis?

2. Materials and Methods

2.1. The Timepix Detector. The base of this study is the state-
of-the-art hybrid active pixel detector Timepix [17] which is
compatible with CdTe sensor layers. The Timepix detector
has been developed by the Medipix collaboration [18] in the
framework of the EUDET study. It is manufactured with the
0.25 𝜇mCMOS technology and features a 256 × 256 square
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matrix of electronic cells with 55 𝜇m pixel pitch. The area of
the active matrix is 1.4 × 1.4 cm2. Each of the electronics
cells has a metallic input pad that can be connected by means
of bump bonding to the electron collecting electrode of a
CdTe layer.

It has already been demonstrated that 1mm thick CdTe
layers can be assembled with the Timepix ASIC [19, 20].
Other hybrid pixel detectors like the HEXITEC detector
already have been successfully contacted to even 3mm thick
CdZnTe sensors with 80 × 80 pixels at 250𝜇m pixel pitch
[21]. By extending the pixel electrodes of the CdTe layer
laterally over several Timepix electronic pixel cells, one can
realize sensor pixel sizes of a multiple of the active matrix
pixel pitch (55 𝜇m). The average energy loss of an ionizing
particle traveling through the sensor that is necessary to
create an electron-hole pair is 4.43 eV in CdTe. Positive and
negative charge carriers are separated from each other by an
electric field generated through a voltage difference between
the common electrode and the pixel electrodes. The polarity
of the voltage is chosen in a way that the electrons, having a
larger mobility of 𝜇

𝑒
≈ 1100 cm2 V−1 s−1) and mobility-life-

time product (𝜇𝜏)
𝑒
≈ 3.0 × 10

−3 cm2 V−1 than holes (𝜇
ℎ
≈

100 cm2 V−1 s−1, (𝜇𝜏)
ℎ

≈ 2.0 × 10
−4 cm2 V −1) [22], drift

towards the pixel electrodes. Both charge carrier types induce
mirror charges on the pixel electrode plane. The induced
current, caused by changes in themirror charge in time due to
the driftmotions, is transferred to the input of the electronics
pixel cell by the bump bond. In the Timepix electronics
pixel cell this current pulse is amplified and converted to a
voltage pulsewith a peaking time of approximately 100 ns [23]
(depending on the adjustable preamplifier gain) and a rather
long falling edge with a duration in the microsecond range.
The shaped pulse is input to a leading-edge discriminator that
generates a gate to a counter. The minimum discriminator
threshold that can be applied in conjunction with a silicon
sensor with 55 𝜇m pixel pitch is about 900 electrons. In the
case of a 1mm thick CdTe sensor with 110 𝜇m pixel pitch, we
were able to achieve a minimum threshold of 1185 electrons
which corresponds to 5.5 keV.

Thegate is open as long as the output pulse of the amplifier
is above threshold (time-over-threshold mode) or extends
until a global shutter signal inhibits the counter (time-of-
arrivalmode or time-of-detectionmode).The counter counts
the number of cycles of a clock signal supplied from the
matrix periphery to each pixel as long as the gate is open.
The maximum clock frequency that can be used in the
Timepix is approximately 120MHz. In time-over-threshold
mode the counter value represents the length of the amplifier
output pulse being above threshold. This duration is related
to the induced current integrated over the shaping time
which corresponds to the amount of charge collected by
the pixel. Thus the time-over-threshold is a measure of the
energy deposited by the ionizing particle in the sensitive
volume of the pixel. In time-of-detection mode, the number
of clock cycles measured in the counter of a pixel represents
the moment of detection with respect to the moment of
appearance of the shutter signal, which stops all counting
activity. The moment of detection differs from the arrival

time of the particle in the pixel. One reason is that a certain
drift length has to be traversed until the influenced current
integrated over the shaping time of the preamplifier exceeds
the threshold level. The maximum drift time of charge
carriers to the pixel electrodes is 73.5 ns for a 3mm thick
CdTe sensor biased at −1500V. Additionally the time walk in
the leading edge discriminator causes a delay of up to 100 ns
depending on energy deposition and threshold level. Each
pixel can also be operated in counting mode. The counter
then counts the number of particles with energy depositions
above threshold in the pixel during the shutter opening time.

Each pixel can be operated in exactly one of these three
modes and thus deliver images of the number of detected
events, images of energy depositions, or images of time
stamps. The Timepix can in principle deliver all necessary
information for 0]𝛽𝛽-decay detection: the topology of the
particle track, the energy deposition in each pixel, and
the timing of the event. The next version of the Timepix
detector—the Timepix3 [16]—will provide energy informa-
tion and timing information simultaneously in each pixel.

2.2. The Detector Simulation
2.2.1. Signal Generation. A Monte-Carlo simulation was
developed for the precise simulation of electron tracks emerg-
ing from 0]𝛽𝛽-decays and for single electrons emerging
from beta decays or Compton scattering.The event generator
Decay0 [24] was used to generate the momenta of the two
electrons emerging from 0]𝛽𝛽-decays distributed homoge-
neously in the CdTe layer. In the Monte-Carlo simulation
framework ROSI [25], which is based on EGS4 with the low-
energy extension LSCAT, the tracks were sampled with steps
of a few micrometers. Each track consisted of segments. A
new segment was forced after an energy loss of 1% of the
actual electron energy at most. We modeled the signal gen-
eration in the CdTe pixel detector as follows. The energy loss
Δ𝐸
𝑖
along a segment 𝑖 was converted to the corresponding

number of generated electron-hole pairs 𝑁
𝑖
= Δ𝐸
𝑖
/(4.43 eV)

to calculate the contribution of the charge carriers released in
segment 𝑖 to the induced current at the pixel electrode plane.
The drift time was calculated for each segment 𝑖 taking the
average distance of the track segment to the pixel electrode
plane and the electric field strength into account.The electric
field strength as a function of the distance from the pixel
electrode 𝑧 was calculated for every combination of sensor
thickness and bias voltage 𝑈 by | ⃗𝐸| = |𝑈| ⋅ (𝑓

1
⋅ 𝑧 + 𝑓

2
+

𝑓
3
⋅ 𝑒
−|𝑈|⋅𝑓

4
⋅𝑧
]. We obtained 𝑓

1
= (5.80 ± 0.09) × 10

5m−2,
𝑓
2
= (228.0±7.5)m−1, 𝑓

3
= (540±144)m−1, and 𝑓

4
= (479±

216) V−1m−1 by fitting electric field strength measurements
of various CdTe sensors. The exponential function accounts
for the compression of electric field lines close to the pixel
electrodes.

Guni et al. [27] have investigated charge sharing and
energy resolution of CdTe sensors for various pixel sizes con-
nected to the photon counting pixel detectorMedipix2. Based
on their study a Monte-Carlo simulation was developed that
reproduced the energy deposition spectra for X-ray photons
on the analog side of the pixel electronics [28]. In order to
take charge carrier diffusion into account, the locations of the
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electrons arriving after drift at the pixel electrode plane were
determined according to a Gaussian probability distribution
depending on their drift time.The width of the Gaussian was
calculated with the model presented by Spieler and Haller
[29] adapted to the charge carrier transport properties of
CdTe. The charge induced by each drifting charge carrier in
the pixel electrode was calculated using the Shockley-Ramo
theorem [30, 31] which describes the calculation of currents
induced in an electrode by a moving charge. The integral of
the induced current over time is the induced charge 𝑄 =

𝑞Δ𝜑 where Δ𝜑 is the difference of the weighting potential
values of the starting point and the end point of the charge
carrier trajectory and 𝑞 is the charge of the charge carrier.The
weighting potential 𝜑( ⃗𝑟) for a certain geometry of electrodes
is the solution of the Laplace equation ∇⃗

2
𝜑( ⃗𝑟) = 0 with the

boundary conditions that the weighting potential equals 1
at the sensing electrode and 0 at the positions of all other
electrodes [32]. In the pixel detector the weighting potential
is 1 at the pixel electrode (anode) and 0 at the common
electrode (cathode). The weighting potential was calculated
for each combination of sensor thickness and pixel pitch
with the model presented by Castoldi et al. [26]. Figure 1
shows the weighting potentials for different combinations
of thickness and pixel size. It can be seen that the largest
portion of the signal is induced for electrons close to the
pixel electrodes. In the simulation, the end-point of each
charge carrier is determined by calculating what is reached
first: the position after drift at the end of its lifetime, the
electrode (anode for electrons or cathode for holes), or the
end of the integration time in the preamplifier. To calculate
the individual length of life of a charge carrier a random
distribution according to the life-time of the charge carrier
type was used.The total induced charge of an event—which is
a measure of the collected energy deposition—was calculated
as the sum of the induced charges of all carriers released
along all segments of the track. The analog electronics noise
and variations of discriminator threshold among pixels were
taken into account by adding an energy deposition according
to a Gaussian distribution with a standard deviation of 200
electron charges. In each pixel the simulated signal was
compared to a discriminator threshold which was set to
a realistic value of 7 keV for the simulations of double-
beta decays and single electrons. If the energy was smaller
than threshold, the signal in the pixel was ignored and not
processed any further. In case the threshold was exceeded,
a contribution ΔToT of the time-over-threshold noise was
converted to energy and added to the collected energy in
the pixel. Time-over-threshold noise is mainly due to voltage
fluctuations on the falling edge of the preamplifier pulsewhen
it comes close to the threshold.

2.2.2. Energy Resolution in the Pixel. To model time-over-
threshold noise the energy-deposition 𝐸 in the pixel was
first converted to a time-over-threshold value ToT with the
calibration function ToT(𝐸) = (𝑎 × 𝐸 + 𝑏) + 𝑐/(𝐸 − 𝑑). 𝑎,
𝑏, 𝑐, and 𝑑 were derived for each pixel from measurements
with X-ray fluorescence and radioactive sources. The first
term in parentheses describes the linear dependence of
ToT on the energy for deposited energies well above the

threshold of the discriminator. This behavior is due to the
triangular shape of the voltage pulse at the output of the
preamplifier in the pixel electronics and due to the linearity
of the preamplifier pulse height with collected charge. The
exact shape of the tip of this pulse has strong influence
on the time-over-threshold measurement if the pulse height
is only slightly above discriminator threshold. The shape
of the tip is the result of an interplay between the charge
integration on the feedback capacitance and the discharging
with a constant current in the preamplifier circuit. The linear
relation between time-over-threshold and collected charge
no longer holds for small amounts of collected charge: time-
over-threshold becomes shorter than one would expect from
the behavior at large amounts of collected charge.The second
term in ToT(𝐸) then becomes dominant. The applicability of
this function to describe the energy measurements in time-
over-threshold mode with the Timepix was first proved by
Jakubek [33].

The standard deviation of time-over-threshold measure-
ments was determined as a function of time-over-threshold
by injecting test pulses into the input of the preamplifier of
the Timepix. Randomizing a Gaussian distribution, centered
at 0, with this standard deviation gives a value ΔToT for
the specific collected energy in the pixel. The sum ToT +

ΔToT is then back-projected to the energy-deposition axis
according to the above-mentioned calibration curve. Thus
an energy-deposition value is obtained for each pixel in the
simulation including electronics noise, time-over-threshold
noise, electron and hole signal, limited charge carrier lifetime,
weighting potentials, drift, and diffusion.

The full width at half maximum of the full energy peak
Δ𝐸FWHM of photoabsorption was measured by irradiation
of the Timepix with X-ray fluorescence and with photons
from radioactive decays. Figure 2 shows the relative energy
resolution Δ𝐸FWHM/𝐸 as a function of the detected energy
𝐸 for simulation and measurement. The relative energy
resolution improves with increasing energy due to better
accuracy of the time-over-thresholdmeasurement.The time-
over-threshold of pulses that are well above threshold for a
longer time is affected (relatively) less by electronics noise
on the falling edge of the pulse than for shorter pulses. The
measured relative energy resolution Δ𝐸FWHM/𝐸 in clusters
of triggered pixels is 13.2% at 59 keV, 8.2% at 80 keV, and
5.9% at 121 keV detected energy. Good agreement is found for
simulated and measured energy resolution values of the full
pixel matrix after pixel-wise time-over-threshold calibration
of the Timepix detector coupled to a 1mm thick CdTe
layer with 110 𝜇m pixel pitch in the X-ray energy range.
The differences between simulated and measured values of
the relative energy resolution were smaller than 0.6% for
detected energies between 59 keV and 121 keV. For lower
energies the simulated energy resolution is worse than the
energy resolution in the measurement. The total energy
in all triggered pixels was taken as the measured energy-
deposition of the event if more than one pixel was triggered
due to charge carrier diffusion or the track length of the
photo- or Compton-electrons. Determination of Δ𝐸FWHM/𝐸

for energies larger than about 121 keV by irradiation with
photons was almost impossible because in this energy range
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Figure 1: (a)Weighting potential for a 2mm thick CdTe sensor for different pixel pitch as functions of the distance 𝑧 from the pixel electrode
plane. (b) Weighting potential for different sensor thicknesses at fixed pixel pitch of 110 𝜇m as function of the ratio of the distance from the
pixel electrode plane to the sensor thickness. Weighting potentials were calculated according to the model of Castoldi et al. [26].
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Figure 2: Simulated and measured relative energy resolution
Δ𝐸FWHM/𝐸 of the Timepix detector with a 1mm thick CdTe sensor
and 110𝜇mpixel pitch in time-over-threshold mode as a function of
deposited energy 𝐸. Δ𝐸FWHM is the full width at half maximum of
the full-energy peak at energy 𝐸.

the cross-section of the photoelectric effect strongly decreases
with increasing photon energy.

2.2.3. Energy Resolution of Tracks. The question arises
whether or not this energy resolution is sufficient for a 0]𝛽𝛽-
decay search experiment. Figure 3 illustrates the double-
beta decay imaging chain of a 3mm thick CdTe sensor
with 110 𝜇m pitch. In Figure 3(a) the simulated “image” of
the energy deposited in a 0]𝛽𝛽-event is shown. The color
represents energy deposition in keV. In Figure 3(b) the image
of the (energy-deposition equivalent) induced signals in the
pixel electrodes is presented. Figure 3(b) thus shows the
appearance of the track in terms of input signal strength to

the amplifier after drift, diffusion, trapping, and induction.
Figure 3(c) shows the appearance of the event after in-pixel
discrimination with a 7 keV threshold. It looks similar but is
not identical to the “real track” Figure 3(a).

An experiment has been carried out to test the simulation
predictions of the energy resolution for electron tracks and
to test a neural network for single-electron identification.
The idea of the experiment was to produce two-charged-
particle track structures similar to 0]𝛽𝛽-decays in order to
assess the energy resolution for the tracks. Electron-positron
tracks were generated by pair production. The experiment
and the results were presented by Filipenko et al. [20] in
more detail. A 1mm thick CdTe sensor layer with ohmic
contacts (Pt) biased continuously at −500V was exposed
from the side to 2.614MeV photons from the decay of 208Tl.
The Timepix detector used in this study was assembled
by the Freiburger Materialforschungszentrum FMF which
has also evaluated CdTe as sensor material on Timepix
detectors [19]. The setup was not temperature stabilized. Due
to the heat dissipation from the ASIC the temperature of
the CdTe sensor was approximately 37∘C. Stabilization of
the detector at lower temperature is an option for leakage
current reduction and possibly for an improvement of the
energy resolution. Images in time-over-threshold mode were
taken using the USB readout [34] controlled by the data
acquisition software Pixelman [35]. The probability for pair
production is 16.2% of the Compton scattering probability
in CdTe at this photon energy. Thus, the spectrum of
energies in tracks was dominated by Compton scattering.
The images have been analyzed for single-electron tracks
and electron-positron track pairs with the artificial neural
network FANN [36]. The network comprised 10 input units
and 1 output unit on 5 hidden layers with 200 neurons each.
The activation function tanh(0.3𝑥) with the learning method
Resilient Propagation produced the best results. The neural
network was trained with simulated tracks and was applied
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Figure 3: Example of the appearance of a 0]𝛽𝛽-track, simulated for a 3mm thick CdTe sensor with a pixel pitch of 110 𝜇m, at different stages
of the imaging chain. The x- and y-coordinates give the pixel row and column. The color bar gives the deposited or measured (time-over-
threshold) energy in keV.

to measured data. The sum of the energy depositions in
all pixels in the tracks has been determined for each track
structure after removing 𝛼-particle signatures and muon
tracks. Figure 4 shows the measured spectra of deposited
energies in tracks for pair production and single-electron
events after reconstruction with the neural network where
the known classification errors of the network have been
corrected for. A clear peak frompair production is visible.The
corrected spectrum for single-electron tracks almost shows
no relict of a pair-production peak. The energy resolution in
the pair production electron-positron tracks wasmeasured to
beΔ𝐸FWHM/𝐸 = 3.77%,whichwas about twice the resolution
that was expected from simulation.This discrepancy was due
to the extrapolation of the time-over-threshold versus energy
calibration curves from the highest photon energy used for
calibration (121 keV) to deposited energies of up to 400 keV
in single pixels. High-energy photons of several hundred keV
cannot be used for energy calibration because of the small
cross-section of the photoelectric effect and the long electron
tracks at these energies. Photoelectrons of these energies are
mostly not confined in one pixel so that for each calibration

event the energy depositions in individual pixels would be
unknown.Nevertheless, the results of the experiment showed
that the simulation and the track analysis with the neural
network worked well since the separation between single-
electron tracks (blue in Figure 4) and pair-production events
(green in Figure 4) was as expected.

3. Results and Discussion

3.1. Simulation Setup. All simulations of double-beta decays
were carried out with a geometry where 2 × 2 Timepix detec-
tors with CdTe sensors are packed together in contact to each
other. Two of such 2 × 2 matrices were placed on top of each
other with their CdTe sensors facing each other. With this
arrangement the loss of electrons at the edges was reduced.
Furthermore, electrons which leave the CdTe sensors at the
common electrodes could deposit their remaining energy in
the opposite CdTe detector.This increases the 0]𝛽𝛽 detection
efficiency.

Test measurements [20] have shown that a bias voltage
of −500V was an appropriate choice for the 1mm thick
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Figure 4: Red: reconstructed distribution of measured total energy
depositions in tracks of a 1mm thick CdTe Timepix detector with
110𝜇m pixel pitch for irradiation with 2.614MeV photons through
its edge. Straight line tracks caused by muons and circular track
structures caused by 𝛼-particles have been removed before track
analysis with the artificial neural network. Green: reconstructed
total-energy distribution for events that should stem from pair
production. Blue: reconstructed total-energy distribution of single-
electron tracks.

sensor with ohmic contacts. The drift times were reasonably
short: the blurring of tracks due to diffusion of charge
carriers was not too strong. The leakage current of 0.8 nA
per pixel at a sensor temperature of approximately 37

∘C was
at an acceptable level so that a reasonably low discriminator
threshold of 5.5 keV could be realized experimentally with
110 𝜇m pixel pitch. The leakage current compensation circuit
in each pixel of the Timepix can even compensate for leakage
currents up to −10 nA [23] in electron collection mode. Even
with −700V bias voltage only 1.3% of the pixels did not work
properly [20]. It shall be pointed out that in principle the
leakage current could be further reduced either with Schottky
contacts instead of ohmic contacts on the CdTe layer [21] or
by cooling the detector which would probably also improve
energy resolution. Remoué et al. [37] demonstrated that the
leakage current of 4 × 4 × 1mm3 CdTe sensors with indium
Schottky contacts operated at−20∘Cwith−600V bias voltage
can be smaller than 100 pA. This value would correspond to
only 1.9 pA leakage current per pixel for 550𝜇m pixel pitch.
The analog pixel electronics of the Timepix ASIC can even
compensate for three orders of magnitude stronger leakage
currents. The drawback of Schottky contacts would be that
the sensor would tend to polarize [21] due to the buildup of
space charges. Polarization in CdTe typically worsens charge
collection efficiency and can be reduced by cooling [38]. The
influence of the polarization effect could also be overcome
by switching off the bias voltage for some seconds every few
minutes [39]. It has already been shown [40] that almost
complete charge collection can be obtained in 0.5mm thick
CdTe and 2mm thick CZT layers with low bias voltages of
about −100V. Therefore, we assumed for our simulations of
the performance of a pixel detector for various combinations
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Figure 5: Probability density 𝑑𝑃/𝑑𝐸 that a triggered pixel in a track
has collected a certain energy 𝐸 for neutrinoless double-beta decay
(blue) and for single electrons (red). 2.8MeV total deposited energy
in the track was required for both event types.

of pixel pitch and sensor thickness that the pixel detector
can be operated with bias voltages of −500V per mm sensor
thickness.

The energy resolution of a single pixel is ≈13% (FWHM)
for ≈59 keV energy deposition. The question arises whether
or not a sufficient energy resolution for 0]𝛽𝛽-decay detection
can be obtained with this kind of detector.

3.2. Total-Energy Spectra of Double-Beta Decay Events.
Figure 5 shows the simulated spectrum of detected energies
in individual pixels caused by 0]𝛽𝛽-decays and by single
electrons for 2.8MeV energy deposition in all triggered pixels
of an event. The spectra were calculated for a 3mm thick
CdTe sensor with 110 𝜇m pixel pitch. For 0]𝛽𝛽-events most
of the pixels record energies below 100 keV and some pixels
could receive energy deposition of more than 700 keV. In
single-electron events, pixels are triggered more likely with
smaller energy-depositions due to the lower ionization den-
sity for more energetic electrons. Larger energy depositions
occur with a higher probability in 0]𝛽𝛽-events. A large
fraction of pixels is triggered by small amounts of energy. At
low energies the energy resolution of the Timepix detector
with its Wilkinson type ADC (time-over-threshold) is not
the best. We therefore studied whether or not this hybrid
pixel detector with time-over-threshold measurement could
achieve sufficient energy resolution for the two-electron
track structure to obtain sufficient separation between the
peak expected at the full Q-value of the decay (2813.50 ±

0.13) keV [13] and the high-energy tail of the unavoidable
2]𝛽𝛽-background. The pixel pitch and the thickness of the
CdTe sensor layer were the most important free parameters
in the design of the pixel detector.

Figure 6 shows the spectra of total detected energy for
0]𝛽𝛽-decay in comparison to the spectrum of the two
electrons emitted in 2]𝛽𝛽-decays in the region of theQ-value
for four different combinations of pixel size and thickness
of the CdTe layer. An effective Majorana neutrino mass
of 42meV (𝑇0]

1/2
= 2.6 × 10

26 yr) and a half-life of
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(d) 5 mm thickness, 110 𝜇m pitch

Figure 6: Simulated spectra of the total energy given in number of events per kg×keV×yr for 0]𝛽𝛽- (blue) and 2]𝛽𝛽-decays (red). Cadmium
was assumed to be enriched to 90% in 116Cd.The green vertical line indicates the position of the Q-value of the decay. The shifts of the peak
positions for 0]𝛽𝛽-decays to deposited energies smaller than the Q-value is due to charge sharing at the edges of the electron tracks.

𝑇
2]
1/2

= 2.88 × 10
19 yr [14] were assumed. The simulation

of the 2]𝛽𝛽-spectra was carried out separately in intervals
of the sum of emission energies of the two electrons. The
reason is that the probability for a 2]𝛽𝛽-decay decreases with
increasing sum of the energies of the two electrons in the
region of the Q-value. The numbers of detected events as a
function of the total detected energywereweighted according
to the probability that a 2]𝛽𝛽-decay occurs with the sum
of energies of the two electrons in the interval. This results
in statistic errors in the simulated 2]𝛽𝛽-spectra in Figure 6
which decrease with improving energy resolution.

We observed that the signal peaks did not appear at the
Q-value of 2.814MeV but at a smaller energy 𝐸

𝑄
= 𝑄−Δ𝐸shift

depending on bias voltage, pixel size, and sensor thickness.
This loss of total energy is mainly due to the loss of charge
from each triggered pixel to under-threshold neighboring
pixels. The loss of charge is mainly due to diffusion of
charge carriers during drift towards the pixel electrodes. The
average energy loss Δ𝐸shift in the signal is about 70 keV for

the configuration with best energy resolution. The distance
between the signal peak and the Q-value increases with
increasing sensor thickness, decreasing bias voltage, and
decreasing pixel size. The same effect shifts the spectrum of
electron energies from 2]𝛽𝛽-decays towards lower energies.
For a 3mm thick sensor layer with 165𝜇m pixel pitch the
contribution of the 2]𝛽𝛽-decay channel to the number of
accepted events would be only about 1.6%. Here, we assumed
an effectiveMajorana neutrinomass of𝑚

𝛽𝛽
= 42meV and an

acceptance window width for signal events of Δ𝐸cut = 59 keV
centered at 2738 keV.

3.3. Total-Energy Resolution. 2000 neutrinoless double-beta
decay events with random electron momenta and positions
in the pixel matrix were simulated to determine the energy
resolution for each combination of pixel pitch and sen-
sor layer thickness. Figure 7 shows the energy resolution
Δ𝐸FWHM(𝐸

𝑄
)/𝐸
𝑄
of the two-electron track signature at 𝐸

𝑄

as functions of the pixel pitch for different values of the
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sensor thickness for bias voltages of −500V per mm sensor
thickness. Such good energy resolutions can be achieved
because the errors made in each pixel by the time-over-
threshold measurement average out to a certain extent in
the track. Total-energy resolution of the tracks improves
with decreasing pixel pitch (increasing number of triggered
pixels) unless the losses of energy underneath discriminator
thresholds become significant. If smaller pixels are used, the
number of pixels at the edge of the track is larger and the
loss of charges to untriggered pixels adjacent to the triggered
pixels becomes larger. The collected energy then depends
strongly on the exact trajectories with respect to the borders
of the pixels. Thus, the energy resolution for the tracks is
worse if pixels are too small. A similar argument can be
applied if the sensor is too thick.

For 0]𝛽𝛽-tracks the best energy resolution of about
Δ𝐸FWHM(𝐸

𝑄
)/𝐸
𝑄

= 1.31% in the sum electron energy
was achieved with a 2mm thick CdTe sensor layer with
220𝜇m pixel size at a bias voltage of −500V per mm sensor
thickness. The sensor thickness, pixel size combinations
((3mm, 330 𝜇m) and (4mm, 440 𝜇m)) showed only slightly
worse energy resolutions.

3.4. Sensor Thickness. So far, the detection efficiency has not
been considered. Thicker sensor layers have the advantage
that less pixels are necessary to reach a certain mass of CdTe
and therefore a certain sensitivity to the effective Majorana
neutrinomass. A thicker sensor has several other advantages:
increased volume-to-surface ratio and thus reduced specific
background rate from surfaces, reduced total static power
consumption of the analog pixel electronic cells, reduced
necessary number of events for pixel calibration, and reduced
bump-bonding costs. The fraction of the tracks that are fully
contained in the sensor increases with sensor thickness. On
the other hand, energy resolution for tracks eventually wors-
enswith increasing sensor thickness because of the increasing
influence of charge splitting (charge sharing) between pixels.
Figure 8 presents the simulated half-life sensitivity according
to the unified approach—which is presented in [41]—for a
confidence level of 90% after 5 years of measuring time with
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Figure 8: Simulated half-life sensitivity of a 420 kg CdTe pixel
detector experiment (Cd enriched to 90% in 116Cd) for various
combinations of pixel pitch and sensor thickness. Background
sources other than 2]𝛽𝛽-decays were neglected at this stage.

420 kg CdTe (90% 116Cd) in the face-to-face setup of pixel
detectors. In terms of sensitivity the best choice would be a
sensor which is thicker than 2mm, although the best total-
energy resolution was found for the configuration (2mm,
220𝜇m). At this stage of the analysis, the best sensitivities
were obtained with a 4mm thick sensor with 330 𝜇m pixel
size or with a 5mm thich sensor with 440 𝜇m pixel size. The
simulated half-life sensitivity for 3mm thickness and 165 𝜇m
pixel size is very close to the half-life sensitivities of the
configurations ((4mm, 330 𝜇m) and (5mm, 440 𝜇m)). It can
also be seen that the simulated half-life sensitivity does not
strongly depend on the pixel size for 3mm thickness between
165 𝜇m and 220𝜇m. For calculation of the sensitivities in
Figure 8 only background from 2]𝛽𝛽-decays was taken into
account in the region of 𝐸

𝑄
. In an experiment, background

like electrons from the decay of 214Bi, Compton scattered
electrons, and 𝛼-particles would also be present. It can be
expected that discrimination of signal and single-electron
background by analysis of the track topology ismore effective
with smaller pixel sizes. Track resolution is worse with thicker
sensor layers because of charge sharing. Thicker sensors
and a larger pixel pixel thus complicate the background
rejection with track analysis. Therefore, the combination of
a 3mm CdTe layer thickness with a pixel size of 165 𝜇m
seems to be the optimal compromise for a pixel detector. The
detection efficiency for 0]𝛽𝛽-decay events with this optimal
configuration is 55.9%.

3.5. 0]𝛽𝛽- and Single-Electron Tracks. The main motivation
for employing pixel detectors in the search for neutrinoless
double-beta decay is their ability to visualize tracks. Track
analysis shall be used to discriminate background events.
For example, electrons or positrons of sufficient energy can
emerge from beta decays from radioactive contaminants
either present in the CdTe sensor, the bump-bond material,
the electrode metals, the ASIC, the readout electronics
close to the CdTe sensors, the shielding, or the support
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structures. 214Bi, for example, undergoes beta decay with a
Q-value of 3.3MeV which is above theQ-value of the double-
beta decay of 116Cd. High-energy background electrons can
also be released by Compton scattering in the sensor or
surrounding parts by high-energy photons. Such photons
can be generated, for example, in 𝛾-𝛾-cascades after thermal
neutron capture 113Cd(𝑛, 𝛾)114Cd of 113Cd remnants with a
very large cross-section.

Figure 9 shows the appearance of an example of a 0]𝛽𝛽-
decay event in pixel matrices with differing pitch ranging
from 55 𝜇m to 880 𝜇m to illustrate the influence of pixel pitch
on track resolution.

Figure 10 shows examples of images of simulated energy
depositions in the pixel matrix for “obvious” Figure 10(a)
and “deformed” Figure 10(b) 0]𝛽𝛽-events for a 3mm thick
CdTe sensor with a pixel pitch of 110 𝜇m at a discriminator
threshold of 7 keV. A bias voltage of −1500V was applied.
The appearance of the tracks in the image is affected by
the diffusion of charge carriers during their drift, electron
scattering in the CdTe sensor, and noise in the electronics.
The naive picture is that a double-beta decay appears as two
regions with large energy deposition per pixel (Bragg peak)
that are connected by a thinner line of pixels. One can see in
Figure 10(b) that this is not always the case. The main reason
is that due to scattering off lattice atoms, the electrons can
alsomove parallel to the electric field lines.They then deposit
a large amount of energy in a few neighboring pixels, which
looks like a Bragg-peak region.

Figure 11 shows two examples of simulated track images
of single electrons emerging, for example, from a beta decay
of 214Bi contaminants with a total energy detected by the
pixel matrix close to 𝐸

𝑄
. Comparing these images with the

images of signal events presented in Figure 10, it is obvious
that some of the single-electron tracks will look like the two
tracks of two electrons fromdouble-beta decay and vice versa.

3.6. Discrimination of Single-Electron Background. We used
random decision forests for discrimination between single-
electron tracks and double-beta decay event pattern. The
concept of random decision forests is based on the class
of decision tree algorithms which are widely used for data
classification. The basic idea of random decision forests has
been described byHo [42]. Random decision forests typically
have an increased ability to generalize. They preserve the
advantages of decision trees like a high classification perfor-
mance and a very fast execution. Random decision forests
use random feature subspaces to construct multiple decision
trees which carry out a majority vote. The implementation of
the random decision forest used in this study is based on the
library ALGLIB [43]. The classification program was trained
with simulated electron tracks of double-beta decay and with
single electrons, both causing a measured energy close to
𝐸
𝑄
in the pixel matrix. The cut in the decision process for

identifying an event as signal or background is optimized for
the best sensitivity of the experiment to the effectiveMajorana
neutrino mass. In the following we describe in detail the 10
features that were used in the event classification. In Figures
12 and 13 we show the probability for obtaining a feature
value in a certain bin width obtained with simulations of

0]𝛽𝛽-decay events and single electrons with a total energy
deposition in an acceptance window of 59 keV width around
𝐸Q for a 3mm thick CdTe sensor with 110 𝜇m pixel pitch at a
bias voltage of −1500V.

For 0]𝛽𝛽-decay events we expect less pixels to be trig-
gered on average than for a single electron at the same total
energy.Thus, the number of triggered pixels (Figure 12(a)) in
the track should give a hintwhether a track structure is caused
by a signal or background event.

A single electron should lose less energy per pixel at
the beginning of its track and trigger many pixels in a
small region when its energy comes close to the Bragg-peak
region where the collected energy per pixel should be larger.
Therefore, we expect that the center of gravity of the energy
deposition pattern is different from the center of gravity of
the binary track structure. In an “ideal” double-beta decay
we would expect to see a pattern of two single-electron
tracks connected in the pixel with the decaying nucleus.
We expect a smaller distance between the energy-weighted
and binary center-of-gravity of the track structure than for
a single electron. The distance 𝑑 ≡ √( ⃗𝑟weighted − ⃗𝑟binary)

2

(Figure 12(b)) becomes a feature of the classification process,
where ⃗𝑟weighted is the center of gravity of the energy deposition
in the track structure and ⃗𝑟binary is the center of gravity of the
pattern of triggered pixels.

The beginning of a single-electron track should—
ideally—begin with a thin, short structure of triggered pixels
with relatively low energy deposition per pixel. In ideal
double-beta decay events, such a structure should not be
present at the ends of the track structure. We introduced
two features in the classification process: the total energy
measured in two (Figure 12(c)) or in three (Figure 12(d))
adjacent pixels with only one neighboring triggered pixel.
The smallest of these energy values is used if several of these
structures exist in an event. We defined that neighboring
pixelsmust touch each other and be located either in the same
row or in the same column.

As additional features we used the length of a structure
at the edge of the track in which each pixel has only one
triggered neighbor, which in turn had only one triggered
neighbor and so on. Typically these structures are longer for
single-electron tracks (Figure 12(e)).

For 0]𝛽𝛽-decay eventswe ideally expect to see twodistant
structures with high energy depositions per pixel (e.g., >

250 keV), because of Bethe-Bloch-like energy losses. Thus,
we defined the maximum distance of pixels in the track
having detected energies of more than 250 keV as a feature
(Figure 12(f)).

A single background electron with a total energy deposi-
tion in the region of 𝐸

𝑄
should deposit less energy per pixel

than an electron from a 0]𝛽𝛽-decay because of its higher
energy. The number of pixels having measured a total energy
of less than 185 keV together with their neighbors became a
feature (Figure 13(a)) that gives on average larger values for
single electrons.

We expect ideal single-electron tracks to have a line of
triggered pixels at the beginning of the track. Therefore, the
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Figure 9: Simulated pattern of energy depositions in the pixel matrix for a 0]𝛽𝛽-decay event in a 3mm thick CdTe sensor for different
granularities of the pixel matrix. The 𝑥- and 𝑦-coordinates give the pixel row and column. The color bar encodes the energy deposition
measured with the time-over-threshold method in keV.
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Figure 10: Simulated pattern of energy depositions in the pixel matrix for two examples of 0]𝛽𝛽-decay events. (a) Clear 0]𝛽𝛽-decay
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Figure 11: Simulated pattern of energy depositions in the pixel matrix of single electrons with energy deposition close to 𝐸
𝑄
. (a) Electron that

has an appearance similar to a 0]𝛽𝛽-decay event. (b) Electron track like it is expected in a naive picture. The 𝑥- and 𝑦-coordinates give the
pixel row and column. The color bar encodes the energy deposition measured with the time-over-threshold method in keV.

number of segments of the track that appeared as straight
lines became a feature (Figure 13(b)). We defined a straight
line as follows: there must be a pixel (starting point) that had
collected less than 100 keV energy and the remaining part of
the track is found mainly in one direction if it is viewed from
the starting point. A valid line was counted if two additional
conditions were met. First, a triggered pixel (end point) had
to be present that was connected with the starting point by at
least a four-pixel long line of neighboring or diagonal pixels.
Second, less than four pixels should be connected to the line
(neighbors or diagonal) so that the line was not too broad.
If a starting point had more than one valid end point, the

end point with the largest distance to the starting point was
chosen. If one line was identified in the track, the starting
points and end points of further valid lines had to have a
certain minimum distance to the lines identified before.

Tracks of single electrons often appear as thinner tracks
than 0]𝛽𝛽-events. In one feature (Figure 13(c)) we counted
the number of pixels which are part of a thin track segment,
which was defined as a structure where the pixel had only two
triggered neighbors on each side.

In an additional feature characterizing the track thickness
(Figure 13(d)) we counted the number of pixels which had
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Figure 12: Probabilities per bin for the occurrence of feature values in an event for 0]𝛽𝛽-decays and for single electronswith energy deposition
around 𝐸

𝑄
for a 3mm thick CdTe sensor with 110𝜇m pixel pitch. The bin width is given in the caption of each feature.
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Figure 13: Probabilities per bin for the occurrence of feature values in an event for 0]𝛽𝛽-decays and for single electronswith energy deposition
around 𝐸

𝑄
for a 3mm thick CdTe sensor with 110𝜇m pixel pitch. The bin width is given in the caption of each feature.

two triggered neighbors so that the three pixels formed a
triangle.

Many electrons that enter the sensor from the edges could
be vetoed during data analysis with very high efficiency by
using the columns and rows at the edges as vetoes. The
collision stopping power of a 2.8MeV electron in CdTe is
1.161MeV cm2/g [44]which translates to an average deposited
energy of 113 keV in a 165𝜇m-wide pixel. This energy depo-
sition is well above the possible discriminator threshold. It
would be favorable to use two adjacent pixel columns or rows
as vetoes because pixels at the edges of the sensor sometimes
suffer from increased leakage currents. Another possibility
would be reading the charge signal from a field-forming
guard ring at the edges of the sensor. Thus, fiducializing the
sensor volume from the edges is possible and would reduce
the single-electron background further.

3.7. Sensitivity to the Effective Majorana Neutrino Mass
𝑚
𝛽𝛽
. The sensitivity of a large-scale experiment based on

hybrid pixel detectors with a total CdTe mass of 420 kg

(Cd enriched to 90% in 116Cd) was determined for different
pixel pitch and sensor thickness combinations. Background
and efficiency reduction with track analysis was accounted
for. 2]𝛽𝛽-background and the single-electron background
were taken into account. The spectrum of the single-electron
background was modeled as a flat distribution in the region
of 𝐸
𝑄
. The specific single-electron background rate was a

free parameter.The underlying classification process with the
random decision forests was optimized for a pixel pitch of
110 𝜇m. The sensitivity of the setup was determined with the
“simple andunambiguous statistical recipe” [41] of the unified
approach, based on the Feldman-Cousins algorithm [45].We
derived half-life sensitivities for a confidence level of 90%
reached after 5 years of measurement.

The cut width Δ𝐸cut on the deposited energy sum (for
counting the number of signal events) in the track structure
around 𝐸

𝑄
was optimized for maximum sensitivity for each

combination of pixel pitch and sensor thickness. Figure 14
gives the results of this complex optimization. It can be
seen that the best overall performance over a wide range of
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Figure 14: Simulated half-life sensitivity according to the unified approach [41] for 90% confidence level after 5 years of measuring time with
420 kg CdTe employing background identification for different combinations of sensor thickness and pixel size as functions of the specific
single-electron background rate 𝑏.

background rates can be achieved with a 3mm thick CdTe
sensor layer and pixel pitch between 165 𝜇m and 220𝜇m. At a
background level of 𝑏 = 0.001 counts/(kg× keV× yr) the best
half-life sensitivity of 1.34 × 10

26 yr is obtained for a 3mm
thick sensor with 220𝜇mpixel size.This sensitivity is close to
the half-life sensitivity of 1.30 × 10

26 yr obtained for the same
sensor thickness but with 165 𝜇m pixel size. In our opinion, a
pixel pitch of 165 𝜇m should be chosen in the experiment in
order to obtain the better resolution of track structures.

Figure 15 shows the relative reduction Δ𝑆(𝑏)/𝑆(𝑏) of the
signal and of the electron backgroundΔ𝐵/𝐵(𝑏) achieved with
the track analysis. The signal 𝑆 was defined as the number
of detected 0]𝛽𝛽-decay events in the signal acceptance
window around 𝐸

𝑄
. The background 𝐵 was the correspond-

ing number of detected electron background events in the
acceptancewindow. 𝑏 is the specific background rate (given in
counts/(kg × keV × yr)) of single electrons before application
of the random decision forests. The higher the background,
the more restrictively the classification programs reacted.

Thus, the detection efficiency was reduced more at higher
background rates. For 3mm thick sensors with 110 𝜇m pixel
pitch the detection efficiency amounted to 55% before event
classification with the random decision forests. A reduction
of the detection efficiency of about 23% occurred at a
background level of about 10−3 counts/(kg×keV× yr) so that
a detection efficiency of 42% was reached after classification.
At the same time, the electron background was reduced by
75%.

The net benefit of track analysis could be represented by
an effective background reduction factor 𝑟, which we defined
as

𝑟 =
𝑏RDF
𝑏noRDF

. (2)

𝑏RDF and 𝑏noRDF were the maximum allowed single-electron
specific background rates 𝑏 to reach an effective Majorana
neutrino mass sensitivity �̃�

𝛽𝛽
with (RDF) and without

(noRDF) event classification in 0]𝛽𝛽-decays and single
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plane (red) for a 3mm thick CdTe sensor. Additionally, the effective
background reduction factor 𝑟 obtained with 3D-track analysis at
110𝜇m pixel pitch is shown (blue).

electrons by the random decision forests. For 𝑏noRDF the
cut on the 0]𝛽𝛽 total energy peak (window-width Δ𝐸cut
and position) was optimized for maximum sensitivity to
the effective Majorana neutrino mass. The random decision
forest was not applied to discriminate between 0]𝛽𝛽- and
single-electron tracks. For 𝑏RDF, the random decision forest
additionally classified events and rejected background events
at the expense of signal efficiency. 𝑟 > 1 means that a
larger single-electron background rate in the experiment
can be tolerated with event classification by the random
decision forest compared to the same experimental setup
without using the random decision forest. Thus, 𝑟 reflects
the potential of the event classification with the random
decision forest with respect to the allowed background rate.

𝑟 measures by how much the background rate needs to
be reduced without performing background rejection with
the random decision forest so that the same sensitivity to
the effective Majorana neutrino mass can be achieved as
with background rejection with the random decision forest.
The classification of events with the random decision forest
during data analysis effectively reduces the single-electron
background to 𝑏noRDF/𝑟.

We used the definition of the effective Majorana neutrino
mass sensitivity �̃�

𝛽𝛽
given in (4.15) of [41]

�̃�
𝛽𝛽

=
𝐾
2

√𝜀
(
𝑏Δ𝐸cut
𝑀𝑡

)

1/4

(3)

which is an appropriate definition for large background levels.
𝐾
2
is a constant that depends only on the isotope, 𝜀 is the

corresponding detection efficiency, 𝑀 is the total mass of
the double-beta decay nuclei in the detector, 𝑏 is the single-
electron specific background rate in counts/(kg × keV × yr),
and 𝑡 is the measuring time. Δ𝐸cut specifies the acceptance
window width around the 0]𝛽𝛽-decay peak in the spectrum
of total energies.

Figure 16 shows the effective background reduction factor
𝑟 as a function of pixel pitch for a 3mm thick CdTe sensor
layer. It can be seen that the track analysis has a greater benefit
in an experiment with smaller pixel pitch and that almost
no benefit with track analysis can be achieved for pixel sizes
larger than 440 𝜇m. One can see that the exploitation of the
tracking properties of a detector with a pixel pitch of 165 𝜇m
reduces the single-electron background level by a factor of
2.2. The sensitivity to the effective Majorana neutrino mass is
thus improved by a factor of 1.22 for the optimal sensor layer
configuration (3mm thickness, 165𝜇m pitch).

Figure 17 shows the expected sensitivity in terms of effec-
tive Majorana neutrino mass of a 420 kg CdTe experiment
after 5 years of measuring time for the optimal sensor
configuration with track analysis, as a function of the single-
electron background rate 𝑏 before event classification, in the
region of 𝐸

𝑄
. 2]𝛽𝛽-background was taken into account. Our

simulations showed that a single-electron background level
of about 2 × 10

−4 in the region of 𝐸
𝑄
would be necessary to

access the effective Majorana neutrino masses in the inverted
hierarchy range—which begins at 𝑚

𝛽𝛽
≈ 50meV—in 5 years

of measuring time at 90% confidence level.

3.8. Discrimination of 𝛼-Particle Background. Figure 18
shows a measured “track” of an 𝛼-particle with 5.5MeV
ki-netic energy impinging on the common electrode side.
With its approximate radial symmetry and high energy
deposition in the center it looks completely different to the
majority of the 0]𝛽𝛽-tracks. The track lengths of 𝛼-particles
with energies close to the Q-value of the 0]𝛽𝛽-decay are
very short in CdTe (few micrometers) compared to the
sum of the track lengths of the two 0]𝛽𝛽-electrons (several
hundred micrometers) and compared to the pixel pitches
under investigation. Thus, we can assume in the simulation
of 𝛼-particle signatures that the kinetic energy is deposited
at one point. The dynamics of the very dense charge
carrier distribution along the short track of an 𝛼-particle
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Figure 17: Expected sensitivity to the effective Majorana neutrino
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for the optimal configuration (3mm thickness and 165 𝜇m

pixel pitch) as a function of the specific single-electron background
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immediately after impact of the particle is complicated
because of space charge buildup which partly compensates
the electric drift field. This leads to a period of diffusion
without significant drift during the early history of the
detection process. Additionally, charge carrier repulsion
takes place. The result is that the pattern of triggered pixels
becomes larger than one would expect. An experiment with
a 1mm thick CdTe sensor with 110 𝜇m pixel pitch revealed
that 20–60 pixels are triggered by impacts of 5.5MeV 𝛼-
particles, depending on the bias voltage, which was varied
between −100V and −500V. We introduced a factor into
the simulation which broadened the distribution of drifted
charge carriers. We chose a large range for this value in the
simulation, so that the measured distributions of cluster
sizes for the 5.5MeV 𝛼-particles were covered widely with
the simulations for the different bias voltages. We then
simulated signatures of 2.8MeV energy depositions—which
were supposed to be caused by 𝛼-particle impact on the
common electrode side—for the whole range of this factor to
cover all possible pattern sizes. We simulated 10

6
𝛼-particle

impacts with a value for this factor which leads to 𝛼-particle
signatures that were most difficult to discriminate with
the classification software. For this worst case the random
decision forest, trained with simulated pattern of 𝛼-particles,
was able to reject all simulated 𝛼-particle impacts with less
than 2.6% loss of signal events (0]𝛽𝛽). We expect that the
𝛼-particle background can be reduced further, because the
classification algorithm did not have features dedicated to
𝛼-particle identification (like symmetry of the topological
pattern with the largest energy deposition in the center).

4. Future Perspectives

4.1. Tracking in Three Dimensions. The analysis presented
so far only used two-dimensional projections of the energy
deposition in the electron tracks for background discrimina-
tion, although an electron travels through the sensor in three
dimensions. A long track segment of an electron through a
pixel parallel to the axis of the electric field lines (𝑧-axis)
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Figure 18: Measured image of the energy deposition of a 5.8MeV
𝛼-particle impact on the common electrode side, recorded with a
110𝜇m pixel pitch Timepix detector with a 1mm thick sensor layer.

causes large energy deposition similar to a less energetic
electron travelling perpendicular to the electric field lines.
As a consequence of this, some single-electron tracks are
difficult to distinguish from signal events.This problem could
be overcome if a 3D tracking hybrid pixel detector would
be available. Information about the z-components of a track
could in principle be obtained by measuring differences
in drift times of charge carrier distributions collected by
neighboring pixels. Campbell et al. [46] have proposed a
schematic of such an architecture of a pixel detector which
avoids the distribution of a fast clock signal for timing
measurements to all pixels. A fast clock signal supplied to
all pixels typically generates noise that in turn deteriorates
energy resolution and increases the minimum discriminator
threshold. Another possibility for an architecture would be
the combination of a coarse time stamp generated by a slow
clock signal distributed to all pixels in the matrix and a
precise time stamp generated by a fast oscillator in each pixel.
This architecture is implemented in the Timepix3 detector
[16].

We have carried out simulations to demonstrate the
potential of 3D tracking with the assumption that a position
resolution of 110 𝜇m could be achieved in each pixel cell
also in the drift direction. This means that 2.7 ns resolution
of drift time measurements is needed. This does not seem
to be impossible because the clock cycle spacing of the fast
oscillator signal in the Timepix3 is 1.6 ns. The preamplifier
peaking time in the Timepix3 is less than 20 ns and the
time over threshold is provided so that time walk corrections
can be carried out. The electron drift time to cross the
complete sensor thickness of 3mm is 73.5 ns for a bias voltage
difference of −1500V. As a simple test of 3D track analysis, we
applied the two-dimensional track analysis presented above
three times for each plane in the sensor (𝑥-𝑦, 𝑥-𝑧, 𝑦-
𝑧) independently from each other. The result, expressed by
the equivalent background reduction factor 𝑟, is shown in
Figure 15 (blue). One can see that with a 3D voxel detector an
increase of the sensitivity to the effective Majorana neutrino
mass by a factor of about 1.61 with track analysis could be
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realized. This would be a significant improvement compared
to the 2D pixel detector. We expect an even stronger increase
of the sensitivity to the effective Majorana neutrino mass
by analysis of additional topological features which take the
three-dimensional structure into account.

4.2. Improvement of Energy Resolution. Energy resolution
should be further improved. In contrast to photon count-
ing X-ray imaging or accelerator-based high-energy-physics
experiments, an analog read-out of the energy signal of
pixels with external ADCs is possible in low-background
experiments because of the low overall detection rate. It has
been demonstrated [47] that an excellent average single-pixel
energy resolution of Δ𝐸FWHM/𝐸 = 1.2% at 59.5 keV can
be achieved with the hybrid pixel detector HEXITEC with
250𝜇m pixel pitch bump-bonded to a 1mm thick CdTe layer
with Schottky contacts biased to −500V. Seller et al. [21]
reported an energy resolution better than 2.5% (FWHM) at
59.5 keV on a 2mm thick 20 × 20 pixel CdZnTe detector with
250𝜇mpixel pitch connected to anASICwith a pixel circuitry
identical to the HEXITEC. In the HEXITEC detector, the
energy signal is digitized externally with a low-noise ADC.
The drawback of this pixel detector is that no differences of
drift times can be obtained. The HEXITEC detector lacks
time resolution on a few-nanosecond scale, which is provided
by the Timepix detector. Such a time resolution seems to
be necessary in order to be sure that potential double-beta
decay events that come from one single decay are not due
to a random coincidence of two single beta decays. Time
resolution will already be improved with the Timepix3 active
pixel detector. Each 55×55 𝜇m2 pixel of theTimepix3 detector
[16] features an amplifier with less than 20 ns peaking time. A
fast oscillator in each pixel provides a clock pulse each 1.6 ns
for in-pixel time stamping if the signal pulse height is above
discriminator threshold. In our opinion an analog-electronics
pixel architecture feeding an analog read-out chain with
external low-noise ADCs (like in the HEXITEC detector)
should be combined with a fast timing circuit in each pixel
(like in the Timepix3). This combination of a fast and a slow
circuit might require the generation of two signal copies on
the pixel level. The Medipix3 [48] detector already features
such a circuit in each pixel which generates four copies of the
amplified sensor signal for reallocation of the charge which is
split between neighboring pixels.

5. Conclusion

We have evaluated the sensitivity of an experiment based on
pixel detectors connected to pixelated sensors with 420 kg of
CdTe (Cd enriched to 90% in 116Cd), arranged in face-to-
face geometry of assemblies (8 cm2 area) for themeasurement
of the effective Majorana neutrino mass. For the time—and
energy—resolving hybrid pixel detector Timepix we found
an optimal thickness of the sensor layer of 3mm and a pixel
pitch of 165𝜇m. With the mass density of enriched CdTe of
approximately 5.9 g/cm3, this translates to a sensor area of
2 × 11.9m2 with about 875 million pixels. We found that 𝛼-
particle background was reduced by at least about 6 orders of

magnitude due to the different track structures of 𝛼-particles
and electrons.

We found that the single-electron background rate
could be reduced with track analysis by about 75% at
a single-electron background level of 10−3 counts/(kg×keV×

yr). Track analysis with random decision forests reduced
the effective single-electron background by a factor of 2.2.
This corresponds to an improvement of the Majorana mass
sensitivity by a factor of 1.22. A Majorana mass sensitivity of
59meV on a 90% confidence level according to the unified
approach [41] might be reached after 5 years of measuring
time for a specific single-electron background rate of 10

−3

counts/(kg×keV×yr). In our opinion, further improvements
in sensitivity can be achieved with external digitization of the
energy signal instead of the current in-pixel conversion based
on the time-over-threshold method.

Currently, gaseous detectors outperform the background
identification potential of the semiconductor pixel detector
concept for 0]𝛽𝛽-decay detection because of themuch longer
track length and their possibility of 3D track reconstruction.
It was shown within the framework of the NEXT experi-
ment [49] that background can be reduced by 3 orders of
magnitude with tolerable reduction of the signal detection
efficiency by analysis of tracks in a high-pressure Xenon
TPC. Further improvement of the sensitivity to 𝑚

𝛽𝛽
with

CdTe pixel detectors will be achieved with track analysis
exploiting features of the three-dimensional electron tracks
if precise timing measurements of drift time differences
between adjacent pixels allow 3D reconstruction of electron
tracks.
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The LSND short-baseline neutrino experiment has published evidence for antineutrino oscillations at a mass scale of ∼1 eV2.
The MiniBooNE experiment, designed to test this evidence for oscillations at an order of magnitude higher neutrino energy and
distance, observes excesses of events in both neutrino mode and antineutrino mode. While the MiniBooNE neutrino excess has a
neutrino energy spectrum that is softer than expected from LSND, the MiniBooNE antineutrino excess is consistent with neutrino
oscillations andwith the LSNDoscillation signal.When combinedwith oscillationmeasurements at the solar and atmosphericmass
scales, assuming that the LSND and MiniBooNE signals are due to neutrino oscillations, these experiments imply the existence of
more than three neutrino mass states and, therefore, one or more sterile neutrinos. Such sterile neutrinos, if proven to exist, would
have a big impact on particle physics, nuclear physics, and astrophysics and would contribute to the dark matter of the universe.
Future experiments under construction or proposed at Fermilab, ORNL, CERN, and in Japan will provide a definitive test of short-
baseline neutrino oscillations and will have the capability of proving the existence of sterile neutrinos.

1. Introduction

Neutrino oscillations have been clearly observed at the solar
mass scale of Δ𝑚2 ∼ 7.5 × 10−5 eV2 and the atmospheric
mass scale of Δ𝑚2 ∼ 2.4 × 10−3 eV2 [1]. However, evidence
for neutrino oscillations at the Δ𝑚2 ∼ 1 eV2 mass scale has
also been given by the LSND [2–6] and MiniBooNE [7–
9] experiments. If the signals reported by LSND and Mini-
BooNE are indeed due to neutrino oscillations, then there
is a problem with the three-neutrino paradigm, because it is
not possible to explain oscillations at the three different mass
scales with only three types of neutrinos. In order to solve this
problem, additional “sterile” neutrinos have been proposed
[10–14]. Other explanations include, for example, Lorentz
violation [15, 16] and sterile neutrino decay [17, 18]. These
additional neutrinos would need to be sterile to the weak
interaction due tomeasurements of thewidth of the𝑍∘ boson,
which determine that there are three and only three active
neutrinos [19]. The evidence for neutrino oscillations from
LSND and MiniBooNE will be discussed in the following
sections, followed by a discussion of global fits to the world
data and future experiments, which will have the capability

of proving whether short-baseline neutrino oscillations at the
∼1 eV2 mass scale and light, sterile neutrinos exist in nature.

2. The LSND Experiment

The LSND experiment [20] was designed to search for ]
𝜇
→

]
𝑒
oscillations with high sensitivity and to measure ]𝐶 cross-

sections. A photograph of the inside of the detector tank
is shown in Figure 1. The main characteristics of the LSND
experiment are given in Table 1. LSND had the advantage of a
very high proton intensity, a large detector mass, and good
particle identification. LSND made use of a high-intensity,
798MeV proton beam that interacted in an absorber to
produce a large number of pions.

2.1. Neutrino Beam. LSND made use of the LAMPF accel-
erator, which was an intense source of low energy neutrinos
produced with a proton current of 1mA at 798MeV kinetic
energy. For the 1993–1995 running period, the production
target consisted of a 30 cm long water target (20 cm in
1993) followed by a water-cooled Cu beam dump, while for
the 1996–1998 running period, the production target was
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Table 1:Themain characteristics of the LSND andMiniBooNE experiments. Also the estimated number of neutrino background events and
signal events for 100% ]

𝜇
→ ]
𝑒
transmutation are shown. The 𝑅

𝛾
> 10 requirement is assumed for the LSND events.

Property LSND MiniBooNE ] MiniBooNE ]
Proton energy 798MeV 8000MeV 8000MeV
Proton intensity 1000𝜇A 4 𝜇A 4𝜇A
Proton beam power 798 kW 32 kW 32 kW
Protons on target 28,896C 104C 181 C
Duty factor 6 × 10

−2
8 × 10

−6
8 × 10

−6

Total mass 167 t 806 t 806 t
Neutrino distance 30m 541m 541m
100% ]

𝜇
→ ]
𝑒
events 12,987 89,615 38,462

] background events 16.9 797.7 398.2

Figure 1: A photograph of the inside of the LSND detector tank.

reconfiguredwith thewater target replaced by a close-packed,
high-𝑍 target. The resulting decay-at-rest (DAR) neutrino
fluxes are well understood because almost all detectable
neutrinos arise from 𝜋+ or 𝜇+ decay; 𝜋− and 𝜇− that stop
are readily captured in the Fe of the shielding and Cu of
the beam stop [21, 22]. The production of kaons or heavier
mesons is negligible at these proton energies. The ]

𝑒
flux is

calculated to be only ∼8 × 10−4 as large as the ]
𝜇
flux in the

20 < 𝐸] < 52.8MeV energy range, so that the observation of
a ]
𝑒
event rate significantly above the calculated background

would be evidence for ]
𝜇
→ ]
𝑒
oscillations. Figure 2 shows

the neutrino energy spectra from 𝜋+ and 𝜇+ DAR.

2.2.Detector. TheLSNDdetector [20] consisted of an approx-
imately cylindrical tank 8.3m long by 5.7m in diameter.
A schematic drawing of the detector is shown in Figure 3.
The center of the detector was 30m away from the neutrino
source. On the inside surface of the tank, 1220 8-inch Hama-
matsu PMTs covered 25% of the area with photocathode.
The tank was filled with 167 t of liquid scintillator consisting
of mineral oil and 0.031 g/L of b-PBD. This low scintillator
concentration allows the detection of both Cherenkov light

and scintillation light and yields an attenuation length of
more than 20m for wavelengths greater than 400 nm [23]. A
typical 45MeV electron created in the detector produced a
total of ∼1500 photoelectrons, of which ∼280 photoelectrons
were in the Cherenkov cone. PMT time and pulse-height sig-
nals were used to reconstruct particle tracks with an average
RMS position resolution of ∼14 cm, an angular resolution of
∼12∘, and an energy resolution of ∼7% at theMichel endpoint
of 52.8MeV. The Cherenkov cone for relativistic particles
and the time distribution of the light, which is broader
for nonrelativistic particles [20], gave excellent separation
between electrons and particles below Cherenkov threshold.
Identification of neutrons was accomplished through the
detection of the 2.2MeV 𝛾 from neutron capture on a free
proton. The veto shield enclosed the detector on all sides
except the bottom. Additional counters were placed below
the veto shield after the 1993 run to reduce cosmic-ray
background entering through the bottom support structure.
The main veto shield [24] consisted of a 15 cm layer of liquid
scintillator in an external tank and 15 cm of lead shot in
an internal tank. This combination of active and passive
shielding tagged cosmic-ray muons that stopped in the lead
shot. A veto inefficiency of <10−5 was achieved for incident
charged particles.

2.3. Oscillation Results. The primary oscillation search in
LSND is for ]

𝜇
→ ]

𝑒
oscillations, where the ]

𝜇
arise

from 𝜇+ DAR in the beam stop and the ]
𝑒
are identified

through the reaction ]
𝑒
𝑝 → 𝑒

+
𝑛. This reaction allows a

two-fold signature of a positron with a 52.8MeV endpoint
and a correlated 2.2MeV 𝛾 from neutron capture on a free
proton. There are only two significant neutrino backgrounds
with a positron/electron and a correlated neutron. The first
background is from 𝜇− DAR in the beam stop followed by
]
𝑒
𝑝 → 𝑒

+
𝑛 scattering in the detector. This background

is highly suppressed due to the requirements that a 𝜋− be
produced, the 𝜋− decays in flight, and the 𝜇− decays at
rest prior to capture. The second background is from 𝜋−
decay in flight (DIF) in the beam stop followed by ]

𝜇
𝑝 →

𝜇
+
𝑛 scattering in the detector. Additional contributions are

from ]
𝜇
𝐶 → 𝜇

+
𝑛𝑋 and ]

𝜇
𝐶 → 𝜇

−
𝑛𝑋 scattering. This

background will mimic the oscillation reaction if the 𝜇+ is
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Figure 2: The neutrino energy spectra from 𝜋+ and 𝜇+ DAR.
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Figure 3: A schematic drawing of the LSND detector.

sufficiently low in energy that it is below the threshold of 18
hit PMTs, corresponding to 𝐸

𝜇
< 4MeV. Table 2 shows the

estimated number of events in the 20 < 𝐸
𝑒
< 60MeV energy

range satisfying the electron selection criteria for 100% ]
𝜇
→

]
𝑒
transmutation and for the two beam-related backgrounds

with neutrons.
Table 3 shows the LSND statistics for events that satisfy

the selection criteria for the primary ]
𝜇
→ ]
𝑒
oscillation

search. An excess of events is observed over that expected
from beam-off and neutrino background that is consistent
with neutrino oscillations [2–6]. A 𝜒2 fit to the 𝑅

𝛾
distri-

bution, as shown in Figure 4, gives 𝑓
𝑐
= 0.0567 ± 0.0108

(𝜒2 = 10.7/9DOF), which leads to a beam on-off excess
of 117.9 ± 22.4 events with a correlated neutron. 𝑅

𝛾
is the

likelihood that the 𝛾 is a correlated 𝛾 from neutron capture
divided by the likelihood that the 𝛾 is an accidental 𝛾, while𝑓

𝑐

is the fraction of electron candidate events with a correlated 𝛾.
Subtracting the neutrino background from 𝜇− DAR followed
by ]
𝑒
𝑝 → 𝑒

+
𝑛 scattering (19.5 ± 3.9 events) and 𝜋− DIF

followed by ]
𝜇
𝑝 → 𝜇

+
𝑛 scattering (10.5 ± 4.6 events)

(this background also includes contributions from ]
𝜇
𝐶 →

𝜇
+
𝑛𝑋 and ]

𝜇
𝐶 → 𝜇

−
𝑛𝑋) leads to a total excess of 87.9 ±

22.4 ± 6.0 events. This excess corresponds to an oscillation
probability of (0.264 ± 0.067 ± 0.045)%, where the first error
is statistical and the second error is the systematic error

Table 2: The LSND estimated number of events in the 20 < 𝐸
𝑒
<

60MeV energy range due to 100% ]
𝜇
→ ]

𝑒
transmutation and

the two beam-related backgrounds with neutrons, 𝜇− DAR in the
beam stop followed by ]

𝑒
𝑝 → 𝑒

+
𝑛 scattering in the detector and

𝜋
− DIF in the beam stop followed by ]

𝜇
𝑝 → 𝜇

+
𝑛 scattering. The

events must satisfy the electron selection criteria, but no correlated
𝛾 requirement is imposed.

Neutrino source Reaction Number of events
𝜇
+ DAR 100% ]

𝜇
→ ]
𝑒

33300 ± 3300

𝜇
− DAR ]

𝑒
𝑝 → 𝑒

+
𝑛 19.5 ± 3.9

𝜋
− DIF ]

𝜇
𝑝 → 𝜇

+
𝑛 10.5 ± 4.6

arising from uncertainties in the backgrounds, neutrino flux
(7%), 𝑒+ efficiency (7%), and 𝛾 efficiency (7%).

A clean sample of oscillation candidate events can be
obtained by requiring 𝑅

𝛾
> 10, where, as shown in Table 3,

the beam on-off excess is 49.1 ± 9.4 events, while the
estimated neutrino background is only 16.9 ± 2.3 events.
Figure 5 displays the energy distribution of events with 𝑅

𝛾
>

10. The shaded regions show the combination of neutrino
background plus neutrino oscillations at low Δ𝑚2. The data
agree well with the oscillation hypothesis. Finally, Figure 6
shows the 𝐿/𝐸] distribution for events with 𝑅

𝛾
> 10 and
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Table 3: Numbers of LSNDbeam-on events that satisfy the selection criteria for the primary ]
𝜇
→ ]
𝑒
oscillation searchwith𝑅

𝛾
> 1,𝑅

𝛾
> 10,

and 𝑅
𝛾
> 100. Also the beam-off background, the estimated neutrino background, and the excess of events that is consistent with neutrino

oscillations are shown.

Selection Beam-on Beam-off ] background Event excess
events background

𝑅
𝛾
> 1 205 106.8 ± 2.5 39.2 ± 3.1 59.0 ± 14.5 ± 3.1

𝑅
𝛾
> 10 86 36.9 ± 1.5 16.9 ± 2.3 32.2 ± 9.4 ± 2.3

𝑅
𝛾
> 100 27 8.3 ± 0.7 5.4 ± 1.0 13.3 ± 5.2 ± 1.0
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Figure 4: The LSND 𝑅
𝛾
distribution for events that satisfy the

selection criteria for the primary ]
𝜇
→ ]
𝑒
oscillation search.

20 < 𝐸
𝑒
< 60MeV, where 𝐿 is the distance travelled by the

neutrino in meters and 𝐸] is the neutrino energy in MeV
determined from the measured positron energy and angle
with respect to the neutrino beam. The data agree well with
the expectation from neutrino background plus neutrino
oscillations at low Δ𝑚2 (𝜒2 = 4.9/8D.O.F.) or high Δ𝑚2

(𝜒2 = 5.8/8D.O.F.).
The (sin22𝜃, Δ𝑚2) likelihood (L) fitter is applied to

beam-on events in the final oscillation sample and calcu-
lates a likelihood in the (sin22𝜃, Δ𝑚2) plane in order to
extract the favored oscillation parameters. The L product
in the (sin22𝜃, Δ𝑚2) plane is formed over the individual
beam-on events that pass the oscillation cuts. This three-
dimensional contour is sliced to arrive finally at the LSND
allowed oscillation region. The beam-related backgrounds
are determined from Monte Carlo (MC) event samples for
each individual background contribution. The MC contains
the trigger simulation and generally very well reproduces the
tank response to all particles of interest. Agreement between
the data and MC is excellent.
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Figure 5: The LSND electron energy distribution for events with
𝑅
𝛾
> 10. The shaded region shows the expected distribution from

a combination of neutrino background plus neutrino oscillations at
low Δ𝑚2.

The (sin22𝜃, Δ𝑚2) oscillation parameter fit for the entire
data sample, 20 < 𝐸

𝑒
< 200MeV, is shown in Figure 7.

The fit includes both ]
𝜇
→ ]
𝑒
and ]

𝜇
→ ]
𝑒
oscillations

(although the latter contribution is very small), as well as all
known neutrino backgrounds. The inner and outer regions
correspond to 90% and 99% CL allowed regions, while the
curves are 90% CL limits from the Bugey reactor experiment
[25] and the KARMEN experiment at ISIS [26]. Note that
the Bugey limit has been relaxed recently due to the reactor
neutrino anomaly [27]. The most favored allowed region is
the band from 0.2 to 2.0 eV2, although a region around 7 eV2
is also possible.

3. The MiniBooNE Experiment

The MiniBooNE experiment was designed to test the LSND
neutrino oscillation signal with a neutrino energy and dis-
tance that were an order of magnitude higher than LSND
but with an 𝐿/𝐸 ratio that was approximately the same as for
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Figure 8: A schematic drawing of the MiniBooNE experiment.

LSND. Due to the higher neutrino energies, the backgrounds
and systematic errors are completely different between the
two experiments.

3.1. Neutrino Beam. A schematic drawing of the MiniBooNE
experiment at FNAL is shown in Figure 8. The experiment is
fed by 8GeV kinetic energy protons from the Booster that
interact in a 71 cm long Be target located at the upstream
end of a magnetic focusing horn. The horn pulses with a
current of 174 kA and, depending on the polarity, either
focuses 𝜋+ and 𝐾+ and defocuses 𝜋− and 𝐾− to form a
pure neutrino beam or focuses 𝜋− and 𝐾− and defocuses 𝜋+
and 𝐾+ to form a somewhat pure antineutrino beam. The
produced pions and kaons decay in a 50m long pipe, and a
fraction of the neutrinos and antineutrinos [28] interact in
theMiniBooNE detector, which is located 541m downstream
of the Be target. For the MiniBooNE results presented here, a
total of 6.46× 1020 POT were collected in neutrino mode and
11.27 × 10

20 POT were collected in antineutrino mode.

3.2. Detector. The MiniBooNE detector [29] consists of a
12.2m diameter spherical tank filled with approximately 806
tons of mineral oil (CH

2
). A schematic drawing of the Mini-

BooNE detector is shown in Figure 9, while a photograph of
the inside of the tank is shown in Figure 10.There are a total of
1280 8-inch detector phototubes (covering 10% of the surface
area) and 240 veto phototubes. The fiducial volume has a
5m radius and corresponds to approximately 450 tons. A
comparison between the LSNDandMiniBooNE experiments
is given in Table 1.

3.3. Oscillation Results. Figure 11 shows the estimated neu-
trino fluxes for neutrino mode and antineutrino mode,
respectively. The fluxes are fairly similar (the intrinsic
electron-neutrino background is approximately 0.6% for
both modes of running), although the wrong-sign contribu-
tion to the flux in antineutrino mode (∼18%) is much larger
than in neutrinomode (∼6%).The average ]

𝑒
plus ]

𝑒
energies

are 0.96GeV in neutrino mode and 0.77GeV in antineutrino
mode, while the average ]

𝜇
plus ]

𝜇
energies are 0.79GeV

in neutrino mode and 0.66GeV in antineutrino mode. The
estimated backgrounds in the two modes are very similar,
especially at low energy.

Figure 12 shows the reconstructed neutrino and antineu-
trino energy distributions, 𝐸𝑄𝐸] , for candidate ]

𝑒
and ]

𝑒

MiniBooNE detector

Signal region

Veto region

Figure 9: A schematic drawing of the MiniBooNE detector.

Figure 10: A photograph of the inside of the MiniBooNE detector.

data events (points with error bars) compared to the MC
simulation (histogram) [7–9], while Figure 13 shows the event
excesses in neutrino and antineutrino mode as a function
of 𝐸𝑄𝐸] . 𝐸𝑄𝐸] assumes that the events are due to charged-
current quasi-elastic scattering. The magnitude and energy
shape of the excess in antineutrino mode are very similar
to what is expected from neutrino oscillations based on the
LSND signal, as shown by the pink and green LSND reference
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Figure 11: The estimated MiniBooNE neutrino fluxes for neutrino mode (a) and antineutrino mode (b).
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Figure 12:TheMiniBooNE neutrino mode (a) and antineutrino mode (b) neutrino energy distributions for ]
𝑒
charged-current quasi-elastic

data (points with statistical errors) and background (histogram with systematic errors).

histograms. In neutrino mode, the magnitude of the excess
is consistent with LSND; however, the energy shape is softer
than the pink and green LSND reference histograms.

Table 4 shows the number of data, background, and
excess events for neutrino mode, antineutrino mode, and
combined in the neutrino oscillation energy range from
200 to 1250MeV. The uncertainties include both statistical
and constrained systematic errors, where the ]

𝑚
𝑢 charged-

current data sample is used to normalize the backgrounds.
All known systematic errors are included in the systematic
error estimate. In neutrino mode, an excess of 162.0 ±
47.8 events, corresponding to 3.4𝜎, is observed, while in
antineutrinomode, the observed excess is 78.4 ± 28.5 events,

corresponding to 2.8𝜎. Combining the data in neutrino and
antineutrino modes, the total excess is 240.3 ± 62.9 events,
corresponding to 3.8𝜎.

Figure 14 shows the MiniBooNE oscillation allowed
regions [7–9] from fits to the antineutrino data (a) and
neutrino data (b). In antineutrinomode, the probability of the
best fit is good (66%, corresponding to a 𝜒2/ndf = 5.0/7.0),
and the MiniBooNE allowed region overlaps well with the
LSND allowed region for Δ𝑚2 < 1 eV2, while the KARMEN
experiment [26] rules out most of the LSND allowed region
for Δ𝑚2 > 2 eV2. Therefore, the MiniBooNE antineutrino
data are consistent with simple two-neutrino oscillations and
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Figure 13: The MiniBooNE neutrino mode (a) and antineutrino mode (b) event excesses as a function of neutrino energy. Also the
expectations from the best two-neutrino oscillation fits with neutrino energy from 200 to 3000MeV and from two reference values in the
LSND allowed region are shown. All known systematic errors are included in the systematic error estimate.

Table 4: The number of data, fitted (constrained) backgrounds,
and excess events in the ]

𝑒
and ]

𝑒
analyses for neutrino mode,

antineutrino mode, and combined in the neutrino oscillation
energy range from 200 to 1250MeV. The uncertainties include both
statistical and constrained systematic errors. All known systematic
errors are included in the systematic error estimate.

Mode Data Background Excess
Neutrino mode 952 790.0 ± 28.1 ± 38.7 162.0 ± 47.8

Antineutrino mode 478 399.6 ± 20.0 ± 20.3 78.4 ± 28.5

Combined 1430 1189.7 ± 34.5 ± 52.6 240.3 ± 62.9

with the LSND oscillation signal. In neutrino mode, the
probability of the best fit is not as good (6.1%, corresponding
to a 𝜒2/ndf = 13.2/6, 8), and the MiniBooNE allowed region
overlaps a smaller fraction of the LSND allowed region at low
Δ𝑚
2, which is already ruled out by the ICARUS experiment

[30]. Therefore, in neutrino mode, the data are marginally
compatible with a simple two-neutrino oscillation formalism.
Indeed, the initial MiniBooNE oscillation publication [34]
showed that there is hardly any excess of events above
475MeV in neutrino mode, ruling out simple two-neutrino
oscillations as an explanation of the LSND signal. However,
expanded models with several sterile neutrinos can reduce
the incompatibility by allowing for CP violating effects
between neutrino and antineutrino oscillations [10, 11].

Figure 15 shows the MiniBooNE oscillation allowed
regions from a combined fit to the antineutrino plus neutrino
data samples [35]. As in neutrinomode, the probability of the
best fit is not very good (6.7%). However, as discussed above,
expanded models with several sterile neutrinos can improve

the fit probability by allowing for CP violating effects between
neutrino and antineutrino oscillations [10, 11].

4. Global Neutrino Oscillation Analyses

Several global 3+𝑁 oscillation analyses have been performed
on the world neutrino data that include both long-baseline
and short-baseline oscillation experiments, including both
]
𝜇
→ ]

𝑒
and ]

𝜇
→ ]

𝑒
appearance data and ]

𝜇
and

]
𝜇
disappearance data [12]. In general, the analyses assume

a model with 3 light, mostly active neutrinos, 𝑁 heavier,
mostly sterile neutrinos, and 3+𝑁 neutrinomass eigenstates.
Precision measurements of the 𝑍∘ width have determined
that the number of active neutrinos is approximately 3
(2.984 ± 0.008 [19]), so that additional neutrinos beyond
the three active neutrinos would need to be sterile to the
weak interaction. Note that neutrino oscillations depend on
the superposition of neutrino mass eigenstates and do not
depend on whether neutrinos are active or sterile, so that
the 3 + 𝑁 neutrino mass eigenstates would result in 2 + 𝑁
independent Δ𝑚2 values. Note also that, for 𝑁 > 1, there
would exist CP violation parameters for both short-baseline
and long-baseline experiments. Finally, note that, for 3 + 𝑁
models, neutrinos in general would be a superposition of
both active and sterile components.

Table 5 shows the best fit values from recent 3 + 1 global
fits to the world neutrino data from [10, 11]. (Additional
global fits can be found in [12].) Reference [10] includes data
from the LSND, MiniBooNE, KARMEN, NOMAD, CCFR,
CDHS, MINOS, Bugey, SAGE, and GALLEX experiments,
while [11] also includes data from the E776 and ICARUS
experiments. For both global fits, the best fit value of Δ𝑚2

41

is ∼0.9 eV2 and the 𝜒2 goodness of fit probabilities (GOF)
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Figure 14:MiniBooNEallowed regions in antineutrinomode (a) andneutrinomode (b) for eventswith neutrino energy greater than 200MeV
within a two-neutrino oscillation model. Also the ICARUS [30] and KARMEN [26] appearance limits for neutrinos and antineutrinos are
shown, respectively. The shaded areas show the 90% and 99% CL LSND ]

𝜇
→ ]
𝑒
allowed regions. The black stars show the MiniBooNE best

fit points, while the circles show two reference values in the LSND allowed region.

are reasonable at 55% and 19%, respectively. However, the
parameter goodness of fit probabilities (PGOF) are very low
at 0.043% and 0.012%, respectively. The PGOF [36] is based
on the difference between the overall best fit chi square and
the sumof the best fit chi squares for the appearance-only and
disappearance-only experiments. Although there is tension
between the appearance and disappearance experiments, we
believe that fake data studies would need to be performed in
order to calculate the PGOF true probabilities [37].

Table 6 shows the best fit values from recent 3 + 2 global
fits to theworld neutrino data from [10, 11]. (Additional global
fits can be found in [12].)TheGOF probabilities are improved
from the 3+1 fits, although the PGOF probabilities are worse.
As mentioned above, we believe that fake data studies would
need to be performed in order to calculate the PGOF true
probabilities [37]. Figures 16 and 17 show the 3 + 2 best
fit Δ𝑚2

41
versus Δ𝑚2

51
values for the two global fits. Figure 17

also shows the 1 + 3 + 1 best fit, where the two mostly sterile
neutrinos have masses less than and greater than the masses
of the mostly active neutrinos.

5. Future Short-Baseline Accelerator
Neutrino Experiments

Future accelerator neutrino experiments will have the capa-
bility of testing the current evidence for sterile neutrinos.

Table 5: The best fit values from 3 + 1 global fits to the world
neutrino data from [10, 11]. Also the goodness of fit probability
(GOF) and the parameter goodness of fit probability (PGOF) [36]
are shown.

Ref. Δ𝑚2
41
(eV2) |𝑈

𝑒4
| |𝑈𝜇4| GOF PGOF

[10] 0.92 0.15 0.17 55% 0.043%
[11] 0.93 0.15 0.17 19% 0.012%

At Fermilab, MINOS+ and MicroBooNE provide a well-
coordinated program of experiments that should help deter-
mine in the near future whether or not sterile neutrinos
can explain the existing short-baseline neutrino anomalies.
MINOS+ involves running the MINOS detectors with the
NuMI beam in medium energy mode for the NoVA exper-
iment, which provides a much higher flux of neutrinos above
a few GeV. High Δ𝑚2]

𝜇
disappearance into sterile neutrinos

can be searched for by comparing the event rates in the
near and far detectors at higher energies, where the effect of
neutrino oscillations at the atmospheric scale is small [38].
MINOS+ should begin taking data later in 2013. The Micro-
BooNE experiment is under construction in the Booster
Neutrino Beam (BNB) just upstream of MiniBooNE at a
distance of 0.47 km from the neutrino source. MicroBooNE
[39] consists of a 170-ton (86-ton active volume) liquid
argon TPC, that will be able to determine whether the 3.8𝜎
excess of events observed by MiniBooNE is due to electron
events, as expected for ]

𝜇
→ ]
𝑒
oscillations, or to photon
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Table 6: The best fit values from 3 + 2 global fits to the world neutrino data from [10, 11]. Also the goodness of fit probability (GOF) and the
parameter goodness of fit probability (PGOF) are shown.

Ref. Δ𝑚
2

41
Δ𝑚
2

51 |𝑈
𝑒4
| |𝑈

𝜇4
| |𝑈

𝑒5
| |𝑈

𝜇5
| 𝜙CP GOF PGOF

(eV2) (eV2)
[10] 0.92 17 0.15 0.17 0.069 0.16 1.8𝜋 69% 0.0082%
[11] 0.47 0.87 0.13 0.15 0.14 0.13 −0.15𝜋 23% 0.0034%
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Figure 15: MiniBooNE allowed regions in combined neutrino and
antineutrino mode for events with neutrino energy from 200 to
3000MeV within a two-neutrino ]

𝜇
→ ]
𝑒
and ]

𝜇
→ ]
𝑒
oscillation

model. Also shown is the ]
𝜇
→ ]

𝑒
limit from the KARMEN

experiment [26].The shaded areas show the 90% and 99%CL LSND
]
𝜇
→ ]
𝑒
allowed regions. The black star shows the best fit point.

events, which would indicate some other process. Figure 18
shows the MicroBooNE sensitivity to ]

𝜇
→ ]
𝑒
oscillations.

MicroBooNE should begin taking data in 2014.
NuSTORM [31] is a far future proposal that involves

building a muon storage ring with 𝜇± central momentum
of 3.8GeV/c, and it can be built at either Fermilab or
CERN. NuSTORM produces fluxes of neutrinos with well-
understood energy spectra: ]

𝜇
and ]

𝑒
for a 𝜇− stored beam

and ]
𝜇
and ]

𝑒
for a stored 𝜇+ beam. Two magnetized iron

neutrino detectors will be built downstream of the storage
ring at distances of ∼30m and ∼1500m in order to search
for ]
𝑒
→ ]
𝜇
appearance and ]

𝑒
and ]

𝜇
disappearance. The
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Also the allowed regions from LSND and from the MiniBooNE
combined fit are shown.

allowed LSND and MiniBooNE oscillation regions can be
covered at the 10𝜎 level, as shown in Figure 19.

ICARUS-NESSIE [32] is another far future proposal for
an experiment at CERN to test the LSND and MiniBooNE
oscillation signals. A new neutrino beamline would be built
from the SPS with both near and far liquid argon TPC
detectors (ICARUS) and muon spectrometers (NESSIE).The
near detector location would be at a distance of 300m from
the neutrino source and would contain a 150-ton (T150)
liquid argon TPC followed by a muon spectrometer with a
dipole magnetic field and iron slabs.The far detector location
would be at a distance of 1600m from the neutrino source
and would contain a 600-ton LAr TPC (T600) followed by a
muon spectrometer. ICARUS-NESSIE will be able to search
for both ]

𝜇
disappearance and ]

𝑒
appearance. Figure 20 shows

the expected sensitivities for ]
𝜇
→ ]
𝑒
oscillations (a) and

]
𝜇
→ ]
𝑒
oscillations (b) after one year and two years of

data taking, respectively. ICARUS-NESSIEwill fully cover the
LSND and MiniBooNE oscillation allowed regions.

The OscSNS and IsoDAR proposals offer the unique
opportunity to observe actual oscillations in the detector (i.e.,
an oscillation of the number of events in the detector as a
function of distance from the neutrino source, correcting
for the 1/𝑟2 falloff of the neutrino flux), which would be
unmistakable proof for short baseline neutrino oscillations.
The OscSNS proposal [40] involves building a cylindrical
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Figure 19:NuSTORMcan cover the allowedLSNDandMiniBooNE
oscillation regions at the 10𝜎 level (from [31]).

detector approximately 60m from the SNS spallation target
[41]. The 1.4MW beam power of the SNS is a prodigious
source of neutrinos from the decay of 𝜋+ and 𝜇+ at rest.
These decays produce a well specified flux of neutrinos via
𝜋
+
→ 𝜇
+]
𝜇
, 𝜏
𝜋
= 2.7 × 10

−8 s and 𝜇+ → 𝑒+]
𝑒
]
𝜇
, 𝜏
𝜇
=

2.2 × 10
−6 s. The low duty factor of the SNS (∼695 ns beam

pulses at 60Hz, DF = 4.2×10−5) is more than 1000 times less
than that found at LAMPF. This smaller duty factor provides
a reduction in backgrounds due to cosmic rays, and allows
the ]
𝜇
induced events from 𝜋+ decay to be separated from

the ]
𝑒
and ]

𝜇
induced events from 𝜇+ decay. The OscSNS

detector will be centered at a location 60meters from the SNS
target, in the backward direction. The cylindrical detector
design is based upon the LSND and MiniBooNE detectors
andwill consist of an 800-ton tank ofmineral oil (with a small
concentration of b-PBD scintillator dissolved in the oil) that is
covered by approximately 3500 8-inch phototubes, yielding a
photocathode coverage of 25%. Figure 21 shows the expected
sensitivity for ]

𝑒
appearance after two and six calendar years

of run time. The LSND allowed region is fully covered by
more than 5𝜎.

The IsoDAR proposal [33] involves the construction of a
high-intensity proton cyclotron near an underground detec-
tor to search for ]

𝑒
disappearance. The proposed cyclotron

would accelerate H+
2
ions up to 60MeV/amu at an intensity

of 5mA. The 60MeV proton beam then interacts on a 9Be
target that is surrounded by a 7Li sleeve. Neutrons produced
in the Be target interact in the sleeve to produce 8Li, which
decay to produce ]

𝑒
with an average energy of 6.4MeV. The

]
𝑒
can then interact in a kiloton underground detector, such

as KamLAND [42] in Japan. By fitting for oscillations in
the detector, IsoDAR would have excellent sensitivity to ]

𝑒

disappearance, as shown in Figure 22.
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Figure 21: The OscSNS sensitivity curves for the simulated sensitivity to ]
𝜇
→ ]
𝑒
oscillations after two (a) and six (b) calendar years of

operation. Note that OscSNS has more than 5𝜎 sensitivity to the LSND allowed region after 2 years of data collection.

6. Conclusions

The LSND and MiniBooNE experiments both observe
excesses of ]

𝑒
candidate events at the 3.8𝜎 level. Combining

these two experiments results in a total excess that is over
5𝜎 in significance. Whereas no standard model explanation
for these excesses has yet been found, 3 + 𝑁 oscillation
models with 3 light, mostly active neutrinos and 𝑁 heavy,

mostly sterile neutrinos provide a fairly good fit to the world
neutrino oscillation data, although there is some tension at
present between appearance and disappearance oscillation
experiments. Future experiments at Fermilab, CERN, ORNL,
and in Japan will test this neutrino oscillation evidence and
have the potential to prove the existence of light, sterile
neutrinos. Such sterile neutrinos would have a big impact on
particle physics, nuclear physics, and astrophysics.
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I discuss briefly in this review, dedicated to the centenary of the birth of the great neutrino physicist Bruno Pontecorvo, the
following ideas he proposed: (i) the radiochemical method of neutrino detection; (ii) the 𝜇-𝑒 universality of the weak interaction;
(iii) the accelerator neutrino experiment which allowed to prove that muon and electron neutrinos are different particles (the
Brookhaven experiment). I consider in some details Pontecorvo’s pioneering idea of neutrino masses, mixing, and oscillations and
the development of this idea by Pontecorvo, by Pontecorvo and Gribov, and by Pontecorvo and myself.

1. Introduction

Pontecorvo started his scientific work in 1932 in Rome as a
student of E. Fermi. Later, he became a member of the Fermi
group. He was the youngest “ragazzo di Via Panisperna.”
Pontecorvo took part in many experiments of the Fermi
group, including classical experiments in which the effect of
slow neutrons was discovered.

From 1936 till 1940, Pontecorvo worked on the investi-
gation of nuclear isomers in Paris in the Joliot-Curie group.
From 1940 till 1942, he worked in the USA. He developed and
realized amethod of neutron well logging for oil prospecting.
This was the first practical application of neutrons. From
1943 till 1948, Pontecorvo worked in Canada, first in the
Montreal Research Laboratory and then in the Chalk River
Laboratory. He was the scientific leader of the project of the
research nuclear reactor which was built in 1945 and was the
first nuclear reactor outside the USA. In Canada, Pontecorvo
started research in elementary particle physics.

Soon after the famous 1934 Fermi paper on the theory of
𝛽-decay [1], Bethe and Peierls [2] estimated the interaction
cross section of neutrinos with nuclei. They showed that the
cross section was extremely small (𝜎 < 10−44 cm2). For many
years, the neutrino was considered as an “undetectable parti-
cle.”

Pontecorvo was the first who challenged this opinion.
In 1946, he proposed the radiochemical method of neutrino

detection [3]. The method was based on the observation of
the decay of the daughter nucleus produced in the reaction
] + (𝐴, 𝑍) → 𝑒

−
+ (𝐴, 𝑍 + 1). He discussed in details the

reaction

] + 37Cl → 𝑒
−
+
37Ar . (1)

Pontecorvo considered the method of neutrino detection
based on the reaction (1) as a promising one for the following
reasons.

(i) C
2
Cl
4
is a cheap, nonflammable liquid.

(ii) 37Arnuclei are unstable (K-capture) with a convenient
half-life (34.8 days).

(iii) A few atoms of 37Ar (rare gas), produced during
the exposition time, can be extracted from a large
detector.

The Pontecorvo Cl-Ar method was used by Davis Jr. in his
pioneering experiment on the detection of solar neutrinos [4,
5] for which Davis Jr. was awarded the Nobel Prize in 2002.

The radiochemical method of neutrino detection based
on the observation of the reaction

]
𝑒
+
71Ga → 𝑒

−
+
71Ge (2)

was used in the GALLEX-GNO [6, 7] and SAGE [8] solar
neutrino experiments, in which ]

𝑒
’s from all thermonuclear
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reactions in the sun including neutrinos from the main
reaction 𝑝𝑝 → 𝑒

+]
𝑒
𝑛𝑝 were detected.

In Canada in 1948, Pontecorvo invented the low-
background proportional counter that allowed to count very
rare events. This counter was crucial for the detection of
solar neutrinos in the Homestake, GALLEX, and SAGE
experiments.

After the Conversi, Pancini, and Piccioni experiment [9],
from which it followed that muons weakly interact with
nuclei, Bruno Pontecorvo together with Hincks performed a
series of brilliant pioneering experiments on the investigation
of fundamental properties of the muon [10, 11].

In these experiments they showed that

(1) the charged particle emitted in𝜇-decay is the electron;

(2) the muon decays into three particles;

(3) the muon does not decay into electron and 𝛾.

Pontecorvo was the first who paid attention to a deep analogy
between the electron and the muon [12]. He compared the
probabilities of the processes

𝜇
−
+ (𝐴, 𝑍) → ] + (𝐴, 𝑍 − 1) ,

𝑒
−
+ (𝐴, 𝑍) → ] + (𝐴, 𝑍 − 1)

(3)

and came to the conclusion that the constants which charac-
terize these two processes are of the same order ofmagnitude.
On the basis of this observation, he came to the idea of the
existence of a universal weak interaction which includes 𝑒-]
and 𝜇-] pairs. Later, the idea of 𝜇-𝑒 universality was proposed
by Puppi [13], Klein [14], and Yang and Tiomno [15].

In 1950, Pontecorvo moved to Russia. He started to
work at Dubna where at that time the largest accelerator
in the world was operating. He and his group performed
several experiments on the investigation of the production of
𝜋
0 in neutron-proton and neutron-nucleus collisions, pion-

nucleon scattering, and others.
In 1959, a project of a meson factory was under prepa-

ration in Dubna (for various reasons the project was not
realized). Physicists started to plan different experiments
which could be performed at such a facility. Pontecorvo
thought about the feasibility of neutrino experiments with
neutrinos from decay of pions and kaons which can be
produced at high intensity accelerators. He came to the
conclusion that experiments with accelerator neutrinos are
possible [16] (Markov [17] and Schwartz [18] came to the
same conclusion) and proposed the experiment which could
allow to answer the question whether muon and electron
neutrinos are the same or different particles. His proposal was
realized in the famous Brookhaven experiment [19] (1962). In
1988, Lederman, Schwartz, and Steinberger were awarded the
Nobel Prize for “the discovery of the muon neutrino leading
to classification of particles in families.”

In 1957, Pontecorvo came to the idea of neutrino oscilla-
tions.

2. First Ideas of Neutrino
Oscillations (1957-1958)

We come now to the very bright idea of Bruno Pontecorvo,
that of neutrino masses, mixing, and oscillations, which cre-
ated a newfield of neutrino research and anew era in neutrino
physics. He proposed the idea of neutrino oscillations in 1957-
1958 [20, 21] and pursued it over many years.

Pontecorvo was impressed by the possibility of 𝐾0 
𝐾
0 oscillations suggested by Gell-Mann and Pais [22]. This

phenomenon was based on the following:

(1) 𝐾0 and 𝐾0 are particles with strangeness +1 and −1,
respectively. Strangeness is conserved in the strong
interaction;

(2) weak interaction, in which strangeness is not con-
served, induces transitions between 𝐾0 and𝐾0.

Pontecorvo raised the question [20], “. . . whether there exist
other “mixed” neutral particles (not necessarily elementary
ones) which are not identical to their corresponding antipar-
ticles and for which particle  antiparticle transitions are not
strictly forbidden.”

He came to the conclusion that muonium (𝜇
+-𝑒−) and

antimuonium (𝜇
−-𝑒+) could be such a system. At that time,

it was not known that ]
𝑒
and ]

𝜇
are different particles.

Pontecorvo wrote that 𝜇+-𝑒−  𝜇−-𝑒+ transitions are allowed
and “are induced by the same interactionwhich is responsible
for 𝜇-decay”

(𝜇
+-𝑒−) → ] + ] → (𝜇

−-𝑒+) . (4)

In the paper [20], the following remark about the neutrino
was made. “If the theory of the two-component neutrino
is not valid (which is hardly probable at present) and if
the conservation law for the neutrino charge does not hold,
neutrino → antineutrino transitions in vacuum in principle
be possible.”

As it is well known according to the two-component
neutrino theory [23–25], the neutrino is massless and for one
neutrino type only a left-handed neutrino ]

𝐿
and a right-

handed antineutrino ]
𝑅
exist.

The subsequent paper on neutrino oscillations was pub-
lished by Pontecorvo in 1958 [21]. He wrote in this paper, “. . .
neutrino may be a particle mixture and consequently there
is a possibility of real transitions neutrino → antineutrino
in vacuum, provided that the lepton (neutrino) charge is not
conserved. This means that the neutrino and antineutrino
are mixed particles, that is, a symmetric and antisymmetric
combination of two truly neutral Majorana particles ]

1

and ]
2
.” And later in the paper [21] he wrote, “. . . this

possibility became of some interest in connection with new
investigations of inverse 𝛽-processes.”

Pontecorvo had in mind the following. In 1957, Davis
performed a reactor experiment [26] in which he searched
for the production of 37Ar in the process

“reactor antineutrino” + 37Cl → 𝑒
−
+
37Ar . (5)
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A rumor reached Pontecorvo that Davis had observed such
events. Pontecorvo suggested that these “events” could be
due to transitions of reactor antineutrinos into neutrinos in
vacuum (neutrino oscillations).

In 1957-1958, only one neutrino type was known. Pon-
tecorvo assumed that the transition ]

𝑅
→ ]
𝑅
(and ]

𝐿
→

]
𝐿
) was possible. Thus, he had to assume that not only the

lepton number is not conserved but also that in addition to
the standard right-handed antineutrino ]

𝑅
and left-handed

neutrino ]
𝐿

(quanta of the field ]
𝐿
(𝑥)) a right-handed

neutrino ]
𝑅
and a left-handed antineutrino ]

𝐿
quanta of the

right-handed field ]
𝑅
(𝑥) existed.

According to the two-component neutrino theory, which
was confirmed by the experiment on the measurement of the
neutrino helicity [27], only the field ]

𝐿
(𝑥) enters in the weak

interaction Lagrangian. Thus, from the point of view of this
theory, ]

𝑅
and ]
𝐿
are noninteracting “sterile” particles.

In order to explain the Davis “events,” Pontecorvo had to
assume that “a definite fraction of particles can induce the
reaction (5).” Pontecorvo, however, pointed out (and this was
the most important) that in the inclusive experiment of Reines
and Cowan Jr. [28, 29] due to neutrino oscillations a deficit of
antineutrino events could be observed. He wrote in the paper
[20], “. . .The cross section of the process ]+𝑝 → 𝑒

+
+𝑛with

] from reactor must be smaller than expected. This is due to
the fact that the neutral lepton beam which at the source is
capable of inducing the reaction changes its composition on
the way from the reactor to the detector.”

It is impressive that already in 1958 Pontecorvo believed
that neutrinos have small masses and oscillate. In [20], he
wrote, “Effects of transformation of neutrino into antineu-
trino and vice versa may be unobservable in the laboratory
but will certainly occur, at least, on an astronomical scale.”

Let us go back to the Davis experiment. At a later stage
of the experiment, the anomalous “events” (5) disappeared,
and only an upper bound of the cross section of the reaction
(5) was obtained in [26]. Pontecorvo soon understood that ]

𝑅

and ]
𝐿
are sterile particles.The terminology “sterile neutrino,”

which is standard nowadays, was introduced by him in the
next publication on neutrino oscillations [30].

3. The Second Pontecorvo Paper on Neutrino
Oscillations (1967)

The subsequent paper on neutrino oscillations was written
by Bruno Pontecorvo in 1967 [30]. At that time, the phe-
nomenological 𝑉-𝐴 theory of Feynman and Gell-Mann [31],
Sudarshan and Marshak [32] was well established, 𝐾0  𝐾0

oscillations had been observed, and it has been proven that
(at least) two types on neutrinos ]

𝑒
and ]
𝜇
existed in nature.

In [30] Pontecorvo wrote, “If the lepton charge is not an
exactly conserved quantumnumber, and the neutrinomass is
different from zero, oscillations similar to those in 𝐾0 beams
become possible in neutrino beams.”

Pontecorvo discussed the transitions ]
𝑒
 ]
𝑒𝐿
and ]
𝜇


]
𝜇𝐿

which transform “active particles into particles, which
from the point of view of ordinary weak processes, are sterile
. . .” In the paper [30], Pontecorvo considered also transition

between active neutrinos ]
𝜇
 ]
𝑒
. He pointed out that in this

case not only the disappearance of ]
𝜇
but also the appearance

of ]
𝑒
can be observed.

In the 1967 paper [30], Pontecorvo discussed the effect
of neutrino oscillations for solar neutrinos. “From an obser-
vational point of view the ideal object is the sun. If the
oscillation length is smaller than the radius of the sun region
effectively producing neutrinos, direct oscillations will be
smeared out and unobservable. The only effect on the earth’s
surface would be that the flux of observable sun neutrinos
must be two times smaller than the total (active and sterile)
neutrino flux.”

At that time, Davis Jr. prepared his famous solar neutrino
experiment. When in 1970 the first results of the experiment
were obtained [4, 5], it occurred that the detected flux of
solar neutrinos was about (2-3) times smaller than the flux
predicted by the standard solar model (this effect was called
“the solar neutrino problem”).

It was very soon commonly accepted that among the
different possible astrophysical (and particle physics) expla-
nations of the problem that of neutrino oscillations was the
most natural one [33]. Thus, Pontecorvo anticipated the solar
neutrino problem.

4. The Gribov-Pontecorvo Paper on Neutrino
Oscillations (1969)

Gribov and Pontecorvo [34] considered a scheme of neutrino
mixing and oscillations with four neutrino and antineutrino
states: left-handed neutrinos ]

𝑒
, ]
𝜇
and right-handed antineu-

trinos ]
𝑒
, ]
𝜇
, quanta of the left-handed neutrino fields ]

𝑒𝐿
(𝑥)

and ]
𝜇𝐿
(𝑥). They assumed that there are no sterile neutrino

states.
It was assumed in [34] that in addition to the standard

charged current 𝑉-𝐴 interaction with the lepton current

𝑗
𝛼
= 2 (]

𝑒𝐿
𝛾
𝛼
𝑒
𝐿
+ ]
𝜇𝐿
𝛾
𝛼
𝜇
𝐿
) (6)

in the total Lagrangian enters an effective Lagrangian of an
interaction which violates 𝐿

𝑒
and 𝐿

𝜇
. After diagonalization of

the effective Lagrangian, the following mixing relations were
found:

]
𝑒𝐿
(𝑥) = cos 𝜃𝜒

1𝐿
(𝑥) + sin 𝜃𝜒

2𝐿
(𝑥) ;

]
𝜇𝐿
(𝑥) = − sin 𝜃𝜒

1𝐿
(𝑥) + cos 𝜃𝜒

2𝐿
(𝑥) .

(7)

Here, 𝜒
1,2
(𝑥) are fields of theMajorana neutrinos withmasses

𝑚
1,2
, and 𝜃 is a mixing angle. All these parameters are

determined by those of the effective Lagrangian.
The authors obtained the following expression for the

]
𝑒

→ ]
𝑒
transition probability in vacuum (in modern

notations):

𝑃 (]
𝑒
→ ]
𝑒
) = 1 −

1

2
sin22𝜃(1 − cos Δ𝑚

2
𝐿

2𝐸
) (8)

(Δ𝑚2 = |𝑚2
2
− 𝑚
2

1
|) and applied the formalism developed to

solar neutrino oscillations.They considered the possibility of
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themaximalmixing 𝜃 = 𝜋/4 as themost simple and attractive
one. In this case, the averaged observed flux of solar neutrinos
is equal to 1/2 of that predicted.

5. The General Phenomenological
Theory of Neutrino Mixing and Oscillations
(Dubna, 1975–1987)

Pontecorvo and my work on neutrino masses, mixing, and
oscillations started in 1975 [35, 36]. The first paper [35, 36]
was based on the idea of quark-lepton analogy. It had been
established at that time that the charged current of quarks has
the form (the case of four quarks)

𝑗
𝐶𝐶(quark)
𝛼

(𝑥) = 2 [𝑢
𝐿
(𝑥) 𝛾
𝛼
𝑑
𝑐

𝐿
(𝑥) + 𝑐

𝐿
(𝑥) 𝛾
𝛼
𝑠
𝑐

𝐿
(𝑥)] , (9)

where

𝑑
𝑐

𝐿
(𝑥) = cos 𝜃

𝐶
𝑑
𝐿
(𝑥) + sin 𝜃

𝐶
𝑠
𝐿
(𝑥) ,

s𝑐
𝐿
(𝑥) = − sin 𝜃

𝐶
𝑑
𝐿
(𝑥) + cos 𝜃

𝐶
𝑠
𝐿
(𝑥)

(10)

are Cabibbo-GIM mixtures of 𝑑 and 𝑠 quarks and 𝜃
𝐶
is the

Cabibbo angle.
The lepton charged current

𝑗
𝐶𝐶(lep)
𝛼

(𝑥) = 2 []
𝑒𝐿
(𝑥) 𝛾
𝛼
𝑒
𝐿
(𝑥) + ]

𝜇𝐿
(𝑥) 𝛾
𝛼
𝜇
𝐿
(𝑥)] (11)

has the same form as the quark charged current (same
coefficients, left-handed components of the fields). In order
to make the analogy between quarks and leptons complete, it
was natural from our point of view to assume that ]

𝑒𝐿
(𝑥) and

]
𝜇𝐿
(𝑥) are also mixed fields:

]
𝑒𝐿
(𝑥) = cos 𝜃]

1𝐿
(𝑥) + sin 𝜃]

2𝐿
(𝑥) ,

]
𝜇𝐿
(𝑥) = − sin 𝜃]

1𝐿
(𝑥) + cos 𝜃]

2𝐿
(𝑥) .

(12)

Here, ]
1
(𝑥) and ]

2
(𝑥) are Dirac fields of neutrinos with

masses 𝑚
1
and 𝑚

2
and 𝜃 is the leptonic mixing angle.

We wrote in [35, 36], “. . . in our scheme ]
1
and ]

2
are

just as leptons and quarks (which, may be, is an attractive
feature) while in the Gribov-Pontecorvo scheme [34] the
two neutrinos have a special position among the other
fundamental particles.”

If themixing (12) takes place, the total lepton number 𝐿 =
𝐿
𝑒
+ 𝐿
𝜇
is conserved and the neutrinos with definite masses

]
𝑖
(𝑖 = 1, 2) differ from the corresponding antineutrinos ]

𝑖
by

the lepton number (𝐿(]
𝑖
) = −𝐿(]

𝑖
) = 1).

In 1975, after the success of the two-component theory,
there was still a general belief that neutrinos are massless
particles. It is obvious that in this case the mixing (12) has
no physical meaning.

Our main arguments for neutrino masses were at that
time the following.

(1) There is no principle (like gauge invariance in the
case of 𝛾-quanta) which requires that neutrinomasses
must be equal to zero.

(2) In the framework of the two-component neutrino
theory, the zero mass of the neutrino was considered
as an argument in favor of the left-handed neutrino
field. It occurred, however, that in the weak Hamil-
tonian left-handed components of all fields enter (the
𝑉-𝐴 theory). It wasmore natural after that to consider
the neutrino not as a special massless particle but as a
particle with some mass.

We discussed in [35, 36] a possible value of the mixing angle
𝜃. We argued that

(i) there is no reason for the lepton and Cabibbo mixing
angles to be the same,

(ii) “it seems to us that the special values of the mixing
angles 𝜃 = 0 and 𝜃 = 𝜋/4 (maximum mixing) are of
the greatest interest.”

Let us notice that probabilities of transitions ]
𝑙
→ ]
𝑙
 are the

same in the scheme of the mixing of two Majorana neutrinos
[34] and in the scheme of the mixing of two Dirac neutrinos
[33].

In the following paper [37], we considered the most
general neutrino mixing. In accordance with gauge theories,
we started to characterize neutrino mixing by the neutrino
mass term. Three types of the neutrino mass terms are
possible (we follow reviews [38, 39]).

5.1. Left-HandedMajoranaMass Term. Let us assume that in
addition to the standard 𝐶𝐶 Lagrangian of the interaction of
leptons and𝑊-bosons

L
CC
I (𝑥) = −

𝑔

2√2

𝑗
𝐶𝐶

𝛼
(𝑥)𝑊

𝛼
(𝑥) + h.c.;

𝑗
𝐶𝐶

𝛼
(𝑥) = 2 ∑

𝑙=𝑒,𝜇,𝜏

]
𝑙𝐿
(𝑥) 𝛾
𝛼
𝑙
𝐿
(𝑥)

(13)

(and many other terms) in the total Lagrangian the following
neutrino mass term enters

L
𝑀

𝐿
= −

1

2
]
𝐿
𝑀
𝐿
(]
𝐿
)
𝑐

+ h.c. (14)

Here,

]
𝐿
= (

]
𝑒𝐿

]
𝜇𝐿

]
𝜏𝐿

) , (15)

(]
𝐿
)
𝑐
= 𝐶(]

𝐿
)
𝑇 is the conjugated field (right-handed com-

ponent) (𝐶 is the matrix of the charge conjugation which
satisfies the following relations 𝐶𝛾𝑇

𝛼
𝐶
−1

= −𝛾
𝛼
, 𝐶𝑇 = −𝐶),

and𝑀
𝐿
is a 3 × 3 symmetrical, complex matrix (𝑀

𝐿
= 𝑀
𝑇

𝐿
).

The mass term (15) is a generalization of the mass
term considered by Gribov and Pontecorvo [34]. After the
standard diagonalization of the matrix 𝑀

𝐿
, we find the

following mixing relations

]
𝑙𝐿
(𝑥) =

3

∑

𝑖=1

𝑈
𝑙𝑖
]
𝑖𝐿
(𝑥) , 𝑙 = 𝑒, 𝜇, 𝜏. (16)
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Here,𝑈 is a unitary mixing matrix and ]
𝑖
(𝑥) is the field of the

Majorana neutrino with mass 𝑚
𝑖
. The field ]i(𝑥) satisfies the

condition

]
𝑖
(𝑥) = ]𝑐

𝑖
(𝑥) = 𝐶(]

𝑖
(𝑥))
𝑇

. (17)

Thus, if the neutrino mass term has the form (14), the flavor
neutrino fields ]

𝑙𝐿
(𝑙 = 𝑒, 𝜇, 𝜏), which enter into the standard

charged current, are linear combinations of left-handed
components of the Majorana fields with definite masses.

The mass term (14) does not conserve any lepton num-
bers. Thus, in the case of the mass term (13), there are no
quantum numbers which allow to distinguish neutrino and
antineutrino.This is the physical reason why ]

𝑖
are Majorana

particles (]
𝑖
≡ ]
𝑖
)

5.2. DiracMass Term. Wewill assumenow that in addition to
the standard 𝐶𝐶 Lagrangian of the interaction of leptons and
𝑊-bosons (13) in the total Lagrangian the following neutrino
mass term enters

L
𝐷
= −]
𝐿
𝑀
𝐷 ]
𝑅
+ h.c. (18)

Here,

]
𝑅
= (

]
𝑒𝑅

]
𝜇𝑅

]
𝜏𝑅

) , (19)

]
𝐿
is given by (15), and𝑀𝐷 is a complex 3 × 3matrix.
After the standard diagonalization of the matrix𝑀𝐷, we

obtain the following mixing relations

]
𝑙𝐿
(𝑥) =

3

∑

𝑖=1

𝑈
𝑙𝑖
]
𝑖𝐿
(𝑥) , 𝑙 = 𝑒, 𝜇, 𝜏. (20)

Here, 𝑈 is a unitary 3 × 3 mixing matrix, ]
𝑖
(𝑥) is the field of

the Dirac neutrinos with mass𝑚
𝑖
.

The mass term L𝐷 conserves the total lepton number 𝐿
(which is the same for (]

𝑒
, 𝑒), (]

𝜇
, 𝜇), and (]

𝜏
, 𝜏)). The Dirac

neutrino ]
𝑖
and antineutrino ]

𝑖
have the same mass 𝑚

𝑖
and

differ by the lepton number (𝐿(]
𝑖
) = 1, 𝐿(]

𝑖
) = −1).

The scheme with the mass termL𝐷 is the generalization
of the scheme considered in [33].

5.3. Dirac and Majorana Mass Term. Let us assume that in
addition to the standard 𝐶𝐶 Lagrangian of the interaction
of leptons and 𝑊-bosons (13) in the total Lagrangian, the
following neutrino mass term enters [37]

L
𝐷+𝑀

=L
𝑀

𝐿
+L
𝐷
+L
𝑀

𝑅
. (21)

Here, L
𝐿

𝑀 is the left-handed Majorana mass term (14), L𝐷
is the Dirac mass term (18), and the right-handed Majorana
mass termL

𝑅

𝑀 is given by the expression

L
𝑅

𝑀
= −

1

2
(]
𝑅
)
𝑐

𝑀
𝑅
]
𝑅
+ h.c., (22)

where𝑀
𝑅
is 3 × 3 complex, symmetrical matrix.

After the diagonalization of the mass term (22), we find
the following mixing relations

]
𝑙𝐿
(𝑥) =

6

∑

𝑖=1

𝑈
𝑙𝑖
]
𝑖𝐿
(𝑥) ,

(]
𝑙𝑅
)
𝑐

(𝑥) =

6

∑

𝑖=1

𝑈
𝑙𝑖
]
𝑖𝐿
(𝑥) , 𝑙 = 𝑒, 𝜇, 𝜏.

(23)

Here, 𝑈 is a unitary 6 × 6mixing matrix and ]
𝑖
(𝑥) is the field

of the Majorana neutrino with mass𝑚
𝑖
(]
𝑖
(𝑥) = ]𝑐

𝑖
(𝑥)).

Thus, in the general case of the Dirac and Majorana mass
term, the flavor neutrino fields ]

𝑙𝐿
(𝑥) are linear combinations

of the left-handed components of six Majorana fields with
definite masses. The same left-handed components of six
Majorana fields with definite masses are connected with the
conjugated right-handed sterile fields (]

𝑙𝑅
)
𝑐
(𝑥), which do not

enter into the Lagrangian of the Standard electroweak inter-
action.

In the case of the Dirac and theMajoranamass terms, due
to mixing only, transitions between flavor neutrinos ]

𝑙
 ]
𝑙


are possible. In the case of the Dirac and Majorana mass
term, not only transitions between flavor neutrinos but also
transitions ]

𝑙
 ]
𝑙

𝐿
(sterile) are possible.

In 1977, we wrote a first review on neutrino oscillations
[38] in which we summarized the situation of neutrino
masses, mixing, and oscillations at the time when dedicated
experiments on the search for neutrino oscillations had
not started yet. This review attracted the attention of many
physicists to the problem.

We assumed that neutrinos take part in the standard
CC and NC interactions. (this assumption was based on the
data of all existing experiments in which weak processes
were investigated.) In the case of the neutrino mixing,
]
𝑒𝐿
(𝑥), ]
𝜇𝐿
(𝑥), and ]

𝜏𝐿
(𝑥) are not quantum fields but linear

combinations of the fields of neutrinos with definite masses
]
𝑖𝐿
. The first question was, What are the QFT states of flavor

neutrinos ]
𝑒
, ]
𝜇
, and ]

𝜏
(and flavor antineutrinos ]

𝑒
, ]
𝜇
, and

]
𝜏
), particles which are produced in weak decays, captured in

neutrino processes, and so forth?
By definition, the muon neutrino ]

𝜇
is a particle, which is

produced together with 𝜇+ in the decay 𝜋+ → 𝜇
+
+ ]
𝜇
, the

particle which produces 𝑒+ in the process ]
𝑒
+ 𝑝 → 𝑒

+
+ 𝑛 is

the electron antineutrino ]
𝑒
, and so forth.

The case of mixing this definition is unambiguous if
neutrinomass-squared differences can be neglected inmatrix
elements of neutrino production (and absorption) processes.
In this case, the matrix element of a decay, in which ]

𝑙
is

produced, is given by the standard model matrix element
(with zero mass-squared differences) and independently on
the production process the state of the flavor neutrino ]

𝑙
(𝑙 =

𝑒, 𝜇, 𝜏) is given by

]𝑙⟩ = ∑
𝑖

𝑈
∗

𝑙𝑖

]𝑖⟩ . (24)
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Here, |]
𝑖
⟩ is the state of a neutrino with mass𝑚

𝑖
, momentum

⃗𝑝, and energy (𝐸 = 𝑝 is the energy of neutrino at𝑚
𝑖
→ 0)

𝐸
𝑖
= √𝑝2 + 𝑚

2

𝑖
≃ 𝐸 +

𝑚
2

𝑖

2𝐸
. (25)

Thus, in the case of the mixing of neutrinos with small
mass-squared differences, the state of a flavor neutrino is
a coherent superposition of states of neutrinos (Dirac or
Majorana) with definite masses. In [38], we formulated the
following coherence condition

𝐿
𝑖𝑘
≳ 𝑎. (26)

Here, 𝐿
𝑖𝑘

= 4𝜋(𝐸/|Δ𝑚
2

𝑖𝑘
|) (𝑖 ̸=𝑘) is the oscillation length

(Δ𝑚2
𝑖𝑘
= 𝑚
2

𝑘
− 𝑚
2

𝑖
) and 𝑎 is the QM size of a source. Notice

that for mass-squared differences determined from the data
of modern neutrino oscillation experiments

Δ𝑚
2

12
= (7.65

+0.13

−0.20
) ⋅ 10
−5 eV2,

Δ𝑚
2

23
= (2.43 ± 0.13) ⋅ 10

−3 eV2,
(27)

and neutrino energies 𝐸 ≳ 1MeV, the condition (27) is
obviously satisfied.

The relation (24) is basic for the phenomenon of neutrino
oscillations. In accordance with QFT, we assume that the
evolution of states is determined by the Schrodinger equation

𝑖
𝜕 |Ψ (𝑡)⟩

𝜕𝑡
= 𝐻 |Ψ (𝑡)⟩ . (28)

From (28) it follows that if at 𝑡 = 0 a flavor neutrino ]
𝑙
is

produced at time 𝑡 we have for the neutrino state
]𝑙⟩𝑡 = 𝑒

−𝑖𝐻𝑡 ]𝑙⟩ = ∑
𝑖

]𝑖⟩ 𝑒
−𝑖𝐸
𝑖
𝑡
𝑈
∗

𝑙𝑖
. (29)

Thus, if a flavor neutrino is produced, the neutrino state at a
time 𝑡 is a superposition of states with different energies, that
is, nonstationary state.

Neutrinos are detected via the observation of weak
processes

]
𝑙
 + 𝑁 → 𝑙


+ 𝑋, etc., (30)

in which flavor neutrinos are participating. Expanding the
state |]

𝑙
⟩
𝑡
over the flavor neutrino states, we find

]𝑙⟩𝑡 = ∑
𝑙


]𝑙⟩(∑
𝑖

𝑈
𝑙

𝑖
𝑒
−𝑖𝐸
𝑖
𝑡
𝑈
∗

𝑙𝑖
) . (31)

Thus, the probability of the transition ]
𝑙
→ ]
𝑙
 during the

time 𝑡 is given by the expression

𝑃 (]
𝑙
→ ]
𝑙
) =



∑

𝑖

𝑈
𝑙

𝑖
𝑒
−𝑖𝐸
𝑖
𝑡
𝑈
∗

𝑙𝑖



2

. (32)

Analogously, for the probability of the transition ]
𝑙
→ ]
𝑙
 , we

find

𝑃 (]
𝑙
→ ]
𝑙
) =



∑

𝑖

𝑈
∗

𝑙

𝑖
𝑒
−𝑖𝐸
𝑖
𝑡
𝑈
𝑙𝑖



2

. (33)

The expression (33) has a simple interpretation: 𝑈∗
𝑙𝑖
is the

amplitude of the probability to find in the flavor state |]
𝑙
⟩ the

state |]
𝑖
⟩; the factor 𝑒−𝑖𝐸𝑖𝑡 describes evolution of the state with

energy 𝐸
𝑖
; 𝑈
𝑙
i is the amplitude of the probability to find in

the state |]
𝑖
⟩ the flavor state |]

𝑙
⟩; because of the coherence of

the flavor states, the sum over 𝑖 is performed.
Taking into account the unitarity of the mixing matrix,

we can rewrite the expression (33) for the ]
𝑙
→ ]
𝑙
 transition

probability in the following form:

𝑃 (]
𝑙
→ ]
𝑙
) =



∑

𝑖 ̸= 𝑘

𝑈
𝑙

𝑖
𝑒
−𝑖(Δ𝑚

2

𝑘𝑖
𝐿/2𝐸)

𝑈
∗

𝑙𝑖



2

==



𝛿
𝑙

𝑙
+ ∑

𝑖 ̸= 𝑘

𝑈
𝑙

𝑖
(𝑒
−𝑖(Δ𝑚

2

𝑘𝑖
𝐿/2𝐸)

− 1)𝑈
∗

𝑙𝑖



2

,

(34)

where 𝑘 is a fixed index. In (34), we took into account that for
the ultrarelativistic neutrinos

𝑡 ≃ 𝐿, (35)

where 𝐿 is the distance between the neutrino source and the
detector.

The expression (34) became the standard expression for
the transition probability. It is commonly used in the analysis
of data of experiments on the investigation of neutrino
oscillations.

Weknownow that three flavor neutrinos exist in nature. If
the number of neutrinos with definite masses is also equal to
three (there are no sterile neutrino states), the neutrino tran-
sition probabilities depend on two mass-squared differences
Δ𝑚
2

12
and Δ𝑚2

23
and on parameters which characterize 3 × 3

unitary mixing matrix (three angles and one phase).
It follows from analysis of the experimental data that

Δ𝑚
2

12
≪ |Δ𝑚

2

23
| and one of the mixing angle (𝜃

13
) is small.

It is easy to show (see, e.g., [40]) that in the leading approxi-
mation oscillations observed in atmospheric and accelerator
neutrino experiments there are two-neutrino ]

𝜇
 ]

𝜏

oscillations. For the ]
𝜇
survival probability from (34), we find

the following expression:

𝑃 (]
𝜇
→ ]
𝜇
) ≃ 1 −

1

2
sin22𝜃

23
(1 − cos

Δ𝑚
2

23
𝐿

2𝐸
) . (36)

In the leading approximation, the disappearance of ]
𝑒
’s in

the reactor KamLAND experiment is due to ]
𝑒
→ ]

𝜇,𝜏

transitions. The survival probability is given in this case by
the expression

𝑃 (]
𝑒
→ ]
𝑒
) ≃ 1 −

1

2
sin22𝜃

12
(1 − cos

Δ𝑚
2

12
𝐿

2𝐸
) . (37)

There exists at present a convincing proof that neutrinos
are massive and mixed particles. The proof was obtained
via the observation of neutrino oscillations in the Super-
Kamiokande atmospheric neutrino experiment [41, 42], in
the SNO solar neutrino experiment [43, 44], in the Kam-
LAND reactor experiment [45], in K2K [46], MINOS [47],
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and T2K [48, 49] accelerator experiments, and in many other
neutrino experiments.

Thediscovery of neutrino oscillationswas a great triumph
for Pontecorvo, who came to the idea of neutrino oscillations
at a time when the common opinion favored massless
neutrinos and no neutrino oscillations and who pursued this
idea over decades.

6. Conclusion

We discussed here the pioneering Pontecorvo neutrino oscil-
lations papers and the development of the idea of neutrino
masses, mixing, and oscillations in Dubna at the end of the
seventies.

First indication in favor of neutrino oscillations was
obtained in the Davis Jr. solar neutrino experiment in 1970
[4, 5]. Additional indication in favor of oscillations was found
in another solar neutrino experiment (Kamiokande) [50] and
in the atmospheric neutrino experiment [51].

Evidence of the disappearance of the solar ]
𝑒
’s was

obtained in GALLEX [6, 7] and SAGE [8] solar neutrino
experiments in which neutrinos from all solar thermonuclear
reactions, including the main 𝑝-𝑝 reaction, were detected.

The first model independent evidence of neutrino oscil-
lations was obtained in 1998 in the Super-Kamiokande
atmospheric neutrino experiment [41, 42]. A few years later, a
proof of disappearance of solar ]

𝑒
’s and reactor ]

𝑒
’s, driven by

neutrino oscillations, was obtained in the solar SNO experi-
ment [43, 44] and in the reactor KamLAND experiment [45].
The Super-Kamiokande evidence of neutrino oscillations was
confirmed in the K2K [45], MINOS [47], and T2K [48, 49]
accelerator neutrino experiments. Additional evidence of
neutrino oscillations was found in recent Daya Bay [52] and
RENO [53] reactor neutrino experiments in which the small
mixing angle 𝜃

13
was measured.

The discovery of neutrino oscillations was a great triumph
for Bruno Pontecorvo who came to the idea of neutrino oscilla-
tions at a timewhen the common opinion favoredmassless neu-
trinos.

From my point of view, the history of neutrino oscilla-
tions is an illustration of the importance of analogy in physics.
It is also an illustration of the importance of new courageous
ideas which are not always in agreement with general opin-
ion.

Small neutrino masses cannot be naturally explained in
the framework of the standard model. Their explanation
requires new physics beyond the SM. Many models were
proposed. The most plausible and viable mechanism for the
generation of neutrino masses is the seesaw mechanism [54–
58], which connects the smallness of neutrino masses with a
violation of the lepton number at a large scale.

In the most general form, the seesaw mechanism was
formulated in the paper [59] in the framework of the effective
Lagrangian approach. It was shown in [59] that the only
dimension 5 effective Lagrangian is a lepton number violating
𝑆𝑈(2) × 𝑈(1) invariant product of two lepton doublets
and two Higgs doublets. After spontaneous violation of the
electroweak symmetry, this effective Lagrangian generates

Majorana mass term of the type considered first by Gribov
and Pontecorvo [34]. In this approach, the scale of neutrino
masses is determined by the parameter V2/Λ, where V =

((√2𝐺
𝐹
)
−1/2

)
−1

≃ 246GeV is the parameter which charac-
terizes electroweak breaking and Λ characterizes the scale of
a new physics. From experimental data, it follows that Λ ≃

10
15 GeV.
From the investigation of solar neutrinos in numerous

solar neutrino experiments (Homestake [4, 5], GALLEX-
GNO [6, 7], SAGE [8], Super-Kamiokande [60, 61], SNO
[43, 44], and BOREXINO [62]), it was discovered that
disappearance of the solar ]

𝑒
’s is not only due to neutrino

masses and mixing but also due to coherent scattering of
neutrinos in matter (MSW effect [63, 64].)

In the LEP experiments, it was found that three flavor
neutrinos ]

𝑒
, ]
𝜇
, and ]

𝜏
exist in nature. In theminimal scheme

of the neutrino,mixing the number of neutrinos with definite
masses ]

𝑖
is also equal to three. In this case, the unitarymixing

matrix𝑈 is 3×3matrix. Suchmatrix is characterized by three
mixing angles 𝜃

12
, 𝜃
23
, and 𝜃

13
and𝐶𝑃 phase 𝛿. From analysis

of data of neutrino oscillation experiments, it was found that
in the very first approximation,

sin 𝜃
12
≃

1

√3

, sin 𝜃
23
≃

1

√2

, sin 𝜃
13
≃ 0, (38)

and the unitary matrix 𝑈 has a tribimaximal form. This
finding led to many papers in which possibilities of broken
discrete symmetries in the lepton sector were thoroughly
investigated (see, for example, the review [65]).

The pioneering papers of Pontecorvo on neutrino masses,
mixing, and oscillations created a new field of research.

The investigation of neutrino oscillations, driven by small
neutrino masses and neutrino mixing, raised new questions
which need further investigation.Themajor problems are the
following.

(1) Are neutrinos with definite masses ]
𝑖
Majorana or

Dirac particles?
This problem can be solved via observation of the
lepton number violating neutrinoless double 𝛽-decay
of some even-even nuclei.

(2) Is the neutrino mass spectrum normal or inverted?
Existing neutrino oscillation data do not allow to
distinguish the following two possibilities for the
neutrino mass spectrum:

(i) normal spectrum 𝑚
1
< 𝑚
2
< 𝑚
3
, Δ𝑚2
12

≪

Δ𝑚
2

23
,

(ii) inverted spectrum (IS)𝑚
3
< 𝑚
1
< 𝑚
2
, Δ𝑚2
12
≪

|Δ𝑚
2

13
|.

Future accelerator and reactor neutrino experiments
will solve this problem.

(3) What is the value of the𝐶𝑃 phase 𝛿, the last unknown
parameter of the neutrino mixing matrix?
This very challenging problem apparently will be also
solved in future neutrino oscillation experiments.
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(4) Are there transitions of flavor neutrinos ]
𝑒
, ]
𝜇
, and ]

𝜏

into sterile states?

This problem will be solved in short-baseline reac-
tor and accelerator neutrino oscillation experiments.
(some indications in favor of existence of the sterile
neutrinos exist at present (see, e.g., [66])).

Independently from Pontecorvo in 1962, Maki et al.
[67] came to the idea of neutrino masses and mixing.
Their arguments were based on the Nagoya model
in which neutrinos were considered as constituents
of barions. In [67], the possibility of the transition
(“virtual transmutation”) ]

𝜇
→ ]
𝑒
was discussed.

To acknowledge the pioneer ideas of Pontecorvo and
Maki and Nakagawa and Sakata, the neutrino mixing
matrix is usually called the PMNS matrix.

Pontecorvo was one of the first who understood
the importance of neutrinos for elementary particle
physics and astrophysics. He felt and understood
neutrinos probably better than anybody else in the
world. Starting from his Canadian time, he thought
about the neutrino for his entire life. He was never
confined by narrow theoretical frameworks. He was
completely open minded, without any prejudices,
very courageous, and with very good intuition and
scientific taste.
Pontecorvo was very bright, wise, exceptionally inter-
esting, and a very friendly personality. People liked
him, and he had many friends in Italy, Russia, France,
Canada and many other countries. He participated
in many conferences, seminars, and discussions. His
clear laconic questions and remarks were very impor-
tant for the clarification of many problems.
The name of Pontecorvo, the founder and father of
modern neutrino physics, will be forever connected
with neutrino. He will remain with us in our memory
and our hearts as a great outstanding physicist, as a
man of great impact and humanity.
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mixings in gauge models with spontaneous parity violation,”
Physical Review D, vol. 23, no. 1, pp. 165–180, 1981.

[59] F. Wilczek and A. Zee, “Operator analysis of nucleon decay,”
Physical Review Letters, vol. 43, no. 21, pp. 1571–1573, 1979.

[60] P. Cravens, K. Abe, T. Iida et al., “Solar neutrino measurements
in Super-Kamiokande-II,” Physical Review D, vol. 78, no. 3,
Article ID 032002, 11 pages, 2008.

[61] M. Smy and The Super-Kamiokande Collaboration, “Super-
Kamiokande’s solar ] results,” Nuclear Physics B, vol. 235-236,
pp. 49–54, 2013.

[62] M. Pallavicini, G. Bellini, J. Benziger et al., “Recent results and
future development of Borexino,” Nuclear Physics B, vol. 235-
236, pp. 55–60, 2013.

[63] L. Wolfenstein, “Neutrino oscillations in matter,” Physical
Review D, vol. 17, no. 9, pp. 2369–2374, 1978.

[64] S. P. Mikheev and A. Y. Smirnov, “Resonant amplification of
] oscillations in matter and solar-neutrino spectroscopy,” Il
Nuovo Cimento C, vol. 9, no. 1, pp. 17–26, 1986.

[65] S. F. King, “Neutrinomass andmixing with discrete symmetry,”
Reports on Progress in Physics, vol. 76, no. 5, Article ID 056201,
2013.

[66] K.N.Abazajian,M.A.Acero, S. K.Agarwalla et al., “Light sterile
neutrinos: a white paper,” http://arxiv.org/abs/1204.5379.

[67] Z. Maki, M. Nakagawa, and S. Sakata, “Remarks on the unified
model of elementary particles,” Progress of Theoretical Physics,
vol. 28, no. 5, pp. 870–880, 1962.



Hindawi Publishing Corporation
Advances in High Energy Physics
Volume 2013, Article ID 703572, 6 pages
http://dx.doi.org/10.1155/2013/703572

Research Article
Current Status and Future Perspectives of
the COBRA Experiment

J. Ebert,1 M. Fritts,2 C. Gößling,3 T. Göpfert,2 D. Gehre,2 C. Hagner,1 N. Heidrich,1

T. Köttig,3 T. Neddermann,3 C. Oldorf,1 T. Quante,3 S. Rajek,3 O. Reinecke,2 O. Schulz,4

J. Tebrügge,3 J. Timm,1 B. Wonsak,1 and K. Zuber2

1 Institut für Experimentalphysik, Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany
2 Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Zellescher Weg 19, 01068 Dresden, Germany
3 Lehrstuhl für Experimentelle Physik IV, Technische Universität Dortmund, Otto-Hahn-Straße 4, 44221 Dortmund, Germany
4Max-Planck-Institut für Physik, Werner-Heisenberg-Institut, Foehringer Ring 6, 80805 München, Germany

Correspondence should be addressed to M. Fritts; matthew christopher.fritts@tu-dresden.de

Received 5 July 2013; Accepted 30 August 2013

Academic Editor: Vincenzo Flaminio

Copyright © 2013 J. Ebert 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.

The aim of the COBRA experiment is to prove the existence of neutrinoless double-beta-decay (0]𝛽𝛽-decay) and to measure its
half-life. For this purpose a detector array made of cadmium-zinc-telluride (CdZnTe) semiconductor detectors is operated at the
Gran Sasso Underground Laboratory (LNGS) in Italy.This setup is used to investigate the experimental issues of operating CdZnTe
detectors in low-background mode and to identify potential background components, whilst additional studies are proceeding
in surface laboratories. The experiment currently consists of monolithic, calorimetric detectors of coplanar grid design (CPG
detectors). These detectors are 1 × 1 × 1 cm3 and are arranged in 4 × 4 detector layers. Ultimately four layers will be installed
by the end of 2013, of which two are currently operating. To date 82.3 kg⋅days of data have been collected. In the region of interest
for 116Cd around 2.8MeV, the median energy resolution is 1.5% FWHM, and a background level near 1 counts/keV/kg/y has been
reached. This paper gives an overview of the current status of the experiment and future perspectives.

1. Introduction

Among the outstanding issues of modern particle physics are
measuring the absolute mass scale of the neutrino and the
determination of whether neutrinos are Majorana or Dirac
particles. This motivates searching for 0]𝛽𝛽-decay, because
its existence would be an unambiguous sign for theMajorana
character of the neutrino andwould be a probe of the absolute
mass. Additionally, as a lepton number violating process,
0]𝛽𝛽-decay is a probe of physics beyond the standard model
[1]. Searches for 0]𝛽𝛽-decay require a source of double-beta-
decay isotopes and a low-background detection system. The
Cadmium Zinc Telluride 0-Neutrino Double-Beta Research
Apparatus (COBRA) experiment, proposed in [2], uses
CdZnTe crystals as both source and detectormaterial.Within
this material, nine isotopes are double-beta-decay candidates
(see Table 1), the most promising being 130Te and 116Cd. The

main virtue of 130Te is its very high natural abundance of
33.8%, whereas 116Cd is superior due to its higher 𝑄-value
of 2814 keV, which lies above the 208Tl peak at 2615 keV,
the highest energy gamma line of significant intensity from
natural radioactivity.This advantage is quite crucial: not only
does a higher𝑄-value increase the phase space—and thus the
probability—for the sought-after decay, but it also reduces
the gamma background from natural radioactivity by more
than one order of magnitude with respect to isotopes with
𝑄-values below the 208Tl peak. In contrast to other semi-
conductor or bolometric detectors, CdZnTe crystals have the
convenience that they can be operated at room temperature,
still providing an excellent energy resolution of a few percent.
Good resolution is important to distinguish signal from
existing backgrounds, including the unavoidable intrinsic
background originating from the conventional double-beta-
decay. CdZnTe detectors are commercially available, making
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Table 1: List of 0]𝛽𝛽-decay isotopes in CdZnTe with their𝑄-values
and natural abundance.

Isotope nat. ab. (%) 𝑄-value (keV) Decay mode
70Zn 0.62 1001 𝛽

−
𝛽
−

114Cd 28.7 534 𝛽
−
𝛽
−

116Cd 7.5 2814 𝛽
−
𝛽
−

128Te 31.7 868 𝛽
−
𝛽
−

130Te 33.8 2527 𝛽
−
𝛽
−

64Zn 48.6 1096 𝛽
+/EC

106Cd 1.21 2771 𝛽
+
𝛽
+

108Cd 0.9 231 EC/EC
120Te 0.1 1722 𝛽

+/EC

them comparatively inexpensive. Furthermore, they have
proven to be very radiopure, which is crucial for avoiding
intrinsic background.

In this paper the current status of the COBRA test setup
as well as recent results from the data collected is presented.
In addition, prospects for a large-scale setup and a sensitivity
projection are given.

2. Experimental Setup

The COBRA R&D low-background test setup is situated in
the Italian underground laboratory LNGS. An overburden
of 1400 meters of rock coverage (∼3600m.w.e.) reduces the
cosmic ray flux by about six orders of magnitude.

The current setup is able to handle a total of sixty-four
1 cm3 CdZnTe crystals. It consists of four layers, each capable
of holding 4 × 4 detector crystals in a Delrin support. To
reduce the flux of external gammas, the inner detector cham-
ber is shielded by 5 cm ultra-radiopure electrolytic copper
and 20 cm low-radioactivity lead. Supply of bias voltages
and signal readout occurs via low-diameter coaxial cables
and copper traces on Kapton foils which are fed through
the shielding (Figure 1(a)). Around this an EMI shielding
made of galvanized steel sheets is installed, housing also the
preamplifiers of the readout chain (Figure 1(b)). A 7 cm outer
layer of boron-loaded polyethylene shields against neutrons.
To prevent contamination with radon, the setup is constantly
flushedwith nitrogen gas. Two layers (32 detectors) have been
in operation since April 2012.

The data acquisition system records complete pulse
shapes for each event using fast analog-digital converters.
This system is designed to optimize event reconstruction
and to allow for event discrimination through pulse shape
analysis [3]. Frequent calibrations with gamma radiation
sources allow for the calculation of the detectors’ ampli-
fication and resolution properties, which vary slowly over
constant running conditions within a few percent. The setup
accumulates data at a rate of approximately 2.5 kg⋅days per
layer per month.

Recently a pulser was installed to send fixed-amplitude,
simultaneous signals to the preamplifiers (two per detector).
This provides an additional test of the stability of the system
components. Moreover, these signals provide for synchro-
nization of the clocks in the eight ADC modules (one ADC

module for every four detectors) which record the signals.
This allows for event coincidence studies over the full detector
array with a time resolution smaller than 0.5ms. In June 2013,
the third layer of detectors was installed as well as a cooling
system, which dispenses the heat of the preamplifiers and
should slightly improve the energy resolution [4]. The fourth
layer is expected to be installed by the end of 2013.

3. CPG Capabilities
The current setup at LNGS is equipped with coplanar grid
(CPG) detectors. COBRA is also exploring the use of pix-
elized detectors, which have the potential to further reduce
the background using topological information. These efforts
are not considered in this paper but are discussed in [5].

The CPG technology was developed as a method to
compensate for the poor transport properties of holes in
CdZnTe [6]. With this readout approach, energy resolutions
better than 2% FWHM at 662 keV can be achieved with
commercially available detectors (see Figure 2). One side of a
CPG detector is a uniform cathode, while two anode grids are
patterned on the opposite side in the form of two interlocking
combs (Figure 3). These anodes are held at slightly different
potentials and are read out separately. The amplitudes of the
two pulses form the basis of event reconstruction.

In addition to energy information, the amplitudes of the
two anode signals provide depth information [7]. The inter-
action depth is defined as the distance from the anode surface
of the detector expressed as a fraction of the detector length.
Figure 4 shows the distribution of background events in
energy and interaction depth. At very low depths, distortions
in energy reconstruction occur as a consequence of the CPG
design. At the cathode surface (depth = 1) contamination
from alpha emitters produces high energy event populations.
Both the low-depth distortions and the high-depth surface
events can be efficiently removed using the interaction depth
information.

The ability to identify events at the lateral surfaces of
the detector is also useful for background reduction. Tests
with alpha sources have shown that interactions very near the
lateral surfaces of the detector produce signature distortions
in the pulses as shown in Figure 5. These distortions can be
characterized by pulse shape analysis. Simulations suggest
that about 80% of surface events are identifiable in this way.

Another use for pulse shape analysis is the identification
and rejection of events caused by electronic disturbances,
some of which can mimic real events in terms of energy and
depth reconstruction. Pulse shape analysis can also be used
for the identification of events in which energy is deposited
at two or more distinct depths within a detector (multisite
events). This is useful for reducing potential gamma back-
grounds.

4. Current Status

To date COBRA has collected 82.3 kg⋅days of calibrated low-
background exposure. With this data a thorough charac-
terization of the background in the LNGS setup is possi-
ble. Figure 6 depicts the background rate in standardized
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(a) (b)

Figure 1: (a) Picture of the inner part of the setup showing the copper nest and the cable feedthrough surrounded by the lead and copper
castle. (b) Picture of the whole setup with open EMI and neutron shielding showing the radon-tight foil containing the lead bunker.
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Figure 2: (a) Spectrum for a typical COBRA detector from an in situ 228Thcalibration. Calibration lines from 22Na and 228Thcalibrations are
used to characterize the resolution as a function of energy. (b) Resolutions of the 32 currently operating detectors extrapolated to 2814 keV.
The worst two detectors are from an older batch and are not representative of detectors that will be deployed in the future. The median value
is 1.5% FWHM.

units and shows the effectiveness of discriminating surface
background. At the region of interest near 2.8MeV, the
background rate is reduced by about an order of magnitude
by removing events at the cathode and lateral surfaces, down
to approximately 1 counts/keV/kg/y. Throughout this paper
background rates are given per unit mass of detector material
(CdZnTe). The relative efficiencies for 0]𝛽𝛽-decay signals of
these cuts are estimated at 95% for the cathode cut and 82%
for the lateral surface cut. Two alpha peaks are evident in the
cathode surface events, but no peaks are seen in the lateral
surface events. This is expected because the cathode side is
covered by only about 200 nm of metal, whereas the lateral
surfaces are encapsulated in transparent paint some 10 s of
𝜇m thick.Thus, the energy of alpha radiation from the lateral
surfaces is attenuated. Nonuniformity in the paint thickness
will generally lead to a continuous spectrum.

Figure 4 shows that even after removing high- and low-
depth background, the interaction depth distribution is

not uniform. The band of more intense background at an
interaction depth between 0.75 and 0.95 may be due to alpha
contamination on the detector support structure. Depending
on the analysis technique used, the depth dependence of the
background can be exploited to reduce the background for
the 0]𝛽𝛽-decay search. The effective background rate based
on an optimized sensitivity calculation at 2.8MeV can be
reduced to approximately 0.4 counts/keV/kg/y. The signal
efficiency for the optimized sensitivity is approximately 95%
relative to the nonoptimized case.

Under current experimental conditions, the full array of
64 detectors should achieve a sensitivity to the 116Cd 0]𝛽𝛽-
decay half-life of 2.3 × 1021 y after 2 years of live time. How-
ever, ideas currently under development for improving the
performance of the experiment may increase this estimate.
At present the spectrum from the conventional double-beta-
decay of 116Cd is just visible in certain energy ranges after all
background-reducing cuts are applied.
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Figure 3: (a) Diagram of CPG detector indicating the anode grids (blue and red) and the cathode (yellow). (b) Photograph of a COBRA
detector.
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Figure 4: Distribution of events in interaction depth and energy
from 82.3 kg⋅days of low-background data. Two high energy regions
on the cathode surface are identified as alpha contaminants. Three
gamma lines (vertical) are also visible. The region below 400 keV
is dominated by the 𝛽-decay of 113Cd (half-life 8 × 1015 years). At
low depths well-understood detector distortions and reconstruction
artifacts can be seen.

5. Summary and Outlook

Currently COBRA is operating a test setup at the LNGS
underground laboratory consisting of 32 1 cm3 CdZnTe
crystals. In total 64 detectors will be installed and operated
by the end of 2013. Meanwhile, considerable progress has
been made in understanding detector characteristics and in
the improvement of the entire read-out chain. At present a
background rate in the region of interest (2814 keV) on the
order of 1 counts/keV/kg/y can be achieved with an energy
resolution of 1.5% (FWHM). The dominant background
component has been identified as coming from detector
surface contamination. By selecting events by reconstructed
interaction depth and pulse shape properties more than 90%
of the background has been removed.

COBRA aims for a large-scale experiment with a total
source mass of about 400 kg of CdZnTe enriched in 116Cd
to about 90%. It is likely such an experiment will use larger
crystals (2×2 × 1.5 cm3) which we have begun investigating.

The design goal is to reach a sensitivity to an effective
Majorana neutrino mass of less than 50meV/c2. Depending
on the estimate used for the nuclear matrix element [8]
this corresponds to a minimum 116Cd half-life sensitivity
of 1.0 × 1026 to 3.5 × 1026 years. To reach this sensitivity,
the COBRA experiment needs to reduce the background
rate to less than 10−3 counts/keV/kg/y while having an
energy resolution better than 1.5% (FWHM). Figure 7 shows
sensitivity estimates for a large-scale experiment using 11,000
detectors each with a volume of 6 cm3 . The simulation
assumes 60% signal detection efficiency.

The much lower background level required to achieve
the conditions depicted in Figure 7 is a significant challenge,
similar to that faced by other 0]𝛽𝛽-experiments [9–11].
Several methods are currently under investigation to achieve
this. The background from lateral surface events could be
reduced by modifications in handling procedures, design,
and operation of the detectors. Reducing exposure to radon
during testing, handling, and storage could reduce the surface
contamination by radon daughters (particularly the long-
lived 210Pb). The use of larger detectors (2 × 2 × 1.5 cm3)
would reduce this background by increasing the volume to
surface area ratio. New designs and operational strategies
for the anode grid are also being explored to improve the
efficiency of identifying lateral surface events through pulse
shape analysis.

Another approach for reducing background is to cap-
italize on the high granularity of the experiment using
coincidence analysis and, thus, restricting events to only
occur in single detector units. The presence of the newly
installed pulser allows for high-precision coincidence studies.
Furthermore, the record of the whole signal pulse shape
allows the classification of events by multiple and single
interactions within one detector. These techniques are cur-
rently under development and not represented in the results
presented in this paper.
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Figure 5: Pulses from the two anodes. (a) Typical central event. (b) and (c) Lateral surface events showing distortions.
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Figure 6: Background rate spectrum before and after removal of
surface events.
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Figure 7: Sensitivity projections for 116Cd for a large-scale experi-
ment as described in the text, using various background rates and
energy resolutions.

The collaboration is also investigating the idea to use
liquid scintillators as an ultralow-background environment
for CdZnTe detectors acting as an active veto and as part
of coincidence measurements. Other low-background exper-
iments have already shown that the production of liquid
scintillators with high radiopurity is possible [12, 13].
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