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This volume follows the one published in 2014, on the
occasion of the 100th anniversary of the birth of Bruno
Pontecorvo.

The last two years have witnessed an impressive progress
in our understanding of the phenomenon of neutrino oscil-
lations.

The field of neutrino oscillations has moreover acquired
worldwide resonance after the 2015 Physics Nobel Prize
awarded to Takaaki Kajita and Arthur B. McDonald “for the
discovery of neutrino oscillations, which shows that neutrinos
have mass.”

In parallel, the construction of new detectors aimed at a
direct measurement of the mass of the electron neutrino and
of neutrinoless double beta decay has been completed or is
approaching completion.

Reactor antineutrino experiments have improved by large
amounts the precision in the determination of the oscillation
parameters, notably those of sin22𝜃

13
and Δ𝑚2ee.

Thanks to a big increase in the sensitivity of both reactor
and accelerator experiments, a determination of the CP
violating parameter 𝛿 seems within reach now.

Recent, accurate measurements of the electron antineu-
trino flux from nuclear reactors have been reported by the
experiments Daya Bay, Double Chooz, and RENO. These
have confirmed the previous hints for an electron antineu-
trino flux lower than previously assumed, with a visible
anomaly around 5MeV. This will have implications not only
for the determination of the neutrino oscillation parameters

but also for the possible existence of the so-called sterile
neutrinos.

It should moreover be recalled that in 2015-2016 the first
observation has taken place of neutrinos of astrophysical
origin, by the IceCube experiment. This experiment and its
European counterpart, ANTARES, have provided a detailed
measurement of the flux and energy distribution of atmo-
spheric neutrinos, used to obtain independent information
on neutrino oscillations, as shown in one of the contributions
to this volume.

Following the discovery of neutrino oscillations that
require neutrinos to be massive but can only provide infor-
mation on neutrino mass differences, the efforts to measure
the absolute neutrinomasses have become evenmore topical.
The paper “The Use of Low Temperature Detectors for Direct
Measurements of the Mass of the Electron Neutrino” by A.
Nucciotti describes extensively the progress in the use of
low temperature detectors now being used and planned to
reach sub-eV sensitivity. Progress in the energy resolution
and scalability of these detectors has made this technique
competitive with the more traditional tritium beta decay
magnetic/electrostatic spectrometer method.

The article “T2K and Beyond” byM.G. Catanesi describes
the detector and the results of theT2K experiment in Japan on
themeasurement of angle 𝜃

13
.The paper then goes on to sum-

marize the future prospects of the project for the measure-
ment of 𝜃

13
and of the CP phase 𝛿 with the already approved

running and also following possible upgrades of the beam line
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and reduction of the measurement systematics which could
lead to a first observation of a nonzero value of 𝛿.The synergy
of T2Kwith theNOvA experiment in theUSA is also covered.

TheEuropean Spallation Source is currently being built in
Sweden.The article “TheOpportunity Offered by the ESSnuSB
Project to Exploit the Larger Leptonic CP Violation Signal at
the Second Oscillation Maximum and the Requirements of
this Project on the ESS Accelerator Complex,” by E. Wildner
and collaborators describes the possibility of using it for the
production of a very intense 0.4GeV neutrino beam. The
paper then summarizes how this beam, when coupled with a
large undergroundwater Cerenkov detector placed at the sec-
ond oscillation maximum 540 km from the neutrino source,
could lead to the discovery of CP violation at 5𝜎 level over a
significant fraction of the range of the CP violation phase.

The article “Current Status and Future Prospects of the
SNO+ Experiment” by S. Andringa et al. describes the many
physics targets that can be reached by that experiment,
ranging from neutrinoless double beta decay to neutrino
oscillations and supernova neutrinos.

The experiment is located at a depth of about 5900
meters of water equivalent, at the site of SNOLAB (Sudbury,
Canada). Neutrinoless double beta decay will be the main
object of the experiment and certainly the one that will be
tackled initially. To this purpose the detector will be filled
with about 780 tons of ultrapure liquid scintillator, loaded
with 800 kg of 130Te. The corresponding effective Majorana
neutrino sensitivity is expected to fall in the range 55–
133meV.

SNO+ aims in addition to measure reactor antineutrino
oscillations, with neutrinos coming from reactors located at
various distances from the detector, both in Canada and in
the USA.

SNO+also aims at the detection of geoneutrinos and solar
neutrinos and of supernova neutrinos.

The article “Measurement of atmospheric neutrino oscil-
lations with very large volume neutrino telescopes” by J. P.
Yanez and A. Kouchner discusses the recent results obtained
by the IceCube and ANTARES experiments for atmospheric
neutrino oscillations. These are mainly sensitive to ]

𝜇
→ ]
𝑒

oscillations andmainly to the largemass splittings.The article
discusses in detail the geometry of the experiments and the
event reconstruction and analysis.

The results obtained so far are still not competitive with
those provided by accelerator experiments, but with the
increase in statistics and detector improvements they will
provide substantially more precise determinations.

The article also discusses the results that will be obtained
by the forthcoming extensions of both experiments: PINGU
at the South Pole and ORCA in the Mediterranean.

The article “The Antineutrino Energy Structure in Reactor
Experiments” by P. Novella summarizes the current status of
the 5MeV excess (∼4 sigma) seen in the visible energy spec-
trum of the electron antineutrinos in the three reactor neu-
trino experiments: Daya Bay, Double Chooz, and RENO. All
three experiments showed a consistent result for the 5MeV
excess, which is not explained by the reactor neutrino model
most widely used.The possible causes of the 5MeV excess are
studied but such excess is most likely due to an incomplete

or inaccurate model and to the associated uncertainty on the
spectrum as predicted by themodel.This article suggests pos-
sible future directions in the study of the reactor antineutrino
spectrum that could hopefully explain the excess.

The article “The Results of MINOS and the Future with
MINOS+” by A. Timmons describes the achievements of the
long baselineMINOS experiment.The experiment, using the
Fermilab NuMI muon neutrino-antineutrino beam, having
energies between 0 and 15GeV and a near and a far detector
located about 700 km away from each other, has measured
the disappearance of muon neutrinos and antineutrinos,
made a search for the appearance of electron neutrinos,
and measured the neutral-current interaction rate. The lat-
ter has confirmed oscillations between only three neutrino
flavours, thus placing limits on the so-called sterile neutrinos.
MINOS will continue as MINOS+ in an upgraded beamwith
increased energy and intensity, allowing precision tests of the
three-flavour neutrino oscillation picture, in particular a very
sensitive search of sterile neutrinos.

The article “The Deep Underground Neutrino Experi-
ment (DUNE),” by M. Goodman, discusses the status and
perspectives of the next-generation long baseline neutrino
experiment that will use a beam generated at Fermilab.
The collaboration plans to build a staged 40 kt liquid argon
detector at the Sanford Underground Research Facility in
South Dakota, a high precision near detector, and a powerful
neutrino beam line generated by a 1.2MW proton beam
produced by the PIP-II upgrade, evolving to a power of
2.3MW by 2030. The paper describes the oscillation physics
goals and the status of the collaboration.

The neutrinoless double beta decay process violates lep-
ton number by two units and thus its observation would
imply theMajorana nature of the neutrinos, underscoring the
importance of this process. In the review article “Neutrinoless
Double Beta Decay: 2015 Review” by S. Dell’Oro et al. a com-
prehensive review on the status of this process is presented.

The review discusses various aspects of the experiments
searching for this rare process and the role of nuclear
physics including salient features of the different models for
calculating nuclear matrix element uncertainties as well as
implications for neutrino mass models.

In the article “Quasi-Classical Gravity Effect on Neutrino
Oscillations in a Gravitational Field of a Heavy Astrophysical
Object” by J. Miller and R. Pasechnik, implications of quan-
tum gravity effects on neutrino oscillations are explored.

The authors compare the decoherence in the neutrino
propagation states due to quantum gravity effects with the
one induced by the Earth matter effect. This enables them
to propose a new way for detecting quantum gravity effects
through the measurement of the flavour composition of
astrophysical neutrinos.

The article “Partial Quark-Lepton Universality and Neu-
trino CP Violation” by J. Liao et al. presents a model with par-
tial quark-lepton universality. Suchmodels can naturally arise
in the context of grand unified theories.The constraint on the
model parameters in terms of theDiracCPphase is discussed.

In the article “Constraints on the Nonstandard Interaction
in Propagation from Atmospheric Neutrinos” by S. Fukasawa
and O. Yasuda, the effect of nonstandard interactions on the
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propagation of atmospheric neutrinos is studied assuming
only the electron and the tau neutrinos are affected by
such interactions. Constraints on parameters characterizing
this effect are obtained from SuperKamiokande data and
predictions for the future HyperKamiokande experiment are
also made.

Vincenzo Flaminio
Mauro Mezzetto
Leslie Camilleri

Srubabati Goswami
Seon-Hee Seo
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The European Spallation Source (ESS), currently under construction in Lund, Sweden, is a research center that will provide, by
2023, the world’s most powerful neutron source. The average power of the proton linac will be 5MW. Pulsing this linac at higher
frequency will make it possible to raise the average total beam power to 10MW to produce, in parallel with the spallation neutron
production, a very intense neutrino Super Beam of about 0.4GeV mean neutrino energy. This will allow searching for leptonic CP
violation at the second oscillation maximum where the sensitivity is about 3 times higher than at the first. The ESS neutrino Super
Beam, ESSnuSB operated with a 2.0GeV linac proton beam, together with a large undergroundWater Cherenkov detector located
at 540 km from Lund, will make it possible to discover leptonic CP violation at 5𝜎 significance level in 56% (65% for an upgrade
to 2.5 GeV beam energy) of the leptonic CP-violating phase range after 10 years of data taking, assuming a 5% systematic error in
the neutrino flux and 10% in the neutrino cross section.The paper presents the outstanding physics reach possible for CP violation
with ESSnuSB obtainable under these assumptions for the systematic errors. It also describes the upgrade of the ESS accelerator
complex required for ESSnuSB.
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1. Overview

An ultimate goal of the long baseline neutrino experiments
now being planned is the discovery and high precision mea-
surement of the leptonic CP violation through measurement
of the ]𝜇 → ]𝑒 oscillation probability. Such a discovery
and measurement would shed new light on the fundamental
problem of how to explain the dominance of matter over
antimatter in the Universe. The discovery and measurement
in 2012 of a nonzero value as large as ca. 9∘ of the neutrino
mixing angle 𝜃13, corresponding to a value of sin22𝜃13 of
ca. 0.095 [1–4], confirmed the possibility of discovering and
measuring a nonzero value of the Dirac leptonic CP violating
angle 𝛿CP. Before 2012 a significantly smaller value for 𝜃13
was assumed when planning for future long base neutrino
experiments. See, for example, [5], in which a range of values
for sin22𝜃13 between 0.01 and 0.09 are used, with 0.04 as the
standard value, to evaluate the performance of a proposed
experiment. The large value of 𝜃13 implies that the sensitivity
to CP violation is three times higher at the second neutrino
oscillation maximum as compared to the first.

The European Spallation Source (ESS) [6] under con-
struction in Lund, Sweden, since the fall of 2014, is a research
center that will have the world’s most powerful neutron
source. It is based on a 2.0GeV superconducting linac (with
space available for an upgrade to the originally planned
energy of 2.5 GeV), providing 2.86ms long proton pulses at
14Hz for the spallation neutron facility with 5MW average
power on target (Figure 1). By pulsing the linac at higher
frequency, additional beam pulses can be interleaved to
provide a total average beam power of 10MW. The extra
pulses, providing 1.5 ⋅ 1016 protons per second on target,
corresponding to 2.7 ⋅ 1023 protons on target per year,
can be used to obtain a neutrino beam of unprecedented
intensity. The uniquely high intensity of the ESS linac allows
for sufficient event statistics to be collected with a Megaton
neutrino detector positioned at the second neutrino oscil-
lation maximum, where the relative CP violation sensitivity
is about three times higher than at the first maximum,
where the DUNE experiment in the USA [7] and the Hyper-
K experiment in Japan [8] have their respective detectors
positioned.

In a first publication [9] the European Spallation Source
neutrino Super Beam (ESSnuSB) collaboration proposes
searching for leptonic CP violation by making use of the
Super Beamdescribed above and aMegatonwaterCherenkov
detector placed in the 1200m deep Garpenberg mine located
at a distance of 540 km from the neutrino source in Lund,
near the second neutrino oscillation maximum. In the
present paper we report on some further progress made in
the study of the ESSnuSB project, in particular regarding its
performance for CP violation discovery and measurement,
the proton accumulator ring, and the Near Detector. Table 1
shows an overview of the parameters of the facility. The ESS-
nuSB Design Study is taking advantage of many of the results
obtained in the FP7 Design Study EUROnu [10] on future
neutrino facilities. The results from the now terminated
EUROnu project of the study of the 4.5 GeV/5MW neutrino
Super Beam from the CERN Superconducting Proton Linac

Table 1: Main parameters of the ESSnuSB neutrino facility.

Parameter Value
Average neutrino energy 0.36GeV
Baseline 540 km
Detector technology Water Cherenkov
Fiducial volume 500 kt
PMTs 240k 8

10-year reach (2] + 8]) 60% of 𝛿CP range (5𝜎)
𝐿/𝐸 (2nd oscillation max.) 1500 km/GeV

Table 2: Current main parameters of the ESS linac.

Parameter Value
Average beam power 5MW
Ion kinetic energy 2GeV
Average macro pulse current 62.5mA
Average macro pulse length 2.86/4ms
Pulse repetition rate 14Hz
Maximum accelerating cavity surface field 45MV/m
Linac length 352.5m
Reliability 95%
Annual operating period 5000 h

SPL [11, 12] and of the MEMPHYS large water Cherenkov
detector in the Fréjus tunnel have served as very useful
references in the ESSnuSB Design Study [13, 14].

The purpose of ESS is the production and use of spallation
neutrons. The use of the ESS linac for neutron and neutrino
production simultaneously, not reducing neutron produc-
tion, will decrease considerably the cost of the proposed
neutrino project as compared to constructing a dedicated
proton driver for generating the neutrino beam. The current
main parameters of the ESS proton driver are listed in Table 2.

With presently available technology, the horn-type
hadron collector cannot handle 2.86ms long pulses due to
the excessive ohmic heating of the magnet-system current-
leads. Therefore, the linac pulse has to be accumulated in
a multiturn injection storage ring that can deliver, through
single turn extraction, pulses of a few 𝜇s length to the
neutrino production target and horn assembly. There is
space available on the ESS site to implement such a proton
accumulator and its transfer lines from the linac to the
target station as well as for the implementation of the target
station itself and a Near Detector. To inject protons from
the linac into the accumulator with satisfactory efficiency,
charge exchange injection will be necessary. Therefore, the
ESS linac has to be further equipped such that it can be used
to accelerate H− pulses of the same length and intensity as the
proton pulses.

A preliminary study of the modifications of the ESS linac
that are required to allow simultaneous acceleration of H+
and H− ions at an average power of 5 + 5MW has been
made [15]. It is proposed that some of these modifications
be made already during the current linac construction phase,
such that it will later be possible to upgrade the linac with
onlyminor interventions during the operation of the linac for
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2.4m 4.6m 3.8m 39m 56m 77m 179m 241m

75keV 3.6MeV 90MeV 216MeV 561MeV 2000MeV
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352.21MHz 704.42MHz

HEBT and
contingency

Figure 1: The ESS superconducting linac.

spallation neutron production. These modifications, which
will increase the initial construction cost of the linac by
ca. 10%, will significantly reduce the cost of the subsequent
upgrade of the linac to enable the production of a neutrino
beam.

The proposed upgrade of the accelerator complex will
significantly increase the potential and options also for other
future developments of the ESS. One example of this is
that the accumulator studies aim at a design allowing the
accumulator to satisfy the requirements for the production of
both short neutrino pulses of a few 𝜇s length through single
turn extraction and short neutron pulses of the order of 100𝜇s
length through multiturn extraction, thus also providing, as
a future option, the production of short, uniquely intense
neutron pulses [16].

The EUROnu studies identified some key elements of the
SPL Super Beam for which further R&D would be necessary,
such as the proton target, the hadron collector, and its pulse
generator. These items will be further studied to prove their
feasibility for the ESS based neutrino project. Simulation
studies have resulted in the choice of the 1200m deep
Garpenberg mine in the Swedish Dalarna county, 540 km
from ESS in Lund, as the optimal location for the Far
Neutrino Detector. The Near Detector will contain a water
Cherenkov detector and possibly other types of detectors.
Results from the European FP7 LAGUNA Design Study [17]
provide useful information for the design of the detectors and
the needed infrastructure.

2. The Significant Advantage of
Measuring Leptonic CP Violation at
the Second Oscillation Maximum

The following expression describes the probability for the
]𝜇 → ]𝑒 oscillation [19]:

𝑃 (]𝜇 → ]𝑒)

= sin2𝜃23sin22𝜃13sin2 (Δ 31𝐿2 )

+ cos2𝜃23sin22𝜃12sin2 (Δ 21𝐿2 )

+ �̃� cos(𝛿CP − Δ 31𝐿2 ) sin(
Δ 21𝐿
2 ) sin(

Δ 31𝐿
2 ) ,

(1)

where �̃� ≡ cos 𝜃13 sin 2𝜃12 sin 2𝜃23 sin 2𝜃13 and Δ 𝑖𝑗 ≡ Δ𝑚2𝑖𝑗/
2𝐸]. The sign of 𝛿CP is the opposite for antineutrinos.

The first two terms in this expression are generally
referred to as the “atmospheric” term and the “solar” term,

respectively. The third is the “CP interference” term which is
the only term that depends on the CP violating angle 𝛿CP.

Plots for two different values of the mixing angle, 𝜃13 = 1∘
and 𝜃13 = 10∘, of the three terms in the ]𝜇 → ]𝑒 oscillation
probability expression are shown in Figure 2 as a function of
the variable 𝐿/𝐸, the ratio between the accelerator-detector
distance 𝐿 (the baseline) and the neutrino energy 𝐸. The
CP violating term is calculated without the factor cos(𝛿CP −Δ 31𝐿/2); that is, what is shown is the maximum value this
term could take on. The first and second neutrino oscillation
maxima are clearly seen in the atmospheric term to be at
around 𝐿/𝐸 = 500 km/GeV and 1500 km/GeV.

The information on 𝛿CP is thus contained in the CP
interference term. As can be seen in Figure 2(a), for a value of
the neutrino mixing angle 𝜃13 that is small, like 1∘, which lies
within the range of values used in the long baseline neutrino
study projects before 2012, the CP interference term at 𝐿/𝐸 =
500 km/GeV is somewhat larger than both the solar and the
atmospheric term, whereas at 𝐿/𝐸 = 1500 km/GeV the CP
interference term is much smaller than the dominant solar
term.Had the value of 𝜃13 indeed been small, the sensitivity to
𝛿CP would thus have beenmuch higher at𝐿/𝐸 = 500 km/GeV
than at 𝐿/𝐸 = 1500 km/GeV.This is certainly one reason why
some proposed projects, which were designed well before
2012, have their respective detectors placed at a distance
from the accelerator approximately corresponding to 𝐿/𝐸 =
500 km/GeV, that is, at the first maximum. However, when in
2012 𝜃13 was measured and found to be about 9∘ [1–4], the
relation between the three terms was drastically changed as
shown in Figure 2(b). For 𝜃13 = 10∘, the CP interference term
at 𝐿/𝐸 = 500 km/GeV is much smaller than the dominant
atmospheric term, whereas it has about the same amplitude
as the dominant atmospheric term at 𝐿/𝐸 = 1500 km/GeV.
From these considerations it is thus clear that the sensitivity
to 𝛿CP indeed is significantly higher at the second neutrino
oscillation maximum than at the first.

The conceptual design of ESSnuSB [9] was made in
2012 and in view of the, at the time, newly measured high
value of 𝜃13, the detector was located at the second neutrino
oscillation maximum. For an ESSnuSB proton energy of
2.0GeV the mean neutrino energy is about 360MeV and the
distance of the second maximum from the ]𝜇 source is of the
order of 540 km. Figure 3 shows, for this baseline, the number
of electron neutrinos detected in two years, running with
positive polarity in the horn, as a function of neutrino energy
𝐸 for four different values of 𝛿CP: 0 and 𝜋, which correspond
to no CP violation, and 𝜋/2 and 3𝜋/2, which correspond to
maximum CP violation of opposite signs, respectively. The
parameters used in theGLoBES calculation to obtain this plot
are Δ𝑚221 = 7.5 ⋅ 10−5 eV2, Δ𝑚231 = 2.47 ⋅ 10−3 eV2, 𝜃12 = 0.58,
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Figure 2: Plots showing, for two different values of the neutrinomixing angle 𝜃13 = 1∘ (a) and 𝜃13 = 10∘ (b), the three terms in the expression
for the ]𝜇 → ]𝑒 oscillation probability as a function of the ratio between the accelerator-to-detector distance 𝐿 (the baseline) and the neutrino
energy 𝐸 [19].The CP violating term is calculated without the factor cos(𝛿CP −Δ 31𝐿/2); that is, what is shown is the maximum value this term
could take on.
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Figure 3: Histograms showing, for a baseline of 540 km and a
proton energy of 2.0GeV, the energy distribution for the electron
neutrinos detected during 2 years of data taking for three different
values of 𝛿CP.

𝜃13 = 0.15, and 𝜃23 = 0.70. These parameters are included
assuming prior knowledge with an accuracy of 3% for 𝜃12,
0.02 for sin22𝜃23, 0.005 for sin22𝜃13, 4% for Δ𝑚231, and 3%

for Δ𝑚221 at 1𝜎 level. The neutrino mass hierarchy is assumed
to be unknown. The same parameters have been used for all
results of ESSnuSB calculations shown in this paper.

Figure 4 shows the same type of comparison, this time
between DUNE and Hyper-K, designed to measure at the
first maximum, and ESSnuSB, designed to measure at the
second maximum. A comparison of the left and right panels
shows that almost all of the events in the Hyper-K and
DUNE experiments are located within the region of the first
oscillation maximum whereas for ESSnuSB almost all of the
events are located within the region of the second maximum.
In particular, there is no increase in the signal count rate
visible for Hyper-K or DUNE in the energy region of the
secondmaximum.The ratio between the numbers of electron
neutrinos with 𝛿CP = 3𝜋/2 and with 𝛿CP = 𝜋/2 can be seen
to be about 1.5 for DUNE, 1.6 for Hyper-K, and as high as
about 4.8 for ESSnuSB, implying an about three times higher
sensitivity to the value of 𝛿CP as compared to the other two
experiments.

The four bins in Figure 5 show the total number of
events detected at the second maximum for neutrinos and
antineutrinos and for a proton energy of 2GeV and 2.5GeV,
respectively.The data collection time is 2 years with neutrinos
and 8 years with antineutrinos in order to detect (very)
approximately equal numbers of electron neutrinos and
antineutrinos. For a proton energy of 2.5 GeV the total
number of events can be seen to be somewhat higher than for
a 2.0GeV proton energy, indicating that the energy originally
planned for the ESS project of 2.5 GeV would be more
favorable for ESSnuSB than the recently downscoped value
of 2.0GeV.
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Figure 4: The histograms in the panels in the right hand part of the figure show, for the three different neutrino beam projects Hyper-K [8],
DUNE [20, 21], and ESSnuSB, the number of detected electron neutrinos as a function of neutrino energy 𝐸 for three different values of 𝛿CP:
0, which corresponds to no CP violation, and 𝜋/2 and 3𝜋/2, which correspond to maximum CP violation of opposite signs, respectively. The
left panels show the calculated probability for the electron neutrino oscillation for the same three 𝛿CP values and for Normal Hierarchy (NH,
red) and Inverted Hierarchy (IH, blue) [8, 21]. The shaded histogram in the left ESSnuSB panel shows the profile of the unoscillated (muon)
neutrino energy distribution. The ratio between the numbers of electron neutrinos with 𝛿CP = 3𝜋/2 and with 𝜋/2 is 4.8 for ESSnuSB and 1.6
and 1.5, respectively, for Hyper-K and LBNE/DUNE, as noted under the experiment acronym in each histogram graph.
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Figure 5:The bins show the total numbers of electron neutrinos and
antineutrinos, respectively, detected in ESSnuSB after 2 years of data
taking with a neutrino beam and 8 years with an antineutrino beam
and for a proton energy of 2.0 GeV and for 2.5 GeV, respectively, with
the detector placed at the second maximum.

The T2K experiment [22] has, after 4 years of opera-
tion and data analysis, managed to reduce its systematic
uncertainties for the electron (muon) neutrino signal to a
level of 6.3% (7.4%). Figure 3 shows, for each 100MeV bin,
the statistical errors as well as a 7% systematic error. The
statistical error is seen to be larger than the systematic one.
However, as shown by the leftmost bar in Figure 5, which
represents the total numbers of events in the histograms in
Figure 3, for the total number of events the statistical and
systematic errors are in balance. This raises the question of
how much information is contained in the relative shape of
the histograms in Figure 3, as this information is not taken
into account when considering only the total number of
events. The answer to this question may be deduced from
the four different histograms in Figure 6, which have been
obtained by dividing the four histograms of Figure 3 by their
respective total numbers of events. There is some difference
between the curves in Figure 6 but these differences are
comparable in magnitude to the statistical errors.

Described so far is what could be done with ESSnuSB
neutrino beam data collected during 2 years. However, a
major goal is to compare the neutrino and antineutrino beam
data shown in Figure 5, which provides additional and very
sensitive information on 𝛿CP. Figure 7 shows for ESSnuSB
the normalized difference between the total numbers of
electron neutrinos, collected during 2 years, and of electron
antineutrinos, collected during 8 years (𝑁]

𝑒

− 𝑁]
𝑒

)/(𝑁]
𝑒

+
𝑁]
𝑒

) for a proton energy of 2.0GeV and 2.5GeV, respectively,
at the first maximum (a) and the second maximum (b).
The normalization takes into account the difference in the
production as well as the detection cross sections between
the neutrinos and the antineutrinos. The variation of the
asymmetry with 𝛿CP can be seen to be significantly bigger at
the secondmaximum as compared to the first maximum and
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Figure 6: The 4 different histograms in this figure have been
obtained by dividing each of the four different histograms in Figure 3
by their respective total numbers of events, so that the difference in
relative shape between the histograms can be seen.

the statistical and systematic errors are well balanced. Other
investigations of the sensitivity of the neutrino-antineutrino
asymmetry to the value of 𝛿CP have shown that the probability𝑃(]𝜇 → ]𝑒) varies with 𝛿CP between 1/2 and 2 times the
probability 𝑃(]𝜇 → ]𝑒) at the first maximum and between
1/7 and 7 times the probability 𝑃(]𝜇 → ]𝑒) at the second
maximum [23].

By fitting simulated [24, 25] ESSnuSB data collected
during 2 years with a neutrino beam and 8 years with an
antineutrino beam one may calculate the fraction of the total
range of possible values for 𝛿CP for which CP violation can
be discovered with 5𝜎 and 3𝜎 significance level, respectively.
In Figure 8 the result of such global calculations is plotted for
different distances between the accelerator and the detector
𝐿 from 100 km to 1000 km (horizontal axis), for the three
different proton beam energies 2.0, 2.5, and 3.0GeV (blue,
green, and red lines, resp.), and with the mixing angle
𝜃13 = 8.73∘. From these curves one may see that the
highest potential for discovery is at the second maximum.
One can also see that the potential is somewhat higher for
a proton beam energy of 2.5 GeV (and 3.0GeV) as compared
to 2.0GeV. The systematic errors used to produce these plots
are those shown in the left column (SB Def.) of Table 3 [18].

With the exceptionally high power of the ESS linac it
is possible to profit from the significantly higher sensitivity
to 𝛿CP at the second maximum, rendering ESSnuSB about
three times less sensitive to systematic errors as compared to
experiments measuring at the first maximum.

Figure 9 shows, for ESSnuSB using a 540 km baseline
and a proton energy of 2.0GeV ((a) current ESS design)
and 2.5GeV ((b) originally planned linac energy for which
upgrade space is available in the linac tunnel), respectively,
the dependence of the fraction of values of 𝛿CP for which
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Figure 7: The towers show the normalized difference between the total numbers of electron neutrinos and of electron antineutrinos (𝑁]
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Figure 8:The curves show the fraction of the total range of possible
values for 𝛿CP for which CP violation can be discovered with 5𝜎
and 3𝜎 significance level, respectively, as a function of the distance
𝐿 between the accelerator and the detector (the baseline), with 𝐿
ranging from 100 km to 1000 km (horizontal axis) for three different
proton beam energies 2.0, 2.5, and 3.0GeV (blue, green, and red
curves) and for a value of the mixing angle 𝜃13 = 8.73∘. The
systematic errors used to produce these plots are those listed in the
left column (SB Def.) of Table 3.

Table 3: The different sources of uncertainty that contribute to the
total systematic uncertainty in the determination of the CP violating
angle 𝛿CP.This table is an extraction of information froma table used
in [18]. Here, only the uncertainties for the Super Beam cases “SB
Def.” (for default) are used to obtain the results shown in Figures 8
and 10 and “SB Opt.” (for optimistic) to obtain the results shown in
Figure 9.

Error source SB Def. SB Opt.
Fiducial volume ND 0.5% 0.2%
Fiducial volume FD 2.5% 1.0%
Flux error signal ] 7.5% 5%
Flux error background ] 15% 10%
Flux error signal ] 15% 10%
Flux error background ] 30% 20%
Background uncertainty 7.5% 5%
Cross sections × eff. QE 15% 10%
Cross sections × eff. RES 15% 10%
Cross sections × eff. DIS 7.5% 5%
Effec. ratio ]𝑒/]𝜇 QE 11% 3.5%
Effec. ratio ]𝑒/]𝜇 RES 5.4% 2.7%
Effec. ratio ]𝑒/]𝜇 DIS 5.1% 2.5%
Matter density 2% 1%

a CP violation discovery at 5𝜎 and 3𝜎, respectively, can be
made as a function of event statistics, or as it is called in
this figure “exposure.” The “nominal exposure” corresponds
to 10 years of data taking: 2 years with a neutrino beam and
8 years with an antineutrino beam.The systematic errors that
have been used are shown in the right column (SB Opt.) of
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Figure 9: Curves showing the dependence of the fraction of values of 𝛿CP for which a CP violation discovery at 5𝜎 and 3𝜎, respectively, can
be made as a function of event statistics, or exposure, where the nominal exposure corresponds to 10 years of data taking. (a) is for a proton
energy of 2.0GeV (current ESS design) and (b) for 2.5 GeV.The upper boundaries of the colored bands were obtained assuming the hierarchy
to be known (NH) and the lower boundaries assuming the hierarchy to be unknown; that is, it is marginalized over. The systematic errors
used to produce these plots are those shown in the right column (SB Opt.) of Table 3 [18].

Table 3.Theupper boundary of the colored bands assumes the
neutrino hierarchy to be known and the lower boundary to be
unknown. For the nominal exposure, assuming the neutrino
hierarchy to be known, CP violation can be discovered at 5𝜎
in about 56% and 65% of the total range of possible values,
for a 2.0GeV and a 2.5GeV linac proton energy, respectively.
Doubling the exposure to 4 years with a neutrino beam and 16
years with an antineutrino beamwill lead to an increase of the
fraction of the total range of possible 𝛿CP covered to 69% and
71%, respectively. The comparatively small difference in this
fractionwhen doubling the exposure, assuming the hierarchy
to be known and unknown, illustrates the comparatively
weak dependence on this parameter at the low neutrino
energies of ESSnuSB.

In order for DUNE to reach a similar performance, a
2% systematic error in the signal normalization for ]𝑒 is
required [7]. For Hyper-K the corresponding requirement
is a total systematic error of 4% in the energy region of
maximal flux 0.55–0.65GeV [8]. The current systematic
error in the T2K measurement of ]𝑒 appearance is 6.3%
[22]. It is quite clear that the systematic errors shown in
the “SB Opt.” column of Table 3, in which the neutrino
flux systematic error is 5% and the neutrino cross section
systematic error is 10% (at the low neutrino energies of
ESSnuSB the QE cross section dominates), are considerably
more readily obtainable as compared to the total systematic
error levels of 2% and 4% required for DUNE and Hyper-K,
respectively.

Conversely, assuming the systematic errors to be on the
same level for all three experiments as for ESSnuSB, the
potential for CP discovery is higher for ESSnuSB due to

the approximately three times higher signal at the second
maximum. This was confirmed already in 2013 by global
calculations, made by the theory group at the Snowmass
Study in the USA [26], in which the expected performances
of the different proposals for international neutrino beam
projects were compared, using the same systematic errors for
all experiments, in this case the systematic errors shown in
the left column (SB Def.) of Table 3. Figure 10(a) shows the
1𝜎 error in the determination of 𝛿CP (horizontal axis) as a
function of the covered fraction of 𝛿CP (vertical axis). One
can see that, among the accelerator based projects shown, the
resolution attainable with ESSnuSB is surpassed only by the
Neutrino Factory project (IDS-NF). Figure 10(b) shows with
which level of significance, in terms of number of standard
deviations 𝜎, CP violation can be discovered (vertical axis)
versus the fraction of the total range of possible values for 𝛿CP
for which CP violation (horizontal axis) can be discovered.
From these plots ESSnuSB can be seen to have the widest
discovery coverage of the 𝛿CP range among the Super Beam
experiments investigated. Admittedly, the systematic errors
chosen for these studies made in 2013 are quite conservative;
for example, the error for the ]𝑒 signal is 7.5%, but this is to our
knowledge the only comparison made under the assumption
of equal systematic errors for all experiments. There is
in principle no reason why there should be a significant
difference in the systematic errors between the future long
baseline experiments, at least not between Hyper-K and
ESSnuSB which are planned to have similar neutrino beam
energies and neutrino detectors. The ca. three times higher
CP signal in ESSnuSB does however represent a significant
difference.
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Figure 10: In (a) the 1𝜎 error in the determination of 𝛿CP is shown (horizontal axis) as a function of the 𝛿CP fraction for which this accuracy
can be reached (vertical axis) [26]. (b) shows with what level of significance in terms of number of standard deviations 𝜎 that leptonic CP
violation can be discovered (vertical axis) versus the fraction of the total range of possible values for 𝛿CP (horizontal axis) [9]. The systematic
errors used to produce these plots are those shown in the left column (SB Def.) of Table 3.

3. The Required Upgrades and Additions to
the ESS Accelerator Facility

The 2.86ms long proton pulses at ESS will be sent directly
to the spallation target for neutron production. However, for
neutrino production the requirement to have a few 𝜇s short
pulses on target makes it necessary to compress the proton
pulses using an accumulator ring. The injection of many
turns into this ring cannot be made efficiently if the injected
beam consists of the same particles as the circulating beam.
By accelerating H− ions in the linac, an efficient injection
system can be designed based on the use of stripping foils or a
laser beam, thus producing a circulating proton beam in the
accumulator. From this follows the fact that the linac must
be able to accelerate interleaved pulses of protons and H−. In
particular the linacmagnetsmust be designed such that it will
be possible to switch between two different optics settings for
the two different linac beams.

At the US Spallation Neutron Source (SNS), at Oakridge
National Laboratory [27], the linac also accelerates H− pulses
that are compressed through multiturn injection into an
accumulator, to get shorter pulses for their neutron produc-
tion target.The beam power at SNS is about 1.5MWon target
[27] and foil stripping is used. Due to the similar context and
requirements, we have used the SNS accumulator as a model
for our first studies of the ESS accumulator.

A second ion source, for the production of H−, will be
needed at ESS, as well as additional equipment in an H−
injector line for beam transport up to the point where the H−
beam goes into ESS linac. The optimal place for merging the
two lines remains to be identified on the basis of the beam
transport efficiency from the source.

H− ions in the linac beam will lose electrons due to
phenomena such as collisions with residual gas, with black-
body photons, and by intrabeam stripping. This will lead to
some additional beam loss which needs to be minimized.
Lorentz stripping in the magnetic fields can be reduced by
careful choice of the optics for the H− beam. Considering the
experience of SNS it has been concluded that the losses in
the ESS linac for the H+ case would be around 0.1W/m. To
avoid complicating the service work for the linac, the total
losses for both beams in the linac, both H− and H+, should
be maximum 1.0W/m and this total limit will have to be
guaranteed by the design of the transport of the H− beam and
by the collimation system.

The H− linac pulse will be chopped in the medium
energy beam transport line (3.6MeV) to have regular gaps
in the pulse such that when the beam is fully injected in
the accumulator, there is a gap in the circulating beam.
This is needed in order to avoid beam loss during the radio
frequency (rf) beam capture in the accumulator and for the
extraction of the beam to the production target. These gaps
are seen by the accelerating cavities in the linac.The resulting
higher order resonance modes (HOMs) are not expected to
be an issue; however, this will be verified by calculations. The
fact that there is no beam in the gaps represents a loss of about
10% of the particles on the production target.

The baseline energy of the linac beam is 2.0GeV. Con-
tingency space is available in the linac tunnel for upgrade to
higher energies. As mentioned in Section 2, higher energies
are beneficial for the physics reach of the ESSnuSB facility.
The extraction of theH-beamwill bemade in the contingency
region of the linac tunnel (see Figure 1), at the point where
2.5 GeV can be reached by addingmore acceleratingmodules,
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Figure 11: The proposed layout on the ESS site (courtesy of K. Hedin, ESS).The H− beam in the linac, the accumulator and the transfer lines,
the neutrino target station, and the neutrino beam are shown in red.

such that it will be possible to profit from a future linac
upgrade to this energy. Due to space limitations around the
neutron target hall, the transfer line from the linac to the
accumulator cannot be designed for a beam energy higher
than 2.5GeV. This limitation is due to the requirement that
the radius of the H− beam transfer lines must be large enough
so that the induced radioactivity by Lorentz stripping can be
kept within allowed limits. With a 66% dipole filling factor
in the transfer line and 2.5GeV beam energy, the radius must
not be smaller than about 110m [28]. A first layout for the
accumulator, the target, the transfer lines, and the neutrino
beamdirection is shown in Figure 11.The target stationwould
need to be located at a depth of 25m (see Section 4), and the
neutrino beam will therefore pass below the linac.

There are several additional important items in the
inventory of upgrades that need to be made during the
linac construction phase for the future additional 5MW H−
beam, such as the extra infrastructure and space that will
be required for additional cabling and electrical equipment,
for extra power transformers, for the additional H− source,
and for the beam equipment of the H− beam transport at
low energy. The water cooling plant, the cryogenic liquids
plant, the cooling channels in the radio frequency power
sources, and the accelerating cavities need to be designed
for increased dynamic heat load [15]. It has to be possible
to adjust the strengths of the linac focusing and steering
magnets with the linac pulsing frequency. It is essential that
these comparatively modest preparatory modifications be
made during the linac build-up phase 2017–2023 in order to
reduce the cost and time required for the subsequent linac
upgrade and, in particular, to reduce the disruption in the
linac operation for neutron production to an acceptable level.

3.1.The Accumulator. To fill the accumulator with as many as
1.1 ⋅ 1015 protons is a challenging task. This number could
be reduced by splitting the 2.86ms linac pulse in shorter
and more frequent linac pulses of the same current, still
maintaining the 5MW total power for the neutrinos [29].

Table 4: Summary of lattice parameters for the accumulator.

Parameter Value
Circumference 376m
Number of dipoles 64
Number of quadrupoles 84
Injection region 12.5m
Revolution time 1.32𝜇s

The first case under study is to reduce the maximum
intensity in the ring to 1/4. One 2.86ms long pulse would
be sent to the neutron target and 4 pulses, 0.72ms long,
to the accumulator, respectively. This can be achieved by
increasing the pulsing rate of the linac from 28Hz to 70Hz;
see the lower part of Figure 12. The neutron pulse frequency
would still be 14Hz. Alternatively, the 2.86ms pulse could
be injected sequentially into four stacked accumulator rings
using a switchyard at injection as proposed in [9]. Also in this
configuration the intensity in each ring would be 1/4 of the
total intensity.

Studies are ongoing to evaluate effects of the high inten-
sities using a first design of an accumulator with 376m cir-
cumference and 1.32 𝜇s revolution time.Themain parameters
are shown in Table 4 and the lattice layout in Figure 13. The
studies will indicate the intensity limit of the ring and possible
improvements of the design. The aim is to have as few rings
and as low linac pulsing frequency as possible. Having only
one ring needs careful design of the stripping foil, which has
to accept higher pulse rates than in the case of four stacked
rings. The option with several stacked rings is subject to
Lorentz stripping in the injection switchyard that distributes
the linac beam into the four rings. Beam loss from this beam
switching would have to be evaluated [30].

Increasing the number of pulses leads to increased power
consumption in the cavities because of the power losses when
ramping up and down the radio frequency field strength in
the cavities for each pulse. 5MWbeam power needs 13.3MW
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H− (red) pulse interleaved and the lower part shows the case of four
0.72ms long pulses of H− for neutrinos which are followed by one
2.86ms proton pulse for the neutrino spallation target. The upper
case needs a switching system and gaps in the H− pulse to distribute
the particles in the four stacked rings.
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Figure 13: The layout of the lattice for the ESS accumulator.

wall plug power for 14 pulses of 2.86ms per second. In the
case of one accumulator ring and 70Hz pulse frequency
(see Figure 12) 13.3MW + 17.0MW wall plug power will
be needed. The cost of the additional 3.7MW, essentially
being the overhead to fill and empty the cavities, will have
to be weighed against the cost of the construction, the power
consumption, the operation of three additional accumulators,
and the impact on the target pulsing. Ongoing testing of the
cavities at the FREIA Laboratory [31] at Uppsala University
and future operational experience of the ESS linac will show
how many pulses per second can be safely produced. The
choice of linac pulsing has impact also on the powering and
pulsing of the target focusing system. From the EUROnu
studies we have a design of a power supply that can be pulsed

at 56Hz. 70Hz needs development or an additional power
supply.

3.1.1. Lattice. To store 2.7 ⋅ 1014 protons in the accumulator
requires a well chosen magnetic field structure (the lattice).
The circumference and the beam pipe aperture are critical;
the cost of investment and operation of the accumulator will
critically depend on its design. The design concept of the
accumulator ring at the SNS [27], in which the magnet fields
in the original 1 GeV lattice are rather moderate, has been
used as a starting point for the design of the ESSnuSB accu-
mulator. The lattice is a square lattice with four long straight
sections for rf, instrumentation, injection, and extraction;
see Figure 13. It is possible to adopt the SNS 30m injection
straight section unchanged for 2.0GeV. However, in view of
the large apertures required, the bending fields in the arcs
are kept as conservative as in the SNS; hence the arc lengths
have tentatively been doubled considering that collective
effects are more important at lower energies and that this
would be conservative for 2.5 GeV. The circumference is
increased from 248 to 376m, which reduces the number of
injection turns per fill, which is an advantage for the foil
temperature.

Different lattice types will be designed to study space
charge effects.The first simulations have beenmade using the
SNS FODO lattice [29]. A FODO lattice is flexible and robust
and gives a compact beam size for high energy machines
with, however, a relatively large variation around the ring
in the transverse beam size [32]. Doublet lattices give more
space in the lattice and are optimal for the focusing of highly
nonspherical beams (mini-𝛽 in electron colliders) and can
lead to large variations in the transverse beam size. Triplets
give a smooth variation of the beam size and, in particular,
small variations of the ratio between the two transverse sizes
(e.g., small 𝛽 in proton colliders) and an almost uniformly
distributed space charge field.

3.1.2. Injection. To start the design procedure, a total final
charge in the accumulator of 1/4 of the original 1.1 ⋅ 1015
protons has been assumed.This intensity gives negative space
charge tune shifts of values less than 0.2 for an accumulator of
376m having 100𝜋 normalized (95%) emittance fully injected
beam, which is a value considered as conservative. The
accumulator radio frequency system will keep the protons
confined in an rf “bucket” and prevent the protons from
filling the gap in the circulating beam in such a way that the
beam can be extracted with low beam loss. As mentioned
above, this gap will be generated in the linac medium energy
section by chopping a part of the pulse corresponding to the
gap duration. The gap duration will be determined by the
extraction kicker rise time, which is between 50 and 100 ns,
the exact value depending on the design of the lattice and the
angle of extraction.

Charge exchange injection by foil stripping is proposed as
initial implementation, since this technology is well known.
The SNS accumulator uses foil stripping in operation for a
beam power of more than 1MW. Laser stripping is envisaged
at the SNS [33]. A future SNS laser stripping realization could
ultimately be ported to the ESS accumulator with limited
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Figure 14: Evolution of maximum foil temperatures [K] at the H−
spot peak (dashed) and the combined H− and circulating protons
peak (red). Two injections into the accumulator per linac pulse.

modifications, provided the SNS-like injection lattice is kept
for the ESSnuSB accumulator design.

The injection process is presently being studied by
tracking particles from the linac using the ESS linac beam
parameters derived from simulations. The idea is to “paint”
the phase space at injection in away such as tominimize space
charge effects, while keeping a limited beam size. After the
beam pulse (550 turns) is injected, the beam is extracted in
one turn to the target.

Stripping foil temperatures were computed using several
different methods [29, 34] giving very similar results. Cal-
culations are based on ground-laying work made for the
SNS injection [35]. Minimizing the number of foil passes
of the circulating beam requires a local increase of its
transverse size. Promising results were obtained by changing
the injection optics to increase the linac spot size on the
foil. A maximum temperature of 1550K on the foil was
obtained. For this case the average number of foil passes of the
circulating beamwas found to be about 4.8 and the emittance
of the circulating beam was 200𝜋 (95%) normalized. The
maximum temperature on the foil for SNS operation does not
exceed 1600K. Further simulations show that, even for 100𝜋
(95%) normalized emittance, foil temperatures can be kept at
levels likely to be acceptable, with the hottest spots at 1650K
[36].

The case of filling the ring only twice with a linac pulse
of 1.5ms each time, instead of four times with a pulse
of 0.7ms, has been calculated. This configuration would
reduce the linac pulsing frequency or the number of stacked
accumulators, respectively. Peak temperatures of 1560K for
the H− beam alone and 1850K for the sum of the effects of
H− and H+ beams are reached. The maximum space charge
tune shifts remain below −0.16, which is a clearly acceptable
value.The temperature profiles on the foil resulting from this
calculation are shown in Figure 14.The normalized emittance
of the fully injected beam is in this case 200𝜋. However, the
final beam emittance in the ring will be constrained by the
requirements to have efficient extraction of the beam from
the accumulator and efficient transport of the beam from
the accumulator, through the switchyard [37] up to the four
targets, still keeping the temperature of the foil within limits.

4. The Target Station

The main elements of the secondary neutrino beam are the
target station with the four-horn/target systems to produce
and focus the charged mesons, the 25m long decay tunnel to
produce the neutrinos from the meson decay, and the beam
dump to absorb the undecayed mesons. The apparatus will
be heavily shielded with iron and concrete due to the high
radiation produced.

The target station design and the short pion-decay tunnel
have already been studied for the Super Beam within the
EUROnu [10] project with further optimizations for the
ESSnuSB project [38]. In order to mitigate the detrimental
effects of the high power beam, four targets and horns are
needed; each target will be hit by a 1.25MW proton beam.
The target is placed inside the inner conductor of the horn
for maximum particle collection while the shape of the inner
conductor is optimized such as to produce the best possible
neutrino beam for the discovery of CP violation [38].

The target is made of a bed of 3mm diameter titanium
spheres packed in an about 530mm long canister with 30mm
diameter and cooled with helium gas. This type of target can
be more efficiently cooled and stress development on the
spheres is less than on the usual monolithic or segmented
solid targets used in the past. Thermal modeling has shown
that it is possible to cool the packed-bed target in a way to
accept more than 1MW beam power [38].

For the EUROnu Super Beam, a 350 kA pulsed power
supply running at 50Hz frequency was proposed for the
four horns [39]. For ESSnuSB, additional studies have shown
that modifications could be made in order to comply with
56Hz and other possible pulsing scenarios [40]. To maintain
acceptable stress and deformation on the conductors of the
horn that are produced by the pulsed current and the particle-
crossing, water jets have been proposed for cooling.Thewater
jet system is able tomaintain a constant temperature along the
conductors. Preliminary fatigue studies on such a setup, tak-
ing into account the thermodynamical analyses performed
for the horns, indicate that each horn can withstand a year
(108 pulses) of operation [38].

Experiments, including vibration tests as well as tests of
the cooling capacity of the proposed system, can be made
at the high intensity proton irradiation facility at CERN
[41].

The region surrounding the four-horn/target system is
shielded such as to produce less than 10𝜇Sv/h prompt
effective dose on the areas above, for example, the top floor
and the power supply unit room.The region surrounding the
decay tunnel and the beam dump is shielded such that the
activation of the rock complies with the ESS safety rules. In
the preliminary radiation studies of EUROnu a depth of 10m
inside the molasse rock was considered.

Theneutrino beamhas to point down from the horizontal
plane at ESS by 2.67∘ (46.6mrad) to get to the Garpenberg
mine at 540 km distance, where the Far Detector will be
placed. From this follows the fact that the target station will
be at 25m depth, giving space to proton beam extraction
equipment and the switchyard. The SPL Super Beam target
station was designed to be situated at 18m depth; thus 25m
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depth for the ESSnuSB should be compatible with radiation
safety and civil engineering constraints.

5. Design Considerations for the Near Detector

In order to achieve the required experimental sensitivity
it is important to construct a Near Detector (ND) close
to the neutrino production point. The ND should be able
to measure the flux of each neutrino species in the beam,
directly after production, to precision better than 5%. As
the electron neutrino content in the beam is 0.3%, the ND
needs to be able to separate Charged Current (CC) muon
and electron neutrino events at a level better than 10−4. The
preliminary ND design suggested here resulted from a series
of simulations. The proposal is to use a cylindrical water
Cherenkov detector with a radius, 𝑅ND = 5m, and a length,
𝐿ND = 10m, positioned with its central axis aligned with
the direction of the neutrino beam, 𝑧ND = 500m, from the
target station. On the outside it is covered with scintillator
plates to veto atmospheric muons and to reject events not
fully contained in the detector. Further details about the study
of this ND design can be found in [42].

The input to the study was a neutrino beam profile
obtained using FLUKA 2011.xx (version 2014) [43] and
GEANT 3.21 [44]. The calculation was made for a proton
beam energy of 2.0GeV.Theneutrino energy distribution, for
the case where the horn focuses positively charged particles,
is shown by the gray-shaded histogram in Figure 4. The
neutrinos from this beam were used to simulate neutrino
interaction events in water using the GENIE toolkit [45].The
angular acceptance of the Far Detector (FD) is ±0.1mrad,
while for the ND it is ±10mrad. As the ND provides the
baseline for the FD measurements, it is important that the
neutrino energy spectrum and the flavour composition of the
beam are not significantly different for the two detectors. It
was verified that when the angle with respect to the beam
axis of the produced neutrinos varies from 0 to 10mrad,
the change in neutrino flavour composition and energy
distribution is indeed negligible. At an ND distance, 𝑧ND =500m, with a radius, 𝑅ND = 5m, and length, 𝐿ND = 10m,
the muon neutrino CC event rate would be 260 s−1 and the
electron neutrino CC event rate 1 s−1.

For ESSnuSB neutrino energies the muons resulting from
CC collisions travel less than 3m in water (the CC electrons
travel shorter) before they stop radiating Cherenkov light.
This implies that most of the events will be fully contained
within the cylindrical ND water volume given above. To
explore the conditions for the event reconstruction, an event
sample was produced, containing idealized neutrino CC
event products in a simplified detector environment. Each
event in this sample was initiated with a charged lepton with
a predetermined kinetic energy and momentum along the
𝑧-axis. A photodetector wall was placed in the 𝑥 − 𝑦 plane
at 𝑧 = 5m, where each photon was registered on impact.
From the timing and position of the detected photons one can
determine the position of the initial vertex, the direction of
the charged lepton, its flavour, and its energy. An algorithm,
to determine the event vertex coordinates, was developed
that iteratively investigates a number of coordinate sets in

the detector using the timing and positions of the detected
photons. Using photodetectors with time resolution in the
order of 0.1 ns and position resolution in the order of 1 cm,
this algorithm can locate the vertex with an accuracy of a few
centimeters. Further information concerning the principles
for event reconstruction in a water Cherenkov detector is
given in, for example, [46].

The simulations also showed that the energy of the lepton
could be estimated from the number of detected photons,
𝑁𝛾, which is assumed to be roughly proportional to 𝐸kin −𝐸ChTh, where 𝐸kin is the lepton kinetic energy and 𝐸ChTh
is the threshold energy for Cherenkov light production.
The lepton flavour identification was done by examining
the fuzziness of the edge of the produced Cherenkov ring.
For this purpose an algorithm was developed, based on a
modified version of the circular Hough transform [47] that
used filled circles instead of ring contours. Lepton flavour
identification was done using this algorithm by fitting a
“muon ring” and an “electron ring” to the detected photons
of each event, to determine which flavour was most probable
to have produced the detector response. The algorithm looks
at several parameters and awards each event a number of 𝜇-
votes and 𝑒-votes. By applying cuts to these votes the lepton
flavour is determined. This first trial identification algorithm
yielded amisidentification rate of 0.3%.This is still larger than
required and further work is thus needed. All misidentified
events were muons that had been identified as electrons and
were mainly found among lower energy events. Details of the
algorithm used and the results obtained can be found in [42].

6. Project Time Schedule

The aim of the presently ongoing ESSnuSB Design Study
is to produce a Conceptual Design Report by 2018 to be
followed by a Technical Design Report by 2020.This assumes
that adequate financial support for the Design Study can be
secured. Taking into account technical constraints only, the
upgrade of the linac and the construction of the accumulator,
of the neutrino target station, of the Near Detector, and of
the Far Detector could start by 2021. The ESSnuSB build-
up period is estimated to take some 7 years (dominated by
the construction of the Far Detector) leading up to start
of data taking at the earliest by 2027. Taking other funding
and organizational constraints into account, 2030 is a more
probable date for start of data taking.

A crucial prerequisite for this time schedule is that the
comparatively modest modifications of the linac that are
described at the end of Section 3 are made during the
linac build-up period 2017–2023. To introduce the same
modifications once the linac is running for spallation neutron
productionwill be disruptive to the neutron experiments, will
take more time, and will be more costly.

7. Summary and Conclusions

Leptonic CP violation potentially plays a crucial role for the
explanation of matter-antimatter asymmetry in the Universe.
The prime opportunity to discover and measure leptonic
CP violation is offered by future Super Beam experiments
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studying the ]𝜇 → ]𝑒 oscillation. Following the discovery
in 2012 of a large value of the neutrino mixing angle 𝜃13,
analytical calculations show that a higher sensitivity to CP
violation is obtained by measuring at the second neutrino
oscillation maximum, as compared to the first.

This fact has been shown in this paper by comparing
directly the sensitivities to CP violation of experimental
observables, such as the number of detected electron neu-
trinos and the normalized electron neutrino-antineutrino
asymmetry at the first and the second maximum, respec-
tively. The higher sensitivity, using the same conservative
assumptions for systematic errors, at the second maximum
is also apparent from comparisons previously made between
different Super Beam projects on the basis of global simu-
lation calculations. In view of the very high neutrino beam
intensity required formeasurements at the secondmaximum,
the uniquely high power of the ESS proton driver represents
a significant advantage for such measurements.

ESSnuSB is currently the only Super Beam experiment
which concentrates on taking its data at the second oscillation
maximum. Global calculations show that, taking data with
ESSnuSB with a 2.0GeV (2.5GeV) ESS proton beam during
10 years using the MEMPHYS Megaton water Cherenkov
detector placed in the 1200m deep Garpenberg mine at
the second maximum, 540 km from ESS, the coverage of
the range of possible CP violating angle values is 56%
(65%) assuming the neutrino hierarchy to be known and the
systematic errors to be those shown in the “SB Opt.” column
of Table 3, in which the neutrino flux error is 5% and the
neutrino cross section error is 10%.

The generation of the neutrino Super Beam using the
ESS linac will require acceleration of H− pulses. These pulses
will be interleaved with the proton pulses accelerated for
neutron production in such a way that the linac will deliver a
5MWH− beam simultaneously with the 5MWproton beam.
The H− beam will be injected into a 376m circumference
accumulator ring, stripping off the two electrons of each
H− ion at the entrance to the ring, by multiturn injection
and ejected from the ring by single turn extraction, thereby
obtaining compression of the pulse length from 2.86ms to
1.3 𝜇s.The ejectedH− beamwill be guided to a neutrino target
with a surrounding horn-type hadron collector, downstream
of which there is a 25m long pion-decay tunnel. The very
high current required in the horn cannot be maintained for
more than a few 𝜇s which is what necessitates the strong
compression of the linac pulse.

The accumulator ring and the target station can be
installed underground on the ESS site without significant
interference with the linac construction and operation. The
introduction of H− pulses in the linac and the doubling of the
linac average power can to a large extent be made after the
completion of the linac, as presently designed, without major
interference with the linac operation provided, however,
that certain comparatively modest, but crucial, preparative
modifications are made to the linac already during its build-
up phase 2017–2023.

The accumulator ring, which will contain an exception-
ally high number of protons, represents a challenging design
task, in particular its injection scheme and its ring lattice and

collimation. In order to somewhat reduce the complexity of
the task, the number of protons per pulse can be reduced
by using one of two alternative schemes: by injecting more
and shorter H− pulses in the compressor ring or by splitting
the long H− pulses up on more than one compressor ring.
Design work of an accumulator ring receiving a sequence of
pulses after each 2.86ms long proton pulse in the linac and
of an injection stripping scheme, based on foil stripping, is
ongoing. This study will give us an indication of how many
particles that can be stored, which will give the number
of linac pulses or the number of accumulators that will be
needed to handle the full linac beam and send it to the four
targets.

The Near Detector plays a crucial role for the deter-
mination of the neutrino flux needed in the evaluation of
the Far Detector data. The simulation of a cylindrical water
Cherenkov detector, 10m long and 5m in radius located
500m downstream of the target, has been used to study how
such a detector could match the requirements. Methods for
the determination of the position of the initial CC vertex,
the direction of the charged lepton, its flavour, and its energy
have been designed and evaluated.The results obtained so far
are encouraging but need to be worked on further to satisfy
the demanding requirement of not more than 5% systematic
error in the Far Detector measurements.

The current ESSnuSB Design Study is foreseen to lead to
a CDR in 2018 and to a TDR in 2020. Taking into account
technical constraints only, construction of all parts could start
in 2021 and be completed at the earliest by 2027.
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This paper presents the state of the art of the T2K experiment and the measurements prospects for the incoming years. After a
brief description of the experiment, the most recent results will be illustrated.The observation of the electron neutrino appearance
in a muon neutrino beam and the new high-precision measurements of the mixing angle 𝜃13 by the reactor experiments have led
to a reevaluation of the expected sensitivity to the oscillation parameters, relative to what was given in the original T2K proposal.
For this reason the new physics potential of T2K for 7.8 × 1021 p.o.t. and for data exposure 3 times larger than that expected to
be reachable with accelerator and beam line upgrades in 2026 before the start of operation of the next generation of long-baseline
neutrino oscillation experiments will also be described in the text. In particular the last challenging scenario opens the door to the
possibility of obtaining, under some conditions, a 3𝜎measurement excluding sin(𝛿CP) = 0.

1. Introduction

In the last 15 years several experimental measurements
confirmed the neutrino oscillations hypothesis by attacking
the problem on different fronts:

(i) The observation of a zenith-angle-dependent deficit
in muon neutrinos produced by high-energy proton
interactions in the atmosphere [1] supported the
possibility that a particular neutrino flavor can be
transmuted into another one.

(ii) The anomalous solar neutrino flux [2] problem was
shown to be due to neutrino oscillation by precise
measurements [3–6].

(iii) Taking advantage of nuclear reactors as intense
sources, the disappearance of electron antineutrinos
has been firmly established [6–9].

(iv) The development of high intensity proton accelera-
tors that can produce focused neutrino beams with
mean energy from a few hundred MeV to tens
of GeV has enabled measurements of the disap-
pearance of muon neutrinos (and muon antineu-
trinos) [10–12] and appearance of electron neu-
trinos (and electron antineutrinos) [13–16] and
tau-neutrinos [17] over distances of hundreds of
kilometres.

As a matter of fact the possibility for a neutrino of a
particular flavor to be transmuted into another flavor has
profound implications demonstrating that neutrinos have
mass. Recently this extraordinary achievement in physics
was fully recognized in the scientific community by the
awarding of the Nobel Prize 2015 to T. Kajita and A. B.
McDonald.

To date, all the experimental results cited above are
well described within the three neutrino generations
oscillation framework. In this case the unitary mixing
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matrix, often referred to as the PMNS (Pontecorvo-Maki-
Nakagawa-Sakata) matrix [18], can be written as a 3 × 3
matrix:

𝑈 = (1 0 00 +𝑐23 +𝑠230 −𝑠23 +𝑐23)(
+𝑐13 0 +𝑠13𝑒−𝑖𝛿CP0 1 0−𝑠13𝑒𝑖𝛿CP 0 +𝑐13 )(

+𝑐12 +𝑠12 0−𝑠12 +𝑐12 00 0 1)
= ( 𝑐12𝑐13 𝑠12𝑐13 𝑠13𝑒−𝑖𝛿CP−𝑠12𝑐23 − 𝑐12𝑠23𝑠13𝑒𝑖𝛿CP 𝑐12𝑐23 − 𝑠12𝑠23𝑠13𝑒𝑖𝛿CP 𝑠23𝑐13𝑠12𝑠23 − 𝑐12𝑐23𝑠13𝑒𝑖𝛿CP −𝑐12𝑠23 − 𝑠12𝑐23𝑠13𝑒𝑖𝛿CP 𝑐23𝑐13 ),

(1)

where 𝑐𝑖𝑗 = cos 𝜃𝑖𝑗 and 𝑠𝑖𝑗 = sin 𝜃𝑖𝑗. In this case four
parameters are required to describe the matrix: three angles𝜃12, 𝜃23, and 𝜃13 and the CP-violating phase 𝛿CP.

In this context the T2K experiment, proposed in 2003 [19]
and approved in 2006 to collect data corresponding to 7.8 ×1021 protons-on-target (p.o.t) from a 30GeV proton beam at
the J-PARC accelerator facility in Japan, played an important
role and will keep playing it in the future.

T2K is a long-baseline neutrino oscillation experiment
designed to achieve the following main physics goals:

(i) search for ]𝜇 → ]𝑒 appearance and establish 𝜃13 ̸= 0
with a sensitivity down to sin22𝜃13 ∼ 0.008 (90% CL);

(ii) precision measurement of oscillation parameters in
]𝜇 disappearance mode with 𝛿(Δ𝑚232) ∼ 10−4 eV2 and𝛿(sin22𝜃23) ∼ 0.01;

(iii) search for exotic physics including Lorenz violation
and search for sterile components in ]𝜇 (]𝑒) disap-
pearance at the near detector and more.

The T2K experiment began the physics data-taking in
2010 [20]. Despite the devastating March 2011 earthquake
in eastern Japan, which caused severe damage to the accel-
erator complex at J-PARC and abruptly discontinued the
data-taking run of the experiment, in July 2011 the T2K
collaboration announced a first indication of 𝜃13 ̸= 0 [13]
and in 2013 reached a major physics goal: the discovery of
]𝜇 → ]𝑒 appearance at 7.3𝜎 level of significance when a mere
8.4% of the total approved p.o.t. [15] was recorded.This is the
first time that explicit flavor appearance has been observed
from another neutrino flavor with a significance larger than
5𝜎. This observation opened the door to the search for CP
violation (CPV) in the lepton sector.

Following this discovery, the primary physics goal for
T2K and, at large, for the neutrino physic community has
become a detailed investigation of the three-flavor paradigm;
this requires the determination of the unknown CP-violating
phase 𝛿CP, the resolution of themass hierarchy (MH), and the
precise measurement of 𝜃23 to determine the octant.

T2K, along with the Nova [21] experiment that started
data-taking one year earlier, will play a major role in the
determination of these parameters for at least a decade.

In this paper, after a brief description of the experiment in
Section 2, we will describe themost recent results obtained by
T2K (Section 3). In Section 4 we will provide a reevaluation
of the expected sensitivity to the oscillation parameters,
relative to what was given in the original T2K proposal
[19], by taking into account the actual observation of the
electron neutrino appearance in a muon neutrino beam
by T2K and the new high-precision measurements of the
mixing angle 𝜃13 from reactor experiments. In Section 5.1
we will briefly describe the proposed upgrade plan for
the J-PARC accelerators and neutrino experimental facility
aiming to reach a 1.3MW beam power [22, 23]. Finally in
Section 5.2 we will describe the physics potential of T2K
for data exposure 3 times larger than the presently approved
one.

2. The T2K Experiment

The T2K (Tokai-to-Kamioka) experiment is a second gen-
eration LBL (long-baseline) neutrino oscillation experiment
to probe physics beyond the Standard Model. T2K uses an
almost pure ]𝜇 beam produced using the new MW-class
proton synchrotron at J-PARC (Japan Proton Accelerator
Research Complex jointly constructed and operated by KEK
and JAEA). The neutrino beam is detected first in the near
detector ND280 and then travels 295 km to the far detector
Super-Kamiokande (see Figure 1).

T2K adopts the off-axis method to generate a narrow-
bandneutrino beamusing the proton synchrotron at J-PARC.
In this method the neutrino beam is purposely directed at
an angle with respect to the baseline connecting the proton
target to the far detector, Super-Kamiokande. The off-axis
angle is set at 2.5∘ so that the narrow-band ]𝜇 beam generated
towards the far detector has a peak energy at ∼0.6GeV (see
Figure 2). Such configuration maximizes the effect of the
neutrino oscillation at 295 kmandminimizes the background
to electron neutrino appearance detection. The angle can
be reduced to 2.0∘, allowing variation of the peak neutrino
energy, if necessary. The J-PARC beamline can also provide
to the experiment an antineutrino beam instead of a neutrino
beam. As it will be shown in Sections 4 and 5, this aspect is
very important to constrain the 𝛿CP phase.
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Figure 1: The neutrino beam journey in the T2K experiment.
The high intensity neutrino beam is produced at J-PARC (Tokai,
Mito, Ibaraki Prefecture, Japan) and travels 295 km to the Super-
Kamiokande detector (mount Kamioka, close to Hida, Gifu Prefec-
ture, Japan).

2.1. Near Detectors. The near detectors were constructed in
an underground hall of 33.5m depth and 17.5m diameter at
280m downstream of the target. They are used to measure
the neutrino energy spectrum, flavor content, and inter-
action rates of the unoscillated beam and to predict the
neutrino interactions at Super-Kamiokande. Two detectors
were installed: an on-axis detector (aimed in the direction of
the neutrino beam center) and an off-axis detector (aimed in
the direction of SK).

The on-axis detector, namely, the INGRID detector,
consists of 16 1m × 1m × 1m cubic modules as shown in
Figure 3(a). Each module is a “sandwich” of iron/scintillator
detectors: 14 of them are arranged so as to form a cross
configuration, and the remaining two diagonal modules
are positioned off the cross axes. The center of the cross
corresponds to the neutrino beam center, defined as 0∘ with
respect to the direction of the primary proton beamline.
INGRID is able to measure the on-axis neutrino beam
profile and direction with an accuracy of ±1mrad. Note that
the monitoring of beam direction with high precision is
very important for the off-axis configuration. In fact 1mrad
divergence corresponds to a change of 2% in the integral of
the neutrino flux expected at SK.

The off-axis detector (named ND280) shown in Fig-
ure 3(b) is a magnetized tracking detector. The detector
elements are contained inside the refurbished UA1 magnet.
Inside the upstream end of magnet sits a 𝜋0-detector (P0D)
consisting of tracking planes of scintillating bars alternating
with either water target/brass foil or lead foil. Downstream
of the P0D is the tracker, composed of three time projection
chambers (TPCs) and two fine grained detectors (FGDs)
consisting of layers of finely segmented scintillating bars.

The tracker is designed to study charged current inter-
actions in the FGDs. The P0D, TPCs, and FGDs are all
surrounded by an electromagnetic calorimeter (ECal) for
detecting electrons and photons to better constrain the ]𝑒
contamination in the beam and the 𝛾 background, while the
return yoke of the magnet is instrumented with scintillator
slabs to measure the range of the muons (Side Muon Range
Detectors, SMRD) escaping from the sides of the off-axis
detector.

In addition, the near off-axis detector can also perform
accurate cross section measurements on different target
materials (carbon, water, oxygen, and argon) to minimize

1

0.5

0 1 2 3

E� (GeV)

P
(�
𝜇

sin
2 2𝜃23 = 1.0

sin
2 2𝜃13 = 0.1

Δm2
32 = 2.4 × 10−3 eV2

→
� 𝜇
)

(a)

0.1

0.05

0 1 2 3

E� (GeV)

NH, 𝛿CP = 0

NH, 𝛿CP = 𝜋/2

IH, 𝛿CP = 0

IH, 𝛿CP = 𝜋/2
P
(�
𝜇
→

� 𝜇
)

(b)

1

0.5

0
0 1 2 3

E� (GeV)

Φ
29
5

km
� 𝜇

(a
.u

.)

OA 0.0∘

OA 2.0∘

OA 2.5∘

(c)

Figure 2: The muon neutrino survival probability (a) and electron
neutrino appearance probabilities (b) at 295 km and the unoscillated
neutrino fluxes for different values of the off-axis angle (OA) (c).The
appearance probability is shown for two values of the phase 𝛿CP and
for normal (NH) and inverted (IH) mass hierarchies.

the impact of the interaction model uncertainties on the
systematic error budget.

2.2. Super-Kamiokande. The far detector, Super-Kamiokande
(SK), is a 50 kton water Cherenkov detector [26] located
1000munderground in theKamiokamine, Japan. Its distance
from J-PARC is 295 km. In the inner detector (ID), 22.5 kton
of fiducial volume is viewed by 11,129 20-inch diameter
PMTs. The outer detector (OD), which surrounds the ID, is
also a water Cherenkov detector: it is used to veto events
that enter or exit the ID. SK started its operation in April
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1996. After a complete upgrade of its electronics systems in
2008, it was named SK-IV.Themost important characteristic
of SK, as the far detector of the T2K experiment, is its
ability to differentiate between muons and electrons with
high efficiency. Considering that the majority of the neutrino
interactions in this range of energies are charged current
quasielastic (CCQE) interactions, the identification ofmuons
and electrons directly implies the identification of the parent
]𝜇 (]𝜇) or ]𝑒 (]𝑒). Details about the SK particle identification
performances are reported in [27]. It was verified that the
probability of misidentification is less than 1%.

2.3. Data-Taking Status. The evolution of the proton beam
delivery is shown in Figure 4.The physics data-taking started

in January 2010. That year one beam pulse had only six
bunches in 5 microseconds.The number of protons per pulse
(ppp) was limited to 2. × 1013, and the beam pulse cycle
was at that time 3.52 seconds. Many efforts were made by
the J-PARC accelerator group to increase the beam power.
To date the number of bunches in each pulse is 8, and the
number of protons per pulse is 1.8×1014. In themeantime, the
beam cycle time was reduced to 2.48 seconds.The maximum
beam power achieved through June 2015 was 371 kW. T2K
accumulated 1.1 × 1021 p.o.t. until June 4, 2015. This is about
14% of the final goal of 7.8×1021 p.o.t., which can be obtained
over five years of beam operation [22, 23, 28].

In June 2014, the direction of the magnetic horn current
was reversed and an antineutrino beam run was started. In
the next section, results based on 6.57 × 1020 p.o.t. neutrino
beam data [12, 15, 29] and 4.04×1020 p.o.t. antineutrino beam
data recorded until June 2015 will be reported [30].

2.4. Analysis Strategy. T2K employs various analysismethods
to estimate oscillation parameters. In general, these methods
extract oscillation parameters from the data by comparing
the observed and predicted ]𝑒 and ]𝜇 interaction rates and
energy spectra at the far detector. The rate and spectrum
depend on the oscillation parameters, the incident neutrino
flux, neutrino interaction cross sections, and the detector
response. The initial estimate of the neutrino flux is deter-
mined by detailed simulations incorporating proton beam
measurements, INGRID measurements, and the pion and
kaon production rates measured by the NA61/SHINE [31, 32]
experiment.

The ND280 detector measurement of ]𝜇 charged cur-
rent (CC) events (unoscillated spectra) is used to con-
strain the initial flux estimates and parameters of the
neutrino interaction models that affect the predicted rate
and spectrum of neutrino interactions at both ND280 and
Super-K.
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Figure 5: Muon momentum distribution of CC ]𝜇 events (a) and CC ]𝜇 events (b) in ND280. Data points include statistical and systematic
errors. After the adjustment of systematic uncertainties, there is agreement between the data and Monte Carlo simulation.

]𝜇 (]𝜇) CC interactions are selected by requiring that the
highest-momentum negative- (positive-) curvature track in
an event starts within the upstream FGD (FGD1) fiducial
volume (FV) and has an energy deposit in the middle TPC
(TPC2) consistent with a muon. The muon PID requirement
is based on a truncated mean of measurements of energy
loss in the TPC gas [33]. Events with a track in the TPC
upstream of FGD1 are rejected and the remaining ]𝜇 CC
candidates are divided into three subsamples according to
the number of associated pions: ]𝜇 CC 0𝜋, dominated by
CCQE interactions, ]𝜇 CC 1𝜋+, dominated by CC resonant
pion production, and the so-called ]𝜇 CC other, dominated
by deep inelastic scattering.

Several control samples are used to assess the uncertainty
in the modeling of FGD and TPC response. A detailed
description of the systematic errors considered in the analysis
and the numerical evaluation of each of them can be found in
[13]. All the parameters related to cross sections and neutrino
fluxes are adjusted based on the comparison between ND280
data and Monte Carlo. As is shown in Figure 5, after the
adjustment [12, 13], the agreement is good.

Thanks to the inputs from the ND280 analysis, the
systematic errors on the expected neutrino events at SK are
strongly reduced. The effect is illustrated in Figure 6: they
decrease from23.5% to 7.7% for ]𝜇 candidates and from26.8%
to 6.8% for ]𝑒 candidates.

At SK, ]𝑒 and/or ]𝜇 charged current quasielastic (CCQE)
events are selected, with efficiencies and backgrounds deter-
mined throughdetailed simulations tuned to control samples,

accounting for final state interactions (FSI) inside the nucleus
and secondary hadronic interactions (SI) in the detector
material.These combined results are used in a fit to determine
the oscillation parameters.

3. Recent T2K Results

3.1. Neutrino Events Selection in SK. In the years 2010–2013,
neutrino events corresponding to 6.57 × 1020 p.o.t. have
been recorded in SK. The event selection process comprises
two steps. The first is the same for ]𝜇 and ]𝑒, and it allows
accepting only the beam-related Fully Contained Fiducial
Volume (FCFV) events. Note that, with the addition of the
request that the event time stamp is within a range of 2 to
10 𝜇s from the beam spill time recorded in Tokai, the applied
cuts are the same as those in the well-established atmospheric
neutrino analysis [34].

Applying these conditions, 377 events have been selected
as FCFV events. The expected number of background events
from non-beam-related sources in accidental coincidence
was estimated to be 0.0085.

From this point on, separate conditions have been applied
to the ]𝜇 and ]𝑒 samples, allowing the selection of 120 ]𝜇 and
28 ]𝑒 candidates.

To identify ]𝜇 CC candidate events the following condi-
tions have been applied:

(i) There is only one reconstructed Cherenkov ring.
(ii) The ring is 𝜇-like.
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Figure 6: Total error envelopes for the reconstructed energy distributions of ]𝜇 CC (a) and ]𝑒 CC (b) candidate events at SK, using typical
oscillation parameter values, with and without the ND280 constraint applied.

(iii) The reconstructed momentum is higher than
200MeV.

(iv) There are less than two reconstructed Michel elec-
trons.

The momentum cut (>200MeV) is applied to reject
charged pions and misidentified electrons from the decay
of unobserved muons and pions. The requirement to have
fewer than twoMichel electrons rejects eventswith additional
unseen muons or pions.

For the selection of the ]𝑒 CC candidate events the criteria
listed below have been used:

(i) There is only one reconstructed Cherenkov ring.
(ii) The ring is 𝑒-like.
(iii) The visible energy (𝐸vis) is higher than 100MeV.
(iv) There is no reconstructed Michel electron.
(v) The reconstructed energy (𝐸rec) is less than 1.25GeV.
(vi) The event is not consistent with 𝜋0 hypothesis.
The 𝐸vis requirement removes low energy neutral current

(NC) interactions and electrons from the decay of unseen
parents that are below Cherenkov threshold or fall outside
the beam time window. Since above 1.25GeV the intrinsic
]𝑒 beam is dominant, a reconstructed energy below this
threshold is also requested.

Finally the same selection criteria have been applied to
the corresponding Monte Carlo sample, obtaining the num-
bers of expected neutrino candidates for the no-oscillation
hypothesis: they are 446 ± 23 for ]𝜇 and 4.9 ± 0.6 for ]𝑒,
respectively.

3.2. ]𝜇 Disappearance. As reported in the previous subsec-
tion, 120 muon neutrino candidates have been observed in6.57 × 1020 p.o.t., to be compared with the 446 ± 23 expected
if no oscillation is assumed.The neutrino energy distribution
for the selected sample of 120 events is shown in Figures 7(a)
and 7(b) together with the ratio of oscillated to unoscillated
events as a function of neutrino energy for the data and
the best fit spectrum. In Figure 7(a) is also visible the small
contribution at low energy from NC as estimated by MC.
The disappearance of muon neutrinos events as well as the
distortion of the neutrino energy spectrum are evident.

The best fit oscillation parameters measured under those
conditions are as follows: sin2(𝜃23) = 0.51 ± 0.056 and|Δ𝑚232| = 2.51 ± 0.10 × 10−3 eV2, respectively [12].

The constraint in the two-dimensional sin2(𝜃23)-Δ𝑚232
plane for normal and inverted mass hierarchy is shown in
Figure 7(c). The T2K results are consistent with those from
SK [35] and MINOS [25] and provide the most stringent
constraint for sin2(𝜃23).
3.3. ]𝑒 Appearance. As presented in Section 3.1, by analyzing
a data sample at SK corresponding to 6.57 × 1020 p.o.t. 28
electron neutrino candidates have been observed, where 4.9± 0.6 where expected from a no-oscillation hypothesis. This
result [15] confirmed, with higher statistic, previous T2K
claims [13, 14] based on 1.43 × 1020 and 3.01 × 1020 p.o.t.,
respectively.

From a statistical point of view, the significance of the
signal corresponds to 7.3 standard deviations. It can be
concluded with certainty that for the first time the electron
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Figure 7: (c)The68% (dashed) and 90% (solid)CL intervals for the ]𝜇 disappearance analysis assuming normal and invertedmass hierarchies.
The 90% CL sensitivity contour for the normal hierarchy is overlaid for comparison. (a) Reconstructed neutrino energy spectrum for data,
best fit prediction, and unoscillated prediction. (b) Ratio of oscillated to unoscillated events as a function of neutrino energy for the data and
the best fit spectrum.

neutrino appearance has been observed in an almost pure ]𝜇
beam.

This result is very relevant, in particular because it opens
the possibility of new studies in the lepton sector of charge-
parity (CP) violation, which provides a distinction in physical
processes involving matter and antimatter.

Constraints on oscillation parameters have been carefully
calculated by comparing data and expectations. The allowed
region in the sin22𝜃13-𝛿CP plane for normal mass hierarchy
and inverted mass hierarchy are shown in Figures 8(a) and
8(b) together with the constrains from reactor experiments
[15]. The overlap between T2K and the reactor results indi-
cates that negative 𝛿CP is favoured with a slight preference
(67%) for the normal mass hierarchy.

For 𝛿CP = 0 and normal (inverted) hierarchy, the best
fit value with a 68% CL is sin22𝜃13 = 0.136(+0.044/−0.033)
(sin22𝜃13 = 0.166(+0.051/−0.042)).

At 90% confidence level and including reactor measure-
ments, T2K excludes the region 𝛿CP = [0.15, 0.83]𝜋 for

normal hierarchy and 𝛿CP = [−0.08, 1.09]𝜋 for inverted
hierarchy.

The T2K and reactor data weakly favour the normal
hierarchy with a Bayes Factor of 2.2.

The −2Δ lnL value as a function of 𝛿CP for normal
hierarchy (solid line) and inverted hierarchy (dotted line)
is shown in Figure 8(c) [15]. The likelihood is marginalized
over sin22𝜃13, sin2𝜃23, and Δ𝑚232. The solid (dotted) line
with markers corresponds to the 90% CL limits for nor-
mal (inverted) hierarchy, evaluated by using the Feldman-
Cousins method. The 𝛿CP regions with values above the lines
are excluded at 90% CL.

More recently [36] the T2K collaboration published an
analysis that for the first time combines measurements of
muon neutrino disappearance and electron neutrino appear-
ance to estimate four oscillation parameters and the mass
hierarchy. Frequentist and Bayesian intervals have been used
for combinations of these parameters, with and without the
inclusion of recent reactor measurements.
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Figure 8: (a, b)The 68% and 90% CL allowed regions for sin22𝜃13, as a function of 𝛿CP assuming normal hierarchy (a) and inverted hierarchy
(b). The solid line represents the best fit sin22𝜃13 value for given 𝛿CP values. The values of sin2𝜃23 and Δ𝑚232 are varied in the fit with the
constraint from [12]. The shaded region shows the average 𝜃13 value from the PDG2012 [24]. (c) The −2Δ lnL value as a function of 𝛿CP for
normal hierarchy (solid line) and inverted hierarchy (dotted line). The solid (dotted) line with markers corresponds to the 90% CL limits for
normal (inverted) hierarchy, evaluated by using the Feldman-Cousins method. The 𝛿CP regions with values above the lines are excluded at
90% CL.

3.4. ]𝜇 Disappearance (Preliminary). Recently T2K reported
[30] an initial measurement of muon antineutrino disappear-
ance using the accelerator-produced off-axis neutrino beam
at J-PARC.

The event selection applied at SK is unchanged with
respect to the neutrino beam mode previously described.

Using a dataset corresponding to 4.04 × 1020 protons-on-
target, 34 fully contained 𝜇-like events were observed while103 eventswere predicted byMonteCarlo for the unoscillated
case.

The best fit oscillation parameters measured under those
conditions are sin2(𝜃23) = 0.45 and |Δ𝑚232| = 2.51 × 10−3 eV2
with 68% confidence intervals of 0.38–0.64 and 2.26–2.80
(×10−3 eV2), respectively.

Preliminary results from the ]𝜇 disappearance analysis are
illustrated in Figure 9.

The distribution of reconstructed neutrino energy for the
34 single ring𝜇-like events, togetherwith expectations for no-
oscillation hypothesis, is shown in Figure 9(a). The deficit is
clearly seen.

In Figure 9(b), the constraints on oscillation parameters|Δ𝑚232| and sin2(𝜃23) obtained from this analysis are com-
pared with previous results. Clearly they are in agreement
with antineutrino measurements from both the MINOS
and Super-Kamiokande collaborations and also with precise
measurements of neutrino disappearance from T2K.

In spite these results representing only 10% of the
expected T2K antineutrino dataset, they are already



Advances in High Energy Physics 9

14

12

10

8

6

4

2

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Reconstructed �𝜇 energy (GeV)

Ev
en

ts 
(1
00

M
eV

)

T2K �𝜇 disappearance

(4.04 × 1020 p.o.t.)

Data (34 events)
No oscillations (103.6 events)
Best oscillation fit

Preliminary

(a)

0.004

0.0035

0.003

0.0025

0.002

Δ
m
2 32

(e
V2

)

T2K 90%
T2K 68%
T2K best fit

MINOS 90% (� beam + atm.)
MINOS best fit (� beam + atm.)

sin
2 𝜃23

0.3 0.4 0.5 0.6 0.7

Preliminary

(b)

Figure 9: (a) Distribution of reconstructed neutrino energy for 34 single ring 𝜇-like events observed in antineutrino beam corresponding
to 4.04 × 1020 p.o.t. The expectations for no oscillation and for best fit oscillation parameters are also shown. (b) Constraints on oscillation
parameters |Δ𝑚232| and sin2(𝜃23) obtained from ]𝜇 disappearance. Constraints from the MINOS [25] experiment are also shown.

competitive with both MINOS [25] and SK [37],
demonstrating the effectiveness of the off-axis beam
technique.

3.5. ]𝑒 Appearance (Preliminary). The selection process of
]𝑒 candidates in SK is exactly the same as that for neutrino
beamdata. After all selections, three events remain as possible
candidates of the ]𝑒 appearance signal. The expected number
of background events is calculated by Monte Carlo assuming
the absence of ]𝜇-]𝑒 oscillation. Background events include
]𝑒 appearance from ]𝜇-]𝑒 oscillation, misidentified ]𝜇 (or ]𝜇),
and original ]𝑒 (or ]𝑒) from the decay of muons in the T2K
beam line.The number of background events varies from 1.51
to 1.77, depending on mass hierarchy and 𝛿CP.

Obviously, the observation of three candidates is not
significant evidence of ]𝑒 appearance but the collaboration
plans to multiply by factor 3 the statistic in the incoming
years.

4. T2K Physics Potential for 7.8 × 1021 p.o.t.

The observation of the electron neutrino appearance in
a muon neutrino beam by T2K and the high-precision
measurement of the mixing angle 𝜃13 by reactor experiments
have led to reevaluation of the physics potential of T2K for the
approved dataset (7.8×1021 p.o.t.) that, according to the latest
plans of the accelerator group in J-PARC, will be achieved by∼2020.

In particular in [38] the sensitivities for CP violation in
neutrinos, nonmaximal sin22𝜃23, octant of 𝜃23, andmass hier-
archy have been explored for T2K alone and in combination
with NO]A and reactor experiments results.

Special care was also taken in studying the effect coming
for various combinations of ]-mode and ]-mode data-taking.
In fact the probability of ]𝜇 → ]𝑒 is slightly different from the
probability for ]𝜇 → ]𝑒 oscillation because of the swap in
the sign of the 𝛿CP term. This implies that the antineutrino
oscillation probability is larger (smaller) than the neutrino
oscillation probability for positive (negative) 𝛿CP by up to
25%. Accordingly, comparison of oscillation probabilities
between neutrino mode and antineutrinos mode could help
in the determination of the 𝛿CP value.
4.1. T2K Alone. A three-flavor analysis combining appear-
ance and disappearance, for both ]-mode and ]-mode, has
been performed assuming the expected full statistics of 7.8 ×1021 p.o.t..

The selection of candidate events in SK was done using
the same criteria described in Section 3.1.

The study includes either statistical errors only or statis-
tical and systematic errors established for the 2012 oscillation
analyses. In addition, signal efficiency and background are
taken into account.

It should be emphasized that this evaluation is con-
servative, considering that the analyses performed on data
collected in the years 2013–2015 already showed an improved
precision by about 20%, ormore, with respect to the numbers
quoted in [38].

Reconstructed appearance and disappearance energy
spectra generated for the approved full T2K statistics,
assuming a data-taking condition of either 100% ]-mode or
100% ]-mode, are shown in Figure 10. All the oscillation
parameters have been used in generating the spectra. 𝛿CP,
sin22𝜃13, sin2𝜃23, andΔ𝑚232 were left unknown in the fit, while
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Figure 10: (a) ]𝑒 appearance reconstructed energy spectrum, 100% ]-mode running. (b) ]𝑒 appearance reconstructed energy spectrum,
100% ]-mode running. (c) ]𝜇 disappearance reconstructed energy spectrum, 100% ]-mode running. (d) ]𝜇 disappearance reconstructed
energy spectrum, 100% ]-mode running. All the oscillation parameters have been used in generating the spectra. 𝛿CP, sin22𝜃13, sin2𝜃23, andΔ𝑚232 were left unknown in the fit, while sin22𝜃12 and Δ𝑚221 are assumed to be fixed to the values given in Table 1.

sin22𝜃12 andΔ𝑚221 are assumed to be fixed to the values given
in Table 1.The expected number of ]𝑒 or ]𝑒 appearance events
at 7.8 × 1021 p.o.t. obtained from [38] is shown in Table 2 for
two different values of 𝛿CP (−90∘, 0∘). The number of events
is broken down into those coming from appearance signal

or intrinsic beam background events that undergo charged
current (CC) interactions in SK or beam background events
that undergo neutral current (NC) interactions.

The values given in Table 2 indicate that statistics is much
more favourable for the ]-mode, where a signal 3 times larger
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Table 1: Nominal values of the oscillation parameters.

Parameter sin22𝜃13 𝛿CP sin2𝜃23 Δ𝑚232 Hierarchy sin22𝜃12 Δ𝑚221
Nominal value 0.1 0 0.5 2.4 × 10−3 eV2 Normal 0.8704 7.6 × 10−5 eV2
Table 2: Expected numbers of ]𝑒 or ]𝑒 appearance events at 7.8 × 1021 p.o.t.. The number of events is broken down into those coming from
appearance signal or intrinsic beam background events that undergo charged current (CC) interactions in SK or beam background events
that undergo neutral current (NC) interactions.

𝛿CP Total Signal Signal Beam CC Beam CC NC
]𝜇 → ]𝑒 ]𝜇 → ]𝑒 ]𝑒 + ]𝑒 ]𝜇 + ]𝜇

100% ]-mode 0∘ 291.5 211.9 2.4 41.3 1.4 34.5
100% ]-mode −90∘ 341.8 262.9 1.7
100% ]-mode 0∘ 94.9 11.2 48.8 17.2 0.4 17.3
100% ]-mode −90∘ 82.9 13.1 34.9

is expected. However, only combining ]-mode and ]-mode
will give an advantage in constraining 𝛿CP.

This effect is clearly illustrated in Figure 11.
In this example, (a) and (b) of Figure 11 show 𝛿CP versus

sin22𝜃13 90% CL intervals, each given for 50% of the full T2K
p.o.t., of ]- and ]-mode at true 𝛿CP = −90∘ assuming NH and
without a reactor constraint (if the fit is assuming the correct
mass hierarchy (MH) it is called NH, while if it is assuming
the incorrect MH it is called IH).

When the two contours are combined in Figure 11(c), it
becomes evident that 𝛿CP can be constrained without any
requirement from external data.

However, for other parameters (like 𝜃23) the constraint
from the reactormeasurements is very important and it is not
avoidable if one wishes to discriminate the octant and cancel
the degeneracies.

Figure 12 shows, as an example, the 90% CL regions forΔ𝑚232 versus sin2𝜃23 at the full T2K statistics for sin2𝜃23 =0.4. In this case the 𝜃23 octant cannot be resolved only by
combining both ]-mode and ]-mode data (Figure 12(a)).
In fact the reactor constraint on 𝜃13 should be included
to resolve degeneracies between the oscillation parameters
sin2𝜃23, sin22𝜃13, and 𝛿CP as clearly illustrated in Figure 12(b).
4.2. T2K + NO]A. Since the ability of T2K to measure the
value of 𝛿CP is greatly enhanced by the knowledge of the
mass hierarchy, the same study [38] has also incorporated the
impact of expected data from theNO]Aexperiment using the
GLoBES tools [39].

The NO]A experiment [21], which started operating in
2014, has a longer baseline (810 km) and higher peak neutrino
energy (∼2GeV) than T2K. Accordingly, the impact of the
matter effect on the predicted far detector event spectra is
larger in NO]A (∼30%) than in T2K (∼10%), leading to a
better sensitivity to the mass hierarchy.

The study assumes the T2K final statistic (7.8×1021 p.o.t.)
[19] and 1.8 × 1021 p.o.t. in ]-mode and 1.8 × 1021 p.o.t. ] for
NO]A [21]. The result is illustrated in Figures 13 and 14 for
the NH and IH case, respectively.The plots on the left assume
a data-taking condition of 100% ]-mode for T2K and 50% ]-

50% ]-mode for NO]A.The plots on the right assume a data-
taking condition of 50% ]- 50% ]-mode for both T2K and
NO]A.

Because of the complementary nature of these two exper-
iments, when T2K data is combined with data from NO]A,
the region of oscillation parameter space where there is
sensitivity to observe a nonzero 𝛿CP is substantially increased
compared to when each experiment is analyzed alone.

The results of the studies in [38] are actually used to guide
the optimization of the future run plan for T2K.

5. T2K Physics Potential for 20 × 1021
p.o.t. or More

In summer of 2015 the T2K collaboration has been consider-
ing an extension of the data-taking run beyond the approved
total 7.8 × 1021 to 20 × 1021 p.o.t. or more (25 × 1021 p.o.t.). In
fact, from studies [40, 41], based on the same considerations
described in Section 4.1, an enhancement of the statistics by
factor 3 or more could possibly lead to a 3𝜎 measurement
excluding sin(𝛿CP) = 0 (depending on the true value of𝛿CP and on the knowledge of the MH) and showing the first
evidence of CP violation in the lepton sector.

In this section we will give a short summary of those
recent studies with the caveat that all the plots showed below
must be considered work in progress.

5.1. J-PARC Beam Update. The extended T2K p.o.t. projec-
tion, based on the latest J-PARC beam schedule (red dots),
is shown in Figure 15 together with a new possible J-PARC
beam upgraded schedule as envisaged in [28] (blue dots).The
extended T2K p.o.t. projection includes the MR (Main Ring)
update (recently approved) that will allow reaching power of
750 kW in 2019 and up to 1.3MW when the repetition cycle
will be reduced from 2.4 s to 1.3 s.

The MR beam power time evolution together with the
possible data accumulation is shown in Figure 16 [23], where
5-month neutrino beam operation each year and realistic
running time efficiency are assumed.

The new projection shown in Figure 15 (blue dots)
assumes an effective p.o.t. calculated by also taking into
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Figure 11: Expected 𝛿CP versus sin22𝜃13 90%CL intervals, where (a) and (b) are given for neutrino and antineutrinomode running for 50% of
the full T2K p.o.t. each and (c) demonstrated the sensitivity of the total T2K p.o.t. with 50% ]-mode plus 50% ]-mode running. Contours are
plotted for the case of true 𝛿CP = −90∘ and NH. The blue curves are fits assuming the correct MH(NH), while the red ones are fits assuming
the incorrect MH(IH), and contours are plotted from theminimum 𝜒2 value for bothMH assumptions.The solid contours are with statistical
error only, while the dashed contours include the systematic errors used in the 2012 oscillation analysis assuming full correlation between ]-
and ]-mode running errors.
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Figure 12: Δ𝑚232 versus sin2𝜃23 90% CL intervals for 7.8 × 1021 p.o.t. (50% ]-mode plus 50% ]-mode running). Contours are plotted for the
case of true 𝛿CP = 0∘, sin2𝜃23 = 0.4, Δ𝑚232 = 2.4 × 10−3 eV2, and NH. The plot on (a) does not include the reactor constraint; the plot on (b)
includes it. The blue curves show fits assuming the correct MH(NH), while the red ones show fits assuming the incorrect MH(IH). The solid
contours are with statistical error only, while the dashed contours include the 2012 systematic errors fully correlated between ]-mode and
]-mode.
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account additional hardware upgrades and some analysis
improvements in SK. The possible hardware improvements
include an increase of the horn current from ±250 kA to±320 kA. This will lead up to a 10% more neutrino flux
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Figure 16: Anticipated MR beam power and POT accumulation
versus calendar year [23].

at the far detector. The analysis improvements include the
expansion of the SK fiducial volume and/or adding new SK
event selections. As an example, adding CC 1𝜋 events will
increase the event sample at the far detector by 14%.

According to the projections showed in Figures 15 and 16,
T2K will be able to collect neutrino events corresponding to20 × 1021 p.o.t. (25 × 1021 p.o.t) before the year 2026 (2028)
(red dots) or 2024 (2025) (blue dots).

Tables 3 and 4 [40, 41] show the expected numbers of ]𝑒
or ]𝑒 appearance events and ]𝜇 or ]𝜇 disappearance events
for two different values of 𝛿CP (−90∘, 0∘) at 7.8 × 1021 p.o.t.
and 25 × 1021 p.o.t., respectively. A combination of 50% ]- +
50% ]- mode beam running is assumed.
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Table 3: Expected numbers of ]𝑒 or ]𝑒 appearance events for two
different values of 𝛿CP (−90∘, 0∘) at 7.8 × 1021 p.o.t. and 25 × 1021
p.o.t., respectively. A combination of 50% ]- + 50% ]-mode beam
running is assumed.

]𝑒 signal ]𝑒 bkg. ]𝑒 signal ]𝑒 bkg.

7.8e21 p.o.t. 0∘ 98.2 26.8 25.6 16.3−90∘ 121.4 26.4 19.0 17.2

25e21 p.o.t. 0∘ 314 85.9 82.1 52.2−90∘ 389 84.6 60.9 55.1

Table 4: Expected numbers of ]𝜇 or ]𝜇 disappearance events
assuming or not the oscillation hypothesis at 7.8 × 1021 p.o.t. and25×1021 p.o.t., respectively. A combination of 50% ]- + 50% ]-mode
beam running is assumed.

]𝜇-model ]𝜇-mode

7.8e21 p.o.t. w/o oscillation 2648 1007
w/ oscillation 741 342

25e21 p.o.t. w/o oscillation 8519 3228
w/ oscillation 2375 1096

5.2. T2K Sensitivities to the Oscillation Parameters with20 × 1021 p.o.t. At the beginning of January 2016 the T2K
collaboration has submitted an EoI (Expression of Interest)
[42] to the Japanese PAC Committee, aiming to extend the
T2K run to 20 × 1021 p.o.t (T2K-II). For this study T2K
systematic errors are encoded into a covariance matrix with
bins in reconstructed neutrino energy. Errors on the shape of
the reconstructed energy spectra are taken into account. Two
hypotheses have been considered on both reconstructed ]𝑒
appearance and ]𝜇 disappearance events: the current (2016)
T2K systematic error on the far detector prediction (the
total systematic error on the far detector prediction is now
6.8% [36]) and a possible reduction to 4% that seems to be
reachable in the next years by T2K.

The T2K sensitivity to a nonzero sin(𝛿CP) also depends
on the true values of the oscillation parameters. In this case
all plots assume sin22𝜃13 = 0.085 and Δ𝑚232 = 2.5 × 10−3.

The updated horn current of ±320 kA and a combination
of 50% ]- + 50% ]-mode beam running are also assumed.

In Figure 17 the predictedΔ𝜒2 for rejecting the sin 𝛿CP = 0
hypothesis is plotted versus p.o.t. (assuming 𝛿CP = −90∘ and
true normal mass hierarchy (NH)) for various true values of
sin2𝜃23 with or without systematic errors. It is clear that not
only the improvement in statistics but also the reduction of
the T2K systematic errors would be more than beneficial in
the case of an extension of T2K.

Also the knowledge of the mass hierarchy is an important
element, as it can be seen by looking at Figure 18 where Δ𝜒2
for rejecting the sin 𝛿CP = 0 is plotted versus true 𝛿CP. In fact,
comparing Figure 18(b) (that assumes MH is known) with
Figure 18(a) (that assumes MH is unknown), it is clear that
the sensitivity to sin 𝛿CP = 0 will be enhanced in the first
case. However several experiments (JUNO, NO]A, ORCA,
and PINGU) are expected or plan to determine the mass

15

10

5

0
0 5 10 15 20

Δ
𝜒
2

to
 ex

clu
de

 si
n 
𝛿

CP
=
0

Protons-on-target (×1021)

True sin2 𝜃23 = 0.43

True sin2 𝜃23 = 0.50
True sin2 𝜃23 = 0.60

3𝜎 CL

99% CL

90% CL

w/ eff. stat. improvements (no sys. errors)
w/ eff. stat. and sys. improvements

Work in progress

Figure 17: Predicted Δ𝜒2 for rejecting the sin 𝛿CP = 0 hypothesis
versus p.o.t. assuming 𝛿CP = −90∘ and NH for various true values of
sin2𝜃23 with or without systematic errors.

hierarchy before or during the proposed period of T2K-II [21,
43–45]. In this context the sensitivity shown in Figure 18(b)
seems to illustrate a realistic scenario.

6. Conclusions

TheT2K experiment, proposed in 2003 and approved in 2006
to collect data corresponding to 7.8 × 1021 protons-on-target
(p.o.t.) from a 30GeV proton beam at the J-PARC accelerator
facility in Japan, is one of the most important players in the
field of neutrino oscillations.

Built to search for ]𝜇 → ]𝑒 appearance and to make
precision measurements of oscillation parameters in ]𝜇 dis-
appearance, it realized its first goal with just 8.4% of the
total approved p.o.t. and at the same time provided the most
stringent constraints on sin2(𝜃23) obtained until now.

The T2K collaboration is now looking to the determina-
tion of the unknown CP-violating phase 𝛿CP and to more
precise measurements of 𝜃23 to determine the octant.

Reevaluation of the expected sensitivity to the oscillation
parameters that takes into account the observation of the
electron neutrino appearance was done considering two dif-
ferent scenarios: the approved data-taking and data exposure
3 times larger.

In the latter case, assuming a combination of 50% ]- +
50% ]-mode beam running, it might be possible to obtain
a 3𝜎 measurement excluding sin(𝛿CP) = 0 (assuming𝛿CP = −90∘ and NH) around the year 2025, before the next
generation of neutrino experiments will start their operation.
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Recent years have witnessed many exciting breakthroughs in neutrino physics. The detection of neutrino oscillations has proved
that neutrinos are massive particles, but the assessment of their absolute mass scale is still an outstanding challenge in today
particle physics and cosmology. Since low temperature detectors were first proposed for neutrino physics experiments in 1984,
there has been tremendous technical progress: today this technique offers the high energy resolution and scalability required to
perform competitive experiments challenging the lowest electron neutrino masses. This paper reviews the thirty-year effort aimed
at realizing calorimetric measurements with sub-eV neutrino mass sensitivity using low temperature detectors.

1. Introduction

Almost two decades ago, the discovery of neutrino flavor
oscillations firmly demonstrated that neutrinos are massive
particles [1]. This was a crucial breach in the Standard
Model of fundamental interactions which assumed massless
neutrinos. Flavor oscillations show that the three active
neutrino flavor states (]

𝑒
, ]
𝜇
, and ]

𝜏
) are a superposition of

three mass states (]
1
, ]
2
, and ]

3
) and allow the measurement

of the difference between the squared masses of the neutrino
mass states, but they are not at all sensitive to the absolute
masses of the neutrinos.

Today, assessing the neutrino mass scale is still an
outstanding task for particle physics, as the absolute value
of the neutrino mass would provide an important param-
eter to extend the Standard Model of particle physics and
understand the origin of fermion masses beyond the Higgs
mechanism. Furthermore, due to their abundance as Big
Bang relics, neutrinos strongly affect the large scale structure
and dynamics of the universe by means of their gravitational
interactions, which hinder the structure clustering with an
effect that is dependent on their mass [2, 3]. In the framework
of ΛCDM cosmology (the model with Cold Dark Matter
and a cosmological constant Λ), the scale dependence of

clustering observed in the universe can be indeed used to
set an upper limit on the neutrino mass sum 𝑚

Σ
= ∑

𝑖
𝑚
𝑖
,

where𝑚
𝑖
is the mass of the ]

𝑖
state. Depending on the model

complexity and the input data used, this limit spans in the
range between about 0.3 and 1.3 eV [4]; more recently, by
combining cosmic microwave background data with galaxy
surveys and data on baryon acoustic oscillations, a signif-
icantly lower bound on the neutrino mass sum of 0.23 eV
has been published [5], although this value is strongly model
dependent.

The oscillations discovery and the accurate cosmological
observations revived and boosted the interest in neutrino
physics (this is also confirmed by the Nobel Prizes in Physics
awarded in the years 2002, 2008, and, very recently, 2015),
with the start of many ambitious experiments for different
high precision measurements and the rate of publishing
papers increased by almost an order of magnitude, but
in spite of the enhanced experimental efforts very little is
known about neutrinos and their properties. Several crucial
pieces are still missing, in particular the absolute neutrino
mass scale, the neutrino mass ordering (the so-called mass
hierarchy), the neutrino nature (Dirac or Majorana fermion),
themagnitude of the CP (charge and parity) violation phases,
and the possible existence of sterile neutrinos.
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This paper is devoted to the assessment of the absolute
neutrino mass scale and in particular to the direct mea-
surement of the electron neutrino mass via calorimetric
experiments. After a brief overview of our present picture for
massive neutrinos, I will introduce both the theoretical and
the experimental issues involved in the direct determination
of the neutrino mass and discuss the past and current
calorimetric experiments, with a focus on experiments with
low temperature detectors.

2. The Neutrino Mass Pattern
and Mixing Matrix

Most of the existing experimental data on neutrino oscilla-
tions can be explained by assuming a three-neutrino frame-
work, where any flavor state ]

𝑙
(𝑙 = 𝑒, 𝜇, 𝜏) is described as a

superposition of mass states ]
𝑖
(𝑖 = 1, 2, 3) or

]𝑙⟩ = ∑
𝑖

𝑈
𝑙𝑖

]𝑖⟩ , (1)

where 𝑈
𝑙𝑖
is the 3 × 3 Pontecorvo-Maki-Nakagawa-Sakata

unitary mixing matrix (see, e.g., [6]). As a consequence,
the neutrino flavor is no longer a conserved quantity and
for neutrinos propagating in vacuum the amplitude of the
process ]

𝑙
→ ]

𝑙
 is not vanishing.

The mixing matrix 𝑈
𝑙𝑖
is parametrized by three angles,

conventionally denoted by Θ
12
, Θ

13
, and Θ

23
, one CP vio-

lation phase 𝛿, and two Majorana phases 𝛼
1
, 𝛼
2
; these two

have physical consequences only if neutrinos are Majorana
particles—that is, identical to their antiparticles—but they
do not affect neutrino oscillations. To these six parameters,
three angles and three phases, the three mass values 𝑚

𝑖

must be added also, for a total of nine unknowns altogether.
In the years, oscillation experiments measuring the flux of
solar, atmospheric, reactor, and accelerator neutrinos have
contributed to the precise determination of many of these
unknowns.

The oscillation probabilities depend, in general, on the
neutrino energy, on the source-detector distance, on the
elements of the mixing matrix, and on the neutrino mass
squared differences Δ𝑚2

𝑖𝑗
≡ 𝑚

2

𝑗
− 𝑚

2

𝑖
. At present, the three

mixing angles and the two mass splittings, conventionally
Δ𝑚

2

21
(from solar neutrino oscillations) and Δ𝑚2

31
(from

atmospheric neutrino oscillations), have been determined
with reasonable accuracy [1]. However, the available data
are not yet able to discriminate the neutrino mass order-
ing. While the effect of the interactions of solar neutrinos
with matter constituents (known as Mikheyev-Smirnov-
Wolfenstein effect) allows the establishment of 𝑚

1
< 𝑚

2
so

that Δ𝑚2
21
> 0, we have Δ𝑚2

21
≪ |Δ𝑚

2

31
| ≅ |Δ𝑚

2

32
| and we

are left with two possibilities: either 𝑚
1
< 𝑚

2
< 𝑚

3
(nor-

mal ordering, i.e., Δ𝑚2
31
> 0) or 𝑚

3
< 𝑚

1
< 𝑚

2
(inverted

ordering, i.e., Δ𝑚2
31

< 0) (compare also with Figure 3).
In both schemes, there is a Quasi-Degeneracy (QD) of the
three neutrino masses when 𝑚

1
≃ 𝑚

2
≃ 𝑚

3
, with 𝑚

𝑖
≫

√Δ𝑚
2

31
≃ 5 × 10

−2 eV. Depending on the value of the lightest
mass values, the neutrino mass ordering can also follow

m2 m2

00

??

Atmospheric
∼2 × 10−3eV2

Atmospheric
∼2 × 10−3eV2

Solar ∼7 × 10−5eV2

Solar ∼7 × 10−5eV2

�e
�𝜇
�𝜏

m2
3

m2
3

m2
2

m2
2

m2
1

m2
1

Figure 1: In a three-neutrino scheme, the oscillation parameters
measured by the various experiments paint two possible scenarios
regarding the neutrino mass ordering: Normal Hierarchy (left) and
InvertedHierarchy (right).The absolute scale is not accessible by the
presently available data.

a Normal Hierarchy (NH), with 𝑚
1
≪ 𝑚

2
≪ 𝑚

3
(in which

𝑚
2
≃ √Δ𝑚

2

21
and 𝑚

3
≃ √Δ𝑚

2

31
), or an Inverse Hierarchy

(IH), with 𝑚
3
≪ 𝑚

1
< 𝑚

2
(in which 𝑚

1
and 𝑚

2
are quasi-

degenerate); see Figure 1. As a final remark, as shown in
Figure 3, independent of the mass scheme, oscillation results
state that at least two neutrinos are massive, with masses
larger than√Δ𝑚2

21
≃ 8.7 × 10

−3 eV.
Most of the oscillation data are well described by the

three-neutrino schemes. However, there are a few anomalous
indications (the so-called reactor neutrino anomaly) [7] that
cannot be accommodated within this picture. If confirmed,
they would indicate the existence of additional neutrino
families, the sterile neutrinos.These neutrinos do not directly
participate in the standard weak interactions and would
manifest themselves only when mixing with the familiar
active neutrinos. Future reactor experiments will test this
fascinating possibility.

Assessing the neutrino mass ordering, that is, the sign
of |Δ𝑚2

31
|, is of fundamental importance not only because it

would address the correct theoretical extension of the Stan-
dard Model, but also because it can impact many important
processes in particle physics (like neutrinoless double beta
decay). In addition, the phase 𝛿 governing CP violation in the
flavor oscillation experiments remains unknown and a topic
of considerable interest [8]. A worldwide research program is
underway to address these important open issues in the near
future by precise study of the various oscillation patterns.

The oscillation experiments, however, are not able to
access the remaining unknownquantities, that is, the absolute
mass scale and the twoMajorana phases.Their determination
is the ultimate goal of nuclear beta decay end-point experi-
ments and neutrinoless double beta decay searches.

The finite neutrino mass manifesting in neutrino oscilla-
tions is already an important breach in the Standard Model
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of fundamental interactions, but the neutrino sector could
hold more surprises. In fact, recent reanalysis of existing
data from reactor oscillation experiments together with some
anomalies observed in short baseline accelerator oscillation
experiments (LSND, MiniBOONE) and in solar experiment
calibration with neutrino sources (GALLEX) points to the
existence of at least a fourth generation of neutrinos [7].
These hypothetical neutrinoswould be sterile in the sense that
they would feel only gravitational interactions, along with
those induced by mixing with the other ordinary neutrinos.
Combined analysis of the available data from various sources
leads to an additional mass splitting of Δ𝑚2sterile ≈ 1 eV, with
a mixing parameter of about sin2(2𝜃) ≈ 0.1. Sterile right
handed neutrinos are indeed introduced naturally when one
tries to extend the Standard Model to include the mass of
active neutrinos (]MSM) [9]. Moreover, sterile neutrinos in
the keV mass range are perfect candidates as Warm Dark
Matter (WDM) particles [10].

3. Weak Nuclear Decays and
Neutrino Mass Scale

Fundamental neutrino properties, in particular its absolute
mass and its nature, can be investigated by means of suitable
weak decays, where flavor state neutrinos are emitted along
with charged leptons and/or pions. There are two comple-
mentary approaches for the measurement of the neutrino
mass in laboratory experiments: the precise spectroscopy of
beta decay at its kinematical end-point and the search for
neutrinoless double beta decay.Though the expected effective
mass sensitivity for neutrinoless double beta decay search is
higher, this process implies a strongmodel-dependence since
it requires the neutrino to be a Majorana particle.

Direct neutrino mass measurement, by analyzing the
kinematics of electrons emitted in a beta decay, is the most
sensitive model independent method to assess the neutrino
mass absolute value (analogue measurements involving pion
or tau decays give much weaker limits on 𝑚]

𝜇

or 𝑚]
𝜏

). The
beta decay is a nuclear transition involving two nuclides
(𝐴, 𝑍 − 1) and (𝐴, 𝑍):

(𝐴, 𝑍 − 1) → (𝐴,𝑍) + 𝑒
−

+ ]
𝑒
, (2)

where 𝐴 and 𝑍 are, respectively, the mass and atomic num-
bers of the involved nuclei. Neglecting the nuclear recoil, the
kinetic energy 𝐸

0
available to the electron and antineutrino

in the final state is given by

𝐸
0
= 𝐸

𝛽
+ 𝐸] = 𝑀(𝐴,𝑍 − 1) −𝑀 (𝐴,𝑍) = 𝑄, (3)

where 𝑀 indicates the mass of the atoms in the initial and
final state.

In practice, this method exploits only momentum and
energy conservation: it measures the minimum energy
carried away by the neutrino—that is, its rest mass—by
observing the highest energy electrons emitted in this three-
body decay. To balance the energy required to create the
emitted neutrinos, the highest possible kinetic energy 𝐸

𝛽
of

the electrons is slightly reduced. This energy deficit may be

noticeable when measuring with high precision the higher
energy end (the so-called end-point) of the emitted electron
kinetic energy distribution 𝑁

𝛽
(𝐸
𝛽
, 𝑚]
𝑒

). If one neglects the
nucleus recoil energy, 𝑁

𝛽
(𝐸
𝛽
, 𝑚]
𝑒

) is described in the most
general form by

𝑁
𝛽
(𝐸
𝛽
, 𝑚]
𝑒

) = 𝑝
𝛽
𝐸
𝛽
(𝐸
0
− 𝐸

𝛽
)

⋅ √(𝐸
0
− 𝐸

𝛽
)
2

− 𝑚2]
𝑒

𝐹 (𝑍, 𝐸
𝛽
) 𝑆 (𝐸

𝛽
)

⋅ [1 + 𝛿
𝑅
(𝑍, 𝐸

𝛽
)] 𝜃 (𝐸

0
− 𝐸

𝛽
− 𝑚]

𝑒

) ,

(4)

where 𝐹(𝑍, 𝐸
𝛽
) is the Coulomb correction (or Fermi func-

tion) which accounts for the effect of the nuclear charge on
the wave function of the emitted electron, 𝑆(𝐸

𝛽
) is the form

factor which contains the nuclear matrix element M(E
𝛽
) of

the electroweak interaction and can be calculated using the
V-A theory, and 𝛿

𝑅
(𝑍, 𝐸

𝛽
) is the radiative electromagnetic

correction, usually neglected due to its exiguity. 𝜃 is the
Heaviside step function, which confines the spectrum in the
physical region (𝐸

0
− 𝐸

𝛽
− 𝑚]

𝑒

) > 0. The term 𝑝
𝛽
𝐸
𝛽
(𝐸
0
−

𝐸
𝛽
)√(𝐸

0
− 𝐸

𝛽
)
2

− 𝑚2]
𝑒

is the phase space term in a three-body
decay, for which the nuclear recoil has been neglected; 𝑝

𝛽

is the electron momentum. For the sake of completeness, it
is worth noting that the particle emitted in the experiments
considered here is the electron antineutrino ]

𝑒
. Since the CPT

theorem assures that particle and antiparticle have the same
restmass, fromnowon, Iwill speak simply of “neutrinomass”
both for ]

𝑒
and for ]

𝑒
. Moreover, it must be stressed that

since the effect of the neutrino mass on nuclear beta decay is
purely due to kinematics, this measurement does not give any
information on the Dirac or Majorana origin of the neutrino
mass.

From oscillation experiments, we know that any neutrino
flavor state is a superposition ofmass states.Therefore, (4) can
be generalized as [11, 12]

𝑁
𝛽
(𝐸
𝛽
, 𝑚]
𝑒

) = 𝑅 (𝐸
𝛽
)

⋅

3

∑

𝑖=1

𝑈𝑒𝑖


2
√(𝐸

0
− 𝐸

𝛽
)
2

− 𝑚
2

𝑖
𝜃 (𝐸

0
− 𝐸

𝛽
− 𝑚

𝑖
) ,

(5)

where 𝑅(𝐸
𝛽
) is a term which groups all terms in (4) which

do not depend on the neutrino mass, |𝑈
𝑒𝑖
| is the electron

row of the neutrino mixing matrix, and 𝑚
𝑖
are the masses of

the neutrino mass states. The square root term is the part of
the phase space factor sensitive to the neutrino masses. An
example of the resulting spectrum is shown in Figure 2.

Since the individual neutrinomasses are too close to each
other to be resolved experimentally, themeasured spectra can
still be analyzed with (4), but the quantity

𝑚]
𝑒

≡ 𝑚
𝛽
= √

3

∑

𝑖=1

𝑈𝑒𝑖


2

𝑚
2

𝑖

(6)

should now be interpreted as an effective electron neutrino
mass, where the sum is over all mass values 𝑚

𝑖
. Therefore, a
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Figure 2: Expected electron spectrum following𝛽decay. Blue curve:
expected spectrum in the case 𝑚]𝑒 = 0. Red curve: expected
spectrum in the case 𝑚]𝑒 = 200meV. The red dashed curves show
the contributions to the total spectrum from the three mass states,
with themass differences driven by the present values of√Δ𝑚2

21
and

√Δ𝑚
2

31
[1].

limit on𝑚]
𝑒

implies trivially an upper limit on the minimum
value 𝑚min of all 𝑚

𝑖
, independent of the mixing parameters

𝑈
𝑒𝑖
: 𝑚min ≤ 𝑚]

𝑒

; that is, the lightest neutrino cannot be
heavier than𝑚]

𝑒

. By using the currently available information
from oscillation data [1], it is possible to formulate the values
of the neutrino masses (and the values of 𝑚]

𝑒

as well) as
a function of the lightest mass, that is, 𝑚

1
in the Normal

Hierarchy (NH) and𝑚
3
in the Inverted Hierarchy (IH). This

is done in Figure 3, which shows that, in the case of NH, while
the dominant component of ]

𝑒
is ]

1
, the numerical value of

𝑚]
𝑒

is equal to𝑚
2
over the whole range and also to𝑚

1
for𝑚

1

larger than few tenths of electronvolt. In the case of IH, 𝑚]
𝑒

has practically the same value of 𝑚
1
and 𝑚

2
. Finally, in the

case of QD spectrum,𝑚]
𝑒

≃ 𝑚
1
≃ 𝑚

2
≃ 𝑚

3
in both schemes.

From the figure, it is also clear that the allowed values for
𝑚]
𝑒

in the two mass schemes are quite different: in the case
of IH, there is a lower limit for 𝑚]

𝑒

of about 0.04 eV, while
in the NH this limit is of about 0.01 eV. Therefore, if a future
experiment will determine an upper bound for 𝑚]

𝑒

smaller
than 0.04 eV, this would be a clear indication in favor of the
NH mass pattern. Finally, Figure 3 shows that the ultimate
sensitivity needed for a direct neutrino mass measurement
is set at about 0.01 eV, the lower bound in case of NH.
However, if experiments on neutrino oscillations provide us
with the values of all neutrino mass-squared differences Δ𝑚2

𝑖𝑗

(including their signs) and the mixing parameters |𝑈
𝑒𝑖
|
2 and

the value of𝑚2]
𝑒

has been determined in a future search, then
the individual neutrino mass squares can be determined:

𝑚
2

𝑗
= 𝑚

2

]
𝑒

−

3

∑

𝑖=1

𝑈𝑒𝑖


2

Δ𝑚
2

𝑖𝑗
(Δ𝑚

2

𝑖𝑗
= 𝑚

2

𝑖
− 𝑚

2

𝑗
) . (7)

On the other hand, if only the absolute values |Δ𝑚2
𝑖𝑗
| are

known (but all of them), a limit on𝑚2]
𝑒

from beta decay may

be used to define an upper limit on the maximum value𝑚max
of𝑚

𝑖
:

𝑚
2

max ≤ 𝑚
2

]
𝑒

+∑

𝑖<𝑗


Δ𝑚

2

𝑖𝑗


. (8)

In other words, knowing |Δ𝑚2
𝑖𝑗
|, one can use a limit on𝑚]

𝑒

to
constrain the heaviest active neutrino.

At present, themost stringent experimental constraint on
𝑚]
𝑒

is the one obtained by the Troitsk [13] and the Mainz [14]
neutrino mass experiments, 𝑚]

𝑒

< 2.05 eV at 95% CL. This
falls in the QD region for both mass schemes.

Another type of weak process sensitive to the neutrino
mass scale is the neutrinoless double beta decay (𝛽𝛽-0]), a
second-order weak decay that violates the total lepton num-
ber conservation by two units, whose existence is predicted
for many even-even nuclei:

(𝐴, 𝑍) → (𝐴,𝑍 + 2) + 𝑒
−

1
+ 𝑒

−

2
. (9)

The search for 𝛽𝛽-0] is the only available experimental tool
to demonstrate the Majorana character of the neutrino (i.e.,
] ≡ ]). In fact, the observation of 𝛽𝛽-0] always requires and
implies that neutrinos are massive Majorana particles [15].
However, there are many proposed mechanisms which could
contribute to the 𝛽𝛽-0] transition amplitude, and only when
𝛽𝛽-0] is mediated by a light mass Majorana neutrino the
observed decay is useful for determining the neutrino mass.
In this case, the measured decay rate is given by

1

𝜏
0]
1/2

=

𝑚
2

𝛽𝛽

𝑚2
𝑒

𝐹
𝑁
, (10)

where 𝜏0]
1/2

is the 𝛽𝛽-0] decay half-life, 𝑚
𝑒
is electron mass,

and 𝑚
𝛽𝛽

is the effective Majorana mass, defined below. The
nuclear structure factor 𝐹

𝑁
is given by

𝐹
𝑁
= 𝐺

0]
(𝑄

𝛽𝛽
, 𝑍)


𝑀
0]

2

, (11)

where 𝐺0] is the accurately calculable phase space integral
and 𝑀0] is the nuclear matrix element which is subject to
uncertainty [16]. At present, the discrepancies among differ-
ent nuclear model calculations of 𝑀0] amount to a factor
of about 2 to 3. These reflect on 𝐹

𝑁
and are an unavoidable

source of systematic uncertainties in the determination of
𝑚
𝛽𝛽

from the experimental data. Measuring the lifetime of
different isotopes would allow one to disentangle the model
dependency linked to the exact mechanism causing 𝛽𝛽-0]
and to reduce the systematic uncertainties on𝑚

𝛽𝛽
.

If 𝛽𝛽-0] decay is observed and the nuclear matrix
elements are known, one can deduce the corresponding𝑚

𝛽𝛽

value, which in turn is related to the oscillation parameters
through

𝑚
𝛽𝛽
=



3

∑

𝑖=1

𝑈𝑒𝑖


2

𝑚
𝑖
𝑒
𝑖𝛼
𝑖



. (12)

Due to the presence of the unknown Majorana phases 𝛼
𝑖
,

cancellation of terms in (12) is possible and 𝑚
𝛽𝛽

could be
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Figure 3: Effective electron neutrino mass 𝑚
𝛽
as a function of the lightest mass in both NH and IH mass schemes. The values of all three

mass states are also plotted for comparison. The uncertainties on the oscillation parameters are reflected by uncertainties on the calculated
masses which are not shown in the figure. The allowed 3𝜎 ranges in [1] give an uncertainty of about 30 (7)% on 𝑚

𝛽
for 𝑚

1
(𝑚

3
) = 0.001 eV

in the NH (IH) scheme. The uncertainties progressively reduce going to larger masses and they are less than 1% for masses larger than 0.1 eV.

smaller than any of the masses 𝑚
𝑖
. Therefore, unlike the

direct neutrino mass measurement, a limit on 𝑚
𝛽𝛽

does not
allow the constraint of the individual mass values 𝑚

𝑖
even

when the mass differences Δ𝑚2
𝑖𝑗
are known. On the other

hand, the observation of the 𝛽𝛽-0] decay and the accurate
determination of the𝑚

𝛽𝛽
value would not only establish that

neutrinos are massive Majorana particles, but also contribute
considerably to the determination of the absolute neutrino
mass scale. Moreover, if the neutrino mass scale would be
known from independent measurements, one could possibly
obtain from the measured 𝑚

𝛽𝛽
also some information about

the CP violating Majorana phases [17].
Given the present knowledge of the neutrino oscillation

parameters, it is possible to derive the relation between
the effective Majorana mass and the lightest neutrino mass
in the different neutrino mass schemes. This is done in a
number of papers (see, e.g., [18]). Figure 4 shows the effective
Majoranamass as a function of the effective electron neutrino
mass in both NH and IH mass schemes, demonstrating the
complementarity of the two methods.

As a final remark, 𝛽𝛽-0] and 𝛽 decays both depend
on different combinations of the neutrino mass values and
oscillation parameters. 𝛽𝛽-0] decay rate is proportional to
the square of a coherent sum of the Majorana neutrino
masses because the process originates from the exchange of
a virtual neutrino. On the other hand, in beta decay one
can determine an incoherent sum because a real neutrino is
emitted. That shows clearly that a complete neutrino physics
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Figure 4: Relationship between the effective Majorana mass 𝑚
𝛽𝛽

and the effective electron neutrino mass 𝑚
𝛽
for both IH (blue) and

NH (red) mass schemes. The width of the bands is caused by the
unknown Majorana phases.

program cannot renounce either of these two experimental
approaches.The various methods that constrain the neutrino
absolutemass scale are not redundant but rather complemen-
tary. If, ideally, a positive measurement is reached in all of
them (𝛽𝛽-0] decay, 𝛽 decay, and cosmology), one can test
the results for consistency and with a bit of luck one can
determine the Majorana phases.
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4. The Direct Neutrino Mass Measurement via
Single Nuclear Beta Decay

As already pointed out, the most useful tool to constrain
kinematically the neutrino mass is the study of the “visible”
energy in single beta decay. The experimental beta spectra
are normally analyzed by means of a transformation which
produces a quantity generally linear with the kinetic energy
𝐸
𝛽
of the emitted electron:

𝐾(𝐸
𝛽
) ≡ √

𝑁
𝛽
(𝐸
𝛽
, 𝑚]
𝑒

)

𝑝
𝛽
𝐸
𝛽
𝐹 (𝑍, 𝐸

𝛽
) 𝑆 (𝐸

𝛽
) [1 + 𝛿

𝑅
(𝑍, 𝐸

𝛽
)]

= (𝐸
0
− 𝐸

𝛽
)(1 −

𝑚
2

]
𝑒

(𝐸
0
− 𝐸

𝛽
)
2
)

1/4

.

(13)

The graph of this quantity as a function of 𝐸
𝛽
is named Kurie

plot. In a Kurie plot, each bin has the same error bar and
therefore the same statistical weight.

Assuming massless neutrinos and infinite energy resolu-
tion, the Kurie plot is a straight line intersecting the 𝑥-axis
at the transition energy 𝐸

0
. In case of massive neutrino, the

Kurie plot is distorted close to the end-point and intersects
the 𝑥-axis with vertical tangent at the energy 𝐸

0
− 𝑚]

𝑒

. The
two situations are depicted in Figure 5.

Most of the information on the neutrinomass is therefore
contained in the final part of the Kurie plot, which is the
region where the counting rate is lower. In particular, the
relevant energy interval is 𝛿𝐸 ≈ 𝑚]

𝑒

and the fraction of events
occurring here is

𝐹 (𝛿𝐸) = ∫

𝐸
0

𝐸
0
−𝛿𝐸

𝑁
𝛽
(𝐸,𝑚]

𝑒

= 0) 𝑑𝐸 ≈ 𝐶(
𝛿𝐸

𝐸
0

)

3

, (14)

where 𝐶 is a constant of order unity which depends on
the details of the beta transition. From this, it is apparent
that kinematical mass measurements require beta decaying
isotopes with the lowest end-point energy. Tritium is one
of the best and most used isotopes thanks to its very low
transition energy: 𝐸

0
= 18.6 keV; nonetheless, the fraction of

events falling in the last 5 eV of the tritium spectrum is only
4 × 10

−11.
Every instrumental effect such as energy resolution or

background will tend to hinder or even wash out this tiny
signal. In Figure 5, the effect on the spectral end-point of an
energy resolution of 0.5 eV is shown. This distorts the Kurie
plot in the opposite way with respect to the neutrino mass
effect. It is therefore mandatory to evaluate and/or measure
the detector response function, which includes the energy
resolution but is not entirely determined by it. Finally, the
analysis of the final part of the Kurie plot is complicated
by the background due to cosmic rays and environmental
radioactivity. Because of the low beta counting rate in the
interesting region, spurious background counts may affect
the neutrino mass determination.

The possibility to use beta decay to directly measure the
neutrino mass was first suggested by Perrin [19] in 1933 and

0

E𝛽 − E0 (eV)
−3.5 −3 −2.5 −2 −1.5 −1 −0.5 0 0.5 1 1.5

K
(E

𝛽
) (

a.u
.)

8 × 10−3

6 × 10−3

4 × 10−3

2 × 10−3

Figure 5: 3H Kurie plot close to the end-point, computed for
neutrino masses equal to 0 (blue) and 1 eV (red) and an energy
resolution 𝜎

𝐸
of 0 (full line) and 0.5 eV (dashed line).

then by Fermi [20] in 1934, but the first sensitive experiments
were performed only in the ’70s. The first experiments were
the one of Bergkvist [21, 22] and the one of the ITEP
group [23], both of which used magnetic spectrometers
to analyze the electrons emitted by tritium sources. This
experimental approach has clear advantages such as (1) the
high specific activity of tritium, (2) the high energy resolution
and luminosity of spectrometers, and (3) the possibility to
select and analyze only the electrons with kinetic energies
close to 𝐸

0
.

In the ’80s and through the ’90s, experiments with spec-
trometers using tritium were reporting largely negative 𝑚2]

𝑒

[24] (see Figure 6) or even an unlikely finite value of about
35 eV [23]. These were all signs of under- or overcorrected
instrumental effects which were causing systematic shifts
[25, 26]. In fact, despite the relative conceptual simplicity of
the kinematic direct determination of the neutrino mass, it
has been soon recognized that there are many subtle effects
which threaten the accuracy of these measurements. Some
are related to beta decay itself, since the atom or the molecule
containing the decaying nucleus can be left in an excited
state, leading even in this case to dangerous distortions of
the Kurie plot (see Section 5.1). Other effects are due to
the scattering and absorption of the electrons in the source
itself. And last but not least, systematic effects are also caused
by the imperfect characterization of the detector response.
In the past 30 years, many experiments using tritium were
performed. Starting from the ’90s, magnetic spectrometers
were gradually abandoned for electrostatic retarding spec-
trometers with adiabatic magnetic collimation [27, 28]. Many
improvements in the detectors, in the tritium source, and in
the data analysis and processing allowed the experiments to
constantly improve the statistical sensitivity and to minimize
the systematic uncertainties, as it is shown in Figure 6. Today,
owing to a continuous and strenuous investigation of all
experimental effects and systematic uncertainties, 𝑚2]

𝑒

mea-
surements reported by the two most sensitive experiments
[13, 14] are compatible with a zero mass, with the systematic
errors reduced to the same level of statistical ones.
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Figure 6: Historical trend of 𝑚2]𝑒 measured with spectrometers
using tritium (taken from [29]).

Nevertheless, today direct neutrino mass measurements
remain affected by an intrinsic potential bias. As it already
happened in the past, in a sensitive experiment small mis-
corrections of instrumental effects may again either mimic
or cancel the traces of a small positive neutrino mass. A
weak unexpected effect not included in the data analysis may
compensate and hide the signal of a small mass within the
statistical sensitivity of an experiment, which would therefore
report 𝑚2]

𝑒

values nicely compatible with the null hypothesis
and thus quote just an upper limit. On the other hand, in a
future experiment with a statistical sensitivity approaching
the range predicted by oscillation parameters, a slightly
excessive correction for an expected effect could mimic
the signal for a tiny mass which would not contradict the
community expectations. For these reasons, direct neutrino
mass measurements call for a continuous crosscheck from
different independent experiments to confirm both positive
and negative findings.

Already in the ’80s when the negative squared masses
and the positive claim from ITEP were puzzling the neutrino
community, De Rújula proposed the use of other beta
decaying isotopes with low decay energy. In [30], it was
noticed that 187Re has an end-point around 2 keV,muchmore
favorable than the one of tritium.This isotopewas at that time
discarded because of its long half-life around 109 years. The
focus of [30]was therefore on the isotope 163Ho,which decays
by Electron Capture (EC) with a very low transition energy.
In the EC process [31]

(𝐴, 𝑍) + 𝑒
−

→ (𝐴,𝑍 − 1) + ]
𝑒
, (15)

the available decay energy is

𝑄 = 𝑀(𝐴,𝑍) −𝑀 (𝐴,𝑍 − 1) , (16)

where 𝑀 indicates the mass of the atoms in the initial and
final states. Neglecting the nuclear recoil, the energy 𝑄 is
shared between the neutrino and the radiation emitted in the
deexcitation of the daughter atom

𝑄 = 𝐸] + 𝐸X. (17)

Here,𝐸X includes the energy of X-rays, Inner Bremsstrahlung
photons, and Auger and Coster-Kronig electrons emitted
in the atomic deexcitation of the daughter atom and adds
up to the binding energy of the captured electron, allowing
for a small indetermination due to the natural width of the
atomic energy levels. Because of energy conservation, the
end-points of the spectra of these electrons or photons—
where the massive neutrino emitted in the EC is at rest—are
sensitive to the neutrinomass. It is worth noting here that the
kinematics of EC decay probes the mass of the neutrino ]

𝑒
,

whereas the one of regular beta decays probes the mass of the
antineutrino ]

𝑒
: as already recalled above, the CPT invariance

implies that the two measured masses are identical.
In particular, two measurements were discussed in 1981

for 163Ho: the end-point of the IBEC (Inner Bremsstrahlung
in EC) spectrum [30]

163Ho → (
163Dy

H∗
+ ]

𝑒
) →

163Dy
H
+ 𝛾 (𝑘) + ]

𝑒
(18)

and the end-point of the SEEEC spectrum [32]

163Ho → (
163Dy

H∗
+ ]

𝑒
) →

163Dy
H
1
H
2

+ 𝑒
−

+ ]
𝑒
. (19)

Even if at that time the 𝑄 value of 163Ho EC was largely
unknown, this decay was already considered very promising
for a sensitive neutrino mass measurement, since it was clear
that its 𝑄 value is one of the lowest in nature. Both processes
(18) and (19) start with a first intermediate atomic vacancyH∗
caused by EC, where ∗ denotes that the state is not necessarily
on-shell. The energy of the vacant state has its own natural
width. Because of the low𝑄 value, this first vacancy H can be
created only in one of theM1,M2, N1, N2, O1, O2, or P1 shells
of the Dy daughter atom.

In the IBEC process (18) a photon is emitted during the
virtual transition of an electron from H to the intermediate
state H∗, from which the electron was captured. For each
possible final vacancy H and for 𝑚]

𝑒

= 0, the spectrum of
the emitted photons is not made of monoenergetic lines at
𝑘 = 𝐸(H) − 𝐸(H∗), where 𝐸(H) is the ionization energy of
H shell in Dy, but it is a continuum with a kinematic limit
𝑘 ≤ 𝑘

H
max = 𝑄 − 𝐸(H), and the total photon spectrum

is therefore a superposition of several spectra with different
end-points. The spectral end-points follow the three-body
statistical shape

𝑁
H
(𝑘) ∝ 𝑘 (𝑘

H
max − 𝑘)√(𝑘

H
max − 𝑘) − 𝑚

2

]
𝑒

. (20)
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In general, since IBEC is a second-order effect, its intensity
is very low. However, the photon emission may experience
large resonant enhancements for photons with energies 𝑘res
equal to the ones of the characteristic X-ray transitions of the
daughter atom. In particular, De Rújula has shown for 163Ho
that when H is one of the N1, N2, O1, and O2 shells, then the
dominant resonance close to the end-point is with the X-ray
transitions H → M1, that is, when the intermediate vacancy
of the virtual transition H corresponds to M1 shell. In this
case, the distance between the resonance and the end-point
is 𝑘H



max − 𝑘res = 𝑄 − 𝐸(M1), which for 163Ho is equal to a few
hundred electronvolts. Unfortunately, calculations [33, 34]
showed that, with 𝑄 around 2.8 keV, an IBEC measurement
with 163Ho is not going to be statistically competitive with
the tritium experiments, also because of complex destructive
interference patterns.

The SEEEC process (19) is analogous to the IBECwith the
role of the IB photon played by an Auger (or Coster-Kronig)
electron.The spectrum of the ejected electron is a continuum
with an end-point at𝐸H1H2max = 𝑄−𝐸(H1)−𝐸(H2), for𝑚]

𝑒

= 0.
Also, in this case, the kinematics of a 3-body decay process
applies, and a phase space term 𝑝]𝐸] appears in the spectral
shape of ejected electrons.The continuous spectra showmany
resonances for different combinations of H, H1, and H2, but
close to the end-point the dominant ones result from the M1
capture and are at 𝐸res = 𝐸(M1) − 𝐸(H1) − 𝐸(H2). These
resonances provide an enhancement of the spectrum close
to end-point, thereby increasing the statistical sensitivity to
𝑚]
𝑒

.The inclusive spectrumof all the ejected electrons is quite
complicated because of the many possible end-points 𝐸H1H2max
and resonance peaks: nevertheless, the authors in [32] argue
that the end-point region of this spectrum is unaffected by
all the atomic details, since it is dominated by the upper tails
of few resonances and maintains its usable sensitivity to 𝑚]

𝑒

,
although the estimated 𝐹(Δ𝐸), depending on the 𝑄 value,
may be substantially lower than for tritium.

One stressed advantage of IBEC and SEEEC measure-
ments is that, unlike what happens in tritium beta decay, the
probability of atomic excitations in the final state—such as
shake-up or shake-off processes—is strongly suppressed and
estimated to be <1/𝑍2 (see also Section 7.4).

More than 30 years later, none of the above suggestions
has been successfully exploited to perform an experiment
with a competitive sensitivity on𝑚]

𝑒

. Of the various attempts
to perform an IB end-point measurements [34–38], only
the one of Springer et al. [34] reported a limit on 𝑚]

𝑒

of
about 225 eV obtained by fitting the end-point of the X-ray
spectrum.

Most of themeasurements performedon 163Ho to directly
measure the neutrinomass followed instead another proposal
fromBennett et al. [39] in 1981. In [39], it is suggested that𝑚]

𝑒

and the transition energy𝑄 can be determined or constrained
by measuring the ratios of absolute capture rates (a better
treatment includes 𝐶

𝑖
factors for the nuclear shape factor)

𝜆
𝑖

𝜆
𝑗

=

(𝑛
𝑖
𝑝],𝑖𝐸],𝑖𝛽

2

𝑖
𝐵
𝑖
)

(𝑛
𝑗
𝑝],𝑗𝐸],𝑗𝛽

2

𝑗
𝐵
𝑗
)

, (21)

where neutrino momentum 𝑝],𝑖 is given by

𝑝
2

],𝑖 = (𝑄 − 𝐸𝑖)
2

− 𝑚
2

]
𝑒

= 𝐸
2

],𝑖 − 𝑚
2

]
𝑒

, (22)

𝑛
𝑖
is the fraction of occupancy of the 𝑖th atomic shell,

𝛽
𝑖
is the Coulomb amplitude of the electron radial wave

function (essentially, the modulus of the wave function at
the origin), and 𝐵

𝑖
is an atomic correction for electron

exchange and overlap. Following this idea, practically all the
experimental researches on EC of 163Ho so far focused on
the atomic emissions—photons and electrons contributing
to 𝐸X in (17)—following the EC and used the capture ratios
to determine 𝑄 [34–38, 40–42]. Unfortunately, the accuracy
achieved for𝑚]

𝑒

and𝑄with this method is adversely affected
by the limited knowledge of the atomic parameters in (21).

As repeatedly underlined by De Rújula and Lusignoli
[43], there is one experimental approach to the measurement
of the neutrino mass from 163Ho EC which overcomes all
the difficulties above: the calorimetric measurement of all the
energy released in the EC (𝐸X in (17)) except for the energy
of the neutrino. This will be discussed in Section 7.1.

Today all expectations for a new direct measurement of
the neutrino mass with a substantially improved statistical
sensitivity are directed to the KATRIN experiment [44].
KATRIN uses a large electrostatic spectrometer which will
analyze the tritium beta decay end-point with an energy
resolution of about 1 eV and with an expected statistical
sensitivity of about 0.2 eV. KATRIN reaches the maximum
size and complexity practically achievable for an experiment
of its type and no further improved project can be presently
envisaged. As an alternative for the study of tritium end-
point, Project 8 proposes a new experimental approach
based on the detection of the relativistic cyclotron radiation
emitted by the beta electrons [45], which is presently under
development [46].

5. Calorimetric Measurements

5.1. General Considerations. In the global effort to cure
the weaknesses of direct neutrino mass measurements with
spectrometers yielding negative 𝑚2]

𝑒

which started to show
up since the ’80s, Simpson first proposed the calorimetric
approach [47]. In an ideal calorimetric experiment, the
source is embedded in the detector and therefore only the
neutrino energy escapes detection. The part of the energy
spent for the excitation of atomic or molecular levels is
measured through the deexcitation of these states, provided
that their lifetime is negligible with respect to the detector
time response. In other terms, the kinematical parameter
which is effectively measured is the neutrino energy 𝐸]
(or 𝐸

0
− 𝐸]), in the form of a missing energy, a common

situation in experimental particle physics.The advantages of a
calorimetric measurement are (1) the measurement of all the
energy temporarily stored in excited states, (2) the absence
of source effects, such as self-absorption, and (3) the lack
of backscattering from the detector. The effect of final states
on the tritium beta spectrum was discussed thoroughly in
many works [24, 26, 48]. In the following for simplicity we
consider the so-called sudden approximation or first-order
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perturbation of an atomic tritium beta decay, neglecting the
sum over the mass eigenstates 𝑚

𝑖
. Due to the presence of

atomic or molecular excited final states of the beta decay, the
measured beta spectrum is a combination of different spectra
characterized by different transition energies 𝐸

0
− 𝑉

𝑖
, where

𝑉
𝑖
is the energy of the 𝑖th final excited state of the decay

𝑁
𝛽
(𝐸
𝛽
, 𝑚]
𝑒

) ≈ ∑

𝑖

𝑤
𝑖
𝑝
𝛽
𝐸
𝛽
(𝐸
0
− 𝐸

𝛽
− 𝑉

𝑖
)
2

⋅ (1 −

𝑚
2

]
𝑒

(𝐸
0
− 𝐸

𝛽
− 𝑉

𝑖
)
2
)

1/2

𝐹 (𝑍, 𝐸
𝛽
) 𝑆 (𝐸

𝛽
) ,

(23)

with 𝑤
𝑖
describing the transition probability to the final 𝑖th

excited state. The spectral shape induced by the presence of
excited final states can be misleading when trying to extract
the value of the neutrino mass. In fact, assuming that the
neutrinomass is null and summing up over all the final states,
from (23), one obtains

𝑁
𝛽
(𝐸
𝛽
, 0) ≈ 𝑝

𝛽
𝐸
𝛽
(𝐸
0
− 𝐸

𝛽
− ⟨𝑉

𝑖
⟩)
2

⋅ (1 +

⟨𝑉
2

𝑖
⟩ − ⟨𝑉

𝑖
⟩
2

(𝐸
0
− 𝐸

𝛽
− ⟨𝑉

𝑖
⟩)
2
)𝐹(𝑍, 𝐸

𝛽
)

⋅ 𝑆 (𝐸
𝛽
) ,

(24)

which approximates the single beta spectrum (4) with a
negative squared neutrinomass equal to −2𝜎2 < 0, where 𝜎 is
the variance of the final state spectrum given by 𝜎2 = ⟨𝑉2

𝑖
⟩ −

⟨𝑉
𝑖
⟩
2 (Figure 7), andwith an end-point shifted by ⟨𝑉

𝑖
⟩. In case

of a tritium atom, the distribution of the electronic final states
can be found by solving analytically the Schrödinger equation
and one can calculate 𝜎2 = 740.5 eV2.

Indeed, tritium experiments use molecular tritium
sources and in particular mostly T

2
is adopted. To prevent

systematic uncertainties which may give rise to a negative
squared neutrino mass, the analysis of experimental spectra
requires a complete and precise knowledge of the spectrumof
the excitations—both atomic andmolecular—of the daughter
molecule. For molecular tritium, this spectrum can be cal-
culated only numerically with an accuracy that has a direct
impact on the experiment systematics.

The situation changes completely in the calorimetric
approach. Even in this case the observed spectrum is a
combination of different spectra. It can be obtained by
operating the following replacements:

𝐸
𝛽
→ 𝐸



𝛽
= 𝐸

𝛽
− 𝑉

𝑖
,

𝑝
𝛽
= (𝐸

2

𝛽
− 𝑚

2

𝑒
)
1/2

→ 𝑝


𝛽
= ((𝐸

𝛽
− 𝑉

𝑖
)
2

− 𝑚
2

𝑒
)

1/2
(25)

motivated by the distinguishing feature of the calorimeters
to measure simultaneously the beta electron energy and the
deexcitation energy 𝑉

𝑖
of the final state.

By combining (23) and (25), one gets

𝑁
𝛽
(𝐸
𝛽
, 𝑚]
𝑒

) ≈ (𝐸
0
− 𝐸

𝛽
)
2

(1 −

𝑚
2

]
𝑒

(𝐸
0
− 𝐸

𝛽
)
2
)

1/2

⋅ ∑

𝑖

𝑤
𝑖
(𝐸
𝛽
− 𝑉

𝑖
) ((𝐸

𝛽
− 𝑉

𝑖
)
2

− 𝑚
2

𝑒
)

1/2

⋅ 𝐹 (𝑍, 𝐸
𝛽
− 𝑉

𝑖
) 𝑆 (𝐸

𝛽
− 𝑉

𝑖
) .

(26)

Observing that 𝐹(𝑍, 𝐸
𝛽
− 𝑉

𝑖
)𝑆(𝐸

𝛽
− 𝑉

𝑖
) ≈ 𝐹(𝑍, 𝐸

𝛽
)𝑆(𝐸

𝛽
) and

expanding in a series of powers of 𝑉
𝑖
/𝐸
𝛽
, one obtains

𝑁
𝛽
(𝐸
𝛽
, 𝑚]
𝑒

) ≈ 𝑝
𝛽
𝐸
𝛽
(𝐸
0
− 𝐸

𝛽
)
2

⋅ (1 −

𝑚
2

]
𝑒

(𝐸
0
− 𝐸

𝛽
)
2
)

1/2

𝐹 (𝑍, 𝐸
𝛽
) 𝑆 (𝐸

𝛽
)

⋅ ∑

𝑖

𝑤
𝑖
(1 −

𝑉
𝑖

𝐸
𝛽

−

𝑉
𝑖
𝐸
𝛽

𝐸
2

𝛽
− 𝑚2

𝑒

+
𝑉
2

𝑖

2 (𝐸
2

𝛽
− 𝑚2

𝑒
)

) .

(27)

Apart from the sum term, for a null neutrino mass, (27)
describes a beta spectrum with a linear Kurie plot in the
final region (𝐸

𝛽
≫ 𝑉

𝑖
); Figure 7 shows that the influence

of the excited final states on the calorimetric beta spectrum
is confined at low energy. Therefore, a calorimeter provides
a faithful reconstruction of the beta spectral shape over a
large energy range below the end-point. This is not true for
spectrometers for which the measured spectrum at the end-
point presents a deviation of the same size of that caused
by a finite neutrino mass. Furthermore, it is apparent from
Figure 7 that the presence of an excited state causes the
spectrum of a spectrometer to mimic a lower 𝐸

0
along

with a negative 𝑚2]
𝑒

. The possibility to observe a substantial
undistorted fraction of the spectrum is very useful to check
systematic effects and to prove the general reliability of a
calorimetric experiment.

As a general drawback, calorimeters present a major
inconvenience which may be a serious limitation for the
approach. In a calorimeter, the whole beta spectrum is
acquired and the detector technology poses important
restraints to the source strength. This in turn limits the
statistics that can be accumulated. The consequences on the
achievable statistical sensitivity are discussed in the next
section. First of all the counting rate must be controlled to
avoid distortions of the spectral shape due to pile-up pulses.
Then, the concentration of the decaying isotope may not
be freely adjustable. For example, at the time of Simpson
experiments, the only way to make a sensitive calorimetric
measurement was to ion-implant tritium in semiconductor
ionization detectors such as Si(Li) or High Purity Ge (HPGe).
There is however a trade-off between the required tritium
implantation dose, that is, the tritium concentration, and
the acceptable radiation damage. The tritium activity is then
limited by the detector size in relation to its energy resolution.
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Figure 7: These plots compare the effect of a final excited state (𝑉
1
= 1 eV and 𝜔

1
= 0.1 eV) on the beta spectrum as measured with a

calorimeter (blue) and with a spectrometer (red) and the effect of 𝑚2]𝑒 = 1 eV (green). The fractional spectrum deviation is the quantity
1 − 𝑁

∗

(𝐸
𝛽
)/𝑁(𝐸

𝛽
), where𝑁∗(𝐸

𝛽
) and𝑁(𝐸

𝛽
) are, respectively, the observed beta spectra with and without excited final state.

This first generation of calorimetric experiments exploit-
ed Si(Li) or Ge detectors with implanted tritium but suffered
for their intrinsic energy resolution which is limited to
about 200 eV at 20 keV. With these experiments, a limit on
𝑚]
𝑒

of about 65 eV was set [47]. At the same time, these
experiments showed that the calorimetric approach does not
cancel all the systematic uncertainties. As it was already
recognized by Simpson in [47], one source of systematic
uncertainty relates to the precise evaluation of the resolu-
tion function of these solid states detectors. The resolution
function is obtained through X-ray irradiation from an
external source.The response of the detector may be different
for X-rays entering the detector from one direction and
the betas emitted isotropically within the detector volume.
Moreover, the beta emission is localized in the deep region
of the detector where an incompletely recovered irradiation
damage may lead to incomplete charge collection, while
X-ray interactions are distributed in the whole detector
volume.

Soon it became clear that calorimeters may also be
affected by solid states effect. The “17 keV neutrino saga”
[49, 50] started off from an unexpected feature observed
first by Simpson in the low energy part of the tritium
spectrum measured with the implanted Si(Li) detectors [51].
While a neutrino with a mass of 17 keV was finally deemed
inexistent and the observed kink ascribed to a combination
of various overlooked instrumental effects in spectrometric
experiment [52], the evidence in calorimetric measurements
remained unexplained. The invoked explanations include
environmental effects in silicon and germanium and remain
of interest for future calorimetric experiments. One of these
solid state effects was first described by Koonin in 1991 [53]:
it is a solid state effect known as Beta Environmental Fine

Structure (BEFS), which introduces oscillatory patterns in the
energy distribution of the electrons emitted by a beta isotope
in a lattice. It is an effect analogous to the Extended X-ray
Absorption Fine Structure (EXAFS) and it will be addressed
in more detail in Section 6.3.

So far, only tritium beta decay was considered, but all the
arguments above apply to other isotopes undergoing nuclear
beta decay. In particular, as it will be shown quantitatively
in the next section, isotopes with a transition energy lower
than that of tritium are better suited for a calorimetric
experiment. The rest of the present work will focus on two
such isotopes, 187Re and 163Ho, which have 𝑄 values around
2.5 keV. In fact, already in the ’80s many authors realized that
low temperature detectors could offer a solution for making
calorimetric measurements with high energy resolution and
could be used either for tritium or, better, for the lower𝑄 beta
emitters 187Re and 163Ho (Section 5.3).

A final remark from the discussion above is that the spec-
trometer and the calorimetermethods have both complicated
but totally different systematic effects. Therefore, once it is
demonstrated that the achievable sensitivities are of the same
order of magnitude in the two cases, it is scientifically very
sound to develop complementary experiments exploiting
these two techniques.

5.2. Sensitivity of Calorimeters: Analytical Evaluation. It is
useful to derive an approximate analytic expression for
the statistical sensitivity of a calorimetric neutrino mass
experiment (see, e.g., [54]).The primary effect of a finitemass
𝑚]
𝑒

on the beta spectrum is to cause the spectrum to turn
more sharply down to zero at a distance 𝑚]

𝑒

below the end-
point𝐸

0
(Figure 8(b)). To rule out such amass, an experiment

must be sensitive to the number of counts expected in this
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Figure 8: Effects of pile-up on the experimental energy spectrum of 187Re beta decay. (a) Beta spectrum compared with pile-up spectrum.
(b) Zoom around the end-point, with a comparison between 0 and finite neutrino mass beta spectra.

interval. The fraction of the total spectrum within Δ𝐸 of the
end-point 𝐸

0
is given by

𝐹
Δ𝐸
(𝑚]
𝑒

) = ∫

𝐸
0

𝐸
0
−Δ𝐸

𝑁
𝛽
(𝐸,𝑚]) 𝑑𝐸. (28)

For𝑚]
𝑒

= 0, this is approximately

𝐹
Δ𝐸
(0) ≈ (

Δ𝐸

𝐸
0

)

3

. (29)

For a finite mass, it is found also that

𝐹
Δ𝐸
(𝑚]
𝑒

) ≈ 𝐹
Δ𝐸
(0) (1 −

3𝑚
2

]

2Δ𝐸2
) . (30)

In addition to the counting statistics, the effect must be
detected in the presence of an external background and of
the background due to undetected pile-up of two events
(Figure 8). Decays which occur within a definite time interval
cannot be resolved by a calorimetric detector, giving rise
to the phenomenon of pile-up. This implies that a certain
fraction of the detected events is the sum of two or more
single events. In particular, two low energy events can sum
up and contribute to a count in the region close to the
transition energy, contaminating the spectral shape in the
most critical interval. In a first approximation the external
background can be neglected. The pile-up spectrum can
then be approximated by assuming a constant pulse-pair
resolving time, 𝜏

𝑅
, such that events with greater separation

are always detected as being doubles, while those at smaller
separations are always interpreted as singles with an apparent
energy equal to the sum of the two events. In reality, the
resolving time will depend on the amplitude of both events,
and the sum amplitude will depend on the separation time
and the filter used, so a proper calculation would have to be
done through a Monte Carlo applying the actual filters and
pulse-pair detection algorithm being used in the experiment.
However, this approximation is good enough to get the
correct scaling and an approximate answer. In practice, 𝜏

𝑅

depends on the high frequency signal-to-noise ratio, but it is
of the order of the detector rise time.

With these assumptions, for a pulse-pair resolving time
of the detector 𝜏

𝑅
, the fraction of events which suffer from

not-identified pile-up of two events is, for a Poisson time
distribution,

𝑃 (Δ𝑡 < 𝜏
𝑅
) = 1 − 𝑒

−𝐴
𝛽
𝜏
𝑅 ≈ 𝐴

𝛽
𝜏
𝑅
, (31)

where 𝐴
𝛽
is the source activity in the detector and Δ𝑡 is the

time separation between the two events. The beta spectrum
of the unresolved pile-up events is given by the convolution
product

𝑁pp (𝐸)

= (1 − 𝑒
−𝐴
𝛽
𝜏
𝑅) ∫

𝐸
0

0

𝑁
𝛽
(𝐸


, 0)𝑁
𝛽
(𝐸 − 𝐸



, 0) 𝑑𝐸


= (1 − 𝑒
−𝐴
𝛽
𝜏
𝑅)𝑁

𝛽
(𝐸, 0) ⊗ 𝑁

𝛽
(𝐸, 0) .

(32)

The coincidence probability, in the first approximation, is
given by 𝜏

𝑅
𝐴
𝛽
. As shown in Figure 8(b), a fraction 𝐹pp

Δ𝐸
of

these events will fall in the region within Δ𝐸 of the end-point
𝐸
0
and can be approximated by

𝐹
pp
Δ𝐸
= ∫

𝐸
0

𝐸
0
−Δ

𝑁pp (𝐸) 𝑑𝐸

≈ 𝜏
𝑅
𝐴
𝛽
∫

𝐸
0

𝐸
0
−Δ𝐸

𝑁
𝛽
(𝐸, 0) ⊗ 𝑁

𝛽
(𝐸, 0) 𝑑𝐸.

(33)

Measuring a length of time 𝑡
𝑀
, the signal-to-background

ratio in the region within Δ𝐸 of the end-point 𝐸
0
can be

expressed as

signal
background

=

𝐴
𝛽
𝑁det𝑡𝑀


𝐹
Δ𝐸
(𝑚]
𝑒

) − 𝐹
Δ𝐸
(0)


√𝐴
𝛽
𝑁det𝑡𝑀 (𝐹Δ𝐸 (0) + 𝐹

pp
Δ𝐸
)

= √𝐴
𝛽
𝑇


𝐹
Δ𝐸
(𝑚]
𝑒

) − 𝐹
Δ𝐸
(0)


√(𝐹
Δ𝐸
(0) + 𝐹

pp
Δ𝐸
)

,

(34)

where𝑁det is the number of detectors and 𝑇 = 𝑁det𝑡𝑀 is the
exposure. This ratio must be about 1.7 for a 90% confidence
limit. Therefore, in absence of background, an approximated



12 Advances in High Energy Physics

expression for the 90% CL limit on 𝑚]
𝑒

—Σ(𝑚]
𝑒

)
90
—can be

written as [54]

Σ
90
(𝑚])

= 1.13
𝐸
0

4√𝑡𝑀𝐴𝛽𝑁det

[
Δ𝐸

𝐸
0

+
3

10

𝐸
0

Δ𝐸
𝜏
𝑅
𝐴
𝛽
]

1/4

.
(35)

The two terms in (35) arise from the statistical fluctuations of
the beta and pile-up spectrum, respectively, in (34). Equation
(35) shows the importance of improving the detector energy
resolution and of minimizing the pile-up by reducing the
detector rise time. On the other hand, it shows also that
the largest reduction on the 𝑚]

𝑒

limit can only come by
substantially increasing the total statistics𝑁ev = 𝑡𝑀𝐴𝛽𝑁det.

If the pile-up is negligible, that is, when the condition

𝜏
𝑅
𝐴
𝛽
≪
10

3

Δ𝐸
2

𝐸
2

0

(36)

is met, from (35), one can write the 90% confidence limit sen-
sitivity as

Σ
90
(𝑚]
𝑒

) ≈ 1.13
4

√
𝐸
3

0
Δ𝐸

𝑁ev
, (37)

where energy intervalΔ𝐸 in (37) cannot be taken smaller than
about 2 times the detector energy resolution Δ𝐸FWHM.

It is then apparent that to increase the sensitivity one
has both to improve the energy resolution and to augment
the statistics; however, there is a technological limit to the
resolution improvements; thus, the statistics𝑁ev = 𝑡𝑀𝐴𝛽𝑁det
is in fact the most important factor in (37). For a more
complete treatment, also in the presence of a not-negligible
pile-up, refer to [54].

A similar approach for assessing the statistical sensitivity
of 163Ho EC decay cannot be pursued with the same sim-
plicity because of the more complex spectrum (see Sec-
tion 7.1). Nevertheless, it is worth anticipating that with some
approximations—discussed in Section 7.1—one can at least
easily show that

ΣEC (𝑚]
𝑒

) ∝ 𝐸
0
− 𝐸

𝑖max
, (38)

where 𝐸
𝑖max

is the energy of the Lorentzian peak whose high
energy tail dominates the end-point region, that is, the M1
peak in (51). Equation (38) is to be compared to (37), which
gives

Σ
𝛽
(𝑚]
𝑒

) ∝ 𝐸
3/4

0
. (39)

From (38), it is apparent that for EC experiments in general—
and for 163Ho in particular—not only is it winning to have the
lowest possible 𝑄, but also the end-point energy must be as
close as possible to the binding energy of the deepest shell
accessible to the EC.

5.3. LTD for Calorimetric Neutrino Mass Measurements. In
1981, De Rújula was already discussing with Fiorini the
possibility of performing a calorimetric measurement of the
Electron Capture process in 163Ho, apparently without any
useful conclusion. It was only 3 years later—in 1984—that two
independent seminal papers proposed for the first time the
use of phonon-mediated detectors operated at low tempera-
tures (simply called here low temperature detectors, LTDs)
for single particle detection with high energy resolution.
Fiorini and Niinikoski [55] proposed to apply these new
detectors to various rare events searches in a calorimetric
configuration, while McCammon et al. [56, 57] initiated
the application to X-ray detection. It was immediately clear
to McCammon et al. that this could be extended to the
spectroscopy of an internal beta source by realizing high
energy resolution calorimeters with implanted tritium [58].

In 1985, few years after De Rújula suggested the use of
187Re and 163Ho for a sensitive neutrino mass measurement
in [30], Blasi et al. came up with the first operative proposal
for an experiment using LTDs to measure 187Re spectrum
calorimetrically [59]. In the same year, also Coron et al.
started a research program aiming at exploiting LTDs to
perform the calorimetry of 163Ho EC decay [60], which was
soon discontinued for what concerns 163Ho. In the following
years, the Genova group pioneered the development of LTDs
that aimed at a direct neutrino mass measurement using the
187Re beta decay. The experiment was later called MANU
and produced its first result in 1992. Some years later, in
1993, the Milano group, that mostly focused on carrying
out a 𝛽𝛽-0] search with LTDs, also opened a research line
to develop high energy resolution LTDs for a calorimetric
measurement of 187Re beta decay. This project was named
MIBETA and came to the first measurement in 1999. In
2005, the MANU and MIBETA experiments merged in the
international project MARE. In parallel to the work on 187Re,
starting from 1995, the Genova group was also carrying on
a research for a calorimetric measurement of the 163Ho EC
decay.This activity, later on, was first absorbed in MARE and
then transferred into the HOLMES project. In 2012, the Hei-
delberg group, former member of the MARE collaboration,
presented its own R&D program for a 163Ho calorimetric
experiment, ECHo. Recently, also the Los Alamos group
started a preliminary work for a 163Ho experiment, with a
project named NuMECS. All these experiments and projects
will be discussed in the next two sections.

Two other groups that participated in the efforts to
develop LTDs for neutrinomassmeasurements in these three
decades are worth mentioning. The Oxford group developed
arrays of indium based Superconducting Tunnel Junctions
(STJ) to search for the 17 keV neutrino in the 63Ni beta decay
[61] and to measure precisely the exchange effect in the low
energy part of the spectrum of the same decay [62]. The
Duke University group developed transition edge sensors
(TESs) based detectors for measuring calorimetrically the
tritium decay [63, 64], but this project was abandoned before
obtaining a statistically meaningful sample.

All these activities were triggered in the early ’80s by the
lucky coincidence to have the need for a tool to perform
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calorimetric measurements of new low𝑄 beta isotopes just at
the time when a new promising particle detection technology
was appearing on the scene. It took more than 20 years for
the LTD technology to actually be mature enough to sustain
the ambitions of calorimetric neutrino mass experiments;
nowadays, LTDs can indeed deliver to this science case
what they have been developed for. In particular, LTDs
provide better energy resolution and wider material choice
than conventional detectors. The energy resolution of few
electronvolts is comparable to that of spectrometers and the
restrictions caused by the full spectrum detection are lifted
by the parallelization of the measurement with large arrays
of detectors. Still, the detectors time constants of the order of
microseconds and, correspondingly, the read-out bandwidth
remain the most serious technical constraints to the full
exploitation of LTDs in this field.

5.3.1. LTD Basic Principles. A complete overview of LTDs
can be found in [65], while their state-of-the-art is well
summarized in the proceedings of the biyearly international
workshop on low temperature detectors [66].

LTDs were initially proposed as perfect calorimeters,
that is, as devices able to thermalize thoroughly the energy
released by the impinging particle. In this approach, the
energy deposited by a single quantum of radiation into an
energy absorber (weakly connected to a heat sink) determines
an increase of its temperature 𝑇. This temperature variation
corresponds simply to the ratio between the energy𝐸 released
by the impinging particle and the heat capacity 𝐶 of the
absorber; that is, Δ𝑇 = 𝐸/𝐶. The only requirements are
therefore to operate the device at low temperatures (usually
<0.1 K) in order to make the heat capacity of the device low
enough and to have a sensitive enough thermometer coupled
to the energy absorber. Often LTDs with a total mass not
exceeding 1mg and few hundred micron linear dimensions
are called low temperature (LT) microcalorimeters.

In the above linear approximation, using simple statistical
mechanics arguments, it can be shown that the internal
energy of an LTD weakly linked to a heat sink fluctuates
according to

Δ𝐸
2

rms = 𝑘𝐵𝑇
2

𝐶, (40)

where 𝑇 is the equilibrium operating temperature and 𝑘
𝐵

is the Boltzmann constant, independent of the weak link
𝐺. Equation (40) is often referred to as the thermodynam-
ical limit to the LTD sensitivity and the internal energy
fluctuations as Thermodynamic Fluctuation Noise (TFN).
Although, strictly speaking, (40) is not the best energy
resolution achievable by an LTD, it turns out that when a
sensitive enough thermometer is considered and all sources
of broadband noise are included in the calculation, the real
thermodynamical limit of the energy resolution of an LTD can
be expressed as [56]

Δ𝐸
2

rms = 𝜉
2

𝑘
𝐵
𝑇
2

𝑏
𝐶
0
, (41)

where now 𝑇
𝑏
is the heat sink temperature, 𝐶

0
is the heat

capacity at 𝑇
𝑏
, and 𝜉 is a numerical parameter of order one

which is derived from the LTD thermal details and for the
optimal operating temperature. A detailed analysis of the
optimal energy resolution for various thermometers can be
found in [65].

From the above and (41), it is evident that the LTD
absorber with its 𝐶 and the thermometer with its sensitivity
are the crucial ingredients for obtaining high energy reso-
lution detectors. A sensitive thermometer is the one which
allows the transduction of the fluctuations of the TFN to
a signal larger than the other noise sources intrinsic to the
thermometer itself and to the signal read-out chain. Today,
this condition has been met—and (41) is achieved—for LT
microcalorimeters using at least three types of optimized
thermometers: semiconductor thermistors, transition edge
sensors (TESs), and Au:Er metallic magnetic sensors. The
thermal sensor of an LTD does not only affect the achiev-
able energy resolution, but also determine the speed of the
detector; that is, it determines the time scale of the signal
formation with the details of the thermal mechanisms enter-
ing in the temperature transduction. Although the detector
speed is a crucial parameter in calorimetric neutrino mass
experiments, a complete technical treatment for the three
sensor technologies is out of the scope of the present work.
Here, it is enough to say that the three technologies above are
sorted from the slowest to the fastest: the numerical values
for the achievable speeds (from hundreds of nanoseconds
to hundreds of microseconds) will be given in the following
sections. Each sensor technology has its pros and cons
which have driven the choice for the various neutrino mass
experiments. The traded-off parameters, which include the
achievable performances, the ease of fabrication, and the
read-out technology, will be discussed in Section 5.3.3.

The next section is dedicated to the other critical compo-
nent, that is, the absorber.

5.3.2. Energy Absorber and Thermalization Process. Under
many respects, the absorber of LTDs plays the most crucial
role in calorimetric experiments. First of all, (41) shows
that the absorber heat capacity 𝐶 sets the achievable energy
resolution. When designing LTDs, usually the absorber is
chosen to be made out of a dielectric and diamagnetic
material, so that𝐶 is described only by theDebye term, which
is proportional to (𝑇/Θ

𝐷
)
3 at low temperatures, and can be

extremely small for a good material with large Debye tem-
perature Θ

𝐷
. Insulators and semiconductors are often good

examples of suitable dielectric and diamagnetic materials.
Metals are instead discarded because of the electron heat
capacity, which is proportional to 𝑇 and remains large also
at very low temperatures, thereby dominating the total 𝐶 of
the absorber. Superconductors are in principle also suitable,
since the electronic contribution to the specific heat vanishes
exponentially below the critical temperature 𝑇

𝑐
, and only the

Debye term remains. For microcalorimeters, the situation is
different because their reduced size allows tolerating also the
heat capacity of a metal so that other considerations may be
adopted to select the absorber material. Microcalorimeters
for calorimetricmeasurements of the tritium, 187Re, or 163Ho,
decay spectra must contain the unstable isotope in their
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absorbers. As it will be discussed in more detail in the
following, while tritium and 163Ho can be included by various
means in materials with no special relation with hydrogen or
holmium, 187Re is naturally found in physical and chemical
forms suitable for making LTDs, that is, superconducting
metal and dielectric compounds. In addition to the electronic
and phononic heat capacities considered above, other con-
tributions caused by nuclear heat capacity or by impurities
may become important in certain conditions [67]. As it will
be discussed later, this can be the case for metallic rhenium
and embedded 163Ho.

The above leads to the conclusion that there is a large
flexibility in the choice of the material for the absorber of
microcalorimeters for calorimetric neutrino mass experi-
ments: dielectrics and normal or superconducting metals
have all indeed been used. In spite of this apparent flexibility,
in such experiments, it turned out that the ideal energy
resolution (41) is quite hard to achieve because of the details
of the chain of physical processes which transform the energy
deposited as ionization into the altered equilibrium thermal
distribution of phonons—that is, Δ𝑇 above—sensed by the
thermometers (see [67–70] and references therein). This
chain—also called the thermalization process—is responsible
for the introduction of a fluctuation in the deposited energy𝐸
which is finally converted in the measured Δ𝑇: the so-called
thermalization noise. The chain starts with the hot electron-
hole pairs created by the primary ionizing interaction: on a
time scale of 10−10 s, this energy is degraded and partitioned
between colder electronic and phononic excitations bymeans
of electron-electron and electron-phonon scattering. The
chain then proceeds with the conversion of the electronic
excitations into phonons accompanied by a global cooling
of all excitations, and it ends with the new thermal dis-
tribution of phonons which corresponds to a temperature
increase Δ𝑇 above the equilibrium operating temperature.
The total time scale of this latter process and its details
strongly depend on the material. Only when the time elapsed
between the primary interaction and the signal formation
is long enough to allow the phonon system to relax to the
new quasi-equilibrium distribution, the detector works really
as a calorimeter. In commonly used thermal sensors, the
measured physical quantity is sensitive to the temperature of
sensor electrons: therefore, at the end of the thermalization,
there must be a last heat flow from the absorber phonons to
the sensor electrons through a link which ultimately acts as
a throttle for the signal rise. The extra noise shows up every
time the deposited energy is not fully converted into heat [56],
that is, into the new quasi-equilibrium thermal distribution,
and gets trapped in long—compared to thermalization and
signal formation time scales—living excitations. In a simpli-
fied picture, if 𝜂 is the fraction of deposited energy 𝐸 which
actually goes into heat, the achievable energy resolution may
be written as

Δ𝐸
2

rms = 𝜉
2

𝑘
𝐵
𝑇
2

𝑏
𝐶
0
+ (1 − 𝜂)

2

𝐸𝐹𝜔, (42)

where 𝐹 is the Fano factor and 𝜔 is the average excitation
energy of the long living states. The second term is given by
the statistical fluctuation of the number of long living states.

The parameters 𝜂 and 𝜔 are peculiar of each type of material.
The parameter 𝜂 may depend on the operating temperature
and on the signal time scale: often, the thermalization slows
down at low temperatures and the signal time scale must
be adapted accordingly. Under all these respects, metals
are the ideal material because they show fast and complete
thermalization at every temperature—that is, 𝜂 = 1 is
achieved on time scales of the order of nanoseconds or
less—thanks to the strong interactions between electrons
and phonons. Microcalorimeters with metallic absorbers in
electrical contact with the sensor are often called hot-electron
microcalorimeters [71, 72]. In hot-electronmicrocalorimeters
the thermalization ultimately warms up the absorber elec-
tronic system and the hot absorber electrons can directly
warm up the sensor electrons without throttling, therefore
showing a very fast response time.

On the contrary, dielectrics often suffer from a large ther-
malization noise translating in a degraded energy resolution
which increases with the deposited energy. In dielectrics,
impurities and defects can act as traps which lie energeti-
cally inside the forbidden band-gap. Following the primary
ionization created by the incident particle, electrons and
holes can get trapped before their recombination to phonons.
Experimentally, it is found that 𝜔 can be as large as few
tens of electronvolts, so that the second term (42) may easily
dominate the energy resolution also for values 𝜂 approaching
unity. Semiconductors may be better than dielectrics, owing
to their smaller band-gap. But only metals, semimetals
(such as bismuth), and zero-gap semiconductors (such as
HgTe) have been successfully employed inmicrocalorimeters
showing energy resolutions close to the thermodynamical
limit (41) [70].

In principle, superconductors should provide a further
improvement thanks to their band-gap of few millielectron-
volts: unfortunately, the thermalization in superconductors
is a complex process in which 𝜂 can be very small. In
superconductors, the electronic excitations produced in the
thermalization process described above are broken Cooper
pairs, also called quasi-particles [73–75]. Microscopic calcu-
lations from the Bardeen-Cooper-Schrieffer theory predict
that, indeed, a large part of the energy released inside
the absorber can be trapped in quasi-particles states which
can live for many seconds at temperatures below 0.1 K.
The energy release inside a superconductor leads to a long
living state far from equilibrium in which many Cooper
pairs are continuously broken by phonons produced when
quasi-particles recombine. A model describing this situation
was proposed by Kaplan et al. [76], who found that the
time the quasi-particles need to recombine (𝜏qp) would be
somewhere between 1 and 10 seconds. Analogous results
were obtained by the analysis of Kozorezov et al. [75]. The
global result of these models is that in superconductors 𝜂 is
expected to be very small on a time scale useful for an LTD.
Despite these theoretical considerations, it is an experimental
fact that some superconducting materials perform well as
absorbers in cryogenic detectors. Indeed, deviations from the
predicted temperature dependence of quasi-particle lifetime
𝜏qp have been reported: for example, tin has been used for
making LTDs with an energy resolution approaching the
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Figure 9: Constant current biasing of thermistors (a). Temperature dependence of the thermistor resistivity for𝑇
0
of 3 K (blue) and 10K (red)

(b).

thermodynamical limit, thanks to a fast and complete energy
thermalization. This is apparently one characteristic shared
also by other soft superconductors such as lead and indium.
So far, no generally accepted explanation has been given for
these apparent discrepancies between experimental results
and theory, and the topic of quasi-particles recombination in
LTDs remains an active field of research.

There are two other important sources of energy reso-
lution degradation which are often observed in LTDs [56].
The first is the escape from the absorber of high energy
phonons during the first stages of the thermalization process,
which adds another fluctuation component to the finally
thermalized energy. The second is the accidental direct
detection of high energy phonons by the thermal sensors,
which determines an excess systematic broadening of the
energy resolution because its probability varies with the
interaction position.

5.3.3. Temperature Sensors, Read-Out, and Signal Processing.
TheLTDs used for neutrinomass calorimetricmeasurements
fall in the category of the low temperature microcalorimeters
and are designed to provide energy resolutions better than
about 10 eV, possibly approaching the thermodynamical limit.
As shown in Section 5.2, the detector speed—that is, the
detector signal bandwidth, or its rise time 𝜏

𝑅
—is another

parameter guiding the design. Furthermore, neutrino mass
experiments with LTDs need to use large arrays of detectors.
This calls for ease of both fabrication and signal read-out.
Along with the selection of the absorber material containing
the source, the above points are the main guidelines for
the design of an LTD based neutrino mass experiment. The
choice of the sensor technology is one of the first steps in the
design. To date, only three technologies have been exploited.
These are the semiconductor thermistors, the transition edge
sensors, and the magnetic metallic sensors, and they will be
briefly discussed here (more details can be found in [65]).
The possibility of employing other technologies, such as the
one of superconducting microwave microresonators, is also

investigated, but its perspectives are not clear yet [77]. The
application of LTDs to the spectroscopy of 187Re and 163Ho
decays fully overlaps the range of use of microcalorimeters
developed for soft X-ray spectroscopy; therefore, in the
following, the discussion will be restricted to thermal sensors
for X-ray detection.

Semiconductor Thermistors. These sensors are resistive ele-
ments with a heavy dependence of the resistance on the
temperature. Usually, they consist of small crystals of ger-
manium or silicon with a dopant concentration slightly
below the metal-to-insulator transition [56]. The sensor low
temperature resistivity is governed by variable range hopping
(VRH) conduction and it is often well described by the
expression 𝜌(𝑇) = 𝜌

0
exp(𝑇

0
/𝑇)

1/2, where 𝑇
0
and 𝜌

0
are

parameters controlled by the doping level [78] (Figure 9).
Semiconductor thermistors are high impedance devices—1–
100MΩ—and are usually parameterized the sensitivity 𝐴,
defined as −𝑑 log𝑅/𝑑 log𝑇, which typically ranges from 1
to 10. Semiconductor thermistors can be realized also in
amorphous film form, like NbSi. Silicon thermistors are
fabricated using multiple ion implantation in high purity
silicon wafers to introduce the dopants in a thin box-like
volume defined by photolithographic techniques. Germa-
nium thermistors are fabricated starting from bulk high
purity germanium crystals doped by means of neutron
irradiation (nuclear transmutation doping, NTD) [79, 80].
Single NTD germanium sensors are obtained by dicing and
further processing using a combination of craftsmanship and
thin film techniques. In early times, the weak coupling to
the heat sink was provided by the electrical leads used for
the read-out; nowadays, microelectronic planar technolo-
gies and silicon micromachining are used to suspend the
sensors on thin silicon nitride membranes or thin silicon
beams.Thermistors are read-out in a constant current biasing
configuration which allows converting the thermal signal
Δ𝑇 in a voltage signal Δ𝑉 (Figure 9). Because of their
high impedance, thermistors are best matched to JFETs.
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Figure 10: Read-out of a paramagnetic sensor (a). Temperature dependence of the sensor magnetization (b).

Semiconductor thermistor presents few drawbacks. First of
all, their high impedance requires the JFET front end to be
placed as close as possible—centimeters—to the devices to
minimize microphonic noise and bandwidth limitations due
to signal integration on parasitic electrical capacitance. Since
commonly used silicon JFET must operate at temperatures
not lower than about 110 K, this becomes quickly a technical
challengewhen increasing the number of detectors. Secondly,
it has been experimentally observed that conductivity of
semiconductor thermistors deviates from linearity at low
temperatures [81, 82]. The deviation is understood in terms
of a finite thermal coupling between electrons and phonons,
whose side effect is to intrinsically limit the signal rise
times to hundreds of microseconds for temperatures below
0.1 K. Semiconductors are now an established and robust
technology, and arrays of microcalorimeters based on these
devices have been widely used for X-ray spectroscopy [65]
achieving energy resolutions lower than 5 eVwith tin orHgTe
absorbers.

Superconducting Transition Edge Sensors (TESs).TESs are also
resistive devices made out of thin films of superconducting
materials whose resistivity changes sharply from 0 to a
finite value in a very narrow temperature interval around
the critical temperature 𝑇

𝑐
(Figure 10). The superconducting

material can be an elemental superconductor (such as tung-
sten or iridium), although it is more often a bilayer made
of a normal metal and a superconductor. With bilayers, 𝑇

𝑐

of the superconductors is reduced by the proximity effect
and can be controlled by adjusting the relative thicknesses
of the two layers. Common material combinations used to
fabricate TES bilayer with 𝑇

𝑐
between 0.05 and 0.1 K are

Mo/Au, Mo/Cu, Ti/Au, or Ir/Au. TES fabrication exploits
standard thin film deposition techniques, photolithographic
patterning, and micromachining. Sensors can be designed to
have, at the operating point, a sensitivity 𝐴 as high as 1000

and a resistance usually less than 1Ω. The most common
ways to isolate TES microcalorimeters from the heat sink
are the use of thin silicon nitride membranes or thin silicon
beams. TESs are read-out at a constant voltage and their low
impedance is ideal to use SQUIDs to amplify the current
signal induced by a particle interaction (Figure 10). The
constant voltage biasing provides the condition to achieve the
extreme electrothermal feedback (ETF) regime [83] which
leads to substantial improvements in resolution, linearity,
response speed, and dynamic range. This regime also eases
the operation of large pixel count arrays because ETF pro-
duces a self-biasing effect that causes the temperature of the
film to remain in stationary equilibrium within its transition
region. With respect to semiconductor thermistors, TESs
offer many advantages: (1) large arrays can be fully fabricated
with standard micro-fabrication processes, (2) the larger
electron-phonon coupling allows signal rising as fast as
few microseconds, and (3) the low impedance reduces the
sensitivity to environmental mechanical noise. The main
drawbacks of TESs are the limited dynamic range, the adverse
sensitivity to magnetic fields of TES and SQUID, and the
not fully understood physics of superconducting transitions
and excess noise sources [66]. TES microcalorimeter arrays
are being actively developed as X-ray spectrometers for
many applications, which include material analysis and X-
ray astrophysics [70]. TES sensors are particularly well suited
to be coupled to metallic (gold) or semimetallic (bismuth)
absorbers, providing fast response and energy resolutions
lower than few electronvolts (Figure 12).

Magnetic Metallic Sensors. These sensors are quite different
from the previous two, and their successful development is
more recent [84]. They are paramagnetic sensors exposed
to a small magnetic field. The temperature rise Δ𝑇 causes
a change in the sensor magnetization, which is sensed
by a SQUID magnetometer (Figure 11). The nondissipative
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Figure 12: Energy resolutions achieved with a TES (Δ𝐸FWHM = 1.5 eV, courtesy of NIST) (a) and with an MMC [111] (b).

read-out scheme avoids the noise sources typical of dissi-
pative systems, such as the Johnson noise of semiconductor
thermistors and of TESs. State-of-the-art sensors use Er+
paramagnetic ions localized in an Au metallic host (Au:Er
sensors). The use of a metallic host ensures a very fast sensor
response time, since the spin-electron relaxation time for
Au:Er is around 0.1 𝜇s at about 0.05 K. Microcalorimeters
withmagneticmetallic sensors (MagneticMetallic Calorime-
ters, MMCs) are usually fully made out of gold to obtain
both a fast and efficient energy thermalization to the absorber
electronic system and a quick equilibration with the sen-
sor electrons. Despite its high sensitivity, the paramagnetic

sensor has an intrinsically large heat capacity; therefore,
the gold absorbers may be relatively large without adversely
affecting the MMC performance. These microcalorimeters,
in general, do not need special measures for thermally
isolating the devices from the heat sink because the signal
is predominantly developed in the electronic system and
the electron-phonon coupling is rather weak and slow at
low temperatures. An interesting feature of MMCs is the
availability of a complete and successful modeling, allowing
a precise design tailored to each specific application. The
microfabrication of MMCs is somewhat more cumbersome
than for TESmicrocalorimeters but, for the large part, can be
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carried out with a standardmicrofabrication process [85, 86].
Presently, the most used design for arrays of MMCs has
planar sensors on meander shaped pickup coils and achieves
record energy resolutions of few electronvolts for soft X-rays
(Figure 12) accompanied by large dynamic range and good
linearity.

Signal Read-Out. Neutrino mass experiments are necessarily
carried out using LTD arrays with a large pixel count, and
this calls for the implementation of an efficient multiplexing
system for reading out many sensors with the smallest
possible number of amplifiers. This, in turn, reduces the
number of read-out leads from room temperature to the array
and the power dissipation at low temperature. Therefore, in
order to be of some use for future experiments, a sensor
technologymust be compatible with some sort ofmultiplexed
read-out, not causing restrictions on the available signal
bandwidth and degradation of the resolving power. This
makes the semiconductor thermistors not appealing for
sensitive neutrino mass experiments since their inherent
high impedance prevents the implementation of an effective
multiplexed read-out. The opposite is true for the other two
technologies owing to the use of a SQUID read-out.

TES arrays with SQUID read-out can be multiplexed
according to three schemes [70]: Time DivisionMultiplexing
(TDM) [87], Frequency Division Multiplexing (FDM) [88],
and Code Division Multiplexing (CDM) [89]. The three
schemes differ by the set of orthogonal modulation functions
used to encode the signals. TDM and FDM (in the MHz
band) are the most mature ones, and they have been already
applied to the read-out of many multipixel scientific instru-
ments.Themore recently developed CDM combines the best
features of TDM and FDM and is useful for applications
demanding fast response and high resolution.

Recent advancements on Microwave Multiplexing
(𝜇MUX) suggest that this is the most suitable system for neu-
trino mass experiments, since it provides a larger bandwidth
for the same multiplexing factor (number of multiplexed
detector signals). It is based on the use of rf-SQUIDs as input
devices, with flux ramp modulation [90] (Figure 13). The

modulated rf-SQUID signals can be read out by coupling
the rf-SQUID to superconducting quarter-wave coplanar
waveguide (CPW) resonators in the GHz range and using
the homodyne detection technique. By tuning the CPW
resonators at different frequencies, it is straightforward to
multiplex many RF carriers. The feasibility of this approach
has been demonstrated in [90] only with two channels, but
it is making quick progress as shown with the multiplexed
arrays of TES bolometers for millimeter astronomy of
MUSTANG2 [91].

𝜇MUX is suitable for a fully digital approach based on
the Software Defined Radio (SDR) technique [92, 93]. The
comb of frequency carriers is generated by digital synthesis
in the MHz range and upconverted to the GHz range by 𝐼𝑄-
mixing.The GHz range comb is sent to the cold 𝜇MUX chips
coupled to the TES array through one semirigid cryogenic
coax cable, amplified by a cryogenic low noise High Electron
Mobility Transistor (HEMT) amplifier, and sent back to room
temperature through another coax cable.The output signal is
downconverted by 𝐼𝑄-mixing, sampled with a fast analog-to-
digital converter, and digital mixing techniques are used to
recover the signals of each TES in the array (channelization).

Because of their excellent energy resolution combined
with a very fast response time, the multiplexed read-out
of MMCs is more demanding than that of TESs. To date,
although some results have been obtained also with TDM,
𝜇MUX is the most promising approach for multiplexing
MMCs [94], even if its development for these devices is still
in progress.

Signal Processing. One of the conditions to obtain a ther-
modynamically limited energy resolution is to process the
microcalorimeter signals with the Optimal Filter (OF) [56,
95]. For this purpose, the signal waveforms must be fully
digitized and saved to disk for further offline processing.This
approach allows one also to apply various specialized signal
filters to the same waveform, with the aim of improving time
resolution—thereby reducing𝑓pp—rejecting spurious events,
and gating background induced events with a coincidence
analysis. The storage of the raw data needed for offline
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signal processing and for building the energy spectrum to
be analyzed sets a practical limit to the lower energy limit
of the final energy spectrum. While for rare event searches
using LTD, such as dark matter or 𝛽𝛽-0] searches, there is
no issue to save digitized waveforms for later offline analysis,
this becomes quickly unpractical for sub-eV neutrino mass
experiments: in fact the pulses collected over the whole
spectrum would amount to about 1014, and their storage
could fill up hundreds of petabytes—way more than LHC
data! The only viable strategy is then to save just the relevant
event parameters calculated by the pulse processing software,
such as energy, arrival time, and few more useful shape
parameters. In addition, it is likely that only a fraction
of the spectrum of the order of 10% will be selected and
saved for the neutrino mass analysis. For 187Re and 163Ho,
this means that the analysis will be forcibly limited to an
energy interval which extends, respectively, about 1200 eV
and 750 eV—that is, just to the right of the M1 peak in the
spectrum (Section 7.1)—below the spectrum end-point.

5.4. Additional Direct Neutrino Measurements with LTDs.
LTD calorimeters can offer the opportunity to perform
other interesting investigations on the data collected for the
neutrino mass measurement: these include the searches for
massive sterile neutrinos (Section 2), when the entire energy
spectrum is available for analysis, and for the cosmic relic
neutrinos (Cosmic Neutrino Background, C]B). These by-
products of the neutrino mass measurements are largely out
of the scope of the present work and are discussed here briefly
only for the sake of completeness.

The calorimetric spectra of 187Re or 163Ho are suitable to
investigate the emission of heavy sterile neutrinoswith amix-
ing angle 𝜃. Assuming the electron neutrino ]

𝑒
is a mixture of

two mass eigenstates ]
𝐻
and ]

𝐿
, with masses𝑚

𝐻
≫ 𝑚

𝐿
, then

]
𝑒
= ]

𝐿
cos 𝜃 + ]

𝐻
sin 𝜃 and the measured energy spectrum

is 𝑁(𝐸,𝑚
𝐿
, 𝑚

𝐻
, 𝜃) = 𝑁(𝐸,𝑚

𝐿
)cos2𝜃 + 𝑁(𝐸,𝑚

𝐻
)sin2𝜃. The

emission of heavy neutrinos would manifest as a kink in the
spectrum at an energy of𝑄−𝑚

𝐻
for heavy neutrinos ]

𝐻
with

masses between about 0 and 𝑄 − 𝐸th ≲ 2.5 keV, where 𝐸th is
the experimental low energy threshold. It is worth noting that
the strategy is of course very analogous to the one adopted by
Simpson [47, 51] which started off the alreadymentioned saga
of the 17 keV neutrino.Moreover, such searchmay be affected
by systematic uncertainties due to the background and due to
the ripple observed in the 187Re spectrum and caused by the
BEFS (Section 6.3). An alternative and possibly more robust
approach to the search of sterile neutrino emission in 163Ho
has been proposed in [96].

Cosmology predicts that there are about 55 neutri-
nos/cm3 in the universe as leftovers of the Big Bang. Their
average temperature today is about 1.95 K and therefore their
observation is extremely difficult. It has been proposed that
the C]B could be detected via the induced beta decay on beta
decaying isotopes: for example, ]

𝑒
+
3H →

3He + 𝑒−. This
reaction could be detected as a peak at an energy of 𝑄 + 𝑚]

𝑒

in beta decay spectra. The expected rate can be calculated
starting from the beta decay lifetime, and for 100 g of tritium,
it would be of about 10 counts/year [97]. Unfortunately, 100 g

is 106 times the amount of tritium contained in KATRIN,
and the situation is not more favorable for other isotopes
like 187Re or 163Ho. The reactions ]

𝑒
+
187Re→ 187Os + 𝑒−

and ]
𝑒
+ 𝑒

−

+
163Ho →

163Dy∗ are expected to give
yearly about 10−10 [98, 99] and 10−5 events per gram of
target isotope [100, 101], respectively. Recently, a dedicated
experiment called PTOLEMY has been proposed [102]: it
combines a large area surface-deposition tritium target, the
KATRIN magnetic/electrostatic filtering, LTDs, RF tracking,
and time-of-flight systems.

The possibility to detect heavy sterile neutrino Warm
Dark Matter (WDM) via the above induced beta decays in
187Re and 163Ho has also been investigated, but, again, the
expected rates are hopelessly low [103, 104].

6. Past Experiments

6.1. Rhenium Experiments with LTDs. 187Re was mentioned
in [30] as an interesting alternative to tritium because its
transition energy of about 2.5 keV is one of the lowest known.
Thanks to this characteristic, the useful fraction of events
close to the end-point is ∼350 times higher for 187Re than for
tritium. In addition, the half lifetime of about 4 × 1010 years
together with the large natural isotopic abundance (62.8%)
of 187Re provides useful beta sources without any isotopic
separation process. The beta decay rate in natural rhenium is
of the order of∼1 Bq/mg, almost ideally suited to calorimetric
detection with LTDs.

As soon as the idea of developing LTDs for X-ray
spectroscopy with energy resolutions caught on, metallic
rhenium became one of the most appealing materials also
for making X-ray absorbers. First of all metallic rhenium is a
superconductor with a critical temperature𝑇

𝑐
of about 1.69 K;

therefore, ideally, it is a good candidate for photon detection
free of thermalization noise.Then, the combination of high𝑍,
high density (𝜌 = 21.02 g/cm3), and high Debye temperature
(Θ
𝐷
≈ 417K) makes metallic rhenium a unique material

for designing X-ray detectors with low heat capacity 𝐶—
that is, high sensitivity—and high photon stopping power.
Unfortunately, it soon became clear that metallic rhenium
absorbers do not behave as expected and metallic rhenium
was abandoned in favor of other more friendly materials as
absorber for X-ray microcalorimeters. The results of early
efforts on rhenium absorbers for X-ray microcalorimeters
are reported in [105, 106]. The long time constants (up to
100ms) and a significant deficit in the signal amplitude are the
distinguishing features of microcalorimeters with metallic
rhenium absorbers. In the same years, the Genova group was
finding similar results, as discussed below.

Although the explanation of the observed behavior most
probably resides in the superconductivity of rhenium, also
the heat capacity may contribute to poor and inconsistent
performance. In fact, according to [107] the specific heat of
rhenium in the normal state is given by

𝑐 (𝑇) = 40.6 𝑇
−2

+ 0.034 𝑇
−3

+ 2290𝑇

+ 27𝑇
3

𝜇J/(mol K),
(43)
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where the last two terms are the contributions from normal
conduction electrons and phonons, respectively. The first
two terms are due to the nuclear heat capacity, which arises
from the interaction between the large nuclear quadrupole
moment of the two natural isotopes of rhenium—both with
nuclear spin of 5/2—and the electrical field gradient at the
nucleus in the noncubic rhenium lattice. When rhenium is
in the superconducting state, the nuclear heat capacity term
should vanish since the slow spin-lattice relaxation thermally
isolates the nuclear spin system. In the superconducting state,
a irreproducible small fraction of the normal-state nuclear
heat capacity may still be observed if trapped magnetic flux
causes regions in the specimen to remain normal.

In spite of these difficulties, research on LTDs withmetal-
lic rhenium went on for the purpose of making detectors
for calorimetric neutrino mass experiments, although other
dielectric materials were also tested (see Section 6.5).

6.2. 187𝑅𝑒 Beta Decay Spectrum. 187Re beta decay
187Re (5/2+) → 187Os (1/2−) + 𝑒− + ]

𝑒
(44)

is a unique first forbidden transition. Unlike nonunique
transitions, the nuclear matrix element is computable, even if
the calculation is not straightforward as in the case of tritium.
In the literature, it is possible to find detailed calculations
of both the matrix element and the Fermi function for this
process [108, 109]. The electron and the neutrino are emitted
in 𝑝

3/2
and 𝑠

1/2
states, respectively, or vice versa. Higher

partial waves are strongly suppressed because of the low
transition energy. The distribution of the kinetic energies 𝐸
of the emitted electrons, calculated neglecting the neutrino
mixing, is as follows (according to [108]):

𝑁(𝐸,𝑚]
𝑒

) = 𝑁
𝑝
3/2 (𝐸,𝑚]

𝑒

) + 𝑁
𝑠
1/2 (𝐸,𝑚]

𝑒

)

= 𝐶𝑝𝐸 (𝐸
0
− 𝐸)

2

[𝐹
1
(𝑍, 𝐸) 𝑝

2

+ 𝐹
0
(𝑍, 𝐸) 𝑝

2

]]

⋅ √1 −

𝑚
2

]
𝑒

(𝐸
0
− 𝐸)

2
,

(45)

where 𝑝 is the electron momentum, 𝑝2] = ((𝐸0 − 𝐸)
2

− 𝑚
2

]
𝑒

)

is the neutrino momentum, and 𝐹
0
(𝑍, 𝐸) and 𝐹

1
(𝑍, 𝐸) are

the relativistic Coulomb factors, which take into account
the distortion of the electron wave function due to the
electromagnetic interaction of the emitted electron in 𝑠

1/2
and

𝑝
3/2

states with the atomic nucleus. In general, the Coulomb
factor takes the form

𝐹
𝑘−1
(𝑍, 𝐸) = (

Γ (2𝑘 + 1)

Γ (𝑘) Γ (1 + 2𝛾
𝑘
)
)

2

(2𝑝𝑅)
2(𝛾
𝑘
−𝑘)

⋅
Γ (𝛾𝑘 + 𝑖𝑧)
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𝑒
𝜋𝑧

(46)

with

𝛾
𝑘
= √𝑘2 − (𝛼𝑍)

2

,

𝑧 = 𝛼𝑍
𝐸

𝑝
,

(47)

where Γ is the gamma function, 𝛼 is the fine structure con-
stant, and 𝑅 is the nuclear radius. It can be found numerically
that 𝑝

3/2
component of the spectrum is dominant; that is,

[108]

𝐼
𝑠
1/2

𝐼
𝑝
3/2

=

∫
𝐸
0

0

𝑁
𝑠
1/2 (𝐸,𝑚]

𝑒

) 𝑑𝐸

∫
𝐸
0

0

𝑁
𝑝
3/2 (𝐸,𝑚]

𝑒

) 𝑑𝐸

≈ 10
−4

. (48)

This has been confirmed experimentally in [110] (see Sec-
tion 6.5). It can also be shown that (45) can be approximated
by the expression

𝑁(𝐸,𝑚]
𝑒

)

= 𝐶


(1 + 𝑓187Re (𝐸)) (𝐸0 − 𝐸)
2

√1 −

𝑚]
𝑒

(𝐸
0
− 𝐸)

2
,

(49)

where the correction factor 𝑓187Re(𝐸) is shown in Figure 14.

6.3. Statistical Sensitivity and Systematics. Anaccurate assess-
ment of calorimetric neutrino mass experimental sensitivity
requires the use of Monte Carlo frequentist approach [54].
The parameters describing the experimental configuration
are the total number of 187Re decays 𝑁ev, the FWHM of the
Gaussian energy resolution Δ𝐸FWHM, the fraction of unre-
solved pile-up events 𝑓pp, and the radioactive background
𝐵(𝐸).The total number of events is given by𝑁ev = 𝑁det𝐴𝛽𝑡𝑀,
where 𝑁det, 𝐴𝛽, and 𝑡𝑀 are the total number of detectors,
the beta decay rate in each detector, and the measuring time,
respectively. As discussed in Section 5.2, 𝑓pp = 𝜏𝑅𝐴𝛽, where
𝜏
𝑅
is the time resolution of the detectors. 𝐵(𝐸) function is

usually taken as a constant, 𝐵(𝐸) = 𝑏𝑇, where 𝑏 is the
average background count rate for unit energy and for a single
detector, and 𝑇 = 𝑁det × 𝑡𝑀 is the experimental exposure.
A set of experimental spectra are simulated and fitted with
𝑚
2

] , 𝐸0, 𝑁ev, 𝑓pp, and 𝑏 as free parameters. The 90% CL 𝑚]
𝑒

statistical sensitivity Σ
90
(𝑚]
𝑒

) of the simulated experimental
configuration can be obtained from the distribution of 𝑚2]

𝑒

found by fitting the spectra. The statistical sensitivity is then
given by Σ

90
(𝑚]
𝑒

) = √1.7𝜎𝑚2]𝑒
, where 𝜎

𝑚
2

]𝑒
is the standard

deviation of𝑚2]
𝑒

distribution.
The symbols in Figure 15 are the results of Monte Carlo

simulations for various experimental parameters and for 𝑏 =
0 compared to the analytic estimate.

As an example, Table 1 reports two experimental config-
urations which could allow one to achieve statistical sensitiv-
ities of about 0.2 and 0.1 eV, respectively. The two sensitivities
could be attained measuring for 10 years, respectively, 4× 104
and 3.2×105 detectors, while the totalmass of naturalmetallic
rhenium in the two cases would be about 400 g and 3.2 kg,
respectively.

A flat background remains almost negligible as long as
it is much lower than the pile-up contribution at the end-
point; that is, 𝑏 ≪≈ 𝐴

𝛽
𝑓pp/(2𝐸0). For the two experiments

in Table 1, this translates in a constant background, lower
than about 1 × 10−2 and 4 × 10−3 counts/day/eV, respectively,
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Figure 14: Theoretical shape of the 187Re beta decay spectrum (a). Deviation of the 187Re spectrum from a simple quadratic form (b).
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Table 1: Experimental exposure required for the target statistical
sensitivity in the second column with 𝑏 = 0.

Isotope Sensitivity 𝐴
𝛽

𝜏 Δ𝐸 𝑁ev Exposure 𝑇
[eV] [Hz] [𝜇s] [eV] [counts] [detector × year]

187Re 0.2 10 3 3 1.3 × 10
14

4.1 × 10
5

187Re 0.1 10 1 1 10.3 × 10
14

3.3 × 10
6

which should be achievable without operating the arrays in
the extreme low background conditions of an underground
laboratory.

Given the strong dependence of the sensitivity on the total
statistics, for a fixed experimental exposure 𝑇—that is, for a
fixed measuring time and a fixed experiment size—and for

fixed detector performance Δ𝐸FWHM and 𝜏
𝑅
, it always pays

out to increase the single detector activity𝐴
𝛽
as high as being

technically feasible, even at the expenses of an increasing
pile-up level. Of course, since the rhenium specific activity is
practically fixed, the ultimate limit to𝐴

𝛽
is set by the tolerable

heat capacity of the absorber.
With the same Monte Carlo approach, it is also possible

to investigate the source of systematic uncertainties peculiar
to the calorimetric technique. As shown in [54], it appears
that the most crucial and worrisome sources of systematics
are the uncertainties related to the Beta Environmental
Fine Structure (BEFS), the theoretical spectral shape of the
187Re beta decay, the energy response function, and the
radioactive background. These sources are briefly discussed
in the following.

TheBEFS is amodulation of the beta emission probability
due to the atomic andmolecular surrounding of the decaying
nuclei [53], which is explained by the electron wave structure
in terms of reflection and interference. The BEFS oscillations
depend on the interatomic distance, while their amplitude is
tied to the electron-atom scattering cross section: although
the phenomenon is completely understood, its description
is quite complex and the parameters involved are not all
known a priori. So far, it could be detected only in the low
energy region—𝐸 ≲ 1.5 keV—of the 187Re spectra, where
both the beta rate and the BEFS are larger, but as far as the
effect on the neutrino mass determination is concerned, the
oscillation extends way up to the end-point (Figure 16). For
a safe extrapolation up to the end-point and to minimize
the systematic uncertainties, the BEFS must be characterized
using much higher statistics beta spectra and independent
EXAFS analysis of the material containing rhenium.

The theoretical description of the 187Re decay spectrum
given in Section 6.2 is slightly contradicted by experimental
observation, since available high statistics spectra are in fact
better interpolated as 𝑁(𝐸) ∝ (𝐸

0
− 𝐸)

2, that is, with
𝑓187Re(𝐸) ≈ 1. This deviation from theory has not found a
plausible explanation yet (Fedor Šimkovic, private communi-
cation) and it will become troublesome when larger statistics
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Figure 16: Monte Carlo computed statistical sensitivity of a 187Re decay calorimetric measurement for different experimental configurations
and for𝑁ev = 10

14 (a). BEFS ripple prediction for metallic rhenium and for AgReO
4
for an infinite instrumental resolution (b).

experiments will call for more accurate description of the
spectrum.

The detector response function is probed by means of X-
ray sources which are not exactly monochromatic and which
do not replicate the same type of interactions in the absorber
as for beta decay. In fact, the X-ray interactions happen
at a shallow depth, whereas the beta decays are uniformly
distributed in the volume;moreover, in the case of X-rays, the
energy is deposited by a primary photoelectron followed by
a cascade of secondary X-rays and Auger electrons, whereas
in beta decay all the energy is deposited along one single
track. It is therefore extremely important—yet challenging—
to fully understand the measured response function in order
to disentangle the contributions to its shape caused by the
external X-rays.

In calorimetric experiments, since the beta source can-
not be switched off, the environmental and cosmic back-
ground in the energy range of the beta spectrum cannot
be directly assessed. Therefore, a constant background is
usually included in the fit model as the safest hypothesis.This
hypothesis may happen to be not accurate enough for future
high statistics measurements.

6.4. MANU. The research program in Genova which leads
to theMANU experiment started in 1985 [59] with a focus on
the use of metallic rhenium absorbers. At that time, there was
absolutely no knowledge about the behavior of this material
as absorber for LTDs. Therefore, the first years were devoted
to study the heat capacity and the thermalization efficiency 𝜂
of metallic rhenium.

The outcomes of the preliminary phase are summarized
in [112]. The thermalization efficiency 𝜂 was studied for
many superconductors in form of small single crystals (cubic
millimeters) of Al, Pb, In, Ti, Nb, Va, Zn, and Re, and a
quasi-universal dependence on the ratio 𝑇/Θ

𝐷
was found,

with 𝜂 dropping sharply for 𝑇 lower than about 2 × 10−4Θ
𝐷
.

In particular, rhenium thermalization was investigated for
single- and polycrystals between 50mK and 200mK.The rise
time was limited to about 200𝜇s, preventing the assessment
of the thermalization efficiency at shorter time scales. Also,
for rhenium, it was found that full thermalization is attained
for an operating temperature above about 83mK.The effect of
magnetic fields was also investigated, and an unexpected and
unexplained reduction of 𝜂 for magnetic fields increasing up
to 20 Gauss was found.

The first observation of 187Re spectrum was reported
in [113]. After this, a period was spent to optimize the
microcalorimeter performance, also exploiting the gained
understanding of metallic rhenium absorbers: energy res-
olutions as good as about 30 eV were demonstrated with
small—about 50 𝜇g—rhenium absorbers. In 2001, the results
of the high statistics measurement of MANU were published
[114].TheMANU experiment’s microcalorimeter was a NTD
germanium thermistor coupledwith epoxy resin to a 1.572mg
rhenium single crystal. Two ultrasonically bonded aluminum
wires provided both the path for the electrical signal and the
thermal contact to the heat sink at 60mK (Figure 17). The
detector had a thin shield against environmental radiation
made out of ancient Roman lead. A weak 55Fe source
(10−3 counts/s) allowed the monitoring of the gain stability
during the measurement, while the energy calibration was
established through a removable fluorescence source emitting
the K lines of Cl, Ca, and K. Signals were read out by a
cold stage with unitary gain using a JFET at about 150K,
digitized at 12 bits in 1024 long records, and processed with an
Optimal Filter. Further processing was used to detect pile-up
events [115]. The high statistics measurement lasted for about
3 months and the detector performance is listed in Table 2
[114]. 55FeK

𝛼
line had a perfectly Gaussian shape with tails

lower than 0.1%.The calibration with the fluorescence source
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Table 2: Comparison of the MANU [116] and MIBETA [117] experiments.

MANU MIBETA
Source/absorber Metallic Re AgReO

4

Sensor Ge-NTD Si implanted thermistor
Number of detectors 1 8
Total mass [𝜇g] 1572 (Re) 2174 (AgReO

4
)

Measuring time 𝑡
𝑀
[h] ≈2800 ≈8700

Total activity 𝐴 [Bq] 1.1 (above 350 eV) 1.17 (above 700 eV)
Energy resolution Δ𝐸FWHM [eV] 96 (at 5.9 keV) 28.5 (average at 187Re end-point)
Rise time [𝜇s] ≈1000 492 (average 10–90%)
Statistics𝑁ev 6 × 10

6 (above 420 eV) 6.2 × 10
6 (above 700 eV)

Pile-up fraction 𝑓pp — 2.3 × 10
−4

𝐸
0
[eV] 2470 ± 1stat ± 4sys 2465.3 ± 0.5stat ± 1.6sys

𝜏
1/2

[1010 y] 4.12 ± 0.02stat ± 0.11sys 4.32 ± 0.02stat ± 0.01sys

𝑚
2

]𝑒
[eV2] −462

+579

−679
−112 ± 207stat ± 90sys

𝑚]𝑒 90% [eV] 19 15
Background 𝑏 [c/eV/day] 3 × 10

−4

1.7 × 10
−4

Calibration X-rays

Copper support

Re crystal

Ir film

Silicon chip

NTD sensor
Aluminum wires

Figure 17: The MANU experiment detector (from [114]).

showed that the energy resolution is practically constant with
energy, and the deviation from linearity of the energy re-
sponse was of about 0.16% at 187Re spectrum end-point.

The fit of the spectrum (Figure 18) gave a squared neutri-
no mass of𝑚2]

𝑒

= −462
+579

−679
eV2, which translated in an upper

limit𝑚]
𝑒

≤ 26 eV at 95% CL or 19 eV at 90% CL [116].
The results reported in [114] were the most precise

measurements of the transition energy 𝐸
0
and of 187Re half-

life at the time of publishing; 187Re half-life in particular is of
great interest for geochronology for determining the age of
minerals and meteorites.

This high statistics measurement allowed also the first
time observation of the BEFS [118] and the setting of a limit
for the emission of sterile neutrinos with masses below 1 keV
[119] (Figure 19).

6.5. MIBETA. The Milano program for a neutrino mass
measurement with 187Re started in 1992 with an R&D to
fabricate silicon implanted thermistors in collaboration with
FBK [121].The final objective was tomake large arrays of high
resolution microcalorimeters using micromachining [122].

NTD germanium based microcalorimeters were also tested.
In light of the encouraging results obtained at Genova, at first,
the program concentrated on metallic rhenium absorbers.
Many single- and polycrystalline samples were tested with
disappointing results: small signals, long time constants, and
inconsistently varying pulse shapes. A possible correlation
with the sample purity and with residual magnetic fields was
individuated, but this was not enough to improve the results.
Better detector responses were seen only at temperatures
approaching 200mK, too high for obtaining the necessary
sensitivity as in (40). The research program therefore moved
onto the systematic testing of dielectric rhenium compounds
asmicrocalorimeter absorbers. From the beginning, themost
suitable compounds looked like those based on the ReO

4

−

(perrhenate) anion. A nonexhaustive list of tested com-
pounds includes Re

2
(CO)

10
, K

2
ReCl

6
, (NH

4
)ReO

4
, KReO

4
,

and AgReO
4
. The tests with Re

2
(CO)

10
failed since this

compound sublimates in vacuum at room temperature.
The second-to-fourth materials, despite the good theoretical
expectations and the large signal-to-noise ratio, showed a
quite poor energy resolution—exceeding 100 eV at 6 keV—
which could be explained to be due to a large thermalization
noise.

Silver perrhenate (AgReO
4
), on the other hand, immedi-

ately exhibited good properties with limited thermalization
noise. The calibration peaks were sufficiently symmetric, and
energies resolutions as good as 18 eV FWHM at 6 keV were
achieved. AgReO

4
crystals are transparent, crumbly, and

slightly hygroscopic, with a specific 187Re activity of about
5.4 × 10

−4Hz/𝜇g [123].
The MIBETA experiment ran between 2002 and 2003 an

array of 10 AgReO
4
microcalorimeters for a high statistics

measurement, which was preceded by a campaign of mea-
surements dedicated to tuning the set-up and to reducing the
background [124].

The arraywasmade of AgReO
4
crystals withmasses rang-

ing from 250 to 300 𝜇g to limit event pile-up, for a total mass



24 Advances in High Energy Physics

45000

40000

35000

30000

25000

20000

15000

10000

5000

500 1000 1500 2000 2500
0
0

C
ou

nt
s p

er
7

eV

Energy (eV)

(a)

Energy (eV)
400 800 1200 1600 2000 2400

0.10

0.08

0.06

0.04

0.02

0.00

−0.02

−0.04

−0.06

−0.08

−0.10

Fi
t r

es
id

ua
ls

(b)

Figure 18: The MANU experiment final spectrum (a) and its fitting residuals showing the BEFS ripples (b) (from [114]).
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Figure 19: Heavy sterile neutrinomass exclusion plot obtained fromMANU spectrum. A comparison with the previous limits from Simpson
[47] and from Hiddeman et al. [120] is also shown (a). BEFS in the MANU spectrum [118] (b).

of 2.683mg. The crystals were attached to silicon implanted
thermistors with epoxy resin, and four ultrasonically bonded
aluminum wires were used both as signal leads and heat
links to the heat bath, stabilized at 25mK (Figure 20). The
10 microcalorimeters were enclosed in two copper holders
without lead shielding, to avoid the background caused by
lead fluorescence at 88 keV, which in turn provokes escape
peaks in AgReO

4
very close to the beta end-point. The

stability and performance of all detectors were monitored
with a movable multiline fluorescence source at 2 K, which
was activated for 25min every 2 h to emit the K lines of
Al, Cl, Ca, Ti, and Mn. When not used for the calibration,
the primary 55Fe source was pulled inside a massive shield
of ancient Roman lead [125], in order to minimize the
contribution to the radioactive background caused by IB of
55Fe.Thedata acquisition program controlled themovements
of the source and tagged the events collected during the
calibrations. The first stage of the electronic chain used 10
JFETs cooled to about 120K andplaced few centimeters below
the detectors. A 16-bit data acquisition system digitalized and
saved to disk the signals for an Optimal Filter based offline
analysis.

The high statistics measurement of MIBETA lasted for
about 7 months. In the final analysis, the data from two

AgReO4

Figure 20: One of the MIBETA microcalorimeters with AgReO
4
.

detectors, with poorer energy resolution, were not included.
The total active mass was therefore 2.174mg, for a 187Re
activity of 1.17 Bq. The final beta spectrum obtained from the
sum of the 8 working detectors corresponds to about 8745
hours×mg [117]. The performance of the detectors was quite
stable during the run and is reported in Table 2.

All X-ray peaks in the calibration spectrum showed tails
on the low energy side, and the thermalization noise of
AgReO

4
caused their width to increase with the energy

(Figure 21). The fit of spectrum (Figure 21) gave a squared
neutrino mass of 𝑚2]

𝑒

= −112 ± 207stat ± 90sys, which
translates in an upper limit𝑚]

𝑒

≤ 15 eV at 90% CL [117]. The
systematic error was dominated by the uncertainties on the
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Figure 21: Final MIBETA calibration spectrum (a). Kurie plot of the final MIBETA data (b).
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Figure 22: Escape peaks due to the exposure of AgReO
4
microcalorimeters to a 44Ti source [126] (a). BEFS in the MIBETA final spectrum

[110] (b).

energy resolution function, on the background, and on the
theoretical shape of the spectrum.

Additional lower statistics measurements with the same
set-up were carried out to study and reduce the background
and to investigate the energy response function. In particular,
using the escape peaks caused at about 17 keV by the irradia-
tion with a 44Ti gamma source (see Figure 22) as comparison,
it was possible to partly understand the complex shape of
the X-ray calibration peaks and to establish that at least the
longest of the observed tails were due to surface effects [126].

Although BEFS (see Section 6.3 and Figure 16) is almost
one order of magnitude fainter in AgReO

4
compared to

metallic rhenium, it was observed also in the high statistics
spectra of MIBETA [110] (Figure 22). In particular, the BEFS
ripple interpolation returns a 𝑝

3/2
to 𝑠

1/2
branching ratio in

187Re beta emission of about 0.84 ± 0.30, which is compatible
with the expected prevalent 𝑝

3/2
emission (see Section 6.2).

6.6. MARE. TheMANU and MIBETA results, together with
the constant advance in the LTD technology, made it reason-
able to propose a larger scale project: the Microcalorimeter
Arrays for a Rhenium Experiment (MARE). The ambition of
MARE was to establish a sub-eV neutrino mass sensitivity
through a gradual deployment approach. The project was
started in 2005 by a large international collaboration [127,
128] and it was organized in two phases.

The final objective of a sub-eV statistical sensitivity on
the electron neutrino mass was the goal of the second phase.
To accomplish this, the program was to gradually deploy
several large arrays—about 104 elements each—of detectors,
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Figure 23: Statistical sensitivity of MARE final experiment. Curves are calculated for the deployment of 10000 pixels per year for the first 5
years (a). Statistical sensitivity to the emission of heavy neutrinos with mass 𝑚

𝐻
. From lower to upper curve: Monte Carlo simulation with

𝑁ev = 10
14, 𝑓pp = 10

−6, and Δ𝐸 = 1.5 eV; Monte Carlo simulation with 𝑁ev = 8 × 10
9, 𝑓pp = 10

−5, and Δ𝐸 = 15 eV; MIBETA experiment
(unpublished); MANU experiment [119] (b).

with energy and time resolutions of the order of 1 eV and
1 𝜇s, respectively. Each pixel was planned to have a source
activity of about few counts per second in order to collect
a total statistics of about 1014 beta decays in up to ten years
of measurement time (see Figure 23) [127]. Figure 23 shows
also the MARE sensitivity to the emission of heavy sterile
neutrinos with masses below 2 keV (Section 5.4).

Phase 1—also called MARE-1—had the task to ascertain
the most suitable technical approach for the final experimen-
tal phase, also with the help of smaller scale experiments.
An R&D program was started with the aim of improving the
understanding of the superconducting rhenium absorbers
and of their optimal coupling to sensors and developing
the appropriate array technology and multiplexed read-out
scheme [127]. At the same time, two intermediate size exper-
iments carried out with the available technologies aimed to
reach a neutrino mass sensitivity of the order of 1 eV and to
improve the understanding of all the systematics peculiar of
the calorimetric approach with 187Re. Furthermore, MARE-
1 started to explore the alternative use of 163Ho for a
calorimetric measurement of the neutrino mass. Given the
unavoidable competition with the KATRIN experiment, the
time schedule for MARE was quite tight.

The physics of metallic rhenium as absorber for the
MARE detectors was the focus of the Genova and the Heidel-
berg groups. The best technologies available for the MARE-
2 arrays were (1) the transition edge sensors (TESs) with
Frequency Division Multiplexing, investigated by the Gen-
ova group and Physikalisch-Technische Bundesanstalt (PTB,
Berlin, Germany); (2) the Metallic Magnetic Calorimeters
(MMCs)withMicrowave SQUIDMultiplexing, developed by

the Heidelberg group; and (3) Microwave Kinetic Inductance
Detectors (MKID) with Microwave Multiplexing, explored
by the Milano group. The Genova group, in collaboration
with Miami and Lisbon, planned an experiment consisting
of an array of 300 TES detectors with 1mg rhenium single
crystals [129]. With energy and time resolutions of about
10 eV and 10 𝜇s, respectively, the sensitivity attainable in 3
years of measuring time was estimated to be around 1.8 eV
at 90% CL, for a statistics of about 3 × 1010 decays. The
Milano group, together with the NASA/GSFC andWisconsin
groups, deployed an array of silicon implanted thermistors
coupled to AgReO

4
absorbers. The experiment used 8 of the

36 pixel arrays that NASA/GSFC had developed for the XRS2
instrument [130]. With 288 pixels attached to about 500𝜇g
AgReO

4
crystals, and with energy and time resolutions of

about 25 eV and 250𝜇s, respectively, a sensitivity around
3.3 eV at 90% CL was expected in 3 years of measuring time,
with a statistics of about 7 × 109 decays.

Unfortunately, the MARE-1 outcomes were quite dis-
appointing, and MARE-2 ended up being cancelled before
taking off. The lack of success of the MARE initiative was
mostly the consequence of the final acknowledgment of the
impossibility to fabricate rheniummicrocalorimeters match-
ing the specifications set by the aimed sub-eV sensitivity.
The systematic investigations carried out at Heidelberg with
rhenium absorbers coupled to MMC, despite some notewor-
thy progress, arrived to conclusions similar to those of past
works: rhenium absorbers behave inconsistently, showing a
large deficit in the energy thermalization accompanied by
long time constants [131]. Therefore, the challenging idea
of improving and scaling up the pioneer experiments using
metallic rhenium absorbers turned out to be a dead-end road.
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Figure 24: 31 AgReO
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Indeed, also the other experimental efforts of MARE-1
encountered several difficulties [132]. For example, the setting
up of arrays of AgReO

4
crystals turned out to be more

troublesome than expected (Figure 24). The freshly polished
surfaces of AgReO

4
crystals shaped to cuboids resulted to

be incompatible with the sensor coupling methods used
successfully inMIBETAwith as-grown small crystals.Despite
the use of a micromachined array of silicon implanted ther-
mistors, the performance of the pixelswas irreproducible and,
while gradually populating and testing the XRS2 array with
AgReO

4
crystals, the performance of the instrumented pixels

started to degrade. This made the array finally unusable.
Given the sorts of the MARE project, also this branch of the
MARE-1 program was thus dropped in 2013.

6.7. Future of Rhenium Experiments. From the MARE expe-
rience, it is clear that a large scale neutrino mass experiment
based on 187Re beta decay is not foreseeable in the near future.
It would require a major step forward in the understanding
of the superconductivity of rhenium, but, after more than
20 years of efforts, this is not anymore in the priorities of
the LTD scientific community. Besides the intrinsic problems
of metallic rhenium, there are other considerations which
make rhenium microcalorimeters not quite an appealing
choice for high statistics measurements. Because of the large
half-life of 187Re, the specific activity of metallic rhenium is
too low to design pixels with both high performance and
high intensity beta sources. 187Re activity required by a high
statistics experiment must be therefore distributed over a
large number of pixels—of the order of 105—while the diffi-
culties inherent with the production of high quality metallic
rhenium absorbers contrast with the full microfabrication of
the arrays. MARE-1 also demonstrated that AgReO

4
is not a

viable alternative to metallic rhenium. For these reasons, the

new hope for a calorimetric neutrino mass experiment with
LTDs is 163Ho.

7. Current Experiments

7.1. Calorimetric Absorption Spectrum of 163Ho EC. DeRújula
introduced the idea of a calorimetric measurement of 163Ho
EC decay already in 1981 [30], but it was only one year later
that this idea was fully exploited in the paper written by
Lusignoli [43]. The EC decay

163Ho + 𝑒− → 163Dy + ]
𝑒

(50)
has the lowest known 𝑄 value, around 2.5 keV, and its half-
life of about 4750 years is much shorter than 187Re one. In
[43], the authors compute the calorimetric spectrum and give
also an estimate of the statistical sensitivity to the neutrino
mass at the spectrum end-point, including the presence
of the pile-up background. Unfortunately, at that time, the
experimental measurements of the 𝑄 value were scattered
between 2 keV and 3 keV causing large uncertainties on the
achievable statistical sensitivity.

A calorimetric EC experiment records all the deexcitation
energy and therefore it measures the escaping neutrino
energy 𝐸]; see (17). The deexcitation energy 𝐸

𝑐
is the energy

released by all the atomic radiations emitted in the process
of filling the vacancy left by the EC decay, mostly electrons
with energies up to about 2 keV (the fluorescence yield is
less than 10−3) [32]. The calorimetric spectrum has lines at
the ionization energies 𝐸

𝑖
of the captured electrons. These

lines have a natural width Γ
𝑖
of a few eV; therefore, the

actual spectrum is a continuum with marked peaks with
Breit-Wigner shapes (Figure 25). The spectral end-point
is shaped by the same neutrino phase space factor (𝑄 −

𝐸)√(𝑄 − 𝐸)
2

− 𝑚2]
𝑒

that appears in a beta decay spectrum,
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with the total deexcitation energy 𝐸
𝑐
replacing the electron

kinetic energy 𝐸. For a nonzero𝑚]
𝑒

, the deexcitation (calori-
metric) energy 𝐸

𝑐
distribution is expected to be

𝑁EC (𝐸𝑐, 𝑚]
𝑒

) =

𝐺
2

𝛽

4𝜋2
(𝑄 − 𝐸

𝑐
)

⋅ √(𝑄 − 𝐸
𝑐
)
2

− 𝑚2]∑
𝑖

𝑛
𝑖
𝐶
𝑖
𝛽
2

𝑖
𝐵
𝑖

Γ
𝑖

2𝜋

1

(𝐸
𝑐
− 𝐸

𝑖
)
2

+ Γ
2

𝑖
/4

,

(51)

where 𝐺
𝛽
= 𝐺

𝐹
cos 𝜃

𝐶
(with the Fermi constant 𝐺

𝐹
and the

Cabibbo angle 𝜃
𝐶
), 𝐸

𝑖
is the binding energy of the 𝑖th atomic

shell, Γ
𝑖
is the natural width, 𝑛

𝑖
is the fraction of occupancy,𝐶

𝑖

is the nuclear shape factor,𝛽
𝑖
is the Coulomb amplitude of the

electron radial wave function (essentially, the modulus of the
wave function at the origin), and 𝐵

𝑖
is an atomic correction

for electron exchange and overlap. The sum in (51) runs over
the Dy shells which are accessible to the ECwith the available
𝑄 (M1, M2, N1, N2, O1, O2, and P1). The expression (51) is
derived in [43], where numerical checks to test the validity of
the approximations made are also presented.

Until about 2010, only three calorimetric absorption
measurements were reported in the literature:

(1) the ISOLDE collaboration used a Si(Li) detector with
an implanted source [40, 133];

(2) Hartmann and Naumann used a high temperature
proportional counter with organometallic gas [42];

(3) Gatti et al. used a cryogenic calorimeter with a
sandwiched source [134].

However, none of these experiments had the sensitivity
required for an end-point measurement; therefore, they
all gave results in terms of capture rate ratios. The most
evident limitations of these experiments were statistics and
energy resolution. One further serious trouble for Si(Li) and
cryogenic detectors was the incomplete energy detection
caused by implant damage and weak thermal coupling of the
source, respectively.

Recently, a new generation of calorimetric holmium
experiments has been stimulated by the MARE project. In
fact, despite the shortcomings of the previous calorimetric
experiments and theoretical and experimental uncertainties,
a 163Ho calorimetric absorption experiment seems the only
way to achieve sub-eV sensitivity for the neutrino mass.
Moreover, low temperature X-ray microcalorimeters have
reached the necessary maturity to be used in a large scale
experiment with good energy and time resolution; hence,
they are the detectors of choice for a sub-eV holmium
experiment.

Thanks to the short 163Ho lifetime, the limited number of
nuclei needed for a neutrino mass experiment—1011 nuclei
for 1 decay/s—can be introduced in the energy absorber
of a low temperature microcalorimeter. Therefore, holmium
experiments can leverage the microcalorimeters develop-
ment for high energy resolution soft X-ray spectroscopy,
whereas rhenium experiments would need a dedicated devel-
opment of detectors with metallic rhenium absorbers. Small
footprint kilo-pixel arrays can be fully fabricated with well
established microfabrication techniques.

Indeed, in microcalorimeters with metallic absorbers
such as gold, the relatively high concentration of holmium
(𝐽 = 7/2) could cause an excess heat capacity due to hyperfine
level splitting in the metallic host [67] and thereby degrade
the microcalorimeter performance. Low temperature mea-
surements have been already carried out in the framework of
the MARE project to assess the gold absorber heat capacity
(at temperatures < 150mK), both with holmium and with
erbium implanted ions [135]. Those tests did not show any
excess heat capacity, but more sensitive investigations need
to be carried out.

The Genova group pioneered the application of LTDs to
the measurement of the calorimetric spectrum of 163Ho [134]
and continued this research until it converged in the MARE
project [136]. For long, the focus has been on the produc-
tion of 163Ho isotope, on the chemistry of metallic holmium,
and on the techniques to embed the isotope in the detector
absorbers.

The new experiments, now ready to start the production
of high resolution detectors for the high statistics calorimetric
measurement of 163Ho EC decay, will be the subject of the
next sections.

7.2. The 𝑄 Value of 163Ho Decay. Until very recently, the
question of the exact 𝑄 value of the 163Ho EC decay was
not settled. Although the results showed a general tendency
to accumulate around 2.8 keV, especially restricting to the
calorimetric measurements [40, 131, 134], the reliability of
the capture ratios as tool for determining 𝑄 remained
questionable. Indeed, 𝑄 has never been measured directly
from the end-point of 163Ho EC spectrum, but only from the
capture ratios 𝜆

𝑖
/𝜆
𝑗
, whose accuracy is limited (Section 4).

The currently recommended value of 𝑄 is 2.555 ± 0.016 keV
[137], but it is deduced from a limited set of data. The
statistical sensitivity of 163Ho experiments depends strongly
on how close the end-point and theM1 capture peak are. To a
good degree of approximation, the Lorentzian tail of the M1
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Figure 26: Summary of the𝑄 valuesmeasured by several experiments since the early 1980s.The points are grouped by analysis and technique:
decay half-life using X-ray spectroscopy [138] or mass spectrometry [139], capture ratios using X-ray spectroscopy [36–38] or calorimetry
[40, 41, 131, 134], IBEC end-point [34], and the Penning trap mass spectrometer SHIPTRAP [140] (a). Monte Carlo computed statistical
sensitivity as a function of 𝑄 for𝑁ev = 3 × 10

13 and with 𝑓pp = 3 × 10
−4, Δ𝐸FWHM = 1 eV, and no background. The interval adopted for 𝑄 is

the one which was considered as possible until the very recent measurement of the 163Ho-163Dy mass difference (b).

peak centered at 𝐸M1 = 𝐵(M1) dominates the end-point, and
for𝑚]

𝑒

equal to zero one has

𝑁EC (𝐸𝑐, 𝑚]
𝑒

= 0) ∝
(𝑄 − 𝐸

𝑐
)
2

(𝐸M1 − 𝐸𝑐)
2
=

(𝑄


− 𝐸


)
2

𝐸2
, (52)

where𝐸 = 𝐸
𝑐
−𝐸M1 and𝑄



= 𝑄−𝐸M1. It can be shown that, in
these conditions, the neutrino mass sensitivity is ΣEC(𝑚]

𝑒

) ∝

𝑄
. The uncertainty on 𝑄, therefore, turns into the difficulty

to design 163Ho experiments and to predict their sensitivity
reach (Figure 26). Indeed, the shift of attention from 187Re to
163Ho has been eased by the reasonable hope that a very low
𝑄 could greatly enhance the achievable sensitivity of 163Ho
experiments.

Very recently, 𝑄 value was determined from a measure-
ment of the 163Ho-163Dy mass difference using the Penning
trap mass spectrometer SHIPTRAP [140]. The measured
value Δ𝑚 = 2833 ± 30stat ± 15sys confirms the most recurrent
𝑄 measured in recent calorimetric experiments, although
chemical shifts may still be expected for 163Ho embedded
in the LTD absorbers. The knowledge of the 𝑄 value is
indeed a crucial ingredient for the optimal design of an
experiment, while its limited precision and accuracy prevent
from using it as fixed parameter when the experimental
data are interpolated to assess the neutrino mass [141].
Nevertheless, a comparison of 𝑄 from the interpolation with
a value obtained with an independent measurement—such

as the 163Ho-163Dy mass difference—is a powerful tool to
pinpoint systematic effects.

In any case, the direct assessment of𝑄 from the end-point
of the calorimetric spectrum remains the first important goal
of the upcoming high statistics measurements.

7.3. Statistical Sensitivity. While the complexity of both the
EC and the pile-up spectra makes an analytical estimate of
the statistical sensitivity an impossible task, a Monte Carlo
approach analogous to the one described in Section 6.3 can
give useful results [142]. Most of the considerations made
for 187Re are also valid in the case of 163Ho. The general
conclusion about the importance of the total statistics is well
exemplified by Figure 27 for the now established 𝑄 value of
2800 eV: indeed, the high 𝑄 value raises the stakes of the
experimental challenge and the prospects for a sub-eV sensi-
tivity are scaled down. Table 3 shows the exposures required
for two possible experiments aiming at a 𝑚]

𝑒

sensitivity of
0.2 and 0.1 eV, respectively (see also Figure 28). Although
it may be possible to design microcalorimeters with a high
163Ho activity, sub-eV sensitivity will likely require arrays
with total number of channels of the order of 106. Indeed,
there are several limitations to the possible activity𝐴EC, such
as the effect of 163Ho nuclei on the detector performance or
detector crosstalk and dead time considerations. As shown
in Section 6.3, a high activity 𝐴EC causes an increase of
𝑓pp and thereby a reduced sensitivity to radioactive back-
ground. This, along with the relative thinner aspect ratio
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Figure 27: Calculated experimental 163Ho EC calorimetric spectrum for 𝑄 = 2.8 keV, Δ𝐸 = 2 eV, 𝑓pp = 10
−4, and 𝑁ev = 10

14 (blue). The
pile-up spectrum is the red curve (a). Monte Carlo estimated statistical sensitivity for Δ𝐸 = 1 eV, 𝜏

𝑅
= 1 𝜇s, and 𝑓pp = 10

−3, 10−4, 10−5, and
10
−6 (from top to bottom). The dashed lines are the extrapolations of 𝑓pp = 10

−3 and 𝑓pp = 10
−6 curves using Σ ∝ 𝑁

−1/4

ev scaling law. For
𝑓pp = 10

−6

(10
−3

), an extrapolated sensitivity of 0.1 eV can be obtained, for example, with an exposure of about𝑁det × 𝑡𝑀 = 10
8 detector × year

and a single pixel activity of about 𝐴EC = 10(1000)Bq (b).

Table 3: Experimental exposure required for various target statistical sensitivities, with no background and two different sets of detector
parameters.

𝑄

[eV]
Target sensitivity

[eV]
𝐴EC

[counts/s]
Δ𝐸

[eV]
𝜏
𝑅

[𝜇𝑠]

𝑁ev
counts

Exposure 𝑇
[detector × year]

2800 0.2 100 1 0.1 9.8 × 10
15

3.1 × 10
6

2800 0.1 100 0.3 0.1 1.9 × 10
17

5.9 × 10
7

of microcalorimeters with 163Ho, makes it likely that it is
not strictly necessary to operate arrays in an underground
laboratory [142].

No high statistics measurement faced so far the task of a
careful estimation of systematic uncertainties. Nevertheless,
it is fair to say that there are some substantial differences
between the systematic uncertainties expected for 187Re
and 163Ho experiments, which are worth mentioning. To
avoid spectral distortions due to the escape of radiation, the
absorbers must provide 4𝜋 encapsulation with a minimum
thickness of few microns. For gold absorbers, Monte Carlo
simulations indicate a thickness of 2𝜇m for a 99.99998%
(99.927%) absorption of 2 keV electrons (photons).

Furthermore, M1 and M2 peaks in the calorimetric
spectrum provide a useful tool to evaluate the detector
response function overcoming the problems related to the
use of an external X-ray source (Section 6.3).The same peaks
can also be exploited for energy calibration, for tracking and
correcting gain drifts, and for easing the summation of the
spectra measured with the many pixels of the arrays.

The following section addresses the accuracy of the de-
scription of the calorimetric spectrumof 163Howhich is likely
to be a relevant source of systematic uncertainties.

7.4. A Better Description of the 163Ho EC Spectrum. While the
question of the actual 𝑄 value of the 163Ho EC transition
is now settled, many authors are still debating about the
precise shape of the calorimetric spectrum. Indeed, (51) is
only an approximation. Already in the original work [43],
the applicability of two approximations was demonstrated:
the neglect of possible interference between the capture from
different levels and the inclusion of transitions with off-shell
intermediate states such as K and L.

Riisager in 1988 [143] discussed the distortions of the
Lorentzian peak shape expectedwhen considering that, in the
atomic radiation cascade, the atomic phase space available
at each step is altered by the natural width of previous
transitions.

More recently, beginning with Robertson papers [144,
145], some authors started to recognize that the sum in (51)
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Figure 28: Calculated experimental 163Ho EC calorimetric spectrum for 𝑄 = 2.8 keV, Δ𝐸 = 1 eV, for a constant exposure of 105 detector ×
year and for (top to bottom) 𝜏

𝑅
= 10 𝜇s, 1 𝜇s, and 0.1 𝜇s (a). Sensitivity to heavy sterile neutrinos detected from kinks in a 163Ho calorimetric

spectrum with 𝑄 = 2.8 keV,𝑁ev = 3 × 10
13, Δ𝐸 = 1 eV, and 𝑓pp = 3 × 10

−4 (b).

must be extended to more transitions which initially were
deemed as negligible [146]. This is caused by the incomplete
overlap betweenHo andDy atomic wave functions. Recalling
that calorimeters measure the neutrino energy 𝐸], while
writing (51), it was assumed that

𝐸] = 𝑄 − 𝐵 (H) , (53)

where 𝐵(H) is the binding energy of shell H in a Dy atom,
that is, the energy to fill the hole H in Dy+ atom. But this is
not correct. The hole H is in a neutral Dy atom with an extra
(the eleventh) 4f electron, because the parent Ho atom has
an electronic configuration which differs from the one of Dy
in the number of 4f electrons (11 versus 10) (see also [147]).
Following [31], this can be expressed as

𝐸] = 𝑄 − 𝐵 (H) − 𝐸𝑅, (54)

where 𝐸
𝑅
is a correction which accounts for the imperfect

atomic wave functions overlap. So, the capture peaks in the
calorimetric spectrum are expected to be shifted by a small
amount which Robertson [145] calculated as 𝐸

𝑅
≈ 𝐵(4f)Ho,

where 𝐵(4f)Ho is the binding energy of the 4f electron in the
Ho atom. The atomic wave function mismatch goes along
with the possibility of shake-up and shake-off processes,
adding more final states to the 163Ho EC transition and,
therefore, more terms in the sum in (51). These processes are
the ones responsible for the presence in the final states of two
(or more) vacancies created in the Dy atom, along with the
extra 4f electron. The second vacancy is left by an atomic
electron which has been shaken by the sudden change in the
wave functions to a higher bound unoccupied state (shake-
up) or to the continuum (shake-off). In the case of shake-up
processes, the neutrino energy is given by [145]

𝐸] = 𝑄 − 𝐵 (H1) − 𝐵 (H2) − 𝐸𝑅 (55)

and the contribution to (51) is just another Lorentzian peak
term with 𝐸

𝑖
= 𝐵(H1)+𝐵(H2)+𝐸

𝑅
. The case of the shake-off

process is more complex because it is a three-body process
163Ho → 163Dy

H
1
H
2

+ 𝑒
−

+ ]
𝑒

(56)

𝐸] + 𝐸𝑒 = 𝑄 − 𝐵 (H1) − 𝐵 (H2) − 𝐸𝑅. (57)

The corresponding contribution to (51) is not a narrow
line since 𝐸

𝑒
adds up to the observable atomic deexcitation

𝐵(H1)−𝐵(H2)−𝐸
𝑅
.The actual shape of the energy spectrum

of the shaken-off electrons can be calculated as shown in
[148].

In general, the probability for the multihole processes is
small and it can be estimated to be of the order 10−5 [146].The
precise calculation of the 2- or 3-hole processes probability
is treated in many recent papers [145, 149, 150], with the
purpose to improve past results from [151], although, so far,
all calculations apparently consider only shake-up processes.
In Figure 29, the dashed line is the 163Ho EC calorimetric
spectrum calculated including 2-hole excitations and using
the parameters calculated in [149].

The very recent paper [152] extends the work presented
in [148] and attempts also to assess the effect of the so far
neglected shake-off processes on the end-point region of the
spectrum. Although the authors state that their preliminary
theoretical estimates should not be fully trusted, the intrigu-
ing result of their analysis is that the end-point count rate
might be largely dominated by the shake-off processes, with
a predicted enhancement of about a factor 40.

The awareness of all the above corrections to (51) trig-
gered some skepticism about the actual feasibility of a
neutrinomassmeasurement from the end-point of the calori-
metric 163Ho EC spectrum.The main argument is that, since
the neutrino mass is searched as the difference between the
observed experimental spectrum and the theoretical one for
𝑚]
𝑒

= 0, the a priori knowledge of the latter one is an absolute
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Figure 29: Predicted single and double holes calorimetric spectrumof the ECdecay of 163Howith𝑄 = 2.8 keV (a).The experimental spectrum
analogous to the one in Figure 27 with double hole transitions included (b).

condition. Indeed an inaccurate and unreliable theoretical
description of all these additional spectral components in
the end-point region may induce systematic uncertainties in
the neutrino mass determination. However, it can be argued
that in the very last portion of the spectrum—where the
phase space factor 𝑝]𝐸] would be affected by 𝑚]

𝑒

> 0—
the various suggested spectral components are smooth and
featureless and could be safely obtained by extrapolating the
high statistics data collected on the right shoulder of M1
peak—where all the 2-hole processes leave their footprints.

Themultihole processes bring also amore subtle threat to
the 163Ho neutrino mass measurements with the underlying
pile-up spectrum: as it can be seen in Figure 29, these higher
order transitions cause additional peaks to appear in the end-
point vicinity. Although the shape of the pile-up spectrum
with its disturbing peaks can be accurately deduced from
the high statistics measurement of the spectrum of 163Ho
itself, it is worth noting that in [152] it is shown that the
predicted count rate enhancement in the end-point region of
the spectrum is accompanied by an increase of the signal-to-
background ratio. Moreover, when considering the shake-off
transition, most of the additional peak features in the pile-up
spectrum are smoothed away.

In the near future, the experiments getting prepared for
the neutrino mass measurement will explore the spectrum
above the M peaks with increasing statistical precision
thereby shedding a light on its actual shape. This will allow
a more accurate prediction of the statistical sensitivity and
a meaningful attempt to quantify the possible systematic
uncertainties.

So far, the attention focused on the high order corrections
to the spectrum due to the atomic processes following the
EC, while the solid state effects such as the BEFS have been
neglected. Although the relatively lower importance of these
effects with respect to the multihole transitions presently
justifies postponing their analysis, in order to properly
analyze high statistics neutrino mass measurements, it will

be mandatory to fully assess how the BEFS manifests itself.
163Ho case is more complex than 187Re one (Section 6.3).
One marked difference is that the calorimetric spectrum of
163Ho is a sum of few different spectra, each made up of few
different sequences of atomic transitions filling one or more
holes, while the spectrum of 187Re is just one beta transition.
The energy spectrum of every atomic electron ejected to
the continuum is modulated by the BEFS, but the largest
contributions for 𝐸 > 𝐸M1 are expected from the interference
patterns in the spectra of the electrons shaken-off in the 2-
hole processes with one M1 hole or M2 hole. However, it is
likely that in the calorimetric spectrum of 163Ho the pattern
resulting from the summation of the many independent
contributions is going to be smoothed and diluted. Moreover,
the BEFS depends on thematrix hosting 163Honuclei—which
is gold for most of the planned experiments—and on the
exact position occupied host lattice by the 163Ho nucleus.
In particular, the BEFS amplitude depends on the lattice
structure of the environment closely surrounding the 163Ho
nuclei which is determined by the type of detector absorber
and can be affected by the isotope embedding technique.
For example, the local damage associated with 163Ho ion
implantation may suppress the BEFS.

7.5. 163Ho Production. 163Ho is not a naturally occurring
isotope: it was discovered at Princeton in a sample of 162Er
that was neutron irradiated in a nuclear reactor [153]. To carry
out neutrino mass experiments with 163Ho, the isotope must
be produced in fairly large amounts. Upcoming medium
size experiments will have to contain about 1016 nuclei of
163Ho—that is, about 3 𝜇g—for a total activity of the order
of 105 Bq. The isotope production and separation are critical
steps in every plan for an ambitious holmium neutrino mass
experiment. There are many nuclear reactions which can be
exploited to produce 163Ho. A comprehensive critical eval-
uation of all possible 163Ho production routes is presented



Advances in High Energy Physics 33

in [154] although, presently, not all the cross sections of the
considered processes are experimentally known.

In general, the production process starts with a nuclear
reaction, which can be either direct—such as natDy(𝑝,
𝑥𝑛)

163Ho—or indirect—such as 163Er(𝑛, 𝛾)163Er → 163Ho.
These reactions unavoidably coproduce other long living
radioactive species—also owing to the presence of unnec-
essary isotopes in the target material—which need to be
removed to prevent interferences to the neutrino mass mea-
surement. Chemical separation of holmium can removemost
of them, with the notable exception of the beta decaying
isomer 166𝑚Ho (𝜏

1/2
= 1200 years, 𝐸

0
= 1854 keV). Geant4

Monte Carlo simulations performed for gold absorbers
show that each Bq of 166𝑚Ho can contribute, by about
1 count/eV/day, to the background level in the end-point
region of 163Ho spectrum [155]. Therefore, 166𝑚Ho must be
removed by means of a further isotope mass separation step.
The key parameters of the entire process are the 163Ho isotope
production rate, the 166𝑚Ho/163Ho ratio, and the efficien-
cies of chemical and mass separations. They determine the
amount of starting material that is required to have the target
number of 163Ho nuclei to be embedded in the detector
absorbers. Of course, also the final embedding process causes
further isotope losses which must be considered, although in
some approaches the embedding is part of the production
process—for example, when the embedding is achieved by
means of the same accelerator used for mass separation.
When all efficiencies entering in the process are considered,
the 163Ho needed for the next high statistic measurements is
likely to increment to tens or hundreds of MBq.

Early experiments used the same process with which the
isotope was discovered, that is, neutron irradiation of 162Er.
Another route used for past experiments is based on proton
spallation with Ta targets. The experiments presented in the
following use either neutron irradiation of enriched 162Er
targets or proton irradiation of natural Dy targets.

Neutron irradiation of an enriched 162Er sample is a
very efficient route. The starting material is usually enriched
Er
2
O
3
which is available as by-product of the production of

isotopes for medical applications. The large thermal neutron
cross section 𝜎(𝑛, 𝛾) ≈ 20 barns together with the avail-
ability of high thermal neutron flux nuclear reactors—as the
one of the Institut Laue-Langevin (ILL, Grenoble, France)
with a thermal neutron flux of about 1.3 × 1015 n/s/cm2
[156]—gives an estimated 163Ho production rate of about
50 kBq(163Ho)/week/mg(Er

2
O
3
), for Er

2
O
3
enriched at 30%

in 162Er. This rate may be reduced by the yet unknown cross
section of the burn-up process 163Ho(𝑛, 𝛾)164Ho. Neutron ir-
radiation causes also the production of 166𝑚Ho owing to
the presence of impurities such as 164Er and 165Ho in the
enriched Er

2
O
3
target. If the 164Er route prevails, for a 10%

isotopic abundance in the Er
2
O
3
target, a coproduction of

about 𝐴(166𝑚Ho)/𝐴(163Ho) ≈ 0.001 can be expected. One
drawback of this route is the cost for the enriched 162Er pro-
curement.

163Hoproduction via proton irradiation of natural Dy tar-
get depends on the proton energy and has a production rate

which is not competitive with high-flux reactors, especially
for large amounts. In [154], the production rate as a function
of the total cumulative charge is estimated to be about
few Bq(163Ho)/𝜇Ah/g(natDy) for 24MeV protons. 166𝑚Ho
is produced by the neutrons from the reaction 164Dy(𝑝, 𝑛)
in (𝑛, 𝛾) captures on 164Dy or on 165Ho contaminations.
Monte Carlo simulations give a coproduction lower than
𝐴(
166𝑚Ho)/𝐴(163Ho) ≈ 10−6. In spite of its low efficiency, the

use of a natural target and the limited 166𝑚Ho coproduction
make this route appealing for small scale experiments.

7.6. ECHo. ECHo is a project carried out by the Heidelberg
group in collaboration withmany other European and Indian
groups [157]. The midterm goal of this project—ECHo-1k—
is a medium scale experiment with an array of 1000 MMCs,
each implanted with 1 Bq of 163Ho [158]. With energy and
time resolutions of at least 5 eV and 1 𝜇s, respectively, a
statistical sensitivity of about 20 eV at 90% CL is expected
after one year of measurement (Table 4).Themicrocalorime-
ters are derived from the gold detectors with Au:Er sensors
designed and fabricated by the Heidelberg group for soft X-
rays spectroscopy.

So far, the results of two prototypes with 163Ho in the
absorbers have been presented. For the first prototype, 163Ho
isotopewas implanted at the isotope separation online facility
ISOLDE (CERN). Here, 163Ho produced by spallation with
protons onTawas accelerated,mass separated, and implanted
in the absorbers of four detectors. A total 163Ho activity of
10
−2 Bq was enclosed between two gold films with dimen-

sions 190 × 190 × 5 𝜇m3. The results of the characterization
of these detectors are reported in [131, 159] and include an
energy resolution of about 8 eV and a remarkable rise time
of about 130 ns. In the high statistics spectrum, the peaks
due to a contamination of coproduced 144Pm are visible,
although decaying with time. In addition, there are structures
on the high energy side of the N1 peak which are tentatively
interpreted to be due to higher order EC transitions. From
this measurement, the intensities of N1 and M1 lines give
𝑄 = 2.800 ± 0.080stat keV [131].

For the second prototype, 163Ho isotope is produced
at the ILL high-flux nuclear reactor by neutron irradiating
an enriched Er

2
O
3
target. The Er

2
O
3
sample is purified

at Mainz both before and after irradiation. The 163Ho in
the target is then mass separated and implanted offline at
ISOLDE in the absorbers of two maXs-20 chips. The maXs-
20 chips are arrays of 16 MMCs designed and optimized for
soft X-ray spectroscopy [160]. About 0.2 Bq is encapsulated
between two gold layers with dimensions 250 × 240 × 5 𝜇m3.
Preliminary measurements (see Figure 30) show an energy
resolution of about 12 eV and a strong reduction of the
background and confirm the structures on the right side of
N1 [161]. The persistence of these structures, in spite of the
improvements in the background and in the instrumental line
shape, supports their interpretation as being due to processes
related to the 163Ho EC decay. Another preliminary analysis
discussed in [148] interprets these as the broad structures
expected for shake-off transitions.
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Table 4: Comparison of the ECHo, HOLMES, and NuMECS projects.

ECHo HOLMES NUMECS
163Ho production 162Er (𝑛, 𝛾) 162Er (𝑛, 𝛾) Dy (𝑝, 𝑛𝑥)
Absorber Gold Gold Nanoporous gold
Sensor Au:Er magnetic TES Mo/Cu TES Mo/Cu

Present status
Δ𝐸 at M1 peak [eV] 12 — 43 (incl. ΓM1)
𝜏rise [𝜇s] 0.13 — —
𝐴EC [Bq] 0.2 — 0.1

Projected (𝐸
0
= 2800 eV)

𝑁det 100 1000 4096
Δ𝐸 [eV] <5 1 —
𝜏rise [𝜇s] <1 1 —
𝐴EC [Bq/detector] 10 300 100
𝑓pp 10

−6

3 × 10
−4 —

𝑡
𝑀
[y] 1 3 1
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Figure 30: Latest measured spectrum from ECHo; see text (from [161]).

Present ECHo activities are aimed at running ECHo-1k
in the next years (2016–2018) and include the development of
the microwave multiplexed read-out of the MMCs [94], the
optimization ofMMCs design, and the production of 10MBq
of high purity 163Ho.

7.7. HOLMES. HOLMES is an experiment carried out by
the Genoa and Milano groups in collaboration with NIST,
ILL, PSI, and Lisbon [155, 162]. The baseline program is to
deploy an array of about 1000 TES based microcalorimeters
each with about 300 Bq of 163Ho fully embedded in the
absorber, with the goal of energy and time resolutions as
close as possible to 1 eV and 1𝜇s, respectively (Table 4).

In this configuration, HOLMES can collect about 3 × 1013
decays in 3 years of measuring time and the expected 𝑚]

𝑒

statistical sensitivity is about 1.5 eV at 90% CL. The choice
of this configuration is driven by the aim of collecting
the highest possible statistics with a reasonable exposure.
Despite the high pile-up level and the technical challenge
that derives from it, this provides a net improvement on the
achievable 𝑚]

𝑒

sensitivity and a lower impact of the radioac-
tive background.

The amount of 163Ho needed for the experiment is esti-
mated to be about 100MBq and it is being produced at
ILL by neutron irradiation of an enriched Er

2
O
3
target,

subjected to chemical prepurification and postseparation at
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Figure 31: Prototype of the TES pixel for HOLMES: picture (a) and layout of the fabrication processes with the 163Ho implantation (b).

PSI (Villigen, Switzerland). A custom ion implanter is being
set up in Genova to embed the isotope in the detector
absorbers. It consists of a Penning sputter ion source, a
magnetic/electrostatic mass analyzer, an acceleration section,
and an electrostatic scanning stage. The full system is being
designed to achieve an optimal mass separation of 163Ho
versus 166𝑚Ho. The implanter will be integrated with a
vacuum chamber for the simultaneous evaporation of gold,
first to control the 163Ho concentration and then to deposit a
final Au layer to prevent 163Ho fromoxidizing.The cathode of
the ion source will be made of high purity metallic holmium
to avoid end-point deformations due to the different 𝑄 shifts
in diverse chemical species. The metallic holmium will be
obtained by thermal reduction at about 2000K, using the
reaction Ho

2
O
3
+ 2Y(met) → 2Ho(met) + Y

2
O
3
[132].

HOLMES uses TES microcalorimeter arrays with 𝜇MUX
read-out, both fabricated at NIST (Boulder, USA). The DAQ
exploits the Reconfigurable Open Architecture Computing
Hardware (ROACH2) board equipped with a Xilinx Virtex 6
field programmable gate array (FPGA) [92], which has been
developed in the framework of CASPER (Collaboration for
Astronomy Signal Processing and Electronic Research).

Presently, the collaboration is working on the optimiza-
tion of the isotope production processes. Two Er

2
O
3
samples

have been irradiated at ILL and processed at PSI. ICP-
MS is used to assess the amount of 163Ho produced and
the efficiency of the chemical separation. From preliminary
assessments, the total available 163Ho activity is about 50–
100MBq.

The optimization of the pixel design is also in progress
[163] and Figure 31 shows the design that best matches
HOLMES specifications. The absorber is made of gold and
to avoid interference to the superconducting transition, it
is placed side-by-side with the Mo/Cu sensor on a silicon
nitride membrane. The design also includes features to con-
trol the microcalorimeter speed. Energy and time resolutions
are within factors 2-3 of the target ones, owing also to new
algorithms for pile-identification [164, 165].

HOLMES is expected to start data taking in 2018, but a
smaller scale experiment with a limited number of pixels will
run in 2017, with the aim of collecting a statistics of about 1010
decays in a few months.

7.8. NuMECS. NuMECS is a collaboration of several US
institutions (LANL, NIST, NSCL, and CMU) with the goal
to critically assess the potential of holmium calorimetric
neutrino mass measurements [166]. The NuMECS program
includes the validation of the isotope production, purifi-
cation, and sensor incorporation techniques, the scalability
to high resolution LTD arrays, and the understanding of
underlying nuclear and atomic physics.

Recent work has successfully tested 163Ho production
via proton irradiation of a natural dysprosium target. About
3MBq of 163Ho has been produced by irradiating about
13 g of high purity natural dysprosium with 3.4 × 104 𝜇Ah
of 25MeV protons at the Los Alamos National Laboratory
Isotope Production Facility (IPF). At the same time, a cation-
exchange high performance liquid chromatography (HPLC)
procedure for the chemical separation of holmium has been
developed and a separation efficiency of about 70% has been
measured.

For the present testing phase, NuMECS uses TES micro-
calorimeters fabricated by NIST and specially designed to be
mechanically robust. The TES sensor is at the end of a silicon
beam, close to a pad used for testing the attachment of a wide
range of absorbers (Figure 32).

To incorporate the isotope in the microcalorimeter ab-
sorber, NuMECS exploits the drying of solutions containing
163Ho isotope onto thin gold foils. After testing many proce-
dures, the best results were recently obtained by deposition
of an aqueous solution on nanoporous gold on a regular
gold foil, followed by annealing in dilute H

2
atmosphere at

800
∘C.Themicrocalorimeter absorber ismade by folding and

pressing a small piece of the gold foil.
Figure 32 shows a spectrum collected in 40 hours [167].

163Ho activity is about 0.1 Bq. Peaks have a low energy tail
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Figure 32: NuMECS TES detectors (a) and the latest spectrum measured from NuMECS (b); see text (from [167]).

and show an excess broadening, explained as caused by
thermalization noise. A fit of the M1 peak gives Δ𝐸FWHM of
about 43 eV, inclusive of the peak natural width. All peaks are
found within 1% of the tabulated positions. Remarkably, the
spectrum does not show any of the satellite peaks predicted
in [168], although the statistics is still limited.There is instead
an unexplained shoulder on the high energy side of the N1
peak, which resembles the structure observed by ECHo and
interpreted as shake-off transition in [148].

NuMECS future plans include the deployment of four
1024 pixel arrays, aiming at a𝑚]

𝑒

statistical sensitivity of about
1 eV.

8. Summary and Outlook

The use of 187Re and 163Ho as an alternative to tritium for the
directmeasurement of the neutrinomass was proposed in the
same years when the low temperature detector technology
was moving the first steps. The idea of making low temper-
ature detectors with rhenium absorbers immediately caught
on, both because it appeared to be of almost immediate
realization and because it could have an appealing impact on
X-ray spectroscopy. Unfortunately, in the long run, the tech-
nological difficulties inherent to the use of superconducting
rhenium caused the interest of the low temperature detector
community to fade away and the neutrino mass projects
to have the same fate as the X-ray applications of rhenium
detectors.

163Homeasurements tookmore time to take off, as if they
were awaiting the readiness of the technology of microcalo-
rimeter arrays applied to high resolution spectroscopy of soft
X-rays. Now, 163Ho neutrino mass experiments are ready to
leverage this mature technology, and the interest of the low
temperature detector community is high, as demonstrated by
the number of parallel efforts. Despite the unluckily high 𝑄
value, the good prospects to perform high statistics neutrino
mass measurements in the next couple of years are also

attracting the attention of the neutrino physics community
as a valid complementary alternative to KATRIN.
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[19] F. Perrin, “Possibilité d’émission de particules neutres de masse
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[108] R. Dvornický, K. Muto, F. Šimkovic, and A. Faessler, “Absolute
mass of neutrinos and the first unique forbidden 𝛽 decay of
187Re,” Physical Review C, vol. 83, no. 4, Article ID 045502, 2011.

[109] H. J. De Vega, O. Moreno, E. M. De Guerra, M. Ramón
Medrano, and N. G. Sánchez, “Role of sterile neutrino warm
dark matter in rhenium and tritium beta decays,” Nuclear
Physics B, vol. 866, no. 2, pp. 177–195, 2013.

[110] C. Arnaboldi, G. Benedek, C. Brofferio et al., “Measurement
of the p to s wave branching ratio of 187Re 𝛽 decay from beta
environmental fine structure,” Physical Review Letters, vol. 96,
no. 4, Article ID 042503, 2006.

[111] J.-P. Porst, S. R. Bandler, J. S. Adams et al., “Characterization and
performance of magnetic calorimeters for applications in X-ray
spectroscopy,” Journal of Low Temperature Physics, vol. 176, no.
5-6, pp. 617–623, 2014.

[112] E. Cosulich, F. Gatti, and S. Vitale, “Further results on 𝜇-
calorimeters with superconducting absorber,” Journal of Low
Temperature Physics, vol. 93, no. 3-4, pp. 263–268, 1993.



40 Advances in High Energy Physics

[113] E. Cosulich, G. Gallinaro, F. Gatti, and S. Vitale, “Detection of
187Re beta decay with a cryogenic microcalorimeter. Prelimi-
nary results,” Physics Letters B, vol. 295, no. 1, pp. 143–147, 1992.

[114] M. Galeazzi, F. Fontanelli, F. Gatti, and S. Vitale, “End-point
energy and half-life of the 187Re 𝛽 decay,” Physical Review C, vol.
63, no. 1, Article ID 014302, 2000.

[115] F. Fontanelli, M. Galeazzi, F. Gatti, A. M. Swift, and S. Vitale,
“Data analysis in 𝛽-spectroscopy with cryogenic detectors,”
Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equip-
ment, vol. 421, no. 3, pp. 464–470, 1999.

[116] F. Gatti, “Microcalorimetermeasurements,”Nuclear Physics B—
Proceedings Supplements, vol. 91, no. 1, pp. 293–296, 2001.

[117] M. Sisti, C. Arnaboldi, C. Brofferio et al., “New limits
from the Milano neutrino mass experiment with thermal
microcalorimeters,”Nuclear Instruments andMethods in Physics
Research, Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, vol. 520, no. 1–3, pp. 125–131, 2004.

[118] F. Gatti, F. Fontanelli, M. Galeazzi, A. M. Swift, and S. Vitale,
“Detection of environmental fine structure in the low-energy
𝛽-decay spectrum of 187Re,” Nature, vol. 397, no. 6715, pp. 137–
139, 1999.

[119] M. Galeazzi, F. Fontanelli, F. Gatti, and S. Vitale, “Limits on the
existence of heavy neutrinos in the range 50–1000 eV from the
study of the 187Re beta decay,” Physical Review Letters, vol. 86,
no. 10, pp. 1978–1981, 2001.

[120] K.-H. Hiddeman, H. Daniel, and O. Schwentker, “Limits on
neutrino masses from the tritium beta spectrum,” Journal of
Physics G: Nuclear and Particle Physics, vol. 21, no. 5, p. 639, 1995.

[121] A. Alessandrello, C. Brofferio, C. Cattadori et al., “Fabrication
and low-temperature characterization of Si-implanted thermis-
tors,” Journal of Physics D: Applied Physics, vol. 32, no. 24, pp.
3099–3110, 1999.

[122] A. Faes, F. Giacomozzi, B. Margesin, and A. Nucciotti, “Fabri-
cation of silicon bolometers with bulk micromachining tech-
nology,” Nuclear Instruments and Methods in Physics Research,
Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 520, no. 1–3, pp. 493–495, 2004.

[123] A. Alessandrello, J. W. Beeman, C. Brofferio et al., “Bolometric
measurements of beta decay spectra of 187Re with crystals of
silver perrhenate,” Physics Letters, Section B, vol. 457, no. 1–3, pp.
253–260, 1999.

[124] C. Arnaboldi, C. Brofferio, O. Cremonesi et al., “Bolometric
bounds on the antineutrino mass,” Physical Review Letters, vol.
91, no. 16, Article ID 161802, 2003.

[125] A. Alessandrello, C. Arpesella, C. Brofferio et al., “Measure-
ments of internal radioactive contamination in samples of
Roman lead to be used in experiments on rare events,” Nuclear
Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms, vol. 142, no. 1-2, pp. 163–
172, 1998.

[126] E. Ferri, S. Kraft-Bermuth, A. Monfardini, A. Nucciotti, D.
Schaeffer, and M. Sisti, “Investigation of peak shapes in the
MIBETA experiment calibrations,”The European Physical Jour-
nal A, vol. 48, no. 10, pp. 1–13, 2012.

[127] Mare proposal, 2015, http://crio.mib.infn.it/wig/silicini/pro-
posal/proposal MARE v2.6.pdf.

[128] A. Nucciotti, “Neutrino mass calorimetric searches in the
MARE experiment,” Nuclear Physics B—Proceedings Supple-
ments, vol. 229–232, pp. 155–159, 2012.

[129] D. Pergolesi, L. Gastaldo, F. Gatti et al., “MANU-2: a second
generation experiment for calorimetric neutrino mass deter-
mination with superconducting Re,” Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrom-
eters, Detectors and Associated Equipment, vol. 559, no. 2, pp.
349–351, 2006.

[130] A. Nucciotti, C. Arnaboldi, J. W. Beeman et al., “Comparison
between implanted Si and NTD-Ge thermistors performance
in AgReO

4
microcalorimeters for a new neutrino mass exper-

iment,” Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 559, no. 2, pp. 367–369, 2006.

[131] P. C.-O. Ranitzsch, J.-P. Porst, S. Kempf et al., “Development
of metallic magnetic calorimeters for high precision measure-
ments of calorimetric 187Re and 163Ho spectra,” Journal of Low
Temperature Physics, vol. 167, no. 5-6, pp. 1004–1014, 2012.

[132] E. Ferri, D. Bagliani, M. Biassotti et al., “Preliminary results of
the MARE experiment,” Journal of Low Temperature Physics,
vol. 176, no. 5-6, pp. 885–890, 2014.

[133] H. L. Ravn, G. J. Beyer, A. De Rujula et al., “The N/M electron
capture ratio of the neutrino mass probe 163HO,” in Proceedings
of the 4th Moriond Workshop Massive Neutrinos in Astrophysics
and in Particle Physics, pp. 287–294, La Plagne, France, January
1984.

[134] F. Gatti, P. Meunier, C. Salvo, and S. Vitale, “Calorimetric
measurement of the 163Ho spectrum by means of a cryogenic
detector,” Physics Letters B, vol. 398, no. 3-4, pp. 415–419, 1997.

[135] K. Prasai, E. Alves, D. Bagliani et al., “Thermal properties of
holmium-implanted gold films for a neutrino mass experiment
with cryogenic microcalorimeters,” Review of Scientific Instru-
ments, vol. 84, no. 8, Article ID 083905, 2013.

[136] L. Gastaldo, P. Manfrinetti, F. Gatti et al., “Superconduct-
ing absorber for 163Ho electron capture decay measurement,”
Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equip-
ment, vol. 520, no. 1–3, pp. 224–226, 2004.

[137] C. W. Reich and B. Singh, “Nuclear Data Sheets for A = 163,”
Nuclear Data Sheets, vol. 111, no. 5, pp. 1211–1469, 2010.

[138] J. U. Andersen, G. Beyer, G. Charpak et al., “A limit on the mass
of the electron neutrino: the case of 163Ho,” Physics Letters B, vol.
113, no. 1, pp. 72–76, 1982.

[139] P. A. Baisden, D. H. Sisson, S. Niemeyer, B. Hudson, C. L.
Bennett, and R. A. Naumann, “Measurement of the half-life of
163Ho,” Physical Review C, vol. 28, no. 1, pp. 337–341, 1983.

[140] S. Eliseev, K. Blaum,M. Block et al., “Direct measurement of the
mass difference of 163Ho and 163Dy solves theQ-value puzzle for
the neutrino mass determination,” Physical Review Letters, vol.
115, no. 6, Article ID 062501, 2015.

[141] E. W. Otten, J. Bonn, and C. Weinheimer, “The Q-value of
tritium 𝛽-decay and the neutrino mass,” International Journal
of Mass Spectrometry, vol. 251, no. 2-3, pp. 173–178, 2006.

[142] A. Nucciotti, “Statistical sensitivity of 163Ho electron capture
neutrino mass experiments,” The European Physical Journal C,
vol. 74, article 3161, 6 pages, 2014.

[143] K. Riisager, “On low-energy nuclear electron capture,” Journal
of Physics G: Nuclear Physics, vol. 14, no. 10, p. 1301, 1988.

[144] R. G. H. Robertson, “Can neutrino mass be measured
inlow-energy electron capture decay?” http://arxiv.org/abs/1411
.2906v1.

[145] R. G. Robertson, “Examination of the calorimetric spectrum
to determine the neutrino mass in low-energy electron capture
decay,” Physical Review C, vol. 91, no. 3, Article ID 035504, 2015.



Advances in High Energy Physics 41
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[160] C. Pies, S. Schäfer, S. Heuser et al., “MaXs: microcalorimeter
arrays for high-resolution x-ray spectroscopy at GSI/FAIR,”
Journal of Low Temperature Physics, vol. 167, no. 3-4, pp. 269–
279, 2012.

[161] C. Hassel, K. Blaum, T. Day Goodacre et al., “Recent results
for the ECHo experiment,” Journal of Low Temperature Physics,
2016.

[162] “HOLMES webpage,” 2015, https://artico.mib.infn.it/holmes.
[163] J. P. Hays-Wehle, D. R. Schmidt, J. N. Ullom, and D. S.

Swetz, “Thermal conductance engineering for high-speed TES
microcalorimeters,” Journal of Low Temperature Physics, 2016,
Proceedings of the 16th International Workshop on Low Tem-
peratureDetectors (LTD ’15),Grenoble, France, 20–24 July 2015.

[164] E. Ferri, B. Alpert, D. Bennett et al., “Pile-up discrimination
algorithms for the holmes experiment,” Journal of Low Temper-
ature Physics, 2016.

[165] B. Alpert, E. Ferri, D. Bennett et al., “Algorithms for identi-
fication of nearly-coincident events in calorimetric sensors,”
Journal of Low Temperature Physics, 2015.

[166] NuMECS, November 2015, http://p25ext.lanl.gov/∼kunde/
NuMECS/.

[167] M. P. Croce, M. W. Rabin, V. Mocko et al., “Development
of holmium-163 electron-capture spectroscopy with transition-
edge sensors,” Journal of Low Temperature Physics, 2016.

[168] A. Faessler, L. Gastaldo, and F. Šimkovic, “Electron capture in
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The discovery of neutrino masses through the observation of oscillations boosted the importance of neutrinoless double beta
decay (0]𝛽𝛽). In this paper, we review the main features of this process, underlining its key role from both the experimental and
theoretical point of view. In particular, we contextualize the 0]𝛽𝛽 in the panorama of lepton number violating processes, also
assessing some possible particle physics mechanisms mediating the process. Since the 0]𝛽𝛽 existence is correlated with neutrino
masses, we also review the state of the art of the theoretical understanding of neutrinomasses. In the final part, the status of current
0]𝛽𝛽 experiments is presented and the prospects for the future hunt for 0]𝛽𝛽 are discussed. Also, experimental data coming from
cosmological surveys are considered and their impact on 0]𝛽𝛽 expectations is examined.

1. Introduction

In 1937, almost ten years after Paul Dirac’s “The quantum
theory of electron” [1, 2], Majorana proposed a new way to
represent fermions in a relativistic quantum field theory [3]
and remarked that this could be especially useful for neutral
particles. A single Majorana quantum field characterizes the
situation in which particles and antiparticles coincide, as it
happens for the photon. Racah stressed that such a field could
fully describe massive neutrinos, noting that the theory by
Majorana leads to physical predictions essentially different
from those coming from Dirac theory [4]. Two years later,
Furry [5] studied within this scenario a new process similar
to the “double beta disintegration,” introduced by Goeppert-
Mayer in 1935 [6]. It is the double beta decaywithout neutrino
emission, or neutrinoless double beta decay (0]𝛽𝛽). This
process assumes a simple form; namely,

(𝐴, 𝑍) → (𝐴,𝑍 + 2) + 2e−. (1)

The Feynman diagram of the 0]𝛽𝛽 process, written in terms
of the particles we know today and of massive Majorana
neutrinos, is given Figure 1.

The main and evident feature of the 0]𝛽𝛽 transition is
the explicit violation of the number of leptons and, more
precisely, the creation of a pair of electrons. The discovery
of 0]𝛽𝛽 would therefore demonstrate that lepton number is
not a symmetry of nature. This, in turn, would support the
exciting theoretical picture that leptons played a part in the
creation of thematter-antimatter asymmetry in the Universe.

In the attempt to investigate the nature of the 0]𝛽𝛽 pro-
cess, various other theoretical possibilities were considered,
beginning by postulating new superweak interactions [7, 8].
However, the general interest has always remained focused
on the neutrino mass mechanism. In fact, this scenario is
supported by two important facts:

(1) On the theoretical side, the triumph of the Standard
Model (SM) of electroweak interactions in the 1970s
[9–11] led to formulating the discussion of new
physics signals using the language of effective opera-
tors, suppressed by powers of the new physics mass
scale. There is only one operator that is suppressed
only by one power of the new mass scale and violates
the global symmetries of the SM or, more precisely,
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Figure 1: Diagram of the 0]𝛽𝛽 process due to the exchange of
massive Majorana neutrinos, here denoted generically by ]

𝑀
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the lepton number: it is the one that gives rise to
Majorana neutrino masses [12] (see also [13–16]).

(2) On the experimental side, some anomalies in neu-
trino physics, which emerged throughout 30 years,
found their natural explanation in terms of oscilla-
tions of massive neutrinos [17]. This explanation was
confirmed by several experiments (see [18, 19] for
reviews). Thus, although oscillation phenomena are
not sensitive to theMajorana nature of neutrinos [20],
the concept of neutrinomass has changed its status in
physics, from the one of hypothesis to the one of fact.
This, of course, strengthened the case for lightmassive
neutrinos to play a major role for the 0]𝛽𝛽 transition.

For these reasons, besides being an interesting nuclear
process, 0]𝛽𝛽 is a also a key tool for studying neutrinos,
probing whether their nature is the one of Majorana particles
and providing us with precious information on the neutrino
mass scale and ordering. Even though the predictions of the
0]𝛽𝛽 lifetime still suffer from numerous uncertainties, great
progresses in assessing the expectations for this process have
been and are being made.These will be discussed later in this
review.

About the Present Review. In recent years, several review
papers concerning neutrinoless double beta decay have been
written. They certainly witness the vivid interest of the
scientific community in this topic. Eachwork emphasizes one
or more relevant aspects such as the experimental part [21–
25], the nuclear physics [26, 27], the connectionwith neutrino
masses [28, 29], and other particle physics mechanisms [30–
33]. The present work is not an exception. We mostly focus
on the first three aspects. This choice is motivated by our
intention to follow the theoretical ideas that describe themost
plausible expectations for the experiments. In particular,
after a general theoretical introduction (Sections 2 and 3),
we examine the present knowledge on neutrino masses in
Section 4 and the status of expectations from nuclear physics
in Section 5. Then we review the experimental situation
(Section 6) and emphasize the link between neutrinoless
double beta decay and cosmology (Section 7).

Amore peculiar aspect of this review is the effort to follow
the historical arguments, without worrying too much about
covering once more well-known material or about present-
ing an exhaustive coverage of the huge recent literature on the
subject. Another specific characteristic is the way the infor-
mation on the neutrinoMajorana mass is dealt with. In order
to pass from this quantity to the (potentially measurable)
decay rate, we have to dispose of quantitative information
on the neutrino masses and on the matrix elements of the
transition, which in turn requires the description of the
nuclear wave functions and of the operators that are implied.
Therefore, our approach is to consider the entire available
information on neutrino masses and, in particular, the one
coming from cosmology. We argue that the recent progresses
(especially those coming from the Planck satellite data [34])
play a very central role for the present discussion. On the
other side, the matrix elements have to be calculated (rather
than measured) and are thus subject to uncertainties which
are difficult to assess reliably. Moreover, the adoptedmethods
of calculation do not precisely reproduce other measurable
quantities (single beta decay, two-neutrino double beta decay,
etc.). We thus prefer to adopt a cautious/conservative assess-
ment of the theoretical ranges of these matrix elements.

We would like to warn the reader that other attitudes in
the discussion are surely possible, and it is indeed the case
for some of the mentioned review works. Using less stringent
limits from cosmology and disregarding the uncertainties
from nuclear physics are equivalent to assuming the most
favorable situation for the experiments. This could be con-
sidered beneficial for the people involved in experimental
search for the neutrinoless double beta decay. However,
we prefer to adhere to a more problematic view in the
present work, simply because we think that it more closely
reflects the present status of facts. Considering the numerous
experiments involved in the field, we deem that an updated
discussion on these two issues has now become quite urgent.
This will help us to assess and appreciate better the progresses
expected in the close future, concerning the cosmological
measurements of neutrino masses and perhaps also the the-
oretical calculations of the relevant nuclear matrix elements.

2. The Total Lepton Number

No elementary process where the number of leptons or
the number of hadrons varies has been observed yet. This
suggests the hypothesis that the lepton number 𝐿 and the
baryon 𝐵 are subject to conservations laws. However, we do
not have any deep justification for which these laws should
be exact. In fact, it is possible to suspect that their validity
is just approximate or circumstantial, since it is related to
the range of energies that we can explore in laboratories.
(Notice also that the fact that neutral leptons (i.e., neutrinos
or antineutrinos) are very difficult to observe restricts the
experimental possibilities to test the total lepton number.)

In this section, we discuss the status of the investigations
on the total lepton number in the SM and in a number of
minimal extensions, focusing on theoretical considerations.
In particular, we introduce the possibility that neutrinos are
endowed with Majorana mass and consider a few possible
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manifestations of lepton number violating phenomena. The
case of the 0]𝛽𝛽 will instead be addressed in the rest of this
work.

2.1. 𝐵 and 𝐿 Symmetries in the SM. The SM in its minimal
formulation has various global symmetries, including 𝐵 and
𝐿, which are called “accidental.” This is due to the specific
particle content of the model and to the hypothesis of renor-
malizability. Some combinations of these symmetries, like, for
example, “𝐵-𝐿,” are conserved also nonperturbatively. This is
sufficient to forbid the 0]𝛽𝛽 transition completely in the SM.
In other words, a hypothetical evidence for such a transition
would directly point out to physics beyond the SM. At the
same time, the minimal formulation of the SM implies that
neutrinos are massless, and this contradicts the experimental
findings. Therefore, the question of how to modify the SM
arises, and this in turn poses the related burning question
concerning the nature of neutrino masses.

2.2. Majorana Neutrinos. In 1937, Majorana proposed a the-
ory of massive and “real” fermions [3]. This theory contains
less fields than the one used by Dirac for the description of
the electron [1, 2] and, in this sense, it is simpler. Following the
formalism introduced in 1933 by Fermiwhen describing the𝛽
decay [36], the condition of reality for a quantized fermionic
field can be written as

𝜒 = 𝐶𝜒
𝑡

, (2)

where 𝐶 is the charge conjugation matrix, while 𝜒 ≡ 𝜒
†

𝛾
0

is the Dirac conjugate of the field. In particular, Majorana
advocated a specific choice of the Dirac 𝛾-matrices, such that
𝐶𝛾

𝑡

0

= 1, which simplifies various equations.The free particle
Lagrangian density formally coincides with the usual one:

LMajorana =
1

2
𝜒 (𝑖�𝜕 − 𝑚) 𝜒. (3)

FollowingMajorana’s notations, the decomposition of the
quantized fields into oscillators is

𝜒 (𝑥) = ∑

p,𝜆
[𝑎 (p𝜆) 𝜓 (𝑥; p𝜆) + 𝑎∗ (p𝜆) 𝜓∗ (𝑥; p𝜆)] , (4)

where 𝜆 = ±1 is the relative orientation between the spin and
themomentum (helicity).We adopt the normalization for the
wave functions: ∫𝑑x|𝜓(𝑡, x)|2 = 1, and for the oscillators:
𝑎(p𝜆)𝑎∗(p𝜆) + 𝑎∗(p𝜆)𝑎(p𝜆) = 𝛿pp𝛿𝜆𝜆 . For any value of
the momentum, there are 2 spin (or helicity) states:

𝑎
∗

(p+) |vac.⟩ = |p ↑⟩ ,

𝑎
∗

(p−) |vac.⟩ = |p ↓⟩ .
(5)

Figure 2 illustrates the comparison between the particle
content of both a Dirac and aMajorana field in the case p = 0
(rest frame).

Evidently, a Majorana neutrino is incompatible with any
𝑈(1) transformation, for example, 𝐿 or the weak hypercharge
(i.e., however broken in the vacuum). In general, 𝐿 will be
violated by the presence of Majorana mass.

Dirac massive particle Majorana massive particle 

0 0

− −

+ +

Figure 2: Massive fields in their rest frames. The arrows show the
possible directions of the spin. (Left) the 4 states of Dirac massive
field. The signs indicate the charge that distinguishes particles and
antiparticles, for example, the electric charge of an electron. (Right)
the 2 states of Majorana massive field. The symbol “zero” indicates
the absence of any 𝑈(1) charge: particles and antiparticles coincide.

In the SM, the neutrino field appears only in the combi-
nation

𝜓
𝐿

= 𝑃
𝐿

𝜓, (6)

where𝑃
𝐿

≡ (1−𝛾
5

)/2 is the so-called chiral projector (Table 1).
It is then possible to implement the hypothesis of Majorana
in the most direct way by defining the real field:

𝜒 ≡ 𝜓
𝐿

+ 𝐶𝜓
𝑡

𝐿

. (7)

In fact, we can conversely obtain the SM field by a projection:

𝜓
𝐿

≡ 𝑃
𝐿

𝜒. (8)

2.3. Ultrarelativistic Limit andMassiveNeutrinos. Thediscov-
ery that parity is a violated symmetry in weak interactions
[37, 38] was soon followed by the understanding that the
charged current (which contains the neutrino field) always
includes the left chiral projector [39–41] (see Sections 2.2 and
3.1).

It is interesting to note the following implication. Within
the hypothesis that neutrinos aremassless, theDirac equation
becomes equivalent to two Weyl equations [42] correspond-
ing to the Hamiltonian functions:

𝐻]/] = ∓𝑐p𝜎, (9)

where 𝜎 are the three Pauli matrices and the two signs apply
to the neutral leptons that, thanks to the interaction, produce
charged leptons of charge ∓1, respectively. In other words, we
can define these states as neutrinos and antineutrinos, respec-
tively.Moreover, by looking at (9), one can see that the energy
eigenstates are also helicity eigenstates. More precisely, the
spin of the neutrino (antineutrino) is antiparallel (parallel) to
its momentum. See Figure 3 for illustration.

The one-to-one connection between chirality and helicity
holds only in the ultrarelativistic limit, when the mass of the
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Table 1: List of the matter particles in the SM.The label “singlet” is often replaced with “right” and likewise for “doublet” it can become “left.”
Hypercharge is assigned according to 𝑄 = 𝑇

3𝐿

+ 𝑌. The chirality of a field (and all its 𝑈(1) numbers) can be exchanged by considering the
charge conjugate field; for example, e𝑐

𝐿

≡ 𝐶e𝑡
𝑅

has electric charge +1 and leptonic charge −1.

Name Field symbol SU(3)c multiplicity SU(2)L multiplicity 𝑈(1)Y charge Lepton number 𝐿 Baryon number 𝐵
Quark doublet 𝑞

𝐿

3 2 +1/6 0 1/3
Singlet up quark 𝑢

𝑅

3 1 +2/3 0 1/3
Singlet down quark 𝑑

𝑅

3 1 −1/3 0 1/3
Lepton doublet 𝑙

𝐿

1 2 −1/2 1 0
Singlet charged lepton e

𝑅

1 1 −1 1 0

A fast lepton withA fast lepton with

0 0

negative helicity yields 𝜇−

→ it must be called �𝜇

positive helicity yields 𝜇+

→ it must be called �𝜇

Direction of motion Direction of motion 

Figure 3: The chiral nature of weak interactions allows us to define
what is a neutrino and what is an antineutrino in the ultrarelativistic
limit, when chirality coincides with helicity and the value of themass
plays only a minor role.

neutrinos is negligible. This is typically the case that applies
for detectable neutrinos, since the weak interaction cross
sections are bigger at larger energies. However, these remarks
do not imply in any way that neutrinos are massless. On the
contrary, we know that neutrinos are massive.

A consequence of the chiral nature of weak interactions
is that if we assume that neutrinos have the type of mass
introduced by Dirac, we have a couple of states that are
sterile under weak interactions in the ultrarelativistic limit.
Conversely, the fact that the left chiral state exists can
be considered a motivation in favor of the hypothesis of
Majorana. In fact, this does not require the introduction of the
right chiral state, as instead required by the Dirac hypothesis.
Most importantly, it should be noticed that in the case of
Majoranamass it is not possible to define the difference between
a neutrino and an antineutrino in a Lorentz invariant way.

2.4. Right-Handed Neutrinos and Unified Groups. The simi-
larity between 𝐿 and 𝐵 is perceivable already within the SM.
The connection is even deeper within the so-called Grand
UnifiedTheories (GUTs), that is, gauge theories with a single
gauge coupling at a certain high energy scale. The standard
prototypes are SU(5) [47] and SO(10) [48, 49]. GUTs undergo
a series of symmetry-breaking stages at lower energies,
eventually reproducing the SM. They lead to predictions
on the couplings of the model and suggest the existence
of new particles, even if theoretical uncertainties make it
difficult to obtain reliable predictions.The possibilities to test

u u u

d d d

u u u

d d d

e

e

�

?

15 particles per matter family

Direction of motion

Figure 4: Helicity of the 15 massless matter particles contained in
each family of the SM (see Table 1). The arrow gives the direction of
the momentum.

these theories are limited, and major manifestations could be
violations of 𝐿 and 𝐵.

The matter content of GUTs is particularly relevant to
the discussion. In fact, the organization of each family of the
SM suggests the question whether right-handed neutrinos
(RH) exist along with the other 7 RH particles (Figure 4).
This question is answered affirmatively in some extensions of
the SM. For example, this is true for gauge groups that also
include a SU(2)

𝑅

factor, on top of the usual SU(2)
𝐿

factor. In
the SO(10) gauge group,which belongs to this class ofmodels,
each family of matter includes the 15 SM particles plus 1 RH
neutrino.

It should be noted that RH neutrinos do not participate
in SM interactions and can therefore be endowed with a
Majorana mass𝑀, still respecting the SM gauge symmetries.
However, they do participate in the new interactions, and,
more importantly for the discussion, they can mix with the
ordinary neutrinos via the Dirac mass terms, 𝑚Dirac. There-
fore, in presence of RH neutrinos, the SM Lagrangian (after
spontaneous symmetry breaking) will include the terms

Lmass = −]𝑅𝑖𝑚
Dirac
ℓ𝑖

]
𝐿ℓ

+
1

2
]
𝑅𝑖

𝑀
𝑖

𝐶]𝑡
𝑅𝑖

+ ℎ.𝑐., (10)

where ℓ = e, 𝜇, 𝜏 and 𝑖 = 1, 2, 3. It is easy to understand that,
at least generically, this framework implies that the lepton
number is broken.
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Let us assume the existence of RH neutrinos, either
embedded in a unified group or not, and let us suppose that
they are heavy (this happens, e.g., if the scale of the new
gauge bosons is large and the couplings of the RH neutrinos
to the scalar bosons implementing spontaneous symmetry
breaking of the new gauge group are not small). In this case,
upon integrating away the heavy neutrinos from the theory,
the light neutrinos will receive Majorana mass, with size
inversely proportional to the mass of the RH ones [13–16].
This is the celebrated Type I Seesaw Model. In other words,
the hypothesis of heavy RH neutrinos allows us to account
for the observed small mass of the neutrinos. Unfortunately,
we cannot predict the size of the light neutrinomass precisely,
unless we know both𝑀 and𝑚Dirac.

In principle, RH neutrinos could also be quite light. An
extreme possibility is that some of them have masses of the
order of eV or less and give rise to new flavor oscillations
observable in terrestrial laboratories [50–52].This could help
to address some experimental anomalies [53, 54]. However,
it has been known for long [55, 56] that the presence of eV
neutrinos would also imply large effects in cosmology, both
in the number of relativistic species and in the value of the
neutrino mass. These effects are not in agreement with the
existing information from cosmology (see Section 4.3) and,
for this reason, we will not investigate this hypothesis further
(we refer the interested reader to the various discussions on
the impact of eV neutrinos on the 0]𝛽𝛽; see, e.g., [57–59]).

In view of the evidences of neutrinosmasses, theories like
SO(10) are particularly appealing, since they offer a natural
explanation of light Majorana neutrino masses. However, a
complete theory able to link in a convincing way fermion
masses (including those of neutrinos) and to provide us with
reliable predictions of new phenomena, such as 0]𝛽𝛽, does
not exist yet. Despite the fact that many attempts were made
in the past, it seems that this enterprise is still in its initial
stages.

2.5. Leptogenesis. Although particles and antiparticles have
the same importance in our understanding of particle
physics, we know that the Universe contains mostly baryons
rather than antibaryons (the lepton number in the Universe
is probed much less precisely; while we know that cosmic
neutrinos and antineutrinos are abundant, it is not easy
to measure their asymmetry which, according to standard
cosmology, should be very small; however, we expect to
have the same number of electrons and protons to guarantee
the overall charge neutrality). In 1967, Sakharov proposed a
set of necessary conditions to generate the cosmic baryon
asymmetry [60]. This has been the beginning of many
theoretical attempts to “explain” these observations in terms
of new physics.

In the SM, although 𝐿 and 𝐵 are not conserved separately
at the nonperturbative level [61–63], the observed value of
the Higgs mass is not big enough to account for the observed
baryon asymmetry [64, 65]. New violations of the global 𝐵 or
𝐿 are needed.

An attractive theoretical possibility is that RH neutrinos
not only enhance the SM endowing neutrinos with Majo-
rana mass, but also produce a certain amount of leptonic

asymmetry in the Universe. This is subsequently converted
into a baryonic asymmetry thanks to 𝐵 + 𝐿 violating effects,
which are built-in in the SM. It is the so-called Leptogenesis
mechanism, and it can be wittingly described by asking the
following question: do we all descend from neutrinos? The
initial proposal of Leptogenesis dates back to 1980s [66], and
there is a large consensus that this type of idea is viable and
attractive. Subsequent investigators showed that the number
of alternative theoretical possibilities is very large and, in
particular, that there are other possible sources of 𝐿 violations
besides RH neutrinos. Conversely, the number of testable
possibilities is quite limited [67].

We believe that it is important to stay aware of the pos-
sibility of explaining the baryon number excess through
Leptogenesis theories. However, at the same time, one should
not overestimate the heuristic power of this theoretical
scheme, at least within the presently available information.

2.6. Neutrino Nature and Cosmic Neutrino Background. The
Big Bang theory predicts that the present Universe is left
with a residual population of ∼56 nonrelativistic neutrinos
and antineutrinos per cm3 and per species. It constitutes a
Cosmic Neutrino Background (C]B). Due to their very low
energy, (9) does not hold for these neutrinos. This happens
because at least two species of neutrinos are nonrelativistic.
The detection of this C]B could therefore allow understand-
ing which hypothesis (Majorana or Dirac) applies for the
neutrino description.

Let us assume having a target of 100 g of 3H. Electron
neutrinos can be detected through the reaction [69, 70]

]e +
3H →

3He + e−. (11)

In the standard assumption of a homogeneous Fermi-Dirac
distribution of the C]B, we expect ∼8 events per year if
neutrinos are Majorana particles and about half if the Dirac
hypothesis applies [71]. Indeed, in the former case, the states
with positive helicity (by definition, antineutrinos) will act
just as neutrinos, since they are almost at rest. Instead, in the
latter case, they will remain antineutrinos and thus they will
not react.

It can be noticed that the signal rate is not prohibitively
small, but the major difficulty consists in attaining a suf-
ficient energy resolution to keep at a manageable level the
background from beta decay. We will not discuss further the
feasibility of such an experiment, and refer to [70, 71] formore
details.

3. Particle Physics Mechanisms for 0]𝛽𝛽

In this section, we focus on one of the most appealing lepton
number violating process, the 0]𝛽𝛽. The exchange of light
Majorana neutrinos is up to now the most appealing mecha-
nism to eventually explain the 0]𝛽𝛽. Some reasons justifying
this statement were already mentioned, but here a more
elaborate discussion is proposed. In particular, we review the
basic aspects of the light neutrino exchange mechanism for
0]𝛽𝛽 and compare it to other ones.Moreover, the possibilities
of inferring the size of neutrino masses from a hypothetical
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observation of 0]𝛽𝛽 and of constraining (or proving the
correctness) some alternative mechanisms with searches at
the accelerators are also discussed.

3.1. The Neutrino Exchange Mechanism. The definition of a
key quantity for the description of the neutrino exchange
mechanismneeds to be introduced. It is the propagator of vir-
tual Majorana neutrinos. Due to the reality condition, (3) can
lead to new types of propagators that do not exist within the
Dirac theory. In fact, in this case, we can use the antisymme-
try of the charge conjugation matrix and get

⟨0
𝑇 [𝜒 (𝑥) 𝜒 (𝑦)]

 0⟩ = −Δ (𝑥 − 𝑦)𝐶, (12)

where Δ denotes the usual propagator, and

Δ (𝑥) ≡ ∫
𝑑
4

𝑞

(2𝜋)
4

𝑖 (�̂� + 𝑚)

𝑞2 − 𝑚2 + 𝑖0
e−𝑖𝑞𝑥. (13)

In the low energy limit (relevant to 𝛽 decay processes)
the interaction of neutrinos is well described by the current-
current four-fermion interactions, corresponding to the
Hamiltonian density

HFermi =
𝐺
𝐹

√2

𝐽
𝑎†

𝐽
𝑎

, (14)

where 𝐺
𝐹

is the Fermi coupling, and we introduced the
current 𝐽𝑎 = 𝐽𝑎lept + 𝐽

𝑎

hadr for 𝑎 = 0, 1, 2, 3, that decreases the
charge of the system (its conjugate, 𝐽†

𝑎

, does the contrary). In
particular, the leptonic current

𝐽
𝑎

lept = ∑

ℓ=e,𝜇,𝜏
𝜓
ℓ

𝛾
𝑎

(1 − 𝛾
5

) 𝜓]
ℓ (15)

defines the ordinary neutrino with “flavor” ℓ. In order to
implement the Majorana hypothesis, one can use (7) and
introduce the field 𝜒 = 𝜓

𝐿

+ 𝐶𝜓
𝑡

𝐿

. Nothing changes in the
interactions if one substitutes the field 𝜓]

ℓ

with the corre-
sponding field 𝜒]

ℓ

, since the chiral projector selects only the
first piece, 𝜓]

ℓ
𝐿

.
Let us assume that the field 𝜒 is a mass eigenstate. A

contribution to the 0]𝛽𝛽 transition arises at the second order
of the Fermi interaction. Let us begin from the operator

− 𝐺
2

𝐹

∫𝑑
4

𝑥𝐽
𝑎†

hadr (𝑥) 𝜓e (𝑥) 𝛾𝑎𝑃𝐿𝜒]e (𝑥)

⋅ ∫ 𝑑
4

𝑦𝐽
𝑏†

hadr (𝑦) 𝜓e (𝑦) 𝛾𝑏𝑃𝐿𝜒]e (𝑦) .

(16)

By contracting the neutrino fields, the leptonic part of this
operator becomes

𝜓e (𝑥) 𝛾
𝑎

𝑃
𝐿

Δ (𝑥 − 𝑦) 𝑃
𝐿

𝛾
𝑏

𝐶𝜓
𝑡

e (𝑦) (17)

while the ordinary propagator, sandwiched between two
chiral projectors, reduces to

𝑃
𝐿

Δ (𝑥) 𝑃
𝐿

= 𝑃
𝐿

∫
𝑑
4

𝑞

(2𝜋)
4

𝑖𝑚

𝑞2 − 𝑚2 + 𝑖0
e−𝑖𝑞𝑥. (18)

The momentum 𝑞 represents the virtuality of the neutrino,
whose value is connected to the momenta of the final state
electrons and to those of the intermediate virtual nucleons.
In particular, since the latter are confined in the nucleus,
the typical 3 momenta are of the order of the inverse of the
nucleonic size, namely,

�⃗�
 ∼ ℏ𝑐/fm ∼ few 100MeV, (19)

whereas the energy (𝑞
0

) is small.The comparison of this scale
with the one of neutrino mass identifies and separates “light”
from “heavy” neutrinos for what concerns 0]𝛽𝛽.

The most interesting mechanism for 0]𝛽𝛽 is the one that
sees light neutrinos as mediators. It is the one originally
considered in [5] and it will be discussed in great detail in
the subsequent sections. In the rest of this section, instead,
we examine various alternative possibilities.

We have some hints, mostly of theoretical nature, that
the light neutrinos might have Majorana mass. However, the
main reason for the hypothesis that the 0]𝛽𝛽 receives its
main contribution from light Majorana neutrinos is the fact
that experiments point out the existence of 3 light massive
neutrinos.

3.2. Alternative Mechanisms to the Light Neutrino Exchange

3.2.1. Historical Proposals. A few years after the understand-
ing of the 𝐾0-𝐾0 oscillation [97–99], which led Pontecorvo
to conjecture that also neutrino oscillations could exist
[17], alternative theoretical mechanisms for the 0]𝛽𝛽 other
than the neutrino exchange were firstly advocated. In 1959,
Feinberg and Goldhaber [7] proposed the addition of the
following term in the effective Lagrangian density:

Hpion =
𝑔

𝑚e
𝜋
+

𝜋
+e𝑡𝐶−1e, (20)

where 𝑚e is the electron mass and 𝑔 an unspecified dimen-
sionless coupling. Similarly, after the hypothesis of superweak
interactions in weak decays [100, 101], the importance for
0]𝛽𝛽 of operators like the one of (20) was stressed by Pon-
tecorvo [8]. He also emphasized that the size and the origin of
these operators could be quite independent from the neutrino
masses.

3.2.2. Higher Dimensional Operators. The SM offers a very
convenient language to order the interesting operators lead-
ing to violation of 𝐿 and 𝐵. It is possible to consider effective
(nonrenormalizable) operators that respect the gauge sym-
metry SU(3)c × SU(2)L × 𝑈(1)Y but that violate 𝐿 and/or
𝐵 [12, 102]. Here, we consider a few representative cases (a
more complete list can be found in [103, 104]), corresponding
to the following terms of the Lagrangian and Hamiltonian
densities:

HWeinberg =
(𝑙
𝐿

𝐻)
2

𝑀
+
𝑙
𝐿

𝑞
𝐿

𝑞
𝐿

𝑞
𝐿

𝑀2

+
(𝑙
𝐿

𝑞
𝐿

𝑑
𝑐

𝑅

)
2

𝑀5

. (21)

The matter fields (fermions) in the equation are written in
the standard notation of Table 1; 𝐻 is the Higgs field, while
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the constrains on the masses are 𝑀 < 10
11 TeV, 𝑀

>

10
12 TeV, and𝑀

> 5TeV. In particular

(i) the first (dimension-5) operator generates Majorana
neutrino masses, and the bound on 𝑀 derives from
neutrino masses𝑚] < 0.1 eV;

(ii) the dimension-6 operator leads to proton decay and
this implies the tight bound on the mass𝑀;

(iii) the dimension-9 operator contributes to the 0]𝛽𝛽; its
role in the transition can be relevant if the scale of
lepton number violation is low.

Summarizing, if one assumes that the scale of new physics
is much higher than the electroweak scale, it is natural to
expect that the leading mechanism behind the 0]𝛽𝛽 is the
exchange of light neutrinos endowed with Majorana masses.
It is also worthy to note that if light sterile neutrinos,
dark matter, or, generally, other light states are added, more
operators may be required. A large effective mass could also
come from small adimensional couplings 𝑦, for example,
1/𝑀 = 𝑦

2

/𝜇.
The number of possible mechanisms that eventually can

lead to the above effective operators is also very large. One
possible (plausible) origin of the dimension-5 operator is
discussed in Section 2.4. However, other cases are possible
and the same is true for the other operators.

3.2.3. HeavyNeutrino Exchange. Let us now consider the case
of heavy RHneutrino exchangemechanism.The correspond-
ing operator gives rise to the effective Hamiltonian density
(for heavy neutrinos, the propagator of (18) is proportional
to 𝛿(𝑥 − 𝑦)):

H]heavy = −
𝐺
2

𝐹

𝑀
𝐻

𝐽
𝑎†

hadr𝜓e
𝐿

𝛾
𝑎

𝛾
𝑏

𝐶𝜓
𝑡

e
𝐿

𝐽
𝑏†

hadr. (22)

It is evident that this is a dimension-9 operator and it has
in front a constant with mass dimension 𝑚−5, since 𝑀

𝐻

indicates the relevant heavy neutrino mass. It has to be noted
that such a definition can be used in an effective formula,
but a gauge model requires expressing 𝑀

𝐻

in terms of the
single RH neutrino masses 𝑀

𝐼

and of the mixing between
left-handed neutrinos ]e

𝐿

and heavy neutrinos:

1

𝑀
𝐻

=
𝑈
2

e𝐼
𝑀

𝐼

. (23)

In particular, the mixings are small if𝑀
𝐼

is large since 𝑈e𝑖 =

𝑚
Dirac
e𝑖 /𝑀

𝐼

. This suggests a suppression of the above effective
operator with the cube of 𝑀

𝐼

, whereas the light neutrino
exchange mechanism leads to a milder suppression, linear
in 𝑀

𝐼

(if the mixing matrices have specific flavor struc-
tures, deviations from this generic expectation are possible).
However, it is still possible that RH neutrinos are heavy,
but not “very” heavy. Actually, this was the first case to be
considered [13], and it could be of interest both for direct
searches at accelerators (see Section 3.4) and for the 0]𝛽𝛽.
In fact, in this case, the mixing𝑈e𝐼 is not strongly suppressed
and RH neutrinos can give an important contribution to the

transition [105]. However, two remarks on this case are in
order. As it was argued in [106], in order to avoid fine tunings
on the light neutrinos, themasses of RHneutrinos should not
be much larger than about 10GeV. Moreover, in the extreme
limit in which the mass becomes light (i.e., it is below the
value in (19)) and Type I Seesaw applies, the contribution of
RHneutrinos cancels the one of ordinary neutrinos [107, 108].

3.2.4. Models with RH Currents. Another class of models of
great interest are those that include RH currents and interme-
diate bosons. In the language of SM, the neutrino exchange
leads to a core operator

H
𝑊bosons =

1

𝑀
𝑊

+

𝑊
+e𝑡𝐶−1e, (24)

where𝑀 is a mass scale and𝑊 identify the fields of the usual
𝑊 bosons. When we consider virtual 𝑊 bosons, this may
eventually lead to the usual case. In principle, it is possible
to replace the usual 𝑊 bosons with the corresponding 𝑊

𝑅

bosons of a new SU(2)
𝑅

gauge group. In this hypothesis, the
RH neutrinos play a more important role and are no longer
subject to restrictions of the mixing matrix, as those of (23).
However, the resulting dimension-9 operator is suppressed by
4 powers of the masses of the new gauge bosons.

Evidently, new RH gauge bosons with masses accessible
to direct experimental investigation are of special interest (see
Section 3.4). Since to date we do not have any experimental
evidence, this possibility will not be emphasized in the
following discussion. Anyway, investigations at the LHC
are currently in progress and the interpretation of some
anomalous events (among the collected data) as a hint in favor
of relatively light𝑊

𝑅

bosons has already been proposed [109–
111].

3.3. From 0]𝛽𝛽 to Majorana Mass: A Remark on “Natural”
Gauge Theories. In a well-known work, Schechter and Valle
[112] employ the basic concepts of gauge theories to derive
some important considerations on the 0]𝛽𝛽. In particular,
their argument proceeds as follows:

(1) If the 0]𝛽𝛽 is observed, there will be some process
(among elementary particles) where the electron-,
up-, and downfields are taken twice. This “black box”
process in [112] (Figure 5) effectively resembles the
one caused by the dimension-9 operator in (21).

(2) Using 𝑊 bosons, it is possible to contract the two
quark pairs and obtain something like the operator in
(24).

(3) Finally, the electron- and the 𝑊-fields can be con-
verted into neutrino fields. A contribution to the
Majorana neutrino mass is therefore obtained.

(4) The possibility that this contribution could be can-
celed by others is barred out as “unnatural.”

This argument works in the “opposite direction” with
respect to ones presented so far. Instead of starting from
the Majorana mass to derive a contribution for the 0]𝛽𝛽, it
shows that from the observation of the 0]𝛽𝛽, it is possible
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Figure 5: Diagram representing the contribution of the “black box”
operator to the Majorana mass. Figure from [114].

to conclude the existence of the Majorana mass. The result
could be seen as an application (or a generalization) of
Symanzik’s rule as given by Coleman [113]: if a theory predicts
𝐿-violation, it will not be possible to screen it to forbid only a
Majorana neutrino mass.

The size of the neutrino masses is not indicated in the
original work, but a straightforward estimation of the dia-
gram of Figure 5 shows that they are so small that they have
no physical interest, being of the order of 10−24 eV [114].
However, what can be seen as a weak point of the argumen-
tation is the concept of “natural theory,” whose definition is
not discussed in [112] but simply proclaimed. In fact, it is
possible to find examples of models where the 0]𝛽𝛽 exists
but the Majorana neutrino mass contribution is zero [106],
in accordance with the claim of Pontecorvo [8] but clashing
with the expectations deriving from that of [112].

We think that the (important) point made in [112] is valid
not quite as a theorem (aword that, anyway, the authors never
use to indicate their work). We rather believe it acts mostly as
a reminder that any specific theory that includes Majorana
neutrino masses will have various specific links between
these masses, 0]𝛽𝛽, and possibly other manifestations of 𝐿-
violation.We see as a risk the fact that, due to the impossibility
of avoiding the issue of model dependence, we will end up
with the idea that we can accept “petition of principles.”

3.4. Role of the Search at Accelerators. There is the hope that
the search for new particles at the accelerators might reveal
new physics relevant to the interpretation or in some way
connected to the 0]𝛽𝛽.This is a statement ofwide validity. For
example, the minimal supersymmetric extension of the SM
is compatible with new 𝐿-violating phenomena taking place
already at the level of renormalizable operators [115]. Also
the hypothesized extradimensions at the TeV scale might
be connected to new 𝐿-violating operators [116]. Or even,
models where the smallness of the neutrinomass is explained
through loop effects imply typically new particles that are not
ultraheavy [117]. Notice that these are just a few among the
many theoretical possibilities to select which, unfortunately,
lack clear principles.

The recent scientific literature tried at least to exploit some
minimality criteria, and the theoretical models that received
the largest attention are indeed those discussed above. A
specific subclass, named ]SM [118], is found interesting
enough to propose a dedicated search at the CERN SPS
[118, 119], aiming to find rare decays of the ordinary mesons

into heavy neutrinos.Othermodels that foresee a new layer of
gauge symmetry at accessible energies and, more specifically,
those connected to left-right gauge symmetry [120] might
instead lead to impressive 𝐿-violation at accelerators [121–
123].This should be quite analogous to the 0]𝛽𝛽 process itself
and that could be seen as manifestations of operators similar
to those in (24).

We would like just to point out that, in both cases, in
order to explain the smallness of neutrino masses, very small
adimensional couplings are required. Although this position
is completely legitimate, in front of the present understanding
of particle physics, it seems fair to say that this leaves us with
some theoretical question to ponder.

4. Present Knowledge of Neutrino Masses

In this sectionwe discuss the crucial parameter describing the
0]𝛽𝛽 if the process is mediated by light Majorana neutrinos
(as defined in Section 3.1). We take into account the present
information coming from the oscillation parameters, cosmol-
ogy, and other data. On the theoretical side, we motivate the
interest for a minimal interpretation of the results.

4.1.The Parameter𝑚
𝛽𝛽

. We know three light neutrinos.They
are identified by their charged current interactions; that is,
they have “flavor” ℓ = e, 𝜇, 𝜏. The Majorana mass terms in
the Lagrangian density are described by a symmetric matrix:

Lmass =
1

2
∑

ℓ,ℓ


=e,𝜇,𝜏

]𝑡
ℓ

𝐶
−1

𝑀
ℓℓ

]
ℓ

 + ℎ.𝑐.. (25)

The only term that violates the electronic number by two
units is𝑀ee, and this simple consideration motivates the fact
that the amplitude of the 0]𝛽𝛽 decay has to be proportional
to these parameters, while the width has to proportional to
its squared modulus. We can diagonalize the neutrino mass
matrix by mean of a unitary matrix

𝑀 = 𝑈
𝑡 diag (𝑚

1

, 𝑚
2

, 𝑚
3

) 𝑈
†

, (26)

where the neutrinomasses𝑚
𝑖

are real and nonnegative.Thus,
we can define

𝑚
𝛽𝛽

≡



∑

𝑖=1,2,3

𝑈
2

e𝑖𝑚𝑖



, (27)

where the index 𝑖 runs on the 3 light neutrinos with given
mass.This parameter is often called “effectiveMajoranamass”
(it can be thought of as the “electron neutrinomass” that rules
the 0]𝛽𝛽 transition, but keeping in mind that it is different
from the “electron neutrinomass” that rules the 𝛽 decay tran-
sition).

The previous intuitive argument in favor of this definition
is corroborated by calculating the Feynman diagram of
Figure 1. Firstly, it has to be noted that the electronic neutrino
]e is not a mass eigenstate in general. Then, substituting (26)
into (25), we see that we go from the flavor basis to the mass
basis by setting

]
ℓ

= ∑

𝑖=1,2,3

𝑈
ℓ𝑖

]
𝑖

. (28)
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Therefore, in the neutrino propagators of Figure 1, we will
refer to the masses 𝑚

𝑖

(that in our case are “light”) while, in
the two leptonic vertices, we will have𝑈e𝑖. Taking the product
of these factors, we get the expression given in (27).

It should be noted that the leptonic mixing matrix 𝑈
as introduced above differs from the ordinary one used in
neutrino oscillation analyses. Indeed, the latter is given after
rotating away the phases of the neutrino fields and observ-
ing that oscillations depend only upon the combination
𝑀𝑀

†

/(2𝐸). This matrix contains only one complex phase
which plays a role in oscillations (the “CP-violating phase”).
Instead, in the case of 0]𝛽𝛽, the observable is different. It is
just |𝑀ee|. Here, there are new phases that cannot be rotated
away and that play a physical role.These are sometimes called
“Majorana phases.” Their contribution can be made explicit
by rewriting (27) as follows:

𝑚
𝛽𝛽

=



∑

𝑖=1,2,3

e𝑖𝜉𝑖 𝑈
2

e𝑖

𝑚
𝑖



. (29)

We can now identify 𝑈e𝑖 of (29) with the mixing matrix used
in neutrino oscillation analyses (note that the specific choice
and the symbols for these phases may differ among authors).

Before proceeding in the discussion, some remarks are in
order:

(i) It is possible to adopt a convention for the neutrino
mixing matrix such that the 3 mixing elements 𝑈e𝑖
are real and positive. However, in the most common
convention, 𝑈e3 is defined to be complex.

(ii) Only two Majorana phases play a physical role, the
third one just being matter of convention.

(iii) It is not possible even in principle to reconstruct the
Majorana mass matrix simply on experimental bases,
unless we find another observable which depends on
Majorana phases.

Furthermore, a specific observation on the Type I Seesaw
Model is useful. Let us consider the simplest case with only
]e and one heavy neutrino ]

𝐻

that mix with this state. The
Majorana mass matrix is of the form

(

0 𝑚
Dirac

𝑚
Dirac

𝑀
𝐻

) . (30)

One should not be misled, concluding that in this case (and,
generally, in the Type I Seesaw) 𝑚

𝛽𝛽

is zero. In fact, as it is
well known, the masses of the light neutrinos (in this case, of
]e) arise when one integrates away the heavy neutrino state,
getting

𝑚]e = −
(𝑚

Dirac
)
2

𝑀
𝐻

. (31)

As discussed in [106], we obtain in this one-flavor case the
nonzero contribution

𝑚
𝛽𝛽

=

𝑚]e

(1 +

⟨𝑞
2

⟩

𝑀
2

𝐻

) . (32)

The second factor is the direct contribution of the heavy
neutrino (this formula agrees with the naive scaling expected
from the heavy neutrino contribution; but in specific three-
flavor models it is possible, at least in principle, that heavy
neutrinos give a large and even dominating contribution to
the 0]𝛽𝛽 decay rate [106]). The quantity ⟨𝑞2⟩ depends on the
nuclear structure and it is of the order of (100MeV)2 and thus
(32) is valid if we assume |𝑚]e | ≪ 100MeV ≪ 𝑀

𝐻

.
In the above discussion, we have emphasized the three-

flavor case. The main reason for this is evidently that we
know about the existence of only 3 light neutrinos. It is
possible to test this hypothesis by searching for new oscil-
lation phenomena, by testing the universality of the weak
leptonic couplings and/or the unitarity of the matrix in (28),
by searching directly at accelerators new and (not too) light
neutrino states, and so forth. However, we believe that it is
fair to state that, to date, we have no conclusive experimental
evidence or strong theoretical reason to deviate from this
minimal theoretical scheme. We will adopt it in the proceed-
ing of the discussion. In this way, we can take advantage of
the precious information that was collected on the neutrino
masses to constrain the parameter 𝑚

𝛽𝛽

and to clarify the
various expectations.

4.2. Oscillations. In [35], a complete analysis of the current
knowledge of the oscillation parameters and of neutrino
masses can be found. Although the absolute neutrino mass
scale is still unknown, it has been possible to measure,
through oscillation experiments, the squared mass splittings
between the three active neutrinos. In Table 2, the parameters
relevant to our analysis are reported. The mass splittings are
labeled by 𝛿𝑚2 and Δ𝑚2. The former is measured through
the observation of solar neutrino oscillations, while the latter
comes from atmospheric neutrino data. The definitions of
these two parameters are the following:

𝛿𝑚
2

≡ 𝑚
2

2

− 𝑚
2

1

,

Δ𝑚
2

≡ 𝑚
2

3

−
𝑚
2

1

+ 𝑚
2

2

2
.

(33)

Practically, 𝛿𝑚2 regards the splitting between ]
1

and ]
2

, while
Δ𝑚

2 refers to the distance between the ]
3

mass and the mid-
point of ]

1

and ]
2

masses.
The sign of 𝛿𝑚2 can be determined by observing matter

enhanced oscillations as explained within the MSW theory
[125, 126]. It turns out, after comparing with experimental
data, that 𝛿𝑚2

> 0 [127]. Unfortunately, determining the sign
of Δ𝑚2 is still unknown and it is not simple to measure it.
However, it has been argued (see, e.g., [128]) that, by carefully
measuring the oscillation pattern, it could be possible to
distinguish between the two possibilities, Δ𝑚2

> 0 and
Δ𝑚

2

< 0. This is a very promising perspective in order to
solve this ambiguity, which is sometimes called the “mass
hierarchy problem.” In fact, standard names for the twomen-
tioned possibilities for the neutrinomass spectra are “Normal
Hierarchy” (NH) for Δ𝑚2

> 0 and “Inverted Hierarchy”
(IH) for Δ𝑚2

< 0.
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Table 2: Results of the global 3] oscillation analysis, in terms of best
fit values and allowed 1𝜎 range for the 3] mass-mixing parameters
relevant for our analysis as reported in [35]. The last column is our
estimate of the 𝜎 while assuming symmetric uncertainties.

Parameter Best fit 1𝜎 range 𝜎symmetric

NH

sin2(𝜃
12

) 3.08 ⋅ 10−1 (2.91–3.25) ⋅ 10−1 0.17 ⋅ 10−1

sin2(𝜃
13

) 2.34 ⋅ 10−2 (2.16–2.56) ⋅ 10−2 0.22 ⋅ 10−2

sin2(𝜃
23

) 4.37 ⋅ 10−1 (4.14–4.70) ⋅ 10−1 0.33 ⋅ 10−1

𝛿𝑚
2 [eV2] 7.54 ⋅ 10−5 (7.32–7.80) ⋅ 10−5 0.26 ⋅ 10−5

Δ𝑚
2 [eV2] 2.44 ⋅ 10−3 (2.38–2.52) ⋅ 10−3 0.08 ⋅ 10−3

IH

sin2(𝜃
12

) 3.08 ⋅ 10−1 (2.91–3.25) ⋅ 10−1 0.17 ⋅ 10−1

sin2(𝜃
13

) 2.39 ⋅ 10−2 (2.18–2.60) ⋅ 10−2 0.21 ⋅ 10−2

sin2(𝜃
23

) 4.55 ⋅ 10−1 (4.24–5.94) ⋅ 10−1 1.39 ⋅ 10−1

𝛿𝑚
2 [eV2] 7.54 ⋅ 10−5 (7.32–7.80) ⋅ 10−5 0.26 ⋅ 10−5

Δ𝑚
2 [eV2] 2.40 ⋅ 10−3 (2.33–2.47) ⋅ 10−3 0.07 ⋅ 10−3

The oscillation data are analyzed in [35] by writing the
leptonic (PMNS) mixing matrix𝑈|osc. in terms of the mixing
angles 𝜃

12

, 𝜃
13

, and 𝜃
23

and of the CP-violating phase 𝜙
according to the (usual) representation

𝑈|osc.

= (

𝑐
12

𝑐
13

𝑠
12

𝑐
13

𝑠
13

e−𝑖𝜙

−𝑠
12

𝑐
23

− 𝑐
12

𝑠
13

𝑠
23

e𝑖𝜙 𝑐
12

𝑐
23

− 𝑠
12

𝑠
13

𝑠
23

e𝑖𝜙 𝑐
13

𝑠
23

𝑠
12

𝑠
23

− 𝑐
12

𝑠
13

𝑐
23

e𝑖𝜙 −𝑐
12

𝑠
23

− 𝑠
12

𝑠
13

𝑐
23

e𝑖𝜙 𝑐
13

𝑐
23

,

) ,

(34)

where 𝑠
𝑖𝑗

, 𝑐
𝑖𝑗

≡ sin 𝜃
𝑖𝑗

, cos 𝜃
𝑖𝑗

. Note the usage of the samephase
convention and parameterization of the quark (CKM)mixing
matrix even if, of course, the values of the parameters are
different. With this convention, it is possible to obtain (29)
by defining

𝑈 ≡ 𝑈|osc. ⋅ diag (e
−𝑖𝜉

1
/2

, e−𝑖𝜉2/2, e𝑖𝜙−𝑖𝜉3/2) . (35)

Table 2 shows the result of the best fit and of the 1𝜎
range for the different oscillation parameters. It can be noted
that the values are slightly different depending on the mass
hierarchy. This comes from the different analysis procedures
used during the evaluation, as explained in [35]. Therefore,
throughout this work. the two neutrino mass spectra are
treated differently from one another, since we used these
hierarchy-dependent parameters. The uncertainties are not
completely symmetric around the best fit point, but the devi-
ations are quite small, as claimed by the authors themselves
in the reference. In particular, the plots in the paper show
Gaussian likelihoods for the parameters determining𝑚

𝛽𝛽

. In
order to later propagate the errors, we decided to neglect the
asymmetry, which has no relevant effects on the presented
results. We computed the maximum between the distances
of the best fit values and the borders of the 1𝜎 range (fourth
column of Table 2) and we assumed that the parameters
fluctuate according to aGaussian distribution around the best
fit value, with a standard deviation given by that maximum.

Table 3: Flavor composition of the neutrino mass eigenstates. The
two cases refer to the values for the CP-violating phase𝜙 = 0 and𝜙 =
1.39𝜋 (1.31𝜋), best fit value in case ofNH (IH) according to [35].

Eigenstate NH IH

(𝜙 = 0) (𝜙 = 1.39𝜋) (𝜙 = 0) (𝜙 = 1.31𝜋)
]
1

]e .676 .676 .675 .675
]
𝜇

.254 .160 .252 .141
]
𝜏

.070 .164 .073 .184
]
2

]e .301 .301 .301 .301
]
𝜇

.331 .425 .322 .432
]
𝜏

.368 .274 .378 .267
]
3

]e .023 .023 .024 .024
]
𝜇

.415 .415 .426 .426
]
𝜏

.562 .562 .550 .550

Thanks to the knowledge of the oscillation parameters, it
is possible to put a first series of constraints on 𝑚

𝛽𝛽

. How-
ever, as already recalled, since the complex phases of the
mixing parameters in (29) cannot be probed by oscillations,
the allowed region for 𝑚

𝛽𝛽

is obtained letting them vary
freely. The expressions for the resulting extremes (i.e., the
𝑚
𝛽𝛽

maximum and minimum values due to the phase varia-
tion) can be found in Appendix A. We adopt the graphical
representation of 𝑚

𝛽𝛽

introduced in [129] and refined in
[18, 130]. It consists in plotting 𝑚

𝛽𝛽

in bilogarithmic scale
as a function of the mass of the lightest neutrino, for both
the cases of NH and IH. The resulting plot is shown in
Figure 6(a). The uncertainties on the various parameters are
propagated using the procedures described in Appendix B.
This results in a wider allowed region, which corresponds to
the shaded parts in the picture.

4.2.1. Mass Eigenstates Composition. The standard three-flavor
oscillations involve three massive states that, consistently
with (28), are given by the following (note that in this case
we are in the ultrarelativistic limit; see Section 2.3):

]𝑖⟩ = ∑

ℓ=e,𝜇,𝜏
𝑈
ℓ𝑖

]ℓ⟩ . (36)

Thus, it is possible to estimate the probability of finding the
component ]

ℓ

of each mass eigenstate ]
𝑖

. This probability
is just the squared module of the matrix element 𝑈

ℓ𝑖

, since
the matrix is unitary. The result is graphically shown in
Figure 7. As already mentioned, since hierarchy-dependent
parameters were used, the flavor composition of the various
eigenstates slightly depends on themass hierarchy. It is worth
noting that the results also depend on the possible choices
of 𝜙, while they do not depend on the eventual Majorana
phases. Table 3 reports the calculation for the cases 𝜙 = 0

and 𝜙 = 1.39𝜋 (1.31𝜋) and best fit value for the NH (IH)
according to [35].
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Figure 6: Updated predictions on 𝑚
𝛽𝛽

from oscillations as a function of the lightest neutrino mass (a) and of the cosmological mass (b) in
the two cases ofNH andIH.The shaded areas correspond to the 3𝜎 regions due to error propagation of the uncertainties on the oscillation
parameters. Figure from [124].
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Figure 7: Graphic view of the probability of finding one of the flavor
eigenstates if the neutrino is in a certain mass eigenstate. The value
𝜙 = 0 for the CP-violating phase is assumed.

4.3. Cosmology and Neutrino Masses

4.3.1. The Parameter Σ. The three-light neutrino scenario is
consistent with all known facts in particle physics including
the new measurements by Planck [34]. In this assumption,
the physical quantity probed by cosmological surveys, Σ, is
the sum of the masses of the three light neutrinos:

Σ ≡ 𝑚
1

+ 𝑚
2

+ 𝑚
3

. (37)

Depending on the mass hierarchy, is it possible to express
Σ as a function of the lightest neutrino mass 𝑚 and of the
oscillation mass splittings. In particular, in the case of NH,
one gets

𝑚
1

= 𝑚,

𝑚
2

= √𝑚2 + 𝛿𝑚2,

𝑚
3

= √𝑚2 + Δ𝑚2 +
𝛿𝑚

2

2
,

(38)

while, in the case ofIH,

𝑚
1

= √𝑚2 + Δ𝑚2 −
𝛿𝑚

2

2
,

𝑚
2

= √𝑚2 + Δ𝑚2 +
𝛿𝑚

2

2
,

𝑚
3

= 𝑚.

(39)

It can be useful to compute the mass of the lightest
neutrino, given a value ofΣ.This can be convenient in order to
compute𝑚

𝛽𝛽

as a function of Σ instead of𝑚 (in Appendix C,
an approximate (but accurate) alternative method for the
numerical calculation needed to make this conversion is
given). In this way,𝑚

𝛽𝛽

is expressed as a function of a directly
observable parameter.

The close connection between the neutrino mass mea-
surements obtained in the laboratory and those probed
by cosmological observations was outlined long ago [131].
Furthermore, the measurements of Σ have recently reached
important sensitivities, as discussed in Section 7.

In Figure 6(b), an updated version of the plot (𝑚
𝛽𝛽

versus
Σ) originally introduced in [132] is shown. Concerning the
treatment of the uncertainties, we use again the assumption
of Gaussian fluctuations and the prescription reported in
Appendix B.
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Figure 8: Evolution of some significant values for Σ as indicated by
cosmology, based on well-known works [133–136]. Since the error
for the first value is not reported in the reference, we assumed
an error of 50% for the purpose of illustration. The yellow region
includes values ofΣ compatiblewith theNH spectrum, but notwith
theIH one. The gray band includes values of Σ incompatible with
the standard cosmology and with oscillation experiments.

4.3.2. Constraints fromCosmological Surveys. The indications
for neutrino masses from cosmology have kept changing
for the last 20 years. A comprehensive review on the topic
can be found in [137]. In Figure 8 the values for Σ given
in [133–136] are shown. The scientific literature contains
several authoritative claims for a nonzero value for Σ but,
being different among each other, these values cannot be all
correct (at least) and this calls us for a cautious attitude in
the interpretation. Referring to the most recent years, two
different positions emerge: on one side, we find claims that
cosmology provides us with a hint for nonzero neutrino
masses; on the other, we have very tight limits on Σ.

In the former case, it has been suggested [135, 138] that
a total nonzero neutrino mass around 0.3 eV could allevi-
ate some tensions present between cluster number counts
(selected both in X-ray and by Sunyaev-Zeldovich effect)
and weak lensing data. A sterile neutrino particle with mass
in a similar range is sometimes also advocated [139, 140].
However, evidence for nonzero neutrino masses in either
the active or sterile sectors seems to be claimed in order to
fix the significant tensions between different data sets (cos-
mic microwave background (CMB) and baryonic acoustic
oscillations (BAOs) on one side and weak lensing, cluster
number counts, and high values of the Hubble parameter on
the other).

In the latter case, the limit onΣ is so stringent that it better
agreeswith theNH spectrum, rather thanwithIH one (see
the discussion in Section 7.1) (actually, it has been shown in
[141] that the presence in the nuclear medium of 𝐿-violating
four-fermion interactions of neutrinos with quarks from a
decaying nucleus could account for an apparent incompat-
ibility between the 0]𝛽𝛽 searches in the laboratory and the
cosmological data; in fact, the net effect of these interactions
(not present in the latter case) would be the generation of an
effective “in-medium” Majorana neutrino mass matrix with
a corresponding enhancement of the 0]𝛽𝛽 rate). The tightest
experimental limits on Σ are usually obtained by combining

Table 4: Tight constraints on Σ obtained in 2015, by analyzing
the data on the CMB by Planck Collaboration [34], polarization
included, along with other relevant cosmological data probing
smaller scales.

Upper bound on Σ (2𝜎 CL) Included dataset
153meV [34]a SNe, BAO,𝐻

0

prior
120meV [43] Lyman-𝛼
126meV [44] BAO,𝐻

0

, 𝜏 priors, Planck SZ clusters
177meV [45] BAO
110meV [46] BAO, galaxy clustering, lensing
aResults as reported in http://wiki.cosmos.esa.int/planckpla2015, page 311.

CMB data with the ones probing smaller scales. In this way,
their combination allows a more effective investigation of
the neutrino induced suppression in terms of matter power
spectrum, both in scale and redshift. Quite recently, a very
stringent limit, Σ < 146meV (2𝜎 CL), was set by Palanque-
Delabrouille and collaborators [136]. New tight limits were
presented after the data release by the Planck Collaboration
in 2015 [34]. Some of the most significant results are reported
in Table 4. The bounds on Σ indicated by these post-Planck
studies are quite small, but they are still larger than the final
sensitivities expected, especially thanks to the inclusion of
other cosmological data sets probing smaller scales (see, e.g.,
[142, 143] for review works). Therefore, these small values
cannot be considered surprising and, conversely, margins of
further progress are present.

In our view, this situation should be considered as favor-
able since more proponents are forced to carefully examine
and discuss all the available hypotheses. In view of this
discussion, in Section 7, we consider two possible scenarios
and discuss the implications from the cosmological investi-
gations for the 0]𝛽𝛽 in both cases.

4.4. Other Nonoscillations Data. For the sake of complete-
ness, we mention other two potential sources of information
on neutrinos masses. They are

(i) the study of kinematic effects (in particular of super-
nova neutrinos),

(ii) the investigation of the effect of mass in single beta
decay processes.

The first type of investigations, applied to SN1987A, pro-
duced a limit of about 6 eV on the electron antineu-
trino mass [144, 145]. The perspectives for the future are
connected to new detectors, or to the existence of antineu-
trino pulses in the first instants of a supernova emis-
sion. The second approach, instead, is presently limited to
about 2 eV [146, 147], even having the advantage of being
obtained in controlled conditions, that is, in laboratory. Its
future is currently in the hands of new experiments based
on a 3H source [148] and on the electron capture of 163Ho
[149–151], which have the potential to go below the eV in sen-
sitivity.
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4.5. Theoretical Understanding. Theorists have not been very
successful in anticipating the discoveries on neutrino masses
obtained by means of oscillations. The discussion within
gauge models clarified that it is possible or even likely to have
neutrinomasses in gaugemodels (compare with Section 2.4).
However, a large part of the theoretical community focused
for a long time on models such as “minimal SU(5)”, where
the neutrino masses are zero, emphasizing the interest in
proton decay search rather than in neutrino mass search. On
top of that, we had many models that aimed to predict, for
example, the correct solar neutrino solution or the size of 𝜃

13

before the measurements, but none of themwere particularly
convincing. More specifically, a lot of attention was given to
the “small mixing angle solution” and the “very small 𝜃

13

scenario” that are now excluded from the data.
Moreover, it is not easy to justify the theoretical position

where neutrino masses are not considered along the masses
of other fermions. This remark alone explains the difficulty
of the theoretical enterprise that theorists have to face. For
the reasons mentioned in Section 2.4, the SO(10) models
are quite attractive to address a discussion of neutrino
masses. However, even considering this specific class of
well-motivated Grand Unified groups, it remains difficult to
claim that we have a complete and convincing formulation
of the theory. In particular, this holds for the arbitrariness
in the choice of the representations (especially that of the
Higgs bosons), for the large number of unknown parameters
(especially the scalar potential), for the possible role of
nonrenormalizable operators, for the uncertainties in the
assumption concerning low scale supersymmetry, for the lack
of experimental tests, and so forth. Note that, incidentally,
preliminary investigations on the size of 𝑚

𝛽𝛽

in SO(10) did
not provide a clear evidence for a significant lower bound
[152]. Anyway, even the case of an exactly null effective
Majorana mass does not increase the symmetry of the
Lagrangian and thus does not forbid the 0]𝛽𝛽, as remarked
in [153].

Here, we just consider one specific theoretical scheme,
for illustration purposes. This should not be considered a
full fledged theory, but rather it attempts to account for the
theoretical uncertainties in the predictions. The hierarchy
of the masses and of the mixing angles has suggested the
hypothesis that the elements of the Yukawa couplings and
thus of the mass matrices are subject to some selection rule.
The possibility of a 𝑈(1) selection rule has been proposed in
[154] and, since then, it has become very popular.

Immediately after the first strong evidences of atmo-
spheric neutrino oscillations (1998) specific realizations for
neutrinos have been discussed in various works (see [155] for
references). These correspond to the neutrino mass matrix

𝑀neutrino = 𝑚 × diag (𝜀, 1, 1) 𝐶 diag (𝜀, 1, 1) , (40)

where the flavor structure is dictated by a diagonalmatrix that
acts only on the electronic flavor and suppresses the matrix
elements 𝑀e𝜇, 𝑀e𝜏, and 𝑀ee (twice). The dimensionful

parameter (the overall mass scale) is given by Δ ≡ √Δ𝑚2

atm ≈

50meV.We thus have amatrix of coefficients𝐶with elements
𝐶
ℓℓ

 = O(1) that are usually treated as random numbers of

the order of 1 in the absence of a theory. A choice of 𝜀 that
suggested values of 𝜃

12

and 𝜃
13

in the correct region (before
their measurement) is 𝜀 = 𝜃

𝐶

or√𝑚
𝜇

/𝑚
𝜏

[155]. Within these
assumptions, the matrix element in which we are interested
is

𝑚
𝛽𝛽

=

𝑚𝜀

2

O (1)

≈ (2–4) meV. (41)

Finally, we note that the SM renormalization of the elements
of the neutrino mass matrix is multiplicative. The effect of
renormalization is therefore particularly small for 𝑚

𝛽𝛽

(see,
e.g., equation (17) of [156] and the discussion therein). In
other words, the value 𝑚

𝛽𝛽

= 0 (or values close to this one)
should be regarded as a stable point of the renormalization
flow.

Let us conclude repeating that, anyway, there are many
reasons to consider the theoretical expectations with detach-
ment, and the above theoretical scheme is not an exception
to this rule. It is very important to keep in mind this fact in
order to properly assess the value of the search for the 0]𝛽𝛽
and to proceed accordingly in the investigations.

5. The Role of Nuclear Physics

0]𝛽𝛽 is first of all a nuclear process. Therefore, the transition
has to be described properly, taking into account the relevant
aspects that concern nuclear structure and dynamics. In
particular, it is a second-order nuclear weak process and it
corresponds to the transition from a nucleus (𝐴, 𝑍) to its
isobar (𝐴, 𝑍 + 2) with the emission of two electrons. In
principle, a nucleus (𝐴, 𝑍) can decay via double beta decay as
long as the nucleus (𝐴, 𝑍+2) is lighter.However, if the nucleus
can also decay by single beta decay, (𝐴, 𝑍 + 1), the branching
ratio for the 0]𝛽𝛽 will be too difficult to be observed due
to the overwhelming background rate from the single beta
decay. Therefore, candidate isotopes for detecting the 0]𝛽𝛽
are even-even nuclei that, due to the nuclear pairing force, are
lighter than the odd-odd (𝐴, 𝑍 + 1) nucleus, making single
beta decay kinematically forbidden (Figure 9). It is worth
noting that, since the 0]𝛽𝛽 candidates are even-even nuclei,
it follows immediately that their spin is always zero.

The theoretical expression of the half-life of the process in
a certain nuclear species can be factorized as

[𝑡
1/2

]
−1

= 𝐺
0] |M|

2
𝑓 (𝑚𝑖

, 𝑈e𝑖)


2

, (42)

where 𝐺
0] is the phase space factor (PSF), M is the nuclear

matrix element (NME), and 𝑓(𝑚
𝑖

, 𝑈e𝑖) is an adimensional
function containing the particle physics beyond the SM that
could explain the decay through the neutrino masses𝑚

𝑖

and
the mixing matrix elements 𝑈e𝑖.

In this section, we review the crucial role of nuclear
physics in the expectations, predictions, and eventual under-
standing of the 0]𝛽𝛽, also assessing the present knowledge
and uncertainties. We are mainly restricted to the discussion
of the light neutrino exchange as the candidate process for
mediating the 0]𝛽𝛽 transition, but the mechanism of heavy
neutrino exchange is also considered.
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Figure 9: Nuclear mass as a function of the atomic number 𝑍 in the case of an isobar candidate with 𝐴 even (a) and 𝐴 odd (b).

In the former case (𝑚 ≲ 100MeV, see (19)), the factor 𝑓
is proportional to𝑚

𝛽𝛽

:

𝑓 (𝑚
𝑖

, 𝑈e𝑖) ≡
𝑚
𝛽𝛽

𝑚e
=
1

𝑚e



∑

𝑘=1,2,3

𝑈
2

e𝑘𝑚𝑘



, (43)

where the electron mass 𝑚e is taken as a reference value. In
the scheme of the heavy neutrino exchange (𝑚 ≳ 100MeV),
the effective parameter is instead

𝑓 (𝑚
𝑖

, 𝑈e𝑖) ≡ 𝑚p ⟨𝑀
−1

𝐻

⟩ = 𝑚p



∑

𝐼=heavy
𝑈
2

e𝐼
1

𝑀
𝐼



, (44)

where the proton mass 𝑚p is now used, according to the
tradition, as the reference value.

5.1. Recent Developments on the Phase Space Factor Calcula-
tions. Thefirst calculations of PSFs date back to the late 1950s
[157] and used a simplified description of the wave functions.
The improvements in the evaluation of the PSFs are due to
always more accurate descriptions and less approximations
[158–160].

Recent developments in the numerical evaluation of
Dirac wave functions and in the solution of the Thomas-
Fermi equation allowed calculating accurately the PSFs for
both single and double beta decay. The key ingredients are
the scattering electron wave functions. The new calculations
take into account relativistic corrections, the finite nuclear
size, and the effect of the atomic screening on the emitted
electrons.Themain difference between these calculations and
the older ones is of the order of a small percent for light nuclei
(𝑍 = 20), about 30% for Nd (𝑍 = 60), and a rather large one,
90%, for U (𝑍 = 92).

In [95, 161, 162], the most up to date calculations of the
PSFs for 0]𝛽𝛽 can be found. The results obtained in these
works are quite similar. Throughout this paper, we use the
values from the first reference.

5.2. Models for the NMEs. Let us suppose that the decay pro-
ceeds through an 𝑠-wave. Since we have just two electrons in
the final state, we cannot form an angular momentum greater
than one. Therefore, usually only 0]𝛽𝛽 matrix elements to
final 0+ states are considered. These can be the ground state,
0
+

1

, or the first excited state, 0+
2

. Of course, we consider as
a starting state just 0+ state, since the double beta decay is
possible only for (𝑍, 𝐴) even-even isobar nuclei.

The calculation of the NMEs for the 0]𝛽𝛽 is a difficult
task because the ground andmany excited states of open-shell
nuclei with complicated nuclear structure have to be con-
sidered. The problem is faced by using different approaches
and, especially in the last few years, the reliability of the
calculations improved a lot. Here, a list of themain theoretical
models is presented. The most relevant features for each of
them are highlighted.

(i) Interacting Shell Model (ISM) [164, 165]. In the ISM only
a limited number of orbits around the Fermi level is con-
sidered, but all the possible correlations within the space are
included and the pairing correlations in the valence space are
treated exactly. Proton and neutron numbers are conserved
and angular momentum conservation is preserved. A good
spectroscopy for parent and daughter nuclei is achieved.

(ii) Quasiparticle Random Phase Approximation (QRPA) [163,
166]. The QRPA uses a large valence space and thus it cannot
comprise all the possible configurations. Typically, single
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Figure 10: Most updated NMEs calculations for the 0]𝛽𝛽 with the
IBM-2 [96], QRPA-Tü [163], and ISM [164] models. The results
somehow differ among the models but are not too far away. Figure
from [96].

particle states in aWoods-Saxonpotential are considered.The
proton-proton and neutron-neutron pairings are taken into
account and treated in the BCS approximation (proton and
neutron numbers are not exactly conserved).

(iii) Interacting Boson Model (IBM-2) [96]. In the IBM, the
low-lying states of the nucleus are modeled in terms of
bosons. The bosons are in either 𝑠 boson (𝐿 = 0) or 𝑑
boson (𝐿 = 2) states. Therefore, one is restricted to 0+ and
2
+ neutron pairs transferring into two protons. The bosons
interact through one- and two-body forces giving rise to
bosonic wave functions.

(iv) Projected Hartree-Fock Bogoliubov Method (PHFB) [167].
In the PHFB, the NME are calculated using the projected-
Hartree-Fock-Bogoliubov wave functions, which are eigen-
vectors of four different parameterizations of a Hamiltonian
with pairing plus multipolar effective two-body interaction.
In real applications, the nuclearHamiltonian is restricted only
to quadrupole interactions.

(v) Energy Density Functional Method (EDF) [168]. The EDF
is considered to be an improvementwith respect to the PHFB.
The state-of-the-art density functional methods based on
the well-established Gogny D1S functional and a large single
particle basis are used.

The most common methods are ISM, QRPA, and IBM-
2. In Figure 10, a comparison among the most recent NME
calculations computed with these three models is shown. It
can be seen that the disagreement can be generally quantified
in some tens of percents, instead of the factors 2–4 of the
past. This can be quite satisfactory. As it will be discussed in
Section 5.3, the main source of uncertainty in the inference
does not rely on the NME calculations anymore, but on the
determination of the quenching of the axial vector coupling

constant. For this reason, in the subsequent discussion, we
will be restricted to one of the considered models, namely,
the IBM-2 [96], without significant loss of generality.

5.3. Theoretical Uncertainties

5.3.1. Generality. Following (42), an experimental limit on
the 0]𝛽𝛽 half-life translates into a limit on the effective
Majorana mass:

𝑚
𝛽𝛽

≤
𝑚e

M√𝐺
0]𝑡

1/2

. (45)

From the theoretical point of view, in order to constrain
𝑚
𝛽𝛽

, the estimation of the uncertainties both on 𝐺
0] and

M is crucial. Actually, the PSFs can be assumed to be quite
well known, the error in their most recent calculations being
around 7% [95].

A convenient parametrization for theNMEs is the follow-
ing [169]:

M ≡ 𝑔
2

𝐴

M
0]

= 𝑔
2

𝐴

(𝑀
(0])
GT − (

𝑔
𝑉

𝑔
𝐴

)

2

𝑀
(0])
𝐹

+𝑀
(0])
𝑇

) ,

(46)

where 𝑔
𝑉

and 𝑔
𝐴

are the axial and vector coupling constants
of the nucleon, 𝑀(0])

GT is the Gamow-Teller (GT) operator
matrix element between initial and final states (spin-spin
interaction),𝑀(0])

𝐹

is the Fermi contribution (spin indepen-
dent interaction), and 𝑀(0])

𝑇

is the tensor operator matrix
element. The form of (46) emphasizes the role of 𝑔

𝐴

. Indeed,
M

0] mildly depends on 𝑔
𝐴

and can be evaluated bymodeling
theoretically the nucleus. Actually, it is independent of 𝑔

𝐴

if
the same quenching is assumed both for the vector and axial
coupling constants, as we do here for definiteness, following
[170].

5.3.2. Is the Uncertainty Large or Small? The main sources
of uncertainties in the inference on 𝑚

𝛽𝛽

are the NMEs. A
comparison of the calculations from 1984 to 1998 revealed
an uncertainty of more than a factor 4 [130]. A similar point
of view comes out from the investigation of [171], where the
results of the various calculations were used to attempt a
statistical inference.

An important step forward was made with the first
calculations of M

0] that estimated also the errors; see [172,
173]. These works, based on the QRPA model, assessed a
relatively small intrinsic error of ∼20%. The validity of these
conclusions have been recently supported by the (indepen-
dent) calculation based on the IBM-2 description of the
nuclei [95, 96], which assesses an intrinsic error of 15% on
M

0]. However, the problem in assessing the uncertainties
in the NMEs is far from being solved. Each scheme of
calculation can estimate its own uncertainty, but it is still hard
to understand the differences in the results among themodels
(Figure 10) and thus give an overall error. Notice also that
when a process “similar” to the 0]𝛽𝛽 is considered (single
beta decay, electron capture, and 2]𝛽𝛽) and the calculations
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are compared with the measured rates, the actual differences
are much larger than 20% [170]. This suggests that it is not
cautious to assume that the uncertainties on the 0]𝛽𝛽 are
instead subject to such a level of theoretical control.

Recently, there has been a lively interest in a specific
and important reason of uncertainty, namely, the value of
the axial coupling constant 𝑔

𝐴

. This has a direct implication
on the issue that we are discussing, since any uncertainty
on the value of 𝑔

𝐴

reflects itself into a (larger) uncertainty
factor on the value of the matrix element M. We will
examine these arguments in greater detail in the rest of this
section.

It is important to appreciate the relevance of these
considerations for the experimental searches. If the value of
the axial coupling in the nuclear medium is decreased by a
factor 𝛿, namely, 𝑔

𝐴

→ 𝑔
𝐴

⋅ (1 − 𝛿), the expected decay
rate and therefore the number of signal events 𝑆 will also
decrease, approximatively as 𝑆 ⋅ (1 − 𝛿)4. This change can
be compensated by increasing the time of data taking or
the mass of the experiment. However, the figure of merit,
namely, 𝑆/√𝐵, which quantifies the statistical significance of
the measurement, changes only with the square root of the
time or of the mass, in the typical case in which there are
also background events 𝐵. For instance, if we have a decrease
by 𝛿 = 10 (20)% of the axial coupling, we will obtain the
same measurement after a time that is larger by a factor of
1/(1 − 𝛿)

8

= 2.3 (6). In other words, an effect that could
be naively considered small has instead a big impact for the
experimental search for the 0]𝛽𝛽.

5.3.3.The Size of the Axial Coupling. It is commonly expected
that the value 𝑔

𝐴

≃ 1.269measured in the weak interactions
and decays of nucleons is “renormalized” in the nuclear
medium towards the value appropriate for quarks [172, 173,
175]. It was argued in [170] that a further modification
(reduction) is rather plausible.This is in agreement with what
was stated some years before in [176], where the possibility
of a “strong quenching” of 𝑔

𝐴

(i.e., 𝑔
𝐴

< 1) is actually
favored. The same was also confirmed by recent study on
single beta decay and 2]𝛽𝛽 [177]. It has to be noticed that,
within the QRPA framework, the dependence of M upon
𝑔
𝐴

is actually milder than quadratic, because the model
is calibrated through the experimental 2]𝛽𝛽 decay rates
using also another parameter, the particle-particle strength
𝑔pp [178].

There could be different causes for the quenching of 𝑔
𝐴

.
It was found that it can be attributed mainly to the following
issues [170, 179]:

(i) The limited model space (i.e., the size of the basis of
the eigenstates) in which the calculation is done. This
problem is by definition model dependent and it was
extensively investigated in light nuclei in the 1970s
[180–183], when it was argued that 𝑔

𝐴

∼ 1. In heavy
nuclei, the question of quenching was first discussed
in [180]. In this case, 𝑔

𝐴

was found to be even lower
than 1, thus stimulating the statement that massive
renormalization of 𝑔

𝐴

occurs.

(ii) The contribution of nonnucleonic degrees of free-
dom. This effect does not depend much on the
nuclear model adopted, but rather on the mechanism
of coupling to nonnucleonic degrees of freedom. It
was extensively investigated theoretically in the 1970s
[184–186]. Recently, it has been investigated again
within the framework of the chiral Effective Field
Theory (EFT) [187]. It turns out that it may depend
on momentum transfer and that it may lead in some
cases to an enhancement rather than a quenching.

(iii) The renormalization of the GT operator due to two-
body currents. The first calculations for GT transi-
tions for the 0]𝛽𝛽 operator based on the chiral EFT
[187] showed the importance of two-body currents
for the effective quenching of 𝑔

𝐴

. This was later con-
firmed in independent works [188, 189] and, more
recently, by the use of a no-core-configuration-inter-
action formalismwithin the density functional theory
[179].

It is still not clear if the quenching in both the transitions
(0]𝛽𝛽 and 2]𝛽𝛽) is the same. One argument which suggests
that this is not unreasonable consists in noting that the 2]𝛽𝛽
can occur only through a GT (1+) transition. Instead, the
0]𝛽𝛽 could happen through all the possible intermediate
states, so it is possible to argue that the transitions through
states with spin parity different from 1

+ can be unquenched
or even enhanced. Incidentally, it turns out that the dominant
multipole in the 0]𝛽𝛽 transition is the GT one, thus making
the hypothesis that the quenching in 2]𝛽𝛽 and 0]𝛽𝛽 is the
same quite solid. Following [96], we adopt this as a working
hypothesis in our discussion, however keeping in mind that
some indications that the quenching might be different in
the 0]𝛽𝛽 and 2]𝛽𝛽 transitions are present in other models
[164, 189].

It would be extremely precious if these theoretical ques-
tions could be answered by some experimental data. It has
been argued that the experimental study of nuclear transi-
tionswhere the nuclear charge is changed by twounits leaving
the mass number unvaried, in analogy to the 0]𝛽𝛽 decay,
could give important information. Despite the fact that the
Double Charge Exchange reactions and 0]𝛽𝛽 processes are
mediated by different interactions, some similarities between
the two cases are present. These could be exploited to assess
effectively the NME for the 0]𝛽𝛽 (and, more specifically, the
entity of the quenching of 𝑔

𝐴

). In the near future, a new
project will be started at the Laboratori Nazionali del Sud
(Italy) [190] with the aim of getting some inputs to deepen
our theoretical understanding of this nuclear process.

5.3.4. Quenching as a Major Cause of Uncertainty. In view of
the above considerations, we think that currently the value of
𝑔
𝐴

in the nuclear medium cannot be regarded as a quantity
that is known reliably. It is rather an important reason of
uncertainty in the predictions. In a conservative treatment, we
should consider at least the following three cases:

𝑔
𝐴

=

{{{

{{{

{

𝑔nucleon = 1.269

𝑔quark = 1

𝑔phen. = 𝑔nucleon ⋅ 𝐴
−0.18

,

(47)
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where the last formula includes phenomenologically the
effect of the atomic number𝐴. It represents the worst possible
scenario for the 0]𝛽𝛽 search. The 𝑔phen. parametrization
as a function of 𝐴 comes directly from the comparison
between the theoretical half-life for 2]𝛽𝛽 and its observation
in different nuclei, as reported in [170]. From the comparison
between the theoretical half-life for the process and the
experimental value it was possible to extract an effective
value for𝑔

𝐴

, thus determining its quenching.The assumption
that 𝑔

𝐴

depends only upon the atomic number 𝐴 is rather
convenient for a cursory exploration of the potential impact
of unaccounted nuclear physics effects on 0]𝛽𝛽, but most
likely it is also an oversimplification of the truth, as suggested
by the residual difference between the calculated 2]𝛽𝛽 rates.
Surely, it cannot replace an adequate theoretical modeling,
that in the light of the following discussion has become rather
urgent. Anyway, we stress that this is just a phenomenological
description of the quenching, since the specific behavior is
different in each nucleus and it somewhat differs from this
parametrization [170].

The question of which is the “true value” of𝑔
𝐴

is still open
and introduces a considerable uncertainty in the inferences
concerningmassive neutrinos.The implications are discussed
in Sections 6.6 and 6.7.

5.4. The Case of Heavy Neutrino Exchange. As already dis-
cussed in Section 3, it is possible to attribute the 0]𝛽𝛽
decay rate to the same particles that are added to the SM
spectrum to explain oscillations, for example, heavy neutri-
nos. In this context one can assume that the exchange of
𝑀

𝐻

> 100MeV saturates the 0]𝛽𝛽 decay rate, also repro-
ducing the ordinary neutrinomasses. Heavy neutrinomasses
and mixing angles, compatible with the rate of 0]𝛽𝛽, depend
on the NMEs of the transition (compare, e.g., [105, 106]).
Thus, nuclear physics has an impact also on the limits that
are relevant to a direct search for heavy neutrinos with
accelerators. Each scheme of nuclear physics calculation can
estimate its intrinsic uncertainty. This is usually found to
be small in modern computations (about 28% for heavy
neutrino exchange [96]). In a conservative treatment, this
uncertainty plus the already discussed unknown value of 𝑔

𝐴

should be taken into account. It has to be noticed that if the
0]𝛽𝛽 is due to a point-like (dimension-9) operator, as for
heavy neutrino exchange, two nucleons are in the same point.
Therefore, the effect of a hard core repulsion, estimated for
modeling the “short-range correlations,” plays an important
role in the determination of the uncertainties. A significant
step forward has been recently made, pushing down this
source of theoretical error of about an order of magnitude
[96].

Themost updated NMEs for the 0]𝛽𝛽 via heavy neutrino
exchange are evaluated within the frames of the IBM-2 [96]
and QRPA [174] models. A comparison between these results
is shown in Figure 11. It can be seen that the values obtained
within theQRPAmodel are always larger than those obtained
with the IBM-2. The difference is quite big for many of the
nuclei and might be due to the different treatment of the
intermediate states. Also, in this case, we use the NMEs
evaluated with the IBM-2 model. This allows us to keep
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Figure 11: Most updated NMEs calculations for the 0]𝛽𝛽 via heavy
neutrino exchange with the IBM-2 [96] and QRPA-Tü [174] models.
In both cases, the value 𝑔

𝐴

= 𝑔nucleon for the axial coupling constant
and the Argonne parametrization for the short-range correlations
are assumed. The results show a continuous overestimation of the
QRPA estimations over the IBM-2 ones.

a more conservative approach by getting less stringent limits.
Considering, for example, the case of 76Ge, we have

M
0] (Ge) =

{

{

{

104 ± 29 𝑔
𝐴

= 𝑔nucleon

22 ± 6 𝑔
𝐴

= 𝑔phen..
(48)

From the experimental point of view, the limits on 0]𝛽𝛽
indicate that the mixings of heavy neutrinos |𝑈e𝐼|

2 are small.
Using the current values for the PSF, NME, and sensitivity for
the isotope [84], we get



∑

𝐼

𝑈
2

e𝐼
𝑀

𝐼



<
7.8 ⋅ 10

−8

𝑚p
⋅ [

104

M
0] (Ge)

]

⋅ [
3 ⋅ 10

25 yr
𝜏
0]
1/2

]

1/2

,

(49)

where 𝑚p is the proton mass and the heavy neutrino masses
𝑀

𝐼

are assumed to be ≳GeV.
Figure 12 illustrates the case of a single heavy neutrino

mixingwith the light ones andmediating the 0]𝛽𝛽 transition.
In particular, the plot shows the case of the mixing for
76Ge assuming that a single heavy neutrino dominates the
amplitude. The two regimes of heavy and light neutrino
exchange arematched as proposed in [191].The colored bands
reflect the different sources of theoretical uncertainty.

As it is clear from Figure 12, the bound coming from
0]𝛽𝛽 searches is still uncertain. It weakens by one order of
magnitude if the axial vector coupling constant is strongly
quenched in the nuclear medium.
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Figure 12: Bounds on the mixing between the electron neutrino
and a single heavy neutrino from the combination of bounds
obtained with Ge 0]𝛽𝛽 experiments [77] using the representation
introduced in [191]. The bands correspond to the uncertainties
discussed in the text.The dashed contours indicate the mass regions
excluded by some of the accelerator experiments considered in [105]:
CHARM (90%CL, [192]), DELPHI (95%CL, [193]), PS 191 (90%CL,
[194]), and TRIUMF (90% CL, [195, 196]). The continuous contour
indicates the expected probed region by the new proposed SHiP
experiment at the CERN SPS [118]. Figure from [118].

The potential of the 0]𝛽𝛽 sensitivity to heavy neutrinos is
therefore weakened and very sensitive to theoretical nuclear
physics uncertainties. For some regions of the parameter
space, even the limits obtained more than 15 years ago
with accelerators are more restrictive than the current limits
coming from 0]𝛽𝛽 search.

6. Experimental Search for the 0]𝛽𝛽

The process described by (1) is actually just one of the forms
that 0]𝛽𝛽 can assume. In fact, depending on the relative
numbers of the nucleus protons and neutrons, four different
mechanisms are possible:

(𝐴, 𝑍) → (𝐴,𝑍 + 2) + 2e− (𝛽
−

𝛽
−

) ,

(𝐴, 𝑍) → (𝐴,𝑍 + 2) + 2e+ (𝛽
+

𝛽
+

) ,

(𝐴, 𝑍) + 2e− → (𝐴,𝑍 − 2) (EC EC) ,

(𝐴, 𝑍) + e− → (𝐴,𝑍 − 2) + e+ (EC 𝛽+) .

(50)

Here, 𝛽− (𝛽+) indicate the emission of an electron (positron)
and EC stands for electron capture (usually a K-shell electron
is captured).

The explicit violation of the number of electronic leptons
e, e, ]e, or ]e appears evident in each process in (50). A large
number of experiments has been and is presently involved in
the search for these processes, especially of the first one.

In this section, we introduce the experimental aspects
relevant to the 0]𝛽𝛽 searches and we present an overview of
the various techniques. We review the status of the past and
present experiments, highlighting the main features and the
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Figure 13: Schematic view of the 2]𝛽𝛽 and the 0]𝛽𝛽 spectra.

sensitivities. The expectations take into account the uncer-
tainties coming from the theoretical side and, in particular,
those from nuclear physics. The requirements for future
experiments are estimated and finally the new constraints
from cosmology are used as complementary information to
that coming from the 0]𝛽𝛽 experiments.

6.1. The 0]𝛽𝛽 Signature. From the experimental point of
view, the searches for a 0]𝛽𝛽 signal rely on the detection of
the two emitted electrons. In fact, the energy of the recoiling
nucleus being negligible, the sum of kinetic energy of the two
electrons is equal to the 𝑄-value of the transition. Therefore,
if we consider these as a single body, we expect to observe a
monochromatic peak at the 𝑄-value (Figure 13).

Despite this very clear signature, because of the rarity of
the process, the detection of the two electrons is complicated
by the presence of background events in the same energy
region, which can mask the 0]𝛽𝛽 signal. The main contri-
butions to the background come from the environmental
radioactivity, the cosmic rays, and the 2]𝛽𝛽 itself. In particu-
lar, the last contribution has the problematic feature of being
unavoidable in presence of finite energy resolution, since it is
originated by the same isotope which is expected to undergo
0]𝛽𝛽.

In principle, any event producing an energy deposition
similar to that of the 0]𝛽𝛽 decay increases the background
level and hence spoils the experiment sensitivity. The capa-
bility of discriminating the background events is thus of great
important for this kind of search.

6.2. The Choice of the Isotope. The choice for the best isotope
to look for 0]𝛽𝛽 is the first issue to deal with. From one
side, the background level and the energy resolution need
to be optimized. From the other, since the live-time of the
experiment cannot exceed some years, the scalability of the
technique, that is, the possibility to build a similar experiment
with enlargedmass and higher exposure, is also fundamental.
This translates in a series of criteria for the choice of the
isotope.

(i) High 𝑄-Value (𝑄
𝛽𝛽

). This requirement is probably the
most important, since it directly influences the background.
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Table 5: Isotopic abundance and 𝑄-value for the known 2]𝛽𝛽
emitters [68].

Isotope Isotopic abundance (%) 𝑄
𝛽𝛽

[MeV]
48Ca 0.187 4.263

76Ge 7.8 2.039

82Se 9.2 2.998

96Zr 2.8 3.348

100Mo 9.6 3.035

116Cd 7.6 2.813

130Te 34.08 2.527

136Xe 8.9 2.459

150Nd 5.6 3.371

The 2615 keV line of 208Tl, which represents the end-point
of the natural gamma radioactivity, constitutes an important
limit in terms of background level. 𝑄

𝛽𝛽

should not be lower
than ∼2.4MeV (the only exception is 76Ge, due to the
extremely powerful detection technique (see Section 6.4)).
The ideal condition would be to have it even larger than
3270 keV, the highest energy beta among the 222Rn daughters
(238U chain), coming from 214Bi.

(ii) High Isotopic Abundance. This is a fundamental require-
ment to have experiments with sufficiently large mass. With
the only exception of the 130Te, all the relevant isotopes have
a natural isotopic abundance < 10%. This practically means
that the condition translates into ease of enrichment for the
material.

(iii) Compatibility with a Suitable Detection Technique. It has
to be possible to integrate the isotope of interest in a working
detector.The source can either be separated from the detector
or coincide with it. Furthermore, the detector has to be
competitive in providing results and has to guarantee the
potential for the mass scalability.

This results in a group of “commonly” studied isotopes
among all the possible candidate 0]𝛽𝛽 emitters. It includes
48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 130Te, 136Xe, and 150Nd.
Table 5 reports the 𝑄-value and the isotopic abundance for
the mentioned isotopes.

From the theoretical side, referring to (42), one should
also try to maximize both the PSF and the NME in order
to get more strict bounds on 𝑚

𝛽𝛽

with the same sensitivity
in terms of half-life time. However, as recently discussed in
[197], a uniform inverse correlation between the PSF and the
square of the NME emerges in all nuclei (Figure 14). This
happens to be more a coincidence than something physically
motivated and, as a consequence, no isotope is either favored
or disfavored for the search for the 0]𝛽𝛽. It turns out that all
isotopes have qualitatively the same decay rate per unit mass
for any given value of𝑚

𝛽𝛽

.
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In recent time, also another criterion is becoming more
andmore relevant.This is simply the availability of the isotope
itself in view of the next generations of 0]𝛽𝛽 experiments,
which will have a very large mass. In fact, once the 0]𝛽𝛽
isotope mass for an experiment will be of the order of
some tons, a nonnegligible fraction of the annual world
production of the isotope of interest could be needed. This
is, for example, the case of 136Xe, where the requests from the
0]𝛽𝛽 experiments also “compete” with those from the new
proposed dark matter ones. The consequences are a probable
price increase and a long storage for the isotope that needs to
be taken into account.

6.3. Sensitivity. In the fortunate event of a 0]𝛽𝛽 peak showing
up in the energy spectrum, starting from the law of radioac-
tive decay, the decay half-life can be evaluated as

𝑡
1/2

= ln 2 ⋅ 𝑇 ⋅ 𝜀 ⋅
𝑁
𝛽𝛽

𝑁peak
, (51)

where 𝑇 is the measuring time, 𝜀 is the detection efficiency,
𝑁
𝛽𝛽

is the number of 𝛽𝛽 decaying nuclei under observation,
and 𝑁peak is the number of observed decays in the region of
interest. If we assume to know exactly the detector features
(i.e., the number of decaying nuclei, the efficiency, and the
time of measurement), the uncertainty on 𝑡1/2 is only due to
the statistical fluctuations of the counts:

𝛿𝑡
1/2

𝑡1/2
=

𝛿𝑁peak

𝑁peak
. (52)

It seems reasonable to suppose Poisson fluctuations on𝑁peak.
Since the expected number of events is “small,” the Poisson
distribution differs in a nonnegligible way from the Gaussian.
In order to quantify this discrepancy, we consider two values
for 𝑁peak, namely, 𝑁peak = 5 and 𝑁peak = 20. In Table 6
we show the confidence intervals at 1𝜎 for the counts both
considering a purely Poisson distribution (with mean equal
to𝑁peak) and a Gaussian one (with mean𝑁peak and standard
deviation√𝑁peak). Notice that, even if the number of counts
is just 5, the Poisson and Gaussian distributions give almost
the same relative uncertainties.
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Table 6: 1𝜎 ranges for both Gaussian and Poisson distributions
for two different values of 𝑁peak. In the former case, we assumed a
standard deviation equal to√𝑁peak. To compute the error columns,
we halved the total width of the range and divided it by𝑁peak.

Distribution 𝑁peak Range Relative error (%)

Gauss 5 2.8–7.2 44.7
20 15.5–24.5 22.4

Poisson 5 3.1–7.6 45.0
20 15.8–24.8 22.5

If no peak is detected, the sensitivity of a given 0]𝛽𝛽
experiment is usually expressed in terms of “detector factor
of merit,” 𝑆0] [25]. This can be defined as the process half-life
corresponding to the maximum signal that could be hidden
by the background fluctuations 𝑛

𝐵

(at a given statistical CL).
To obtain an estimation for 𝑆0] as a function of the experiment
parameters, it is sufficient to require that the 0]𝛽𝛽 signal
exceeds the standard deviation of the total detected counts
in the interesting energy window. At the confidence level 𝑛

𝜎

,
this means that we can write

𝑛
𝛽𝛽

≥ 𝑛
𝜎

√𝑛
𝛽𝛽

+ 𝑛
𝐵

, (53)

where 𝑛
𝛽𝛽

is the number of 0]𝛽𝛽 events and Poisson statistics
for counts is assumed. If one now states that the background
counts scale linearly with the mass of the detector (this is
reasonable since, a priori, impurities are uniform inside the
detector but, of course, this might not be always the case; e.g.,
if the main source of background is removed with volume
fiducialization), from (51) it is easy to find an expression for
𝑆
0]:

𝑆
0]
= ln 2 ⋅ 𝑇 ⋅ 𝜀 ⋅

𝑛
𝛽𝛽

𝑛
𝜎

⋅ 𝑛
𝐵

= ln 2 ⋅ 𝜀 ⋅ 1
𝑛
𝜎

⋅
𝑥𝜂𝑁

𝐴

M
𝐴

⋅ √
𝑀 ⋅ 𝑇

𝐵 ⋅ Δ
,

(54)

where 𝐵 is the background level per unit mass, energy,
and time, 𝑀 is the detector mass, Δ is the FWHM energy
resolution, 𝑥 is the stoichiometric multiplicity of the element
containing the 𝛽𝛽 candidate, 𝜂 is the 𝛽𝛽 candidate isotopic
abundance, 𝑁

𝐴

is the Avogadro number and, finally, M
𝐴

is
the compound molecular mass. Despite its simplicity, (54)
has the advantage of emphasizing the role of the essential
experimental parameters.

Of particular interest is the case in which the background
level 𝐵 is so low that the expected number of background
events in the region of interest along the experiment life is
of order of unity:

𝑀 ⋅ 𝑇 ⋅ 𝐵 ⋅ Δ ≲ 1. (55)

This is called the “zero background” experimental condition
and it is likely the experimental condition that next gen-
eration experiments will face. Practically, it means that the
goal is a great mass and a long time of data taking, keeping

the background level and the energy resolution as little as
possible.

In this case, 𝑛
𝐵

is a constant, (54) is no more valid, and
the sensitivity is given by

𝑆
0]
0𝐵

= ln 2 ⋅ 𝑇 ⋅ 𝜀 ⋅
𝑁
𝛽𝛽

𝑛
𝜎

⋅ 𝑛
𝐵

= ln 2 ⋅ 𝜀 ⋅
𝑥𝜂𝑁

𝐴

M
𝐴

⋅
𝑀𝑇

𝑁S
. (56)

The constant𝑁S is now the number of observed events in the
region of interest.

6.4. Experimental Techniques. The experimental approach
to search for the 0]𝛽𝛽 consists in the development of a
proper detector, able to reveal the two emitted electrons
and to collect their sum energy spectrum (see Section 6.1)
(additional information (e.g., the single electron energy or
the initial momentum) can also be provided sometimes).The
desirable features for such a detector are thus as follows.

(i) Good Energy Resolution. This is a fundamental require-
ment to identify the sharp 0]𝛽𝛽 peak over an almost flat
background, as shown in Figure 15, and it is also the only
protection against the (intrinsic) background induced by the
tail of the 2]𝛽𝛽 spectrum. Indeed, it can be shown that the
ratio 𝑅

0]/2] of counts due to 0]𝛽𝛽 and those due to 2]𝛽𝛽 in
the peak region can be approximated by [199]

𝑅
0]/2] ∝ (

𝑄
𝛽𝛽

Δ
)

6

𝑡
1/2

2]

𝑡
1/2

0]

. (57)

This expression clearly indicates that a good energy resolution
is critical. But it also shows that the minimum required value
actually depends on the chosen isotope, considered a strong
dependence of (57) upon the 2]𝛽𝛽 half-life 𝑡1/2

2] .

(ii) Very Low Background. Of course 0]𝛽𝛽 experiments
have to be located underground in order to be protected
from cosmic rays. Moreover, radio-pure materials for the
detector and the surrounding parts, as well as proper passive
and/or active shielding are mandatory to protect against
environmental radioactivity.The longest natural radioactivity
decay competing with 0]𝛽𝛽 is of the order of (109-1010) yr
versus lifetimes ≳1025 yr.

(iii) Large Isotope Mass. Present experiments have masses of
the order of some tens of kg up to a few hundred kg. Tons will
be required for experiments aiming to cover theIH region
(see Section 6.7).

It has to be noted that it is impossible to optimize the listed
features simultaneously in a single detector.Therefore, it is up
to the experimentalists to choose which one to privilege in
order to get the best sensitivity.

The experiments searching for the 0]𝛽𝛽 of a certain
isotope can be classified into two main categories: detectors
based on a calorimetric technique, in which the source
is embedded in the detector itself, and detector using an
external source approach, in which source and detector are
two separate systems (Figure 16).
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Figure 15: Signal and background (red and gray stacked histograms, resp.,) in the region of interest around𝑄
𝛽𝛽

for 3MonteCarlo experiments
with the same signal strength (50 counts) and background rate (1 count keV−1), but different energy resolution: (a) 1% FWHM; (b) 3.5%
FWHM; (c) 10% FWHM.The signal is distributed normally around 𝑄

𝛽𝛽

, while the background is assumed flat. Figure from [198].

6.4.1. Calorimetric Technique. The calorimetric technique
has already been implemented in various types of detectors.
The main advantages and limitations for this technique can
be summarized as follows [25]:

(+) large source masses are achievable thanks to the
intrinsically high efficiency of the method. Experi-
ments with masses up to ∼200 kg have already proved
to work and ton-scale detectors seem possible.

(+) very high resolution is achievable with the proper
type of detector (∼0.1% FWHM with Ge diodes and
bolometers).

(−) severe constraints on detector material (and thus on
the isotope that can be investigated) arise from the
request that the source material has to be embedded
in the structure of the detector. However, this is not
the case for some techniques (e.g., for bolometers and
loaded liquid scintillators).
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Figure 16: Schematic representation of the two main experimental
categories for the 0]𝛽𝛽 search: calorimetric technique (source ≡
detector) and external source approach (source ̸= detector).

(−) the event topology reconstruction is usually difficult,
with the exception of liquid or gaseous Xe TPC.
However, the cost is paid in terms of a lower energy
resolution.

Among the most successful examples of detectors using
the calorimetric technique, we find the following:

(i) Ge Diodes. The large volume, high-purity, and high
energy resolution achievable make this kind of detec-
tor suitable for the 0]𝛽𝛽 search, despite the low 𝑄

𝛽𝛽

of 76Ge.
(ii) Bolometers. Macrocalorimeters with masses close to

1 kg, very good energy resolution (close to that of
Ge diodes), are now available for many compounds
including 0]𝛽𝛽 emitters. The most significant case is
the search for the 0]𝛽𝛽of 130TewithTeO

2

bolometers.
(iii) Xe Liquid and Gaseous TPC.The lower energy resolu-

tion is “compensated” by the capability of reconstruct-
ing the event topology.

(iv) Liquid Scintillators Loaded with the 0]𝛽𝛽 Isotope.
These detectors have a poor energy resolution. How-
ever, a huge amount of material can be dissolved
and, thanks to the purification processes, very low
backgrounds are achievable. They are ideal detectors
to set very stringent limits on the decay half-life.

6.4.2. External Source Approach. Also in the case of the
external source approach, different detection techniques have
been adopted, namely, scintillators, solid state detectors, and
gas chambers. The main advantages and limitations for this
technique can be summarized as follows:

(+) the reconstruction of the event topology is pos-
sible, thus making in principle the achievement
of the zero background condition easier. However,

the poor energy resolution does not allow distin-
guishing between 0]𝛽𝛽 events and 2]𝛽𝛽 events with
total electron energy around 𝑄

𝛽𝛽

. Therefore 2]𝛽𝛽
represent an important background source.

(−) the energy resolutions are low (of the order of 10%).
The limit is intrinsic and it is mainly due to the elec-
tron energy deposition in the source itself.

(−) large isotope masses are hardly achievable due to self-
absorption in the source. Up to now, only masses of
the order of some tens of kg have been possible, but
an increase to about 100 kg target seems feasible.

(−) the detection efficiencies are low (of the order of 30%).
So far, the most stringent bounds come from the calori-

metric approach which, anyway, remains the one promising
the best sensitivities and it is therefore the chosen technique
for most of the future projects. However, the external source
detector type has provided excellent results on the studies of
the 2]𝛽𝛽. Moreover, in case of discovery of a 0]𝛽𝛽 signal, the
event topology reconstruction could represent a fundamental
tool for the understanding of the mechanism behind the
0]𝛽𝛽.

6.5. Experiments: A Brief Review. Thefirst attempt to observe
the 0]𝛽𝛽 process dates back to 1948 [200, 201]. Actually, the
old experiments aiming to set a limit on the double beta
decay half-lives did not distinguish between 2]𝛽𝛽 and 0]𝛽𝛽.
In the case of indirect investigations through geochemical
observation, this was not possible even in principle.

However, the importance that the 0]𝛽𝛽 was acquiring
in particle in physics provided a valid motivation to con-
tinuously enhance the efforts in the search for this decay.
On the experimental side, the considerable technological
improvements allowed increasing the half-life sensitivity of
several orders of magnitude (2]𝛽𝛽 was first observed in the
laboratory in 82Se in 1987 [202] and inmany other isotopes in
the subsequent years; see [68] for a review on 2]𝛽𝛽).The long
history of 0]𝛽𝛽measurements up to about the year 2000 can
be found in [203–205]. Here, we concentrate only on a few
experiments starting from the late 1990s.

Table 7 summarizes the main characteristics and perfor-
mances of the selected experiments. It has to be noticed that,
due to their different specific features, the actual comparison
among all the values is not always possible. We tried to
overcome this problem by choosing a common set of units
of measurement.

6.5.1. The Claimed Observation. In 2001, after the publica-
tion of the experiment final results [74], a fraction of the
Heidelberg-MoscowCollaboration claimed to observe a peak
in the spectrum, whose energy corresponded to the 76Ge
0]𝛽𝛽 transition𝑄-value [206]. After successive reanalysis (by
fewer and fewer people), the final value for the half-life was
found to be 𝑡1/2 = (2.23+0.44

−0.31

) ⋅ 10
25 yr [207]. This claim and

the subsequent papers by the same authors aroused a number
of critical replies (see, e.g., [24, 130, 208, 209]). Many of the
questions and doubts still remain unanswered. To summa-
rize, caution suggests that we disregard the claim, made in
[74, 206, 207], that the transition was observed.
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Table 8: Lower bounds for 𝑚
𝛽𝛽

for 76Ge, 130Te, and 136Xe. The sensitivities were obtained by combining the most stringent limits from the
experiments studying the isotopes. References [95] and [96] were used for the PSFs and for the NME, respectively. The different results
correspond to different values of 𝑔

𝐴

according to (47).

Experiment Isotope 𝑆
0]
(90% CL) [10

25 yr] Lower bound for𝑚
𝛽𝛽

[eV]
𝑔nucleon 𝑔quark 𝑔phen.

IGEX + HdM + GERDA-I [84] 76Ge 3.0 0.25 ± 0.02 0.40 ± 0.04 1.21 ± 0.11
Cuoricino + CUORE-0 [73] 130Te 0.4 0.36 ± 0.03 0.58 ± 0.05 2.07 ± 1.05
EXO-200 + KamLAND-ZEN [81] 136Xe 3.4 0.15 ± 0.02 0.24 ± 0.03 0.87 ± 0.10
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Figure 17: The colored regions show the predictions on 𝑚
𝛽𝛽

from oscillations as a function of the lightest neutrino mass with the relative
3𝜎 regions. The horizontal bands show the experimental limits with the spread due to the theoretical uncertainties on the NME [96] and
PSF [81, 95]. (a) Combined experimental limits for the three isotopes: 76Ge [84], 130Te [73], and 136Xe. The case 𝑔

𝐴

= 𝑔nucleon. (b) Combined
experimental limit on 136Xe for the three different values for 𝑔

𝐴

, according to (47).

Anyway, to date, the limit on the 76Ge 0]𝛽𝛽 half-life is
more stringent than the reported value [84].

6.6. Present Sensitivity on𝑚
𝛽𝛽

. Once the experimental sensi-
tivities are known in terms of 𝑆0], by using (45), it is possible
to correspondingly find the lower bounds on𝑚

𝛽𝛽

.
Figure 17 shows the most stringent limits up to date.They

come from 76Ge [84], 130Te [73], and 136Xe [81]. In particular,
the combined sensitivity from the single experimental limits
is taken from the corresponding references.

In Figure 17(a), the case 𝑔
𝐴

= 𝑔nucleon (unquenched value)
is assumed.The uncertainties onNME and PSF are taken into
account according to the procedure shown in Appendix B,
and they result in the broadening of the lines describing the
limits. As the plot shows, the current generation of experi-
ments is probing the quasi degenerate part of the neutrino
mass spectrum.

The effect of the quenching of 𝑔
𝐴

appears evident in
Figure 17(b): the sensitivity for the same combined 136Xe
experiment in the two cases of 𝑔nucleon and 𝑔phen. differs by
a factor ≳5. It is clear from the figure that this is the biggest
uncertainty, with respect to all the other theoretical ones.

The single values for the examined cases are reported in
Table 8.

6.7. Near and Far Future Experiments. It is also possible to
extract the bounds on 𝑚

𝛽𝛽

coming from the near future
experiments starting from the expected sensitivities and
using (45). The results are shown in Table 9. It can be seen
that the mass region below 100meV will begin to be probed
in case of unquenched value for 𝑔

𝐴

. But still we will not enter
the IH region. In case 𝑔

𝐴

is maximally quenched, instead,
the situation is much worse. Indeed, the expected sensitivity
would correspond to values of𝑚

𝛽𝛽

whichwe already consider
probed by the past experiments.

Let us now consider a next generation experiment (call it
a “mega” experiment) and a next-to-next generation one (an
“ultimate” experiment) with enhanced sensitivity. To define
the physics goal we want to achieve, we refer to [124].

The most honest way to talk of the sensitivity is in terms
of exposure or of half-life time that can be probed. From the
point of view of the physical interest, however, besides the
hope of discovering the 0]𝛽𝛽, the most exciting investigation
that can be imagined at present is the exclusion of the IH

case. This is the goal that most of the experimentalists are
trying to reachwith future 0]𝛽𝛽 experiments (see, e.g., [210]).
For this reason, we require a sensitivity 𝑚

𝛽𝛽

= 8meV. The
mega experiment is the one that satisfies this requirement in
the most favorable case, namely, when the quenching of 𝑔

𝐴
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Table 9: Lower bounds for 𝑚
𝛽𝛽

for the more (upper group) and less (lower group) near future 0]𝛽𝛽 experiments. References [95] and [96]
were used for the PSFs and for the NME, respectively. The different results correspond to different values of 𝑔

𝐴

according to (47).

Experiment Isotope 𝑆
0]
(90% CL) [10

25 yr] Lower bound for𝑚
𝛽𝛽

[eV]

𝑔nucleon 𝑔quark 𝑔phen.

CUORE [83] 130Te 9.5 0.073 ± 0.008 0.14 ± 0.01 0.44 ± 0.04

GERDA-II [84] 76Ge 15 0.11 ± 0.01 0.18 ± 0.02 0.54 ± 0.05

LUCIFER [85] 82Se 1.8 0.20 ± 0.02 0.32 ± 0.03 0.97 ± 0.09

MAJORANA D. [86] 76Ge 12 0.13 ± 0.01 0.20 ± 0.02 0.61 ± 0.06

NEXT [88] 136Xe 5 0.12 ± 0.01 0.20 ± 0.02 0.71 ± 0.08

AMoRE [89] 100Mo 5 0.084 ± 0.008 0.14 ± 0.01 0.44 ± 0.04

nEXO [90] 136Xe 660 0.011 ± 0.001 0.017 ± 0.002 0.062 ± 0.007

PandaX-III [91] 136Xe 11 0.082 ± 0.009 0.13 ± 0.01 0.48 ± 0.05

SNO+ [92] 130Te 9 0.076 ± 0.007 0.12 ± 0.01 0.44 ± 0.04

SuperNEMO [93] 82Se 10 0.084 ± 0.008 0.14 ± 0.01 0.41 ± 0.04

Table 10: Sensitivity and exposure necessary to discriminate between NH and IH: the goal is 𝑚
𝛽𝛽

= 8meV. The two cases refer to the
unquenched value of 𝑔

𝐴

= 𝑔nucleon (mega) and 𝑔
𝐴

= 𝑔phen. (ultimate).The calculations are performed assuming zero background experiments
with 100%detection efficiency and no fiducial volume cuts.The last column shows themaximum value of the product𝐵⋅Δ in order to actually
comply with the zero background condition.

Experiment Isotope 𝑆
0]
0𝐵

[yr] Exposure (estimate)

𝑀 ⋅ 𝑇 [ton⋅yr] 𝐵 ⋅ Δ
(zero bkg) [counts kg

−1 yr−1]

mega Ge 76Ge 3.0 ⋅ 1028 5.5 1.8 ⋅ 10−4

mega Te 130Te 8.1 ⋅ 1027 2.5 4.0 ⋅ 10−4

mega Xe 136Xe 1.2 ⋅ 1028 3.8 2.7 ⋅ 10−4

ultimate Ge 76Ge 6.9 ⋅ 1029 125 8.0 ⋅ 10−6

ultimate Te 130Te 2.7 ⋅ 1029 84 1.2 ⋅ 10−5

ultimate Xe 136Xe 4.0 ⋅ 1029 130 7.7 ⋅ 10−6

is absent. Instead, the ultimate experiment assumes that 𝑔
𝐴

is maximally quenched. We chose the 8meV value because,
even taking into account the residual uncertainties on the
NME and on the PSF, the overlap with the allowed band for
𝑚
𝛽𝛽

in the IH is excluded at more than 3𝜎. Notice that we
are assuming that at some point the issue of the quenching
will be sorted out.Through (45), we obtain the corresponding
value of 𝑡1/2 and thus we calculate the needed exposure to
accomplish the task.

Referring to (56), if we suppose 𝜀 ≃ 1 (detector efficiency
of 100% and no fiducial volume cuts) and 𝑥 ≃ 𝜂 ≃ 1 (all
the mass is given by the candidate nuclei) and we assume one
observed event (i.e.,𝑁S = 1) in the region of interest, we get
the simplified equation:

𝑀 ⋅ 𝑇 =
M

𝐴

⋅ 𝑆
0]

ln 2 ⋅ 𝑁
𝐴

. (58)

This is the equation we used to estimate the product 𝑀 ⋅ 𝑇

(exposure), and thus to assess the sensitivity of the mega and
ultimate scenarios.The key input is, of course, the theoretical
expression of 𝑡1/2. The calculated values of the exposure are
shown in Table 10 for the three considered nuclei: 76Ge, 130Te,
and 136Xe. The last column of the table gives the maximum
allowed value of the product 𝐵 ⋅ Δ that satisfies (55).

Figure 18 compares (in a schematic view) the masses
of 76Ge and 136Xe corresponding to the present sensitivity
[81, 84] to those of the “mega” and “ultimate” experiments
assuming, for all three cases, the zero background condition
and 5 years of data acquisition.

7. Interplay with Cosmology

Here, we want to assess the possibility of taking advantage of
the knowledge about the neutrino cosmologicalmass tomake
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136Xe

76Ge

Figure 18: Masses corresponding to present, mega, and ultimate
exposures, assuming zero background condition and 5 years of data
acquisition. The cubes represent the amount of 76Ge, the (150 bar =
15MPa) bottles, and the one of 136Xe.The smallest masses depict the
present exposure, while the biggest bottle is out of scale.

inferences on some 0]𝛽𝛽 experiment results (or expected
ones). In particular, we follow [211]. As already discussed in
Section 4.3.2, we consider two possible scenarios. Firstly, we
assume only upper limits on both Σ and 𝑚

𝛽𝛽

, without any
observation of 0]𝛽𝛽. Later, we imagine an observation of
0]𝛽𝛽 together with a nonzero measurement of Σ (in both
cases, we consider the unquenched value 𝑔

𝐴

= 𝑔phen. for the
axial vector coupling constant).

7.1. Upper Bounds Scenario. The tight limit on Σ in [136]
was obtained by combining Planck 2013 results [140] with
the one-dimensional flux power spectrum measurement of
the Lyman-𝛼 forest extracted from the BAO Spectroscopic
Survey of the SloanDigital Sky Survey [212]. In particular, the
data from a new sample of quasar spectra were analyzed and
a novel theoretical framework which incorporates neutrino
nonlinearities self-consistently was employed.

The authors of [136] computed a probability forΣ that can
be summarized to a very a good approximation by

Δ𝜒
2

(Σ) =
(Σ − 22meV)2

(62meV)2
. (59)

Starting from the likelihood function L ∝ exp − (Δ𝜒2/2)
with Δ𝜒2 as derived from Figure 7 in the reference, one can
obtain the following limits:

Σ < 184meV (1𝜎 CL)

Σ < 146meV (2𝜎 CL)

Σ < 208meV (3𝜎 CL)

(60)

which are very close to those predicted by the Gaussian Δ𝜒2
of (59). In particular, it is worth noting that, even if this
measurement is compatible with zero at less than 1𝜎, the
best fit value is different from zero, as expected from the
oscillation data and as evidenced by (59). We want to remark
that, despite the impact, relative impact of systematic versus
statistical errors on the estimated flux power is considered
anddiscussed [212]; it is anyway advisable to take these results
from cosmology with the due caution.

The plot showing 𝑚
𝛽𝛽

as a function of Σ, which was
already shown in Figure 6(b), is again useful for the discus-
sion. A zoomed version of that plot (with linear instead of
logarithmic scales for the axis) is presented in Figure 19(a).
As already mentioned, the extreme values for 𝑚

𝛽𝛽

after
variation of the Majorana phases can be easily calculated (see
Appendix A). This variation, together with the uncertainties
on the oscillation parameters, results in a widening of the
allowed regions. It is also worth noting that the error on Σ
contributes to the total uncertainty. Its effect is a broadening
of the light shaded area on the left side of the minimum
allowed value Σ (𝑚 = 0) for each hierarchy. In order to
compute this uncertainty, we considered Gaussian errors on
the oscillation parameters; namely,

𝛿Σ = √(
𝜕Σ

𝜕𝛿𝑚2

𝜎 (𝛿𝑚2))

2

+ (
𝜕Σ

𝜕Δ𝑚2

𝜎 (Δ𝑚2))

2

. (61)

It is possible to include the new cosmological constraints
on Σ from [136] considering the following inequality:

(𝑦 − 𝑚
𝛽𝛽

(Σ))
2

(𝑛𝜎 [𝑚
𝛽𝛽

(Σ)])
2

+
(Σ − Σ (0))

2

(Σ
𝑛

− Σ (0))
2

< 1, (62)

where 𝑚
𝛽𝛽

(Σ) is the Majorana effective mass as a function
of Σ and 𝜎[𝑚

𝛽𝛽

(Σ)] is the 1𝜎 associated error, computed
as discussed in [124]. Σ

𝑛

is the limit on Σ derived from
(59) for the CL 𝑛 = 1, 2, 3, . . .. By solving (62) for 𝑦, it is
thus possible to get the allowed contour for𝑚

𝛽𝛽

considering
both the constraints from oscillations and from cosmology.
In particular, the Majorana phases are taken into account
by computing 𝑦 along the two extremes of 𝑚

𝛽𝛽

(Σ), namely,
𝑚

max
𝛽𝛽

(Σ) and𝑚min
𝛽𝛽

(Σ), and then connecting the two contours.
The resulting plot is shown in Figure 19(b).

The most evident feature of Figure 19 is the clear differ-
ence in terms of expectations for both 𝑚

𝛽𝛽

and Σ in the two
hierarchy cases. The relevant oscillation parameters (mixing
angles and mass splittings) are well known and they induce
only minor uncertainties on the expected value of𝑚

𝛽𝛽

.These
uncertainties widen the allowed contours in the upper, lower,
and left sides of the picture. The boundaries in the rightmost
regions are due to the new information from cosmology and
are cut at various confidence levels. It is notable that, at 1𝜎,
due to the exclusion ofIH, the set of plausible values of𝑚

𝛽𝛽

is highly restricted.
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Figure 19: (a) Allowed regions for 𝑚
𝛽𝛽

as a function of Σ with constraints given by the oscillation parameters. The darker regions show
the spread induced by Majorana phase variations, while the light shaded areas correspond to the 3𝜎 regions due to error propagation of
the uncertainties on the oscillation parameters. (b) Constraints from cosmological surveys are added to those from oscillations. Different
CL contours are shown for both hierarchies. Notice that the 1𝜎 region for the IH case is not present, being the scenario disfavored at this
confidence level. The dashed band signifies the 95% CL excluded region coming from [136]. Figure from [211].

The impact of the new constraints onΣ appears to be even
more evident by plotting𝑚

𝛽𝛽

as a function of the mass of the
lightest neutrino. In this case, (62) becomes

(𝑦 − 𝑚
𝛽𝛽

(𝑚))
2

(𝑛𝜎 [𝑚
𝛽𝛽

(𝑚)])
2

+
𝑚
2

𝑚(Σ
𝑛

)
2

< 1. (63)

The plot in Figure 20 globally shows that the next generation
of experiments will have small possibilities of detecting a
signal of 0]𝛽𝛽 due to light Majorana neutrino exchange.
Therefore, if the new results from cosmology are confirmed
or improved, ton or even multi-ton-scale detectors will be
needed [124].

On the other hand, a 0]𝛽𝛽 signal in the near future could
either disprove some assumptions of the present cosmologi-
cal models or suggest that a different mechanism other than
the light neutrino exchange mediates the transition. New
experiments are interested in testing the latter possibility by
probing scenarios beyond the SM [118, 122, 213].

7.2. Measurements Scenario. Here we consider the implica-
tions of the following nonzero value of Σ [135]:

Σ = (0.320 ± 0.081) eV. (64)

We focus on the light neutrino exchange scenario and assume
that 0]𝛽𝛽 is observed with a rate compatible with

(1) the present sensitivity on 𝑚
𝛽𝛽

; in particular, we use
the limit coming from the combined 136Xe-based
experiments [81]; we refer to this as to the “present”
case;

(2) a value of𝑚
𝛽𝛽

that will be likely probed in the next few
years; in particular, we use the CUORE experiment
sensitivity [83], as an example of next generation of

0]𝛽𝛽 experiments; we refer to this as to the “near
future” case.

For the sake of completeness, it is useful to recall a few
definitions and relations. The likelihood of a simultaneous
observation of some values for Σ and𝑚

𝛽𝛽

(resp., with uncer-
tainties 𝜎(Σmeas

) and 𝜎(𝑚meas
𝛽𝛽

) and distributed according to
Gaussian distributions) can be written as follows:

L

∝ exp[−
(Σ − Σ

meas
)
2

2𝜎 (Σ
meas

)
2

] exp[[

[

−

(𝑚
𝛽𝛽

− 𝑚
meas
𝛽𝛽

)
2

2𝜎 (𝑚
meas
𝛽𝛽

)

2

]
]

]

.

(65)

Recalling the relation between 𝜒2 and the likelihood, namely,
L ∝ e−𝜒

2
/2, we obtain

𝜒
2

=
(Σ − Σ

meas
)
2

𝜎 (Σ
meas

)
2

+

(𝑚
𝛽𝛽

− 𝑚
meas
𝛽𝛽

)
2

𝜎 (𝑚
meas
𝛽𝛽

)

2

(66)

which represents an elliptic paraboloid. Since we are dealing
with a two-parameter 𝜒2, we need to find the appropriate
prescription to define the confidence intervals. At the desired
confidence level, we get

CL = ∬
𝜒

2
<𝜒

2

0

𝑑𝑥 𝑑𝑦
1

2𝜋𝜎
𝑥

𝜎
𝑦

e−𝑥
2
/2𝜎

2

𝑥
−𝑦

2
/2𝜎

2

𝑦 (67)

and thus

𝜒
2

0

= −2 ln (1 − CL) . (68)

This defines the value for 𝜒2 correspondent to the confidence
level CL.
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Figure 20: Constraints from cosmological surveys are added to
those from oscillations in the representation of 𝑚

𝛽𝛽

as a function
of the lightest neutrino mass. The dotted contours represent the 3𝜎
regions allowed considering oscillations only.The shaded areas show
the effect of the inclusion of cosmological constraints at different
CL. The horizontal bands correspond to the expected sensitivity for
future experiments. Figure from [211].

In order to write down the likelihood we need to evaluate
the standard deviations both on Σ and on 𝑚

𝛽𝛽

. While the
error on Σ comes directly from the cosmological measure-
ment, the one on 𝑚

𝛽𝛽

has to be determined. It has two
different contributions: one is statistical and comes from the
Poisson fluctuations on the observed number of events (see
Section 6.3), while the other comes from the uncertainties on
the nuclear physics (see Section 5.3). Actually, a greater effect
would rise if we took into account the error on 𝑔

𝐴

, but here
we assume the quenching is absent.

For a fewobserved events, let us say less than 10 events, the
global error is dominated by the statistical fluctuations. The
error on the nuclear physics becomes the main contribution
only if many events (more than a few tens) are detected.
Using the described procedure and for the present case, we
find an uncertainty on 𝑚

𝛽𝛽

of about 31meV for 5 observed
events, which reduces to 24meV for 10 events. If we neglect
the statistical uncertainty, for example, we put 𝑁events, the
uncertainty becomes 14meV. This means that the Poisson
fluctuations effect is not negligible at all. Similarly, repeating
the same work for the near future case, we obtain an
uncertainty of 17meV for 5 events, 13meV for 10 events, and
8meV for𝑁events.

Let us now concentrate on the case of 5 0]𝛽𝛽 observed
events. If we cut the 𝜒2 at the 90% CL and we consider
the data previously mentioned, we obtain the bigger, solid
ellipses drawn in Figure 21. This shows that, in the near
future case, a detection of 0]𝛽𝛽 would allow saying nothing
about the mass hierarchy or about the Majorana phases.
Interestingly, if 0]𝛽𝛽 were actually discovered with a 𝑚

𝛽𝛽

a little bit lower than the one probed in the present case,
some conclusions about the Majorana phases could be
carried out. In any case, in order to state anything precise
about 𝑚

𝛽𝛽

and the Majorana phases, even assuming the
discovery of 0]𝛽𝛽, the uncertainty on the quenching of

Present

0.1 0.2 0.3 0.4
0

0.05

0.10

0.15

0.20

0.25

Near futureNear futureNear futureNear future

ℐℋ

𝒩ℋ

m
𝛽
𝛽

(e
V

)

Σ (eV)

Figure 21: The plots show the allowed regions for𝑚
𝛽𝛽

as a function
of the neutrino cosmological mass Σ. The ellipses show the 90% CL
regions in which a positive observation of 0]𝛽𝛽 could be contained,
according to the experimental uncertainties and 5 (solid) and 20
(dashed) actually observed events. In particular, the upper ellipse
assumes the present limit from the combined 136Xe experiments [81].
The lower one assumes the sensitivity of CUORE [83].

the axial vector coupling constant has to be dramatically
decreased.

If we repeat the same exercise assuming an observed
number of events of 20, we obtain the smaller, dashed ellipses
of Figure 21. In this case, an hypothetical observation coming
from the present case is highly disfavored while, in the future
case, even if nothing can be said about the hierarchy, some
conclusions could be carried out regarding the Majorana
phases.

This simple analysis shows that, thanks to the great efforts
done in the NME and PSF calculations, it is most likely
that the biggest contribution to the error will come from the
statistical fluctuations of the counts. However, the theoretical
uncertainty from the nuclear physics could make the picture
really hard to understand because, up to now, it is a source of
uncertainty of a factor 4–8 on𝑚

𝛽𝛽

.

7.3. Considerations on the Information from Cosmological
Surveys. The newest results reported in Table 4 confirm and
strengthen the cosmological indications of upper limits on
Σ, and it is likely that we will have soon other substantial
progress. Moreover, the present theoretical understanding
of neutrino masses does not contradict these cosmological
indications. These considerations emphasize the importance
of exploring the issue of mass hierarchy in laboratory exper-
iments and with cosmological surveys. However, as already
stated, a cautious approach in dealing with the results from
cosmological surveys is highly advisable.

From the point of view of 0]𝛽𝛽, these results show that
ton- or multi-ton-scale detectors will be needed in order
to probe the range of 𝑚

𝛽𝛽

now allowed by cosmology.
Nevertheless, if next generation experiments see a signal, it
will likely be a 0]𝛽𝛽 signal of new physics different from the
light Majorana neutrino exchange.
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8. Summary

In this review, we analyzed the 0]𝛽𝛽 process under many
different aspects. We assessed its importance to test lepton
number, to determine the nature of neutrino mass, and to
probe its values. Various particle physics mechanisms that
could contribute to the 0]𝛽𝛽 were examined, although with
the conclusion that from the theoretical point of view the
most interesting and promising remains the light Majorana
neutrino exchange. We studied the current experimental
sensitivity, focusing on the critical point of determining the
uncertainties in the theoretical calculations and predictions.
In view of all these considerations, the prospects for the
near future experimental sensitivity were presented and the
main features of present, past, and future 0]𝛽𝛽 experiments
were discussed. Finally, we stressed the huge power of
cosmological surveys in constraining neutrino masses and
consequently the 0]𝛽𝛽 process.

Appendix

A. Extremal Values of 𝑚
𝛽𝛽

Recalling the definition of (27) for the Majorana effective
mass:

𝑚
𝛽𝛽

=



3

∑

𝑖=1

𝑈
2

e𝑖𝑚𝑖



, (A.1)

it is possible to demonstrate that the extreme values assumed
by this parameter due to free variations of the phases are (the
proof shown here is based on the work reported in [129]) as
follows:

𝑚
max
𝛽𝛽

=

3

∑

𝑖=1


𝑈
2

e𝑖

𝑚
𝑖

(A.2)

𝑚
min
𝛽𝛽

= max {2 𝑈
2

e𝑖

𝑚
𝑖

− 𝑚
max
𝛽𝛽

, 0} 𝑖 = 1, 2, 3. (A.3)

A.1. Formal Proof. Regarding the first assertion, it is obvious
that the sum of 𝑛 complex numbers has the biggest allowed
module when those numbers have aligned phases. Since
the physical quantities depend on 𝑚2

𝛽𝛽

, without any loss of
generality, it is possible to choose the first term (𝑈2

e1𝑚1

) to be
real. It thus follows that also the other two termsmust be real:
this is equivalent to considering the sumof themodules of the
single terms.

To prove the second statement, let us consider the general
case𝑚

𝛽𝛽

∼ |𝑧
1

+ 𝑧
2

+ 𝑧
3

| ≡ 𝑟, where 𝑧
𝑖

are complex numbers.
We want to minimize 𝑟, by keeping |𝑧

𝑖

| fixed. Let us define

𝑟
1

=
𝑧1
 −
z2
 −
𝑧3
 ,

𝑟
2

=
𝑧2
 −
𝑧1
 −
𝑧3
 ,

𝑟
3

=
𝑧3
 −
𝑧1
 −
𝑧2
 ,

𝑞
1

=
𝑧1
 −
𝑧2 + 𝑧3

 ,

𝑞
2

=
𝑧2
 −
𝑧1 + 𝑧3

 ,

𝑞
3

=
𝑧3
 −
𝑧1 + 𝑧2

 .

(A.4)

It is worth noting that only one of the 𝑟
𝑖

can be positive, at
most. Therefore, it is possible to distinguish 4 cases:

(i) 𝑟
1

> 0;
(ii) 𝑟

2

> 0;
(iii) 𝑟

3

> 0;
(iv) 𝑟

𝑖

≤ 0 for 𝑖 = 1, 2, 3.
In the first one, it is possible to show that 𝑟min

= 𝑟
1

. In fact,
we can write

𝑟 =
𝑧1 + 𝑧2 + 𝑧3

 =
𝑧1 − (−𝑧2 − 𝑧3)



≥


𝑧1
 −
−𝑧2 − 𝑧3



 =


𝑧1
 −
𝑧2 + 𝑧3



 =
𝑞1
 ,

(A.5)

and, since

𝑞
1

=
𝑧1
 −
𝑧2 + 𝑧3

 ≥
𝑧1
 −
𝑧2
 −
𝑧3
 = 𝑟1 > 0, (A.6)

we obtain

𝑟 ≥
𝑞1
 ≥ 𝑞1 ≥ 𝑟1. (A.7)

Similarly, 𝑟
2

> 0 ⇒ 𝑟
min

= 𝑟
2

and 𝑟
3

> 0 ⇒ 𝑟
min

= 𝑟
3

in the second and in the third cases, respectively. In the last
case, it is necessary to observe that, if one of the 𝑟

𝑖

= 0, then
𝑟
min

= 0. Therefore, only the case in which 𝑟
𝑖

< 0 ∀𝑖must be
considered. In this case, 𝑞

1

goes fromnegativewhen arg(𝑧
2

) =

arg(𝑧
3

) to positive when arg(𝑧
2

) = − arg(𝑧
3

). By continuity,
this implies that a proper phase choice such that 𝑞

1

= 0must
exist. Thus, one can conclude also in this case that 𝑟min

= 0

(by choosing 𝑟 = |𝑞
1

|).
In synthesis, the single case analysis leads to

𝑟
min

= max {𝑟
𝑖

, 0} . (A.8)

This proves the original statement; since 𝑟
𝑖

= |𝑧
𝑖

|− |𝑧
𝑗

|− |𝑧
𝑘

|+

|𝑧
𝑖

| − |𝑧
𝑖

| = 2|𝑧
𝑖

| − ∑
3

𝑙=1

|𝑧
𝑙

|, for 𝑖 ̸= 𝑗 ̸= 𝑘, {𝑖, 𝑗, 𝑘} = {1, 2, 3}.

A.2. Remarks on the Case 𝑚min
𝛽𝛽

= 0. The three mixing
elements |𝑈2

e𝑖| are constrained by the unitarity: ∑
𝑖

|𝑈
2

e𝑖| = 1.
This condition can be graphically pictured by using the inner
region of an equilateral triangle with unitary height, where
the distance from the 𝑖th side corresponds to the value of |𝑈2

e𝑖|
(see [129] for details). The result is displayed in Figure 22.

The experimental constraints on the oscillation param-
eters make it possible to evaluate the elements |𝑈2

e𝑖| and,
therefore, to identify a point inside the triangle, which is
placed at the center of the colored bar in Figure 22. The
different colors of the bar correspond to the 1𝜎, 2𝜎, and 3𝜎
regions.

At each vertex, the value of𝑚
𝛽𝛽

coincides with𝑚min
𝛽𝛽

and
with one of the mass eigenstates (]e ≡ ]

𝑖

). Then, the value
of𝑚min

𝛽𝛽

decreases moving from one vertex towards the inner
part of the triangle, until it becomes zero inside the region
delimited by the vertices defined by the conditions:


𝑈
2

e1

𝑚
1

=

𝑈
2

e2

𝑚
2

when 
𝑈
2

e3

= 0, (A.9)


𝑈
2

e1

𝑚
1

=

𝑈
2

e3

𝑚
3

when 
𝑈
2

e2

= 0, (A.10)


𝑈
2

e2

𝑚
2

=

𝑈
2

e3

𝑚
3

when 
𝑈
2

e1

= 0. (A.11)
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Figure 22: Representation of 𝑚min
𝛽𝛽

in the unitarity triangle. The
internal point in the middle of the small colored bar is identified by
the constraints from the oscillation parameters.The colored regions
correspond to 1𝜎 (red), 2𝜎 (orange), and 3𝜎 (yellow). The distance
from a side represents the size of the corresponding mixing element
|𝑈

2

e𝑖|. The inner shaded regions of the triangle enclose the areas
where 𝑚min

𝛽𝛽

= 0 for a lightest neutrino mass that can vary from
10

−5 eV to the value which corresponds to a cosmological mass
Σ = 0.14 eV (orange, 90% CL current bound) and Σ = 0.06 eV (gray,
for purpose of illustration).

In fact, if we consider, for example, the first condition, from
(A.9) we have

2

𝑈
2

e𝑖

𝑚
𝑖

− 𝑚
max
𝛽𝛽

= 2

𝑈
2

e𝑖

𝑚
𝑖

−

𝑈
2

e1

𝑚
1

−

U2

e2

𝑚
2

−

𝑈
2

e3

𝑚
3

= 2

𝑈
2

e𝑖

𝑚
𝑖

− 2

𝑈
2

e1

𝑚
1

.

(A.12)

Substituting the possible values 𝑖 = 1, 2, 3, and recalling that
the condition to get𝑚min

𝛽𝛽

is expressed by (A.3), we obtain

𝑚
min
𝛽𝛽

= max {−2 𝑈
2

e1

𝑚
1

, 0} = 0. (A.13)

The same argument can be applied also for the other two
conditions. It is therefore possible to identify a region inside
the triangle where𝑚min

𝛽𝛽

is zero.The experimental constraints
on the oscillation parameters limit the possibility of𝑚min

𝛽𝛽

= 0,
only to the case of NH. Of course, the position and the
extension of this region depend on the lightest neutrinomass.

Instead of choosing one particular value for the lightest
neutrinomass, it is more convenient to plot the superposition
of the regions obtained for increasing values of this param-
eter. In Figure 22, in orange we show the region obtained
varying𝑚

1

from 10−5 eV, up to the 90%CLmaximum value it
can have considering the limit on Σ from [136], according to
(59).The gray region shows the superposition obtained when
𝑚
1

∼ 0; namely, we show what happens if it turns out that the
cosmological mass is close to its lower limit (≲0.06 eV for the
NH case).

The existence of a 𝑚min
𝛽𝛽

= 0 region implies that,
in principle, 0]𝛽𝛽 could be forbidden just by particular
combinations of the phases, even if the neutrino is aMajorana
particle.

B. Error Propagation

It is convenient and usually appropriate to adopt statistical
procedures that are as direct and as practical as possible. We
are interested in the following situation. For any choice of
the Majorana phases, the massive parameter that regulates
0]𝛽𝛽 can be thought of as 𝑀(𝑚, x). It is a function of the
parameters that are determined by oscillation experiments
up to their experimental error, 𝑥

𝑖

± Δ𝑥
𝑖

, and of another
massive parameter 𝑚. Here a remark is necessary. When in
the literature we found maximal or systematic uncertainties,
in order to propagate their effects in our calculations, we
decided to interpret them as the semiwidths of flat distri-
butions and thus, dividing these numbers by √3, we could
get the standard deviations of those distributions. Then, we
considered those values as standard deviations for Gaussian
fluctuations of the parameters around the given values.

For any fixed value of 𝑚, and for the other parameters
set to their best fit values 𝑥

𝑖

, we can attach the following error
to𝑀:

Δ𝑀|
𝑚

= √∑

𝑖

(
𝜕𝑀

𝜕𝑥
𝑖

)

2

Δ𝑥
2

𝑖

. (B.1)

When we want to consider the prediction and the error for
a fixed value of another massive parameter Σ(𝑚, x), we have
to vary also 𝑚, keeping 𝛿Σ = 𝜕Σ/𝜕𝑚𝛿𝑚 + 𝜕Σ/𝜕𝑥

𝑖

𝛿𝑥
𝑖

= 0.
Therefore, in this case, we find

Δ𝑀|
Σ

= √∑

𝑖

(
𝜕𝑀

𝜕𝑥
𝑖

−
𝜕Σ/𝜕𝑥

𝑖

𝜕Σ/𝜕𝑚

𝜕𝑀

𝜕𝑚
)

2

Δ𝑥
2

𝑖

. (B.2)

Of course, we will calculate𝑚 by inverting Σ(𝑚, x) = Σ (here,
the symbol Σ denotes the function and also its value; how-
ever, this abuse of notation is harmless in practice).

C. Σ=𝑓(𝑚lightest), Analytical Solution

Let us write in full generality the three-flavor relation for the
mass probed in cosmology as

Σ = 𝑚 + √𝑚2 + 𝑎2 + √𝑚2 + 𝑏2, (C.1)

where 𝑚, Σ, 𝑎, and 𝑏 are masses, that is, nonnegative para-
meters. It is possible to obtain 𝑚 as a function of Σ in the
physical range

Σ ≥ 𝑎 + 𝑏 (C.2)

simply by solving a quartic equation. Since we are interested
in certain specific cases (NH or IH) we specify the
discussion further.
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When 𝑎 ≪ 𝑏, corresponding to the NH case, it is
convenient to write the quartic equation as

(3𝑚
2

− 4𝑚Σ + 𝜆
2

) (𝑚
2

− 𝜆
2

) + 4𝑎
2

𝑏
2

= 0, (C.3)

where
𝜆
2

≡ Σ
2

− (𝑎
2

+ 𝑏
2

) . (C.4)

Indeed, we see that this quartic equation has spurious
solutions in this limit, for example, those for𝑚 ≈ ±𝜆. Instead,
we are interested in the one that (for 𝑎 = 0) reads

𝑚 = 𝑚NH (Σ, 𝑏) ≡
2Σ − √Σ2 + 3𝑏2

3

(C.5)

with Σ ≥ 𝑏. In the case when 𝑎 ≈ 𝑏, instead, which
corresponds to the IH case, it is convenient to write the
quartic equation as

(3𝑚
2

+ 2𝑚Σ − 𝜆
2

) (𝑚 − Σ)
2

− (𝑎
2

− 𝑏
2

)
2

= 0, (C.6)

where
𝜆
2

≡ Σ
2

− 2 (𝑎
2

+ 𝑏
2

) . (C.7)

Again, we see that this quartic equation has spurious solu-
tions in the limit 𝑎 ≈ 𝑏, for example,𝑚 ≈ Σ. We are interested
in the one that in the case 𝑎 = 𝑏 reads

𝑚 = 𝑚IH (Σ, 𝑏) ≡
−Σ + 2√Σ2 − 3𝑏2

3

(C.8)

with Σ ≥ 2𝑏.
Finally, we discuss useful approximate formulae for the

specific parameterization suggested in [35]; namely,

𝑎 = 𝛿𝑚
2

,

𝑏 = Δ𝑚
2

+
𝛿𝑚

2

2

(C.9)

for theNH case and

𝑎 = Δ𝑚
2

−
𝛿𝑚

2

2
,

𝑏 = Δ𝑚
2

+
𝛿𝑚

2

2

(C.10)

for theIH one.
In the latter case, the approximation obtained by (C.8),

namely,

𝑚 = 𝑚IH (Σ, Δ𝑚
2

) , (C.11)

is already excellent, being better than 3 𝜇eV in the whole
range of masses. Instead, (C.5) implies a maximum error that
can reach 5meV for NH. Although this is quite adequate
for the present and near future sensitivity, it is possible to
improve the approximation also in the case ofNH by using

𝑚 = 𝑚NH (Σ, Δ𝑚
2

) −
𝛿𝑚

2

4𝑚NH (Σ, Δ𝑚
2)
. (C.12)

This formula is obtained by linearly expanding in 𝛿𝑚2 the
relation that links Σ and 𝑚, (C.1), around the point 𝑚 =

𝑚NH(Σ, Δ𝑚
2

). The error is remarkably small error and more
than adequate for the present sensitivity: less than 0.2meV.
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masses and cosmology with Lyman-alpha forest power spec-
trum,” Journal of Cosmology and Astroparticle Physics, vol. 2015,
no. 11, article 011, 2015.

[44] E. Di Valentino, E. Giusarma, O. Mena, A. Melchiorri, and J.
Silk, “Cosmological limits on neutrino unknowns versus low
redshift priors,” http://arxiv.org/abs/1511.00975.

[45] X. Zhang, “Impacts of dark energy on weighing neutrinos after
Planck 2015,” http://arxiv.org/abs/1511.02651.

[46] A. J. Cuesta, V. Niro, and L. Verde, “Neutrino mass limits:
robust information from the power spectrumof galaxy surveys,”
http://arxiv.org/abs/1511.05983.

[47] H. Georgi and S. L. Glashow, “Unity of all elementary-particle
forces,” Physical Review Letters, vol. 32, no. 8, pp. 438–441, 1974.

[48] H. Georgi, “Unified gauge theories,” in Proceedings of the
Theories and Experiments in High-Energy Physics, pp. 329–339,
Gables, Fla, USA, January 1975.

[49] H. Fritzsch and P. Minkowski, “Unified interactions of leptons
and hadrons,” Annals of Physics, vol. 93, no. 1-2, pp. 193–266,
1975.

[50] G. Bellini, D. Bick, G. Bonfini et al., “SOX: short distance neu-
trino oscillations with BoreXino,” Journal of High Energy Phys-
ics, vol. 2013, no. 8, article 038, 2013.

[51] F. P. An, A. B. Balantekin, H. R. Band et al., “Search for a light
sterile neutrino at Daya Bay,” Physical Review Letters, vol. 113,
no. 14, Article ID 141802, 2014.

[52] J. Ashenfelter, B. Balantekin, H. R. Band et al., “The PROSPECT
physics program,” http://arxiv.org/abs/1512.02202.

[53] K.N.Abazajian,M.A.Acero, S. K.Agarwalla et al., “Light sterile
neutrinos: a white paper,” http://arxiv.org/abs/1204.5379.

[54] S. Gariazzo, C. Giunti, and M. Laveder, “Light sterile neutrinos
in cosmology and short-baseline oscillation experiments,” Jour-
nal of High Energy Physics, vol. 2013, article 211, 2013.

[55] A. D. Dolgov and F. L. Villante, “BBN bounds on active–sterile
neutrino mixing,” Nuclear Physics B, vol. 679, no. 1-2, pp. 261–
298, 2004.

[56] M. Cirelli, G. Marandella, A. Strumia, and F. Vissani, “Probing
oscillations into sterile neutrinos with cosmology, astrophysics
and experiments,” Nuclear Physics B, vol. 708, no. 1–3, pp. 215–
267, 2005.

[57] J. Barry,W. Rodejohann, andH. Zhang, “Light sterile neutrinos:
models and phenomenology,” Journal of High Energy Physics,
vol. 2011, no. 7, article 091, 2011.

[58] I. Girardi, A.Meroni, and S. T. Petcov, “Neutrinoless double beta
decay in the presence of light sterile neutrinos,” Journal of High
Energy Physics, vol. 2013, article 146, 2013.

[59] S. Gariazzo, C. Giunti, M. Laveder, Y. F. Li, and E. M. Zavanin,
“Light sterile neutrinos,” Journal of Physics G: Nuclear and
Particle Physics, vol. 43, no. 3, Article ID 033001, 2016.

[60] A. D. Sakharov, “Violation of CP invariance, c asymmetry,
and baryon asymmetry of the universe,” Pisma v Zhurnal
Eksperimentalnoi i Teoreticheskoi Fiziki, vol. 5, pp. 32–35, 1967.

[61] G. ’t Hooft, “Symmetry breaking through Bell-Jackiw anoma-
lies,” Physical Review Letters, vol. 37, no. 1, pp. 8–11, 1976.

[62] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov, “On
anomalous electroweak baryon-number non-conservation in
the early universe,” Physics Letters B, vol. 155, no. 1-2, pp. 36–42,
1985.



Advances in High Energy Physics 33

[63] J. A.Harvey andM. S. Turner, “Cosmological baryon and lepton
number in the presence of electroweak fermion-number viola-
tion,” Physical Review D, vol. 42, no. 10, pp. 3344–3349, 1990.

[64] A. I. Bochkarev andM. E. Shaposhnikov, “Electroweak produc-
tion of baryon asymmetry and upper bounds on the higgs and
top masses,”Modern Physics Letters A, vol. 2, no. 6, pp. 417–427,
1987.

[65] K. Kajantie, M. Laine, K. Rummukainen, andM. Shaposhnikov,
“The electroweak phase transition: a non-perturbative analysis,”
Nuclear Physics B, vol. 466, no. 1-2, pp. 189–258, 1996.

[66] M. Fukugita and T. Yanagida, “Barygenesis without grand
unification,” Physics Letters B, vol. 174, no. 1, pp. 45–47, 1986.

[67] M. Shaposhnikov, “Baryo/leptogenesis,” in Proceedings of the
16th Annual International Conference on Particle Physics and
Cosmology (COSMO ’12), Beijing, China, September 2012.

[68] R. Saakyan, “Two-neutrino double-beta decay,” Annual Review
of Nuclear and Particle Science, vol. 63, pp. 503–529, 2013.

[69] S. Weinberg, “Universal neutrino degeneracy,” Physical Review,
vol. 128, no. 3, pp. 1457–1473, 1962.

[70] A.G. Cocco, G.Mangano, andM.Messina, “Probing low energy
neutrino backgrounds with neutrino capture on beta decaying
nuclei,” Journal of Cosmology and Astroparticle Physics, vol.
2007, no. 6, article 015, 2007.

[71] A. J. Long, C. Lunardini, and E. Sabancilar, “Detecting non-
relativistic cosmic neutrinos by capture on tritium: phe-
nomenology and physics potential,” Journal of Cosmology and
Astroparticle Physics, vol. 2014, article 38, 2014.

[72] E. Andreotti, C. Arnaboldi, F. T. Avignone et al., “ 130Te neu-
trinoless double-𝛽 decay with CUORICINO,” Astroparticle
Physics, vol. 34, no. 11, pp. 822–831, 2011.

[73] K. Alfonso, D. R. Artusa, F. T. Avignone III et al., “Search for
neutrinoless double-beta decay of 130Te with CUORE-0,” Phys-
ical Review Letters, vol. 115, Article ID 102502, 2015.

[74] H. V. Klapdor-Kleingrothaus, A. Dietz, L. Baudis et al., “Latest
results from the Heidelberg-Moscow double beta decay exper-
iment,” European Physical Journal A, vol. 12, no. 2, pp. 147–154,
2001.

[75] C. E. Aalseth, F. T. Avignone, R. L. Brodzinski et al., “Neutrino-
less double-𝛽 decay of 76Ge: first results from the International
Germanium Experiment (IGEX) with six isotopically enriched
detectors,” Physical Review C, vol. 59, no. 4, article 2108, 1999.

[76] C. E. Aalseth, F. T. Avignone III, R. L. Brodzinski et al., “IGEX
76Ge neutrinoless double-beta decay experiment: prospects for
next generation experiments,”Physical ReviewD, vol. 65, Article
ID 092007, 2002.

[77] M. Agostini, M. Allardt, E. Andreotti et al., “Results on neu-
trinoless double-𝛽 decay of 76Ge from Phase I of the GERDA
experiment,” Physical Review Letters, vol. 111, no. 12, Article ID
122503, 2013.

[78] 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.

[79] R. Arnold, C. Augier, J. D. Baker et al., “Search for neutrinoless
double-beta decay of 100Mo with the NEMO-3 detector,” Physi-
cal Review D, vol. 89, no. 11, Article ID 111101, 2014.

[80] J. B. Albert, D. J. Auty, P. S. Barbeau et al., “Search for Majorana
neutrinos with the first two years of EXO-200 data,”Nature, vol.
510, pp. 229–234, 2014.

[81] A. Gando, Y. Gando, H. Hanakago et al., “Limit on neutrinoless
𝛽𝛽 decay of 136Xe from the first phase of KamLAND-Zen and
comparison with the positive claim in 76Ge,” Physical Review
Letters, vol. 110, no. 6, Article ID 062502, 2013.

[82] K. Asakura, A. Gando, Y. Gando et al., “Results fromKamLAND-
Zen,” AIP Conference Proceedings, vol. 1666, Article ID 170003,
2015.

[83] D. R. Artusa, F. T. Avignone III, O. Azzolini et al., “Searching
for neutrinoless double-beta decay of 130Te with CUORE,”
Advances in High Energy Physics, vol. 2015, Article ID 879871,
13 pages, 2015.

[84] R. Brugnera and A. Garfagnini, “Status of the GERDA exper-
iment at the laboratori nazionali del gran sasso,” Advances in
High Energy Physics, vol. 2013, Article ID 506186, 15 pages, 2013.

[85] L. Pattavina, “Scintillating bolometers for the LUCIFER
project,” in Proceedings of the XIV International Conference on
Topics in Astroparticle and Underground Physics (TAUP ’15),
Torino , Italy, September 2015.

[86] N. Abgrall, E. Aguayo, F. T. Avignone III et al., “The MAJO-
RANADEMONSTRATOR neutrinoless double-𝛽 decay exper-
iment,” Advances in High Energy Physics, vol. 2014, Article ID
365432, 18 pages, 2014.
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[178] E. Lisi, A. Rotunno, and F. Šimkovic, “Degeneracies of particle
and nuclear physics uncertainties in neutrinoless 𝛽𝛽 decay,”
Physical Review D, vol. 92, no. 9, Article ID 093004, 2015.

[179] M. Konieczka, P. Baczyk, and W. Satula, “Beta-decay study
within multi-reference density functional theory and beyond,”
http://arxiv.org/abs/1509.04480.

[180] J.-I. Fujita and K. Ikeda, “Existence of isobaric states and beta
decay of heavier nuclei,” Nuclear Physics, vol. 67, no. 1, pp. 145–
177, 1965.

[181] D. H.Wilkinson, “Renormalization of the axial-vector coupling
constant in nuclear 𝛽 decay,” Physical Review C, vol. 7, no. 3, pp.
930–936, 1973.

[182] D. H.Wilkinson, “Renormalization of the axial-vector coupling
constant in nuclear𝛽-decay (II),”Nuclear Physics A, vol. 209, no.
3, pp. 470–484, 1973.

[183] D. H.Wilkinson, “Renormalization of the axial-vector coupling
constant in nuclear𝛽-decay (II),”Nuclear Physics A, vol. 209, pp.
365–381, 1974.

[184] M. Ericson, “Axial vector nuclear sum rules and exchange
effects,” Annals of Physics, vol. 63, no. 2, pp. 562–576, 1971.

[185] S. Barshay, G. E. Brown, and M. Rho, “A new interpretation of
the pion-nucleus optical potential for pionic atoms,” Physical
Review Letters, vol. 32, pp. 787–790, 1974, Erratum in: Physical
Review Letters, vol. 32, p. 1149, 1974.

[186] K. Shimizu, M. Ichimura, and A. Arima, “Magnetic moments
and GT-type 𝛽-decay matrix elements in nuclei with a LS
doubly closed shell plus or minus one nucleon,”Nuclear Physics
A, vol. 226, no. 2, pp. 282–318, 1974.

[187] J. Menéndez, D. Gazit, and A. Schwenk, “Chiral two-body
currents in nuclei: gamow-teller transitions and neutrinoless
double-beta decay,” Physical Review Letters, vol. 107, Article ID
062501, 2011.

[188] A. Ekström, G. Jansen, K.Wendt et al., “Effects of three-nucleon
forces and two-body currents on Gamow-Teller strengths,”
Physical Review Letters, vol. 113, Article ID 262504, 2014.
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TheMINOS experiment took data from 2005 up until 2012.TheMINOS experiment took data from 2005 up until 2012, continuing
beyond that as the MINOS+ experiment. The experiment is a two-detector, on-axis, long-baseline experiment, sending neutrinos
from Fermilab to the Soudan Underground Laboratory in northern Minnesota. By searching for the deficit of muon neutrinos at
the Far Detector, MINOS/MINOS+ is sensitive to the atmospheric neutrino oscillation parameters Δ𝑚2

32
and 𝜃

23
. By using the full

MINOS data set looking at both ]
𝜇
disappearance and ]

𝑒
appearance in both neutrino and antineutrino configurations at the NuMI

beam along with atmospheric neutrino data recorded at the FD, MINOS has made the most precise measurement of Δ𝑚2
32
. Using

a full three-flavour framework and searching for ]
𝑒
appearance, MINOS/MINOS+ gains sensitivity to 𝜃

13
, the mass hierarchy, and

the octant of 𝜃
23
. Exotic phenomenon is also explored with the MINOS detectors looking for nonstandard interactions and sterile

neutrinos.The current MINOS+ era goals are to build on the previousMINOS results improving the precision on the three-flavour
oscillation parameter measurements and strengthening the constraints placed on the sterile neutrino parameter space.

1. Introduction

Over the last couple of decades, physicists across the world
have obtained model independent evidence for neutrino
oscillations. It was in 1998 that Super-Kamiokade [1] observed
muon neutrinos changing flavour as they transversed the
atmosphere. Later in 2001, the Sudbury neutrino observatory
experiment [2, 3] observed neutrinos oscillating between
flavours which originated from the sun. Evidence for reactor
antineutrinos was seen in 2002 with the KamLAND [4]
experiment. There are now multiple generations of experi-
ments designed to confirm and probe the nature of neutrino
oscillations using a neutrino source from an accelerator [5, 6],
solar neutrinos [7, 8], and nuclear reactor antineutrinos [9–
12]. The implication of neutrino flavour change is indicative
that the neutrinomust have a nonzeromass and violate lepton
number conservation, a clear observation of new physics
beyond the standard model.

It was during this time of discovery that the MINOS
[14] experiment was proposed. MINOS was designed with
a long-baseline and two detectors 1.04 km and 735 km from
the neutrino production target, respectively, with the goal

to measure the atmospheric neutrino oscillation parame-
ters. A previously constructed long-baseline, two-detector
experiment K2K [15] in Japan had the same goal. MINOS
was unique in that its magnetised detectors allowed one to
distinguish ]

𝜇
and ]
𝜇
interactions on an event by event basis.

TheMINOS detectors encountered a higher flux of neutrinos
than K2K and over the next few years MINOS contributed
to the era of precision measurements of the fundamental
parameters governing this quantum mechanical effect of
neutrino oscillations. The MINOS experiment helped show
how effectively a two-detector experiment can minimise the
large systematic uncertainties associated with a neutrino
interaction experiment. In 2012, the MINOS experiment
ended and it is the continuation of the detectors taking data
in the upgraded accelerator for the NO]A [16] experiment
that the MINOS+ [17] experiment was born. MINOS+ began
taking data in September 2013, with a higher flux of neutrinos
at high energies; MINOS+ becomes sensitive beyond the
standard model neutrinos physics such as sterile neutrinos
and large extra dimensions.

The theory of neutrino oscillation describes the change in
neutrino flavour composition seen in data. These oscillations
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arise due to a mixture between mass and flavour eigenstates;
three active flavours of neutrino (]

𝑒
, ]
𝜇
, ]
𝜏
) and three mass

eigenstates (]
1
, ]
2
, ]
3
) are required to fully describe the neu-

trino oscillations observed in data.The energy dependence of
these oscillations is governed by the difference of the square
of the mass eigenstates, Δ𝑚2

32
and Δ𝑚2

21
, while the degree of

mixing (the amplitude of the oscillations) is governed by three
mixing angles 𝜃

12
, 𝜃
13
, 𝜃
23
and a CP violating phase 𝛿

13
.These

parameters make up a 3 × 3 rotation matrix known as the
PMNS rotation matrix [18–20].

The difference between the two mass splittings is almost
two orders of magnitude; 𝜃

13
has been shown to be small

by measurements of this parameter by reactors experiments
[12, 21, 22] and so one can approximately decouple the two
frequencies into two distinct regimes: the “solar” oscillation
regime is driven by Δ𝑚2

21
and 𝜃
12
and mostly determines the

flavour composition of ]
𝑒
particles propagating from within

the sun towards Earth. The “atmospheric” oscillation regime
is driven primarily by Δ𝑚2

32
and 𝜃

23
and their values govern

neutrino oscillation observed in ]
𝜇
neutrinos decaying from

secondary hadrons due to cosmic-rays interacting within
Earth’s atmosphere. The MINOS experiment was designed
to probe the atmospheric sector by using ]

𝜇
neutrinos

from a man made source. MINOS also has sensitivity to
the parameter 𝜃

13
through observing ]

𝑒
and ]

𝑒
appearance,

allowing for a full analysis combining both disappearance and
appearance data.

1.1. Oscillation Physics at MINOS. The neutrino oscillation
regimeMINOS is most sensitive to and is driven by the larger
of the two mass splitting differences Δ𝑚2

32
; consequently, a

two-flavour approximation can be used to describe the data
using a singlemass splittingΔ𝑚2 and effectivemixing angle 𝜃.
Using this approximation, one can express themuonneutrino
survival probability as

𝑃 (]
𝜇
→ ]
𝜇
)

= 1 − sin2 (2𝜃) sin2(
1.27Δ𝑚

2
[eV2] 𝐿] [km]

𝐸] [GeV]
) ,

(1)

where 𝐿] is the neutrino propagation distance and 𝐸] is the
neutrino energy. Previous analyses by MINOS rely on this
two-favour approximation. However, the neutrino commu-
nity is entering an era of precisionmeasurement; the error on
the atmospheric mass splitting is down to a few percent level
and with the discovery of a nonzero 𝜃

13
in 2012 by Daya bay

[12], 𝜃
13
has now become one of the most precisely measured

angles, and so the need to move to a fuller treatment of
neutrino oscillations is ever present.

Within a three-flavour framework, the oscillations are
driven by the mass splittings Δ𝑚2

32
and Δ𝑚2

21
, where Δ𝑚2

31
=

Δ𝑚
2

32
+ Δ𝑚

2

21
. For exact calculations of the oscillation prob-

abilities, one must consider all parameters due to interfer-
ences. One canmodify the two-flavour oscillation probability
parameters in (1) as follows:

sin22𝜃 = 4sin2𝜃
23
cos2𝜃
13
(1 − sin2𝜃

23
cos2𝜃
13
) ,

Δ𝑚
2
= Δ𝑚

2

32
+ Δ𝑚
2

21
sin2𝜃
12

+ Δ𝑚
2

21
cos𝛿CPsin𝜃13tan𝜃23sin2𝜃12.

(2)

Only by moving to a three-flavour framework can the
degeneracies between the octant of 𝜃

23
and determination

of the mass hierarchy (sign of |Δ𝑚2
32
|) be broken. These

equations only account for neutrino oscillation within a
vacuum; however, when neutrinos traverse through matter,
the eigenstates become modified due to the MSW effect [23,
24]. To account for this, one can replace 𝜃

13
with a modified

mixing angle 𝜃
𝑀
, given by [25], such that

sin22𝜃
𝑀
=

sin22𝜃
13

sin22𝜃
13
+ (𝐴 − cos2𝜃

13
)
2
, (3)

where the magnitude of 𝐴 determines the size of the matter
effect and can be expressed as 𝐴 = ±2√2𝐺

𝐹
𝑛
𝑒
𝐸]/Δ𝑚

2

31
,

where 𝐺
𝐹
is the Fermi weak coupling constant and 𝑛

𝑒
is the

density of electrons in the medium. The sign of 𝐴 is positive
(negative) for neutrinos (antineutrinos). The magnitude of
sin22𝜃

𝑀
in (3) influences the amount of mixing of ]

𝜇
↔ ]
𝑒
.

This MSW mechanism has an effect on a ]
𝜇
disappearance

analysis through ]
𝜇

↔ ]
𝑒
mixing; therefore, in order to

perform a precision measurement using ]
𝜇
disappearance,

one must also take into account ]
𝑒
appearance.

MINOS is also sensitive to ]
𝑒
interactions; the probability

for ]
𝑒
appearance to second order can be approximated to

[26]

𝑃 (]
𝜇
→ ]
𝑒
)

≈ sin2𝜃
23
sin22𝜃

13

sin2Δ (1 − 𝐴)
(1 − 𝐴)

2

+ 𝛼�̃�cos (Δ ± 𝛿CP)
sinΔ𝐴
𝐴

sinΔ (1 − 𝐴)
1 − 𝐴

+ 𝛼
2cos2𝜃

23
sin22𝜃

12

sin2Δ𝐴
𝐴2

,

(4)

where 𝛼 ≡ Δ𝑚
2

21
/Δ𝑚
2

31
(∼0.03), �̃� ≡

cos𝜃
13
sin2𝜃
13
sin2𝜃
12
sin2𝜃
23
, and Δ ≡ Δ𝑚

2

31
𝐿]/4𝐸]. The

second term in (4) will have a plus (minus) sign for neutrinos
(antineutrinos). Being sensitive to ]

𝑒
and ]

𝑒
appearance

allows one to probe the mass hierarchy (as the sign of Δ𝑚2
31

will change) as well as the CP violating phase.

2. The MINOS Experiment

2.1. The NuMI Beam. The Neutrinos at the Main Injector
(NuMI) neutrino beam [27] was built at Fermilab, to provide
neutrinos for the MINOS experiment. The NuMI beam typi-
cally has a beam power of 350 kWwith a design specification
of up to 400 kW. A high-intensity beam is required to achieve
a meaningful event rate at the MINOS Far Detector (FD)
placed several hundred kilometres away. Such a distance
significantly reduces the neutrino flux as it falls with the
square of the distance from the decay point.
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Figure 1: The NuMI beam.

To produce such a powerful neutrino beam, the first stage
is to create protons from H− ions. To achieve this, the ions
are accelerated by a Radio Frequency (RF) quadrupole up
to an energy of 750 keV. From there, a linear accelerator
then accelerates the ions to an energy of 400MeV which
have subsequently passed through a thin carbon foil stripping
the electrons off the ions to leave a beam of protons. The
protons are fed into a rapid cycling synchrotron (Booster) and
accelerated in batches up to energies of 8GeV. Subsequently,
they are fed into theMain Injector where they are accelerated
to 120GeV. The Main Injector has a circumference seven
times larger than the Booster and so up to six batches
can be inserted into the Main Injector at once. It is the
interaction between these high energy protons upon a fixed
graphite target which results in plethora of charged hadrons
(predominantly pions, with a significant kaon component at
higher energies). These charged hadrons pass through two
parabolic, magnetic horns which focus either positive or
negative hadrons depending on the direction of the electric
current being pulsed through the horns.The focused hadrons
travel along a 675m decay pipe. It is the decay of these
hadrons within the pipe that form the predominate muon
flavour neutrino beam. By focusing the positive hadrons,
a beam of predominate ]

𝜇
is created (]

𝜇
-dominated beam

mode); by focusing the negatively charged hadrons, the ]
𝜇

component can be increased (]
𝜇
-enhanced beam mode).

Figure 1 shows a diagram of the charged hadrons being
focused by the two horns into the decay pipe.

Figure 2 shows the composition of the NuMI beam
for charged current neutrino interactions observed in the
MINOSNearDetector.The significant difference in composi-
tion and event rate between these beam modes arises mainly
from the fact that the ]

𝜇
interaction cross section is a factor of

approximately two lower than the ]
𝜇
interaction cross section.

The neutrino energy spectrum provided by the NuMI
beam is tunable, through changing the relative positions
between the target and the focusing horns. Three of the
possible configurations are shown in Figure 3. In Figure 4,
the entire MINOS andMINOS+ running periods, from 2005
through to the present, are shown, illustrating when each
different beam configuration was used. The main goal of
MINOS was to measure the atmospheric oscillation param-
eters; this would require a large flux at the oscillation dip
which would be located around the 2GeV region. In the
MINOS era, the configuration of the NuMI was set to the low

energy setting. For theMINOS+ era, theNO]Aexperiment is
14mrad off axis and requires the NuMI beam to be set at the
medium energy configuration. MINOS/MINOS+ is an on-
axis experiment (the detectors line up with the beam axis)
and therefore MINOS+ observes a high flux of neutrinos at
higher energies compared to the low energy configuration.

2.2. The MINOS Detectors. TheMINOS experiment has two
steel-scintillator calorimeters [29] designed with the same
materials and to operate in an identical manner, known
as being functionally identical. The calorimeters measure
the energy deposition and event topologies of neutrino
interaction events. The detectors are shown in Figure 6. Both
detectors are made of alternating layers of 1.00 cm thick
plastic scintillator and 2.54 cm thick steel planes. As neutrinos
travel through the detector, they interact with the iron-
nuclei, and the charged final-state particles travel through the
scintillator depositing energy which is read out as light.

The light travels along wavelength shifting (WLS) fiber
and is read out by a series of a photomultiplier tubes (PMTs).
Figure 5 shows a strip of the scintillator used in the MINOS
detectors; along the middle a groove is made so that a
wavelength shifting fiber can be installed. It is from the light
patterns that a neutrino candidate event can be reconstructed,
so that information about the topology of the event can be
extracted.The steel planes are magnetised by a coil aligned to
the longitudinal axes of each detector giving a magnetic field
of approximately 3 T.The trajectories of the charged particles
are therefore curved (the direction depends on the polarity
of the current in the coil) and thus ]

𝜇
and ]
𝜇
CC interactions

can be distinguished.
The Near Detector (ND) is situated 1.04 km down-

stream from the neutrino target at Fermilab. With a mass
of 0.98 kton, the ND measures the reconstructed neutrino
energy spectrum before oscillations have occurred. The ND
has two distinct sections so that it can take advantage of
the high neutrino flux at this location to define a relatively
small target fiducial volume for selection of events for the
near/far comparison. The section closest to the target is used
to define the interaction vertex and measure the energy
of the neutrino-induced hadronic shower; every plate is
instrumented with plastic scintillator to act as a calorimeter.
The second section is used as a muon spectrometer to
measure themomenta of energeticmuons where one in every
five plates is instrumented with scintillator. The scintillator
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Figure 2: The reconstructed neutrino energy spectra at the MINOS Near Detector. (a) shows the energy spectrum for positively focused
hadrons producing a predominately ]

𝜇
beam. (b) is when negatively charged hadron is focused which increases the amount of ]

𝜇
events

seen at the detectors. Note how in antineutrino mode the event rate is significantly less due to different cross sections between neutrinos and
antineutrinos.

planes aremade up of 4 cmwide strips.The strips on adjacent
planes are oriented perpendicular to each other to allow
three-dimensional reconstruction of events. The planes are
oriented 45

∘ to the vertical defining a coordinate system
referred to as the 𝑢 and V directions.

The Far Detector is 735 km downstream from the neu-
trino production target, 705m underground in a mineshaft
in northernMinnesota.The FD is significantly larger than the
ND to compensate for the decrease in the neutrino flux.With
a mass of 5.4 kton, the FD measures the reconstructed neu-
trino energy spectrum and will observe a different neutrino
flavour composition of the beam due to neutrino oscillation.
The geometry is similar to that of the ND in that it is spilt
into two “super modules” of 239 and 247 planes; however,
the FD does not have a vertex and spectrometer section due

to its distance away from the beam; it observes significantly
less neutrino interactions. A veto shield composed of layers
of scintillator covers the top and sides of the FD to better
identify incoming cosmic-ray muons that may enter the
fiducial volume of the detector helping to obtain a high pure
sample of downward-going atmospheric ]

𝜇
events.

The two-detectormethod is a very powerful experimental
setup, since it allows the cancellation of large uncertainties
that beset any neutrino oscillation experiment. The uncer-
tainty in neutrino flux and cross sections are only known to
tens of percent. Therefore, by looking at the disappearance
and appearance in the FD relative to theND, the uncertainties
can be reduced significantly as only the relative uncertainty
between the two detectors will affect the final measured
result.
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3. Neutrino Interactions in
the MINOS Detectors

There are three neutrino interactions that are of interest to
MINOS as shown in Figure 7.

The main channel is the charged current (CC) ]
𝜇
(]
𝜇
)

interaction:

]
𝜇
(]
𝜇
) + 𝑋 → 𝜇

−(+)
+ 𝑋

. (5)
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particle (red line) depositing energy by producing light (blue line) as it passes through the strip. The light travels along the WLS fiber and is
read out by a PMT.
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Figure 6: The MINOS detectors. (a) The Near Detector at Fermilab, (b) the Far Detector at the Soudan Underground Laboratory.

The cascade of hadrons, 𝑋, produces a diffuse shower of
energy deposits near the interaction vertex. MINOSwas con-
structed with steel planes so that it can contain a significant
proportion of the final-state muons. A muon produces a long
track that curves due to the magnetic field. It is the direction
of curvature that allows MINOS to identify the incoming
neutrino as ]

𝜇
or ]
𝜇
.

All active neutrino flavours undergo the neutral current
(NC) interaction through the following process:

] + 𝑋 → ] + 𝑋. (6)

Only the hadronic shower is observed, producing a diffuse
pattern of energy deposits within the detector. It is not
possible to determine the flavour of neutrino.

Finally, electron neutrinos undergo CC interactions
through the following process:

]
𝑒
(]
𝑒
) + 𝑋 → 𝑒

−(+)
+ 𝑋

. (7)

The electron gives rise to an electromagnetic shower, which
produces a much denser, more compact shower of energy
deposits. This interaction is difficult to detect due to the steel

plate thickness, meaning only a few events leave any energy
deposits in the plastic scintillator.

Above a few GeVs, the dominant process is deep inelastic
scattering (DIS). Here, the neutrino has sufficient energy
that it can resolve the individual quark constituents of the
nucleonwhichmanifests in the creation of a hadronic shower.
However, at MINOS, the oscillation dip observed in muon
neutrino disappearance at the Far Detector occurs just below
2GeV; these neutrino interactions provide a large source
of signal events for a neutrino oscillation analysis. At this
energy, neutrinos can elastically scatter off an entire nucleon
liberating a nucleon (ormultiple nucleons) from the target. In
the case of charged current scattering, this process is referred
to as “quasi-elastic scattering” (CCQE). A detailed review on
the current state of neutrino cross sections can be found here
[30].

The energy of a neutrino event is calculated by summing
the shower energy deposits and the muon track energy. The
energy resolution of contained muon tracks is 4.6% [31]. If
a muon track exits either one of MINOS detectors then the
curvature of the track is used to calculate the energy. The
curvature of a muon track is directly proportional to the ratio
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Figure 7: Neutrino interaction topologies observed in the MINOS detectors. (a) A charged current ]
𝜇
interaction. (b) A neutral current

interaction. (c) A charged current ]
𝑒
interaction. Each coloured pixel represents a scintillator strip with energy deposited from a charged

particle. The colour scale displays the amount of light: purple and blue are low light levels, through to orange and red for the highest light
levels.

of its electric charge to its momentum; at the peak of the
neutrino beam at around 3GeV, the resolution is 11% [31].

All three interaction processes can result in a shower
of energy deposited in the detectors. The MINOS detectors
are too coarse to reliably use shower topology information
and so the energy is reconstructed calorimetrically. The final
calorimetric hadronic and electromagnetic shower resolu-
tions are well modelled by simulation and the resolution is
parameterised as 56%/√𝐸 for hadronic showers and 21%/√𝐸
for electromagnetic showers, where𝐸 is the particle energy in
GeV [32, 33].

A calorimeter response is different for hadronic and
electromagnetic showers. A fraction of the energy deposited
by the showering particle is invisible; that is, it does not
contribute to the calorimeter signal; this can cause some
undesirable properties in a calorimeter causing nonlineari-
ties. For CC ]

𝜇
(]
𝜇
) interactions, amore sophisticatedmethod

is implemented tomeasure shower energies [13]. A 𝑘-nearest-
neighbour algorithm [34] uses a multivariate analysis of
a broader range of event-level information to provide an
estimate of shower energy.The variables are by the algorithm
as follows: the event length, the average energy deposited
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per scintillator plane along the track, the transverse energy
deposition, and the fluctuation of the energy deposition
along the track. The 𝑘-nearest-neighbour algorithm uses the
400 nearest-neighbours and comparing them to a simulated
library of events the total shower energy of an event can be
estimated. Figure 8 shows the distribution of reconstructed
overtrue shower energy for different ranges of true shower
hadronic shower energy using calorimetric energy and 𝑘-
nearest-neighbour algorithm estimator. It can be seen that the
𝑘-nearest-neighbour algorithm gives a better estimate of the
shower energy at lower energies. This improves the hadronic
energy resolution from 55% to 43% for showers between 1.0
and 1.5 GeV.

3.1. Selection of Charged Current ]
𝜇
and ]

𝜇
Interactions.

MINOS was designed to measure the neutrino oscillation
parameters in the atmospheric region (Δ𝑚2

32
and 𝜃

23
). To

achieve this, one needs a sample of ]
𝜇
(]
𝜇
) CC events.

Figure 7 shows that this can be achieved by selecting neutrino
candidate events with a muon track.

There are three main backgrounds that have an effect on
signal purity. At low energies, NC interactions can result in a
charged hadron producing a track, thus being mistaken for a
]
𝜇
-CC event with a low energy muon track. Atmospheric ]

𝜇

events represent a potential source ofmuonneutrinos distinct
from those in the muon beam and hence are not useful when
only considering a beam disappearance oscillation analysis.
Wrong-sign events can become a backgroundwhen themuon
charge deduced from curvature ismeasured incorrectly if one
wishes to separate ]

𝜇
and ]

𝜇
samples to test if they oscillate

with different probabilities.
To reduce the NC background, one needs to separate

the NC and CC candidate events. MINOS uses a 𝑘-nearest-
neighbour algorithm; a simulated high statistics data set is
created with two known classes of events, one with a muon
track and one without. Four variables are used to create a
discriminating variable to be applied to all track-like events.
The variables are the number ofMINOS detector planes asso-
ciated with a muon track (muon tracks tend to extend much
further than NC showers), the average energy deposited
per scintillator plane along the track, the transverse energy
deposition profile, and the variation of the energy deposited
along the muon track. Figure 9 shows the distribution of the
𝑘-nearest-neighbour algorithm as a single variable [35].

The event selection is identical for ]
𝜇
and ]

𝜇
CC events

due to their similar interaction topologies. The NuMI beam
can be configured to produce an antineutrino-enhanced
beam. From the curvature of the muon track reconstructed
by a Kalman Filter [36] algorithm, the lepton number of the
neutrino can be deduced. After track identification, all the
remaining hits which are in proximity to one another are
grouped into showers.

3.2. Selection of Charged Current ]
𝑒
Interactions. The selec-

tion for ]
𝑒
events relies on looking for events with a dense

shower arising from electromagnetic interactions from an
electron as it passes through the MINOS detectors. The
dominant background comes from NC events generating a
dense hadronic shower. Such behaviour can be caused by a

neutral pion decaying into a pair of photons. The majority of
]
𝑒
appearance expected at the FD occurs in neutrino events

with energy in the range 1–8GeV and so only this range is
considered.

The granularity of the MINOS detectors makes resolving
any topology from electromagnetic showers almost impos-
sible; therefore, all candidate events with a shower have
their energy deposition patterns compared to a large library
of order 107 simulated events containing signal (40%) and
background events (60%). This technique is called Library
Event Matching (LEM) [37–39].The 50 simulated events that
match the event with a similar pattern of energy deposited
in each scintillator strip excited by the shower are chosen.
Data and library events are not spatially translated to align
them for the bestmatching.Thematching procedure provides
a quantitative means of determining the likelihood that
two different charge topologies were created by the same
primary deposition. For an arbitrary energy deposit, the
mean expected charge on a photomultiplier tube will be
some value 𝜆. Consider strip 𝑖 in the 𝑗th plane of the
detector and events A and B, where the detector’s response
in event A was 𝑛

𝐴
photoelectrons and the response in event

B was 𝑛
𝐵
photoelectrons. The likelihood 𝐿, of a data event

corresponding to the same physical shower topology as a
simulated library event, can therefore be calculated as

log 𝐿 =
𝑁strips

∑

𝑖=1

log [∫
∞

0

𝑃 (𝑛
𝑖

data | 𝜆) 𝑃 (𝑛
𝑖

lib | 𝜆) 𝑑𝜆] . (8)

An example of a good and bad match from LEM can be seen
in Figure 10.

Three variables are constructed from the 50 best simu-
lated events (signal or background); these are the fraction of
the events that are true ]

𝑒
CC events, the average inelasticity

(this is the amount of energy that goes into the hadronic
shower) 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 variables along with the

reconstructed energy of the data event are fed into a neural
network which calculates a classification of how signal-like
the data event is. A single variable,𝛼LEM, is formed to quantify
this, as shown in Figure 11. It is an output of an artificial
neural network with several variables coming from the event
comparisons. Events with𝛼LEM > 0.6 are selected for analysis;
this number was optimised to maximise the sensitivity to
]
𝑒
appearance [40]. Candidate ]

𝑒
-CC and ]

𝑒
-CC events are

required to fall within a fiducial volume and to be coincident
in time (50 𝜇𝑠) and direction with the NuMI beam. Events are
required to have shower-like topologies by rejecting events
with tracks that are longer than 25 planes or extendmore than
15 planes from a shower edge.

With the absence of a ]
𝑒
-CC and ]

𝑒
-CC signal in the

ND, the signal-selection efficiency cannot be extrapolated
from the ND events in the same way as the background
estimate. By using real data, well-identified ]

𝜇
-CC events are

selected. By removing the energy deposited by the muon
track [41], these events can be used to calculate the signal-
selection efficiency by inserting the energy deposition from
an electron with identical momentum to that of the removed
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Figure 10: Showing an example of a simulated ]
𝑒
event compared to a good and bad match from the LEM library.

muon. This allows one to effectively convert a well-identified
sample of ]

𝜇
-CC and ]

𝜇
-CC data events into a sample of

]
𝑒
-CC and ]

𝑒
-CC data events. Using this method, 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 for
a NC event is a diffuse hadronic shower; however ]

𝜇
-CC

interactions can also have large hadronic showers, if the
inelasticity of the event is high (most of the energy is given to

the shower).Themuon track may then be difficult to detect if
it does not significantly extend beyond the hadronic shower.
To achieve a high purity of NC events, a number of selection
cuts are used [42]. An event is classified as a NC event if it has
no tracks or if a track does not extend more than six planes
past the end of the shower.The NC identification efficiency is
89%, with 61% purity; this is determined by taking an average
over the energy spectrum for simulated events. However, this
selectionwill identify 97% of ]

𝑒
CC interactions asNC events,

which needs to be taken into account when searching for NC
disappearance at the FD.
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Figure 13: The FD reconstructed neutrino energy spectrum for ]
𝜇
(a) and ]

𝜇
(b). The grey light shows the predicted FD energy spectrum

if neutrinos did not oscillate. The red line indicates the best fit to the data. These energy spectra were fit along with the atmospheric and ]
𝑒

samples discussed in the later subsections. For details on the fit and the result of the neutrino oscillation parameters obtained, see Section 6.

3.4. Selection of Atmospheric Neutrinos. Atmospheric neutri-
nos are selected as ]

𝜇
-CC events in theMINOS FD outside of

the 10 𝜇𝑠 window period when the NuMI beam is producing
neutrinos [43]. The atmospheric neutrino signal is separated
from the cosmic-ray background using two characteristic
signatures of atmospheric neutrino interactions: either a
reconstructed vertex inside the fiducial volume or a recon-
structed upward-going or horizontal muon trajectory.

The FD timing resolution on a hit by hit basis is 2.5 ns,
which is enough to calculate the direction of a muon track
inside the FD. For upward and horizontal angles, where
the rock overburden exceeds 14,000m water-equivalent, the
absorption of cosmic-ray muons by the Earth is sufficiently

high that the observed flux of muons is dominated by
atmospheric muon neutrino interactions [44]. At the Soudan
mine (the location of the FD), upward-going tracks with a
zenith angle cos 𝜃

𝑧
< 0.14 are defined as being upward-going

and horizontal [45]. Therefore, upward-going and horizontal
tracks provide a signature for atmospheric neutrinos. To
further reduce the background, the analysis requires cos 𝜃

𝑧
<

0.05 as shown in Figure 12.
For tracks where the end point lies inside the fiducial

volume, the muon momentum is reconstructed from the
measured track length; for exiting tracks, the momentum is
obtained from the fitted track curvature. In both cases, the
fitted curvature is used to determine the muon charge sign.
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4. Muon Neutrino and
Antineutrino Disappearance

MINOS can measure the atmospheric neutrino oscillation
parameters Δ𝑚2

32
and 𝜃
23
by fitting the energy dependence of

]
𝜇
-CC and ]

𝜇
-CC disappearance. The FD sees the neutrino

beam as a point source whereas the ND subtends a relatively
large angle to the beam.Thus, once a neutrino parent decays,
the ND would see a large spread in energies compared to
the FD which preferentially selects higher energy neutrinos
at a smaller angle from the direction of the parent hadron.
MINOS pioneered the technique of resolving this kinematic
issue by constructing a beam matrix that allows one to
convert an energy spectrum observed in the ND to the
corresponding spectrum observed at the FD [46].This allows
the measured ND energy spectrum to be used to predict
what should be expected at the FD. Through this process,
the effects of a large number of systematics, that affect both
detectors in the same way, are mitigated. Only systematics
affecting both detectors differently become a significant
source of uncertainty, primarily reconstruction efficiencies
and miscalibrations of the neutrino energy measurement in
the detectors [47]. Figure 13 shows the reconstructed energy
spectrum at the FD for ]

𝜇
and ]
𝜇
neutrino events compared

to two predictions, if there were no oscillations and a best fit
to the FD data.

There is an uncertainty on the relative normalisation of
the selected Near and Far Detector event samples which is
dominated by differences in the reconstruction and selection
efficiencies between the two detectors, as well as relative
uncertainties on fiducial mass and live time; this uncertainty
is found to be 1.6%. There are two different uncertainties on
the measurement of hadronic shower energy [13]; these are

the relative mismodelling of the energy scale between the
two detectors as well as the absolute mismodelling. It was
found that the relative uncertainty for the ND is 1.9% and for
the FD is 1.1%. The absolute mismodelling comes from the
uncertainties on the modelling of hadronic showers which is
fully correlated bin to bin in reconstructed energy and has
an energy dependence of the form 𝜎shw = 6.6% + (3.5%) ×
exp (−𝐸reco/1.44GeV) [48].

A previous two-flavour analysis [49] of ]
𝜇
and ]
𝜇
disap-

pearance using the combined accelerator and atmospheric
data from MINOS yielded |Δ𝑚

2
| = 2.41

+0.09

−0.10
× 10
−3 eV2

and sin22𝜃 = 0.950
+0.035

−0.036
. A symmetry in CPT requires that

neutrinos and antineutrinos oscillate in an identical way;
thus, their oscillation parameters should be identical. With
the ability to distinguish the lepton number of a neutrino,
MINOS can measure the oscillation parameters for antineu-
trinos and neutrinos separately. Using both atmospheric
and beam antineutrinos, MINOS measures the oscillation
parameters to be |Δ𝑚2| = 2.50

+0.23

−0.35
× 10
−3 eV2 and sin22𝜃 =

0.97
+0.03

−0.08
[49] which is in good agreementwith the parameters

measured from ]
𝜇
oscillations as shown in Figure 14.

4.1. Atmospheric ]
𝜇
and ]

𝜇
Disappearance. MINOS is the

first experiment to probe the resonance predicted to occur
in multi-GeV, upward-going atmospheric neutrinos which
travel through the Earth’s mantle for both neutrino and anti-
neutrino events on an event by event basis. The atmospheric
events are separated into samples of contained-vertex and
nonfiducial muons for neutrinos and antineutrinos. Figure 15
shows the atmospheric samples containing events with a
contained-vertex. By measuring the ]

𝜇
-CC and ]

𝜇
-CC inter-

actions separately, this allows MINOS to gain sensitivity to
themass hierarchy and 𝜃

23
octant.The difference between the



14 Advances in High Energy Physics

−1.0 −0.5 0.0 0.5 1.0

Ev
en

ts

0

10

20

30

40

50
MINOS preliminary

−1.0 −0.5 0.0 0.5 1.0

Ev
en

ts

0

10

20

30 Atmospheric neutrinos,

−1.0 −0.5 0.0 0.5 1.0

Ev
en

ts

0

5

10

15

20

Best fit, normal hierarchy
Best fit, inverted hierarchy
No oscillations
Cosmic-ray muons

−1.0 −0.5 0.0 0.5 1.0

Ev
en

ts

0

5

10

15

20

25

−1.0 −0.5 0.0 0.5 1.0

Ev
en

ts

0

5

10

15

−1.0 −0.5 0.0 0.5 1.0

Ev
en

ts

0

2

4

6

8

10

�𝜇 �𝜇 �𝜇

�𝜇 �𝜇 �𝜇

MINOS data (37.88 kt-yr)
Best fit, normal hierarchy
Best fit, inverted hierarchy
No oscillations
Cosmic-ray muons

MINOS data (37.88 kt-yr)
Best fit, normal hierarchy
Best fit, inverted hierarchy
No oscillations
Cosmic-ray muons

MINOS data (37.88 kt-yr)

cos(𝜃z) cos(𝜃z) cos(𝜃z)

cos(𝜃z)cos(𝜃z)cos(𝜃z)

E� = 1–3GeV E� = 3–10GeV E� = 10–30GeV

E� = 1–3GeV E� = 3–10GeV E� = 10–30GeV

contained-vertex �𝜇 and �𝜇

Figure 15:The distribution of reconstructed atmospheric ]
𝜇
and ]

𝜇
CC interactions over various energy ranges observed at the FD, compared

to the expectation with and without neutrino oscillation. Two different fits are performed for the normal and inverted hierarchy of Δ𝑚2
32
. The

energy of the neutrino event is the sum of muon momentum (from range and/or curvature) and total shower energy.

inverted and normal mass hierarchy in Figure 15 is very mar-
ginal.

The neutrino events are binned as a function of log
10
(𝐸)

and cos 𝜃
𝑧
, where𝐸 is the reconstructed energy of the event in

GeV and 𝜃
𝑧
is the zenith angle of themuon track; this binning

gives enhanced sensitivity to the MSW resonance. A sample
of contained-vertex showers are also selected from the data,
composed mainly of NC, ]

𝑒
-CC, and ]

𝑒
-CC interactions.

They are used to constrain the overall flux normalisation.
For atmospheric neutrinos, the Earth is modelled by four
layers of constant electron density using the PREM model
[50]. Comparisons to a more detailed 52-layer model yielded
very similar results and so the extra computational time was
avoided by using the simple four-layer model.

5. ]
𝑒

and ]
𝑒

Appearance

By searching for ]
𝑒
and ]
𝑒
appearance at the FD, MINOS can

perform a measurement of 𝜃
13
. The POT exposure for this

data set is 10.6 × 10
20 protons-on-target (POT) using a ]

𝜇
-

dominated beam and 3.3 × 10
20 POT using a ]

𝜇
-enhanced

beam. Neutrino events with 𝛼LEM > 0.6 are selected for

analysis in the ]
𝜇
-dominated beam mode and in the ]

𝜇
-

enhanced beam. Neutrino events with 𝛼LEM < 0.6 are con-
sidered background-like and therefore insensitive to ]

𝑒
and

]
𝑒
appearance.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. Each
background must be individually measured. By changing the
configuration of the NuMI beam (low, medium, or pseudo-
high), one can measure these backgrounds. The relative
contributions of the background components change in awell
understood way [51]. Neutrino events with 𝛼LEM < 0.6 are
used to provide validation to the analysis procedure; MINOS
uses ND neutrino events with 𝛼LEM < 0.5 to predict FD event
yields.When these predicted FD yields are compared to those
observed in the FD data, very good agreement is observed.
The prediction and data agree to within 0.3𝜎 (0.6𝜎) of the
statistical uncertainty for the data in the ]

𝜇
(]
𝜇
) beam modes.

For an appearance analysis, one has to consider a three-
flavour neutrino oscillation probability that includes matter
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Figure 16: The reconstructed neutrino energy distributions for three 𝛼LEM ranges. The events with energy greater than 5GeV are combined
into a single bin for the fits.The vertical bars through the data points denote statistical uncertainties.The signal prediction assumes sin2(2𝜃

13
) =

0.051, Δ𝑚2
32
> 0 (normal hierarchy), 𝛿CP = 0, and 𝜃

23
= 𝜋/4 (maximal mixing). (a) corresponds to data taken in ]

𝜇
-dominated beam mode

samples and (b) is from ]
𝜇
-enhanced beam mode samples.
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23
).

effects. The fit is done simultaneously for data from both
]
𝜇
-dominated beam mode and ]

𝜇
-enhanced beam mode

samples. 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, and their energy distributions can
be seen in Figure 16.

MINOS cannot distinguish ]
𝑒
and ]

𝑒
events directly;

however, the relative number of neutrino and antineutrino
interactions in the neutrino-dominated and antineutrino-
enhanced beams is well known. The parameter measured is
2sin2(2𝜃

13
)sin2(𝜃

23
) while the values Δ𝑚2

32
and 𝛿CP remain

fixed. The fit is run over both hierarchies and all possible
values of 𝛿CP. For more details on this analysis, see [40]. The
fit is performed using the 15 bins formed by three bins of 𝛼LEM
and five bins of energy as seen in Figure 16; note that final
three bins in energy from 5 to 8GeV were merged for the fit.

MINOS finds that the data allow for a value of
2sin2(2𝜃

13
)sin2(𝜃

23
) = 0.051

+0.038

−0.030
for the normal hierarchy

with 𝛿CP = 0 and 2sin2(2𝜃
13
)sin2(𝜃

23
) = 0.093

+0.054

−0.049
for the

inverted hierarchy with 𝛿CP = 0; in both cases, 𝜃
23

< 𝜋/4;
this can be seen in Figure 17. This is the first ]

𝑒
appearance

search ever in a long-baseline ]
𝜇
beam.

6. A Combined Three-Flavour Analysis

To gain maximum sensitivity to the mass hierarchy and 𝛿CP,
one needs to perform a full three-flavour analysis combining
]
𝜇
and ]
𝜇
disappearance with ]

𝑒
and ]
𝑒
appearance. For this,

one needs to account for both disappearance and appearance
of neutrinos oscillations at both detectors.

For a full three-flavour fit, MINOS uses an accelerator
neutrino data set comprising exposures of 10.71 × 10

20 pro-
tons-on-target (POT) using a ]

𝜇
-dominated beam and 3.36 ×

10
20 POTusing a ]

𝜇
-enhanced beam. Both sets were acquired

in the low energy NuMI beam configuration. MINOS also
collected 37.88 kt years of atmosphere neutrino data.

The oscillation parameters are determined by applying a
maximum likelihood fit to the data. The parameters Δ𝑚2

32
,

sin2𝜃
23
, sin2𝜃

13
, and 𝛿CP are varied in the fit with an external

constraint on the mixing angle sin𝜃
13

= 0.0242 ± 0.0025

calculated from a weighted average of the latest published
results from the reactor experiments Daya Bay [12], RENO
[10], and Double Chooz [11]. The constraints are included by
adding aGaussian prior penalty term to the likelihood during
the fit. The solar parameters are kept at the fixed values of
Δ𝑚
2

21
= 7.54 × 10

−5 eV2 and sin2𝜃
12

= 0.037 [52]. To test
the impact of the solar parameters on the fit, they were varied
within their uncertainties and the effect was negligible on the
final results.

Figure 18 shows the 2D confidence limits on Δ𝑚
2

32
and

sin2𝜃
23

as well as the 1D profiled confidence limits on Δ𝑚
2

32

and sin2𝜃
23

separately. One can see the sensitivity to the
octant of 𝜃

23
through the inclusion of the atmospheric

neutrino sample. The 68% (90%) confidence limits (CL)
on these parameters are calculated by taking the range of
negative log-likelihood values with −2ln𝐿 < 1.00 (2.71)
relative to the overall best fit. This yields |Δ𝑚2

32
| = [2.28 −

2.46] × 10
−3 eV2 at 68% CL and sin 𝜃

23
= 0.35 − 0.65 at 90%

CL in the normal hierarchy; consider |Δ𝑚2
32
| = [2.32−2.53]×

10
−3 eV2 at 68% CL and sin 𝜃

23
= 0.34 − 0.67 at 90% CL in

the inverted hierarchy. The data disfavour maximal mixing
𝜃
23
= 𝜋/4 by−2ln𝐿 < 1.54.These results give themost precise

measurement made on Δ𝑚2
32
to date.

Figure 19 shows the 1D CL of the profiled likelihood sur-
face for value of𝛿CP for each of the four possible combinations
(hierarchy and octant of 𝜃

23
). The data disfavour 36% (11%)

of the parameter space defined by 𝛿CP, the 𝜃23 octant, and the
mass hierarchy at 68% (90%) CL.
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Figure 18: (a) show the 68%and 90%confidence limits onΔ𝑚2
32
and sin2𝜃

23
for the normal hierarchy (top) and inverted hierarchy (bottom).At

each point in this parameter space, the likelihood function ismaximisedwith respect to sin2𝜃
13
, 𝛿CP, and the systematic parameters constraints

in the fit. The likelihood surface is calculated relative to the overall best fit, which is indicated by the star. (b) show the 1D likelihood profiles
as a function of Δ𝑚2

32
and sin2𝜃

23
for each hierarchy. The horizontal dotted lines indicate the 68% and 90% confidence limits.

7. NSI Interactions

Nonstandard interactions (NSI) [53–55] could occur between
muon or tau neutrinos and matter and could alter the flavour
composition of a neutrino beam as it propagates through
the Earth’s crust. Searches for NSI have already been per-
formedwith atmospheric neutrinos [56]. Using a two-flavour
approach, one can write the probability for muon neutrino
survival as

𝑃 (]
𝜇
→ ]
𝜇
) = 1 − [1 − cos2 (2𝜃)

𝐿
2

𝑚

𝐿
2

0

] sin2 ( 𝐿

𝐿
𝑚

) , (9)

where 𝐿 is the neutrino path length and 𝐿
𝑚
is defined as the

NSI matter oscillation length defined as

𝐿
𝑚
≡

𝐿
0

[1 ± 2sin (2𝜃) 𝐿
0
𝜖
𝜇𝜏 |𝑉| + (𝐿0𝜖𝜇𝜏 |𝑉|

2
)]
1/2

, (10)

where 𝐿
0
≡ 4𝐸/Δ𝑚

2.The± signs in (10) arise from thematter
potential, 𝑉, which is positive for neutrinos and negative for
antineutrinos.The parameter 𝜖

𝜇𝜏
is real-valued and carries its

own sign. A positive value of 𝜖
𝜇𝜏

implies that the neutrino
disappearance probability is greater than the antineutrino
disappearance probability, and vice versa.

The results presented here are based on an exposure
of 7.09 × 10

20 protons-on-target (POT) in neutrino mode,
combined with a 1.7 × 10

20 POT exposure in antineutrino
mode. Due to the opposite sign of the matter potential in
(10) for neutrinos and antineutrinos, NSI, if present, will alter
the survival probability of neutrinos and antineutrinos in
opposite directions.This analysis has identical event selection
as for the ]

𝜇
disappearance analysis, however, the fit takes

into account perturbations from the standard three-flavour
formalism brought about by NSI. The best fit parameters
from this procedure are found to be Δ𝑚

2
= 2.39

+0.14

−0.11
×

10
−3 eV2, sin22𝜃 = 1.00

+0.00

−0.06
, and 𝜖

𝜇𝜏
= −0.07

+0.08

−0.08
with
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the allowed region −0.20 < 𝜖
𝜇𝜏

< 0.07 (90% CL). The
systematic uncertainties incorporated into the penalty terms
when maximising the likelihood have a negligible effect
on the fit. Figure 20 shows the allowed regions of the fit
parameters; these are 2D CL contours, produced by profiling
the likelihood with respect to the other parameters.

This is the first direct search for nonstandard interactions
with high-purity samples of both neutrinos and antineutrinos
conducting a simultaneous fit to neutrino and antineutrino

energy spectra of conventional ]
𝜇
→ ]
𝜏
oscillations with an

additional NSI matter effect. This result is consistent with the
null hypothesis of no NSI.

8. Sterile Neutrinos

There have been several anomalous results within the neu-
trino community that have questioned our understanding of
neutrinos.The Liquid Scintillator Neutrino Detector (LSND)
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Figure 21: Showing the reconstructed energy spectrum for CC ]
𝜇
interactions in the FD (a) and the ND (b). The grey hatched histogram is

the NC background and the red line is the three-flavour prediction with systematic uncertainties included.

and MiniBooNE short-baseline experiments observed an
excess in the data of electron antineutrinos that cannot
be explained using the current three-favour model [57–
59]; a reinterpretation of reactor fluxes has also led to a
discrepancy in neutrino-oscillation reactor experiments [60].
One explanation is the addition of one ormore neutrino types
which would oscillate with the three active neutrino flavours;
a comprehensive overview of this explanation to account for
the above discrepancies can be found in [61].

MINOS has sensitivity to sterile oscillation signatures by
looking for perturbations from the three-flavour oscillation
formalism in CC events and a deficit in NC events. This
MINOS analysis [62] considers a 3+1 sterile neutrinomodel.
By adding an additional neutrino, the PMNS is extended
to a 4 × 4 matrix which introduces three additional mixing

angles 𝜃
24
, 𝜃
34
, and 𝜃

14
. This extra mass state also introduces

an extra mass splitting, Δ𝑚2
43
, where 𝑚

4
≫ 𝑚

3
such that

Δ𝑚
2

43
∼ O(1 eV2). An additional deficit of muon neutrinos

at the FD aside from the expected loss due to three-flavour
oscillations would be an indication of interference from these
additional parameters.

Figures 21 and 22 show the NC and CC reconstructed
neutrino energy spectrum for the FD and ND and are in
good agreementwith the expectation of a null sterile neutrino
hypothesis.This agreement can be quantified by using the test
statistic 𝑅 for the number of NC events observed at the FD:

𝑅 =
𝑁data − 𝐵CC

𝑆NC
, (11)
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Figure 22: Showing the reconstructed energy spectrum for neutral current events at the FD (a) and theND (b).The grey hatched histogram is
the ]
𝜇
CC background and the red line is the three-flavour prediction with systematic uncertainties included.The blue dashed line represents

an additional three-flavour prediction with a different 𝜃
13
with value 11.5∘.

where 𝑁data is the number of events observed, 𝐵CC is the
predicted number of CC background interactions, and 𝑆NC
is the predicted number of NC interactions in the detector.
A value of 𝑅 = 1 would indicate no mixing in the data
with sterile neutrinos. The test statistic 𝑅 is simply based on
the integrated number of events; over the full energy range,
MINOS obtains 𝑅 = 1.01±0.06 (stat) ±0.05 (syst) which is in
good agreement with the null hypothesis [62].

MINOS is insensitive to the mixing angle 𝜃
14

which is
primarily involved in ]

𝑒
appearance mixing; by looking at

muon disappearance, MINOS has set 90% CLs limits on the
other sterile mixing angles yielding 𝜃

24
= (0.0

+5

−0.0
)
∘ and 𝜃

34
=

(0.0
+25

−0.0
)
∘ [62]. Figure 23 shows the contours for the mixing

angles 𝜃
23
, 𝜃
34
, and 𝜃

24
at a particular value of Δ𝑚2

43
=

0.5 × 10
−3 eV2.

MINOS sets a limit on the sterile-active neutrino coupling
by constructing a quantity 𝑓

𝑠
and the fraction of ]

𝜇
that have

oscillated into ]
𝑠
, expressed as

𝑓
𝑠
=

𝑃]𝜇→ ]𝑠

1 − 𝑃]𝜇→ ]𝜇
. (12)

For neutrino events around the oscillation maximum
with an energy of 1.4 GeV (the energy for the highest prob-
ability of muon neutrino disappearance) a large number of
test values are randomly sampled fromGaussian distributions
from the sterile 90% CLs quoted above and then selected for
themixing angles 𝜃

24
, 𝜃
34
, and 𝜃

23
.The value of𝑓

𝑠
that is larger

than 90% of the test cases is used as the limit, which yields
𝑓
𝑠
< 0.40 at a 90% CL [62].
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9. The Future with MINOS+

MINOS+ [17] is the continuation of the MINOS detectors
taking data during theNuMI beam run in themedium energy
configuration. Being on-axis, the neutrino flux at the detec-
tors significantly increases at higher energies as shown in
Figure 24.The beam peak in the medium configuration shifts
from 3GeV to 7GeV allowing MINOS+ to observe around
4,000 ]

𝜇
-CC interactions in the FD each year. MINOS+

has been taking data since September 2013 and with the
additional statistics will provide a useful contribution to the
high-precision test of the three-flavour oscillation formalism
and will improve on the world-leading measurements of
muon neutrino disappearance made by MINOS.

With more statistics at high energies, MINOS+ is in the
unique position to probe and significantly extend the reach
of its searches for sterile neutrino signatures in the regions
of parameter space favoured by LSND and MiniBooNE.
Figure 25 shows a combination between the Bugey [28] reac-
tor experiment combined with the sensitivity of data taken
with MINOS+ assuming two years of MINOS+ running
with a neutrino-dominated beam. A combination with an
experiment sensitive to 𝜃

14
(such as Bugey) is required with

the MINOS+ data (sensitive primarily to 𝜃
24
) in order to set

a limit in the LSND style parameter space. The combined
90%MINOS+-Bugey CL excludes a significant amount of the
parameter spacewhere sterile neutrinos in a 3+1model could
explain the anomalies seen in past experiments.
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With the increased statistics and higher flux in neutrinos,
MINOS+ can also probe nonstandard interaction neutrino
physics. Figure 26 shows how various amounts of MINOS+
data will improve our ability to measure the standard neu-
trino oscillation parameters assuming NSI model.

10. Conclusion

The MINOS/MINOS+ experiment has been contributing to
the neutrino oscillation community for over a decade. In this
time, the most precise measurement of Δ𝑚2

32
has been made.

Such a precise measurement is an example of how powerful
and necessary a two-detector setupwill be for future neutrino
oscillation experiments to overcome the large systematics
from flux and cross section uncertainties. With the ability to
differentiate between neutrinos and antineutrinos, MINOS
has measured oscillation parameters for both and showed
that they lie in good agreement. Since the discovery of 𝜃

13
to

be nonzero, MINOS has been the first experiment to set con-
straints on the CP violating phase 𝛿CP as well as incorporating
both disappearance and appearance using a full three-flavour
framework. MINOS+ will continue taking data and will
improve theMINOS results as well as probing at higher ener-
gies to investigate the tension in the sterile neutrino debate.
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SNO+ is a large liquid scintillator-based experiment located 2 kmunderground at SNOLAB, Sudbury, Canada. It reuses the Sudbury
Neutrino Observatory detector, consisting of a 12m diameter acrylic vessel which will be filled with about 780 tonnes of ultra-pure
liquid scintillator. Designed as a multipurpose neutrino experiment, the primary goal of SNO+ is a search for the neutrinoless
double-beta decay (0]𝛽𝛽) of 130Te. In Phase I, the detectorwill be loadedwith 0.3%natural tellurium, corresponding to nearly 800 kg
of 130Te, with an expected effective Majorana neutrino mass sensitivity in the region of 55–133meV, just above the inverted mass
hierarchy. Recently, the possibility of deploying up to ten times more natural tellurium has been investigated, which would enable
SNO+ to achieve sensitivity deep into the parameter space for the inverted neutrino mass hierarchy in the future. Additionally,
SNO+ aims tomeasure reactor antineutrino oscillations, low energy solar neutrinos, and geoneutrinos, to be sensitive to supernova
neutrinos, and to search for exotic physics. A first phase with the detector filled with water will begin soon, with the scintillator
phase expected to start after a few months of water data taking. The 0]𝛽𝛽 Phase I is foreseen for 2017.

1. Introduction

SNO+ is a large-scale liquid scintillator experiment located at
a depth of 5890 ± 94meter water equivalent (m.w.e.) in Vale’s
Creighton mine in Sudbury, Canada. The deep underground
location, the high purity of materials used, and the large
volumemake SNO+an ideally suited detector to study several
aspects of neutrino physics.

The main goal of SNO+ is a search for the neutrinoless
double-beta decay (0]𝛽𝛽) of 130Te. 0]𝛽𝛽-decay is a rare
nuclear process that will happen if neutrinos are Majorana-
type particles; that is, they are their own antiparticles.
Understanding the Majorana nature of neutrinos is one of
the most active areas of research inmodern neutrino physics.
Theobservation of the 0]𝛽𝛽-decaywould demonstrate lepton
number violation, a key ingredient in the theory of leptogen-
esis. The process can be seen as two simultaneous 𝛽-decays,
in which two neutrons are converted into two protons and
two electrons, as the neutrinos from the two weak vertices
mutually annihilate. The signature is a peak at the 𝑄-value
of the process in the summed energy spectrum of the two
electrons. The measured quantity is the half-life of the decay.
The effective Majorana neutrino mass, 𝑚

𝛽𝛽
, which is highly

dependent on the nuclear matrix elements, is derived from
the half-life as described in [1]. A half-life of the order of 1025

years corresponds to a neutrino mass range of about 200–
400meV.The large mass and low background of SNO+ allow
the investigation of such a rare event.

The large volume and the high radio-purity are also the
reason why SNO+ can explore several other physics topics.
Observation of geoneutrinos will help in understanding
the mechanisms for heat production in the Earth. Reactor
antineutrino measurements constrain the neutrino oscilla-
tion parameters. Neutrinos and antineutrinos coming from
supernova explosions would help to answermany unresolved
questions in neutrino astronomy. Additionally, SNO+ has the
potential to search for exotic physics like axion-like particles
and invisible nucleon decay.

The depth of SNOLAB also provides the opportunity
to measure low energy solar neutrinos, like pep and CNO
neutrinos. The pep neutrinos are monoenergetic, with an
energy of 1.44MeV and a very well predicted flux, with an
uncertainty of 1.2%, constrained by the solar luminosity [2].
A precise measurement of the flux can probe the Mikheyev,
Smirnov, and Wolfenstein (MSW) effect of neutrino mixing
as well as alternatemodels likeNon Standard Interactions [3].
Another open question in the solar neutrino field is related to
the solar metallicity. The Standard Solar Model was always
in excellent agreement with helioseismology until recent
analyses suggested a metallicity about 30% lower than the
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previousmodel.This raised the question of the homogeneous
distribution of elements heavier than helium in the Sun. The
measurement of theCNOneutrino flux could be used to solve
the problem [4].

This paper is structured as follows. In Sections 2 and 3 the
SNO+ experiment is described, including the current status
and detector upgrades.The expected background sources are
presented in Section 4. In Sections 5 to 9 the broad physics
program of SNO+ is described: the neutrinoless double-beta
decay search (Section 5), the measurement of low energy
solar neutrinos (Section 6), the measurements of geo and
reactor antineutrinos (Section 7), the supernova neutrino
watch (Section 8), and the exotic physics searches (Section 9).
A brief conclusion follows at the end.

2. The SNO+ Experiment

The SNO+ experiment [5] is located in the underground
laboratory of SNOLAB, Sudbury, Canada. A flat overburden
of 2092m of rock provides an efficient shield against cosmic
muons corresponding to 5890 ± 94m.w.e. [6]. The resulting
muon rate through a 8.3m radius circular area is 63 muons
per day. SNO+willmake use of the SNOdetector structure [7,
8] consisting of a spherical acrylic vessel (AV) of 6m radius
and 5.5 cm thickness located within a cavity excavated in the
rock. The vessel will be filled with about 780 tonnes of liquid
scintillator and will be viewed by ∼9300 PMTs supported by
a geodesic stainless steel structure (PSUP) of approximately
8.9m radius. The volume between the AV and the PSUP, as
well as the rest of the cavity, will be filled with about 7000
tonnes of ultra-pure water, which acts as a shield for the
radioactivity coming from the rock (cavity walls) and the
PMT array. A system of hold-up ropes suspends the acrylic
vessel inside the PSUP. Additionally, in order to balance the
buoyant force due to the lower density of the liquid scintillator
compared to the external water, a new system of hold-down
ropes has been installed on the top part of the AV and
anchored at the cavity floor. A sketch of the detector is shown
in Figure 1.

Themajor detector upgrades, including the liquid scintil-
lator process systems, are described here.

2.1. Liquid Scintillator. The SNO+ liquid scintillator (LS) is
composed of an aromatic hydrocarbon, linear alkylbenzene
(LAB), as a solvent, and a concentration of 2 g/L 2,5-
diphenyloxazole (PPO) as a fluor. LAB was selected as the
liquid scintillator for SNO+ because of (1) its long time
stability, (2) compatibility with the acrylic, (3) high purity
levels directly from the manufacturer, (4) long attenuation
and scattering length, (5) high light yield, and (6) linear
response in energy. Additionally, it has a high flash point
and is environmentally safe. LAB will be produced very close
to the detector location (at the Cepsa plant in Becancour,
Quebec, less than 900 km away), allowing short transport
times which are important to reduce the possibility of
cosmogenic activation.

2.2. Te-Loading. One of the main advantages of using LAB
as liquid scintillator is the possibility of dissolving heavy

Figure 1: The SNO+ detector, figure from [9]. The 12m diameter
acrylic vessel (blue) is viewed by ∼9300 PMTs supported by a ∼18m
diameter geodesic structure (green) and is held by a system of high
purity ropes (purple). The AV and the PSUP are within a volume
of highly purified water. A rope net (red) will be used to offset the
buoyancy of the liquid scintillator contained within the AV.

metals with long term stability and good optical properties.
For the 0]𝛽𝛽-decay phase of the experiment, SNO+ will load
tellurium into the liquid scintillator. An innovative technique
has been developed to load tellurium at concentration levels
of several percent into LAB maintaining good optical prop-
erties and reasonably high light emission levels [10]. Telluric
acid, Te(OH)

6
, is first dissolved in water and then, adding a

surfactant, loaded into the scintillator. To better match the
PMT quantum efficiency a secondary wavelength shifter will
also be added to the mixture. Currently, we are investigating
two different secondary wavelength shifters: perylene and
bis-MSB. The former shifts the emission peak’s range from
350–380 nm to ∼450–480 nm with a predicted light yield in
SNO+ of about 300Nhits (detected photoelectron hits) per
MeV of energy. The latter shifts the emission peak to ∼390–
430 nm with a light yield of 200Nhits/MeV. The final choice
will depend on the timing optical properties, the light yield,
and the scattering length of the full scintillator mixture.

2.3. Emission Timing Profiles and Optical Properties. The
emission timing profile and the optical properties of the
LAB-PPO and the Te-loaded scintillator have been thor-
oughly investigated. The timing profile of scintillation pulses
depends on the ionization density of the charged particles,
with signals caused by electrons being faster than those
from protons or alpha particles. This property allows the
discrimination among particle types, which is very important
for background rejection. The timing profile of electron and
alpha particles in the unloaded scintillator has beenmeasured
in [11]. Results show that, for a LAB-PPO sample, a peak-
to-total ratio analysis allows us to reject >99.9% of the alpha
particles while retaining >99.9% of the electron signal.
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The measurement of the timing profiles in the 0.3% Te-
loaded scintillator is described in [12]. The presence of water
and the surfactant in the cocktail reduces the long tail of the
alpha decay (slow component) with respect to the unloaded
scintillator, resulting in a poorer discrimination between 𝛼-
like and 𝛽-like signals. The light yield of the unloaded LAB-
PPO scintillator has been measured in bench top tests and
extrapolated for the full SNO+ volume using Monte Carlo
(MC) simulations, leading to 520Nhits/MeV.

The energy response to the electron energy deposition,
the index of refraction, and the absorption length of the
LAB-PPO liquid scintillator are investigated in [13, 14]. The
energy response is linear in the region from 0.4MeV to
3.0MeV, while below 0.4MeV the linearity is lost due to
reemission effects and the loss of Cherenkov light (threshold
of ∼0.2MeV).

Finally, the quenching of proton and alpha particles for
the unloaded scintillator and the Te-loaded cocktail has
been measured in [15, 16]. The nonlinear energy-dependent
proton/alpha light output is typically parametrized by Birks’
parameter 𝑘𝐵 [17]. Its measurement is extremely important
for the development of background rejection techniques as
described in Section 4. For protons in the unloaded SNO+
scintillator, the value measured in [15] is 𝑘𝐵 = 0.0098 ±
0.0003 cm⋅MeV−1. The measured value for alpha particles is
𝑘𝐵 = 0.0076 ± 0.0003 cm⋅MeV−1, corresponding, approxi-
mately, to a quenching factor of 10 for energies between 5MeV
and 9MeV.

2.4. Process Plant. The scintillator purification plant of SNO+
is fully described in [18, 19]. It will use the same techniques
and has the same cleanliness requirements as the Borexino
experiment, by which we expect to reach a purity level of
about 10−17 g/gLAB for both the 238U and 232Th chain [20],
corresponding to 9 counts per day (cpd) for the 238U chain
and 3 cpd for the 232Thchain. Similar background levels have
also been achieved by the KamLAND experiment [21]. A
multistage distillation (to remove heavy metals and optical
impurities) and a high temperature flash vacuum distillation
are initially used to separately purify LAB and PPO.Then the
PPO is combined with the LAB, and the scintillator is further
purified by a N

2
/steam gas stripping process to remove gases,

such as Rn, Ar, Kr, O
2
, and residual water.

After the detector fill, the entire scintillator volume can
be recirculated in about 4 days to enable quasi-batch repu-
rification and ex situ radio-assaying. A rotating-stage liquid-
liquid extraction column (water-LAB) and metal scavengers
are used to effectively remove metals (K, Pb, Bi, Th, and Ra).
Finally, microfiltration is used for removal of suspended fine
particles.

During the neutrinoless double-beta decay phase, the
tellurium, the water, and the surfactant will be purified prior
to addition to the LAB-PPO scintillator. The purification
technique for tellurium is described in [22]. It has been
designed to remove both the U- andTh-chain impurities and
the isotopes produced by cosmogenic neutron and proton
spallation reactions while handling and storing tellurium
on surface. It consists of a double-pass acid-recrystallization

Figure 2: Sketch of the hold-down rope system on the top of
the acrylic vessel to compensate for the buoyant force that the
scintillator produces on the AV.

on the Earth’s surface, for which the overall purification
factor reached in U/Th and cosmogenic-induced isotopes is
>104. Since the tellurium purification is expected to happen
at the above ground facilities and some isotopes can be
cosmogenically replenished evenwith short time exposures, a
secondpurification stage is neededunderground. In this stage
telluric acid is dissolved in water at 80∘C and left to cool to
recrystallize without further rinsing. A further purification of
about a factor 100 is obtained. Currently, we are investigating
the possibility of moving the above ground purification
underground, in order to reduce potential recontamination.

Thewater purification plant at the SNOLABunderground
laboratory is based on the SNO light water purification plant,
which has been upgraded to improve its performance.

Spike tests have shown that some of the isotopes produced
by cosmogenic activation of the surfactant are harder to
remove by purification than in the case of telluric acid. The
procedure to obtain pure surfactant will therefore be based
on its chemical synthesis in a dedicated underground plant.

2.5. AVRope System. TheSNO+ liquid scintillator has a lower
density (𝜌 = 0.86 g/cm3 for LAB-PPOat𝑇 = 12∘C) compared
to the surrounding light water, requiring a new hold-down
rope system (see Figure 2) to compensate the buoyant force,
anchoring the acrylic vessel to the cavity floor. The new
hold-down rope system consists of very high purity, high-
performance polyethylene fiber (Tensylon) ropes of 38mm
diameter. The original hold-up rope system has also been
replacedwith newTensylon ropes of 19mmdiameter in order
to reduce the radioactivity contamination.

2.6. PMTs and Electronics. SNO+ uses the original 8 inch
SNO photomultiplier tubes (Hamamatsu R1408). Each PMT
is equipped with a 27 cm diameter concentrator, increasing
the effective photocathode coverage to about 54%. Faulty
PMT bases have been repaired and replaced, and about
9400 PMTs (90 of which are facing outwards) are expected
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Table 1: Calibration sources that are considered for use by the SNO+ experiment.

Source AmBe 60Co 57Co 24Na 48Sc 16N 220Rn/222Rn
Radiation n, 𝛾 𝛾 𝛾 𝛾 𝛾 𝛾 𝛼, 𝛽, 𝛾

Energy [MeV] 2.2, 4.4 (𝛾) 2.5 (sum) 0.122 4.1 (sum) 3.3 (sum) 6.1 Various

to be in operation at the start of the SNO+ experiment data
taking.

In SNO+ the use of liquid scintillator as target volume
greatly increases the light yield in contrast to the SNO
heavy water, allowing the measurement of very low energy
signals, like pp solar neutrinos (0.4MeV end-point energy).
Moreover, some of the background event types have high
rates of several hundredHz. For these reasons, the SNO read-
out boards and the data acquisition system were replaced
with new ones capable of a higher bandwidth. New utilities
have been added to the SNO+ trigger systemwhich will allow
for a more sophisticated use, a flexible calibration interface,
and new background cuts to improve the physics sensitivity.
The SNO+ trigger window is 400 ns long, during which time
information and charge are collected from every PMT that
fired. A dead-time of 30–50 ns separates two trigger windows
[9].

In 2012 and 2014, the new electronics and trigger system
were tested in runs with the detector empty and nearly half-
filled with ultra-pure water (UPW).

2.7. Cover Gas System. As long-lived radon daughters are
a potential background for the physics goals of SNO+ (see
Section 4), the original SNO cover gas system has been
upgraded to prevent radon ingress in the detector during
operation. It consists of a sealed system filled with high purity
nitrogen gas which acts as a physical barrier between the
detector and the ∼130 Bq/m3 of radon in the laboratory air.
A new system of radon tight buffer bags has been designed
and installed to accommodate the mine air pressure changes,
with the aim of reaching a factor 105 in radon reduction.

2.8. Calibration Systems. The SNO+ detector will be cali-
brated using both optical sources (LEDs and lasers coupled to
optical fibers) and radioactive sources (beta, gamma, alpha,
and neutron). The optical sources are used to verify the
PMT response and to measure in situ the optical properties
of the detector media, while the radioactive sources are
used to check the energy scale, the energy resolution, the
linearity of the response, and the detector asymmetries, and
to determine the systematic uncertainties and the efficiency
of all reconstructed quantities (i.e., energy, position, and
direction). Additionally, a system of cameras in underwater
enclosures will be used to monitor the position of the acrylic
vessel and the hold-down rope system, and to triangulate the
positions of the calibration sources inserted into the detector.

The SNO+ calibration hardware has been designed to
match the purity requirements of SNO+ and the need to have
materials compatible with LAB. The calibration sources will
be attached to an umbilical and moved by a system of high
purity ropes in order to scan the detector off the central axis
in two orthogonal planes.

The set of radioactive sources that are considered for
the SNO+ experiment is shown in Table 1, covering the
energy range from 0.1MeV to 6MeV. In addition, the internal
radioactivity can be used to calibrate the detector and check
any energy shift or variation of the response during data tak-
ing. Typical calibration references are 210Po-alpha, 14C-beta,
delayed 214Bi-Po (238U chain), and 212Bi-Po (232Th chain)
coincidences and muon followers.

The optical calibration hardware consists of internally
deployable sources—a laserball (light diffusing sphere) and
a Cherenkov source for absolute efficiency measurements—
and an external system consisting of sets of optical fibers
attached to the PSUP in fixed positions, sending pulses from
fast LEDs or lasers into the detector. This system allows
frequent calibrations of the PMTs response, time, and gain
[23], and measuring the scattering and attenuation length of
the scintillator without the need for source insertion.

2.9. Simulation and Analysis. AGeant4-based software pack-
age RAT (RAT is an Analysis Tool) has been developed to
simulate the physics events in the SNO+ detector in great
detail, and to perform analyses such as vertex reconstruc-
tion. The RAT simulation includes full photon propagation,
from generation via scintillation and Cherenkov processes,
through to absorption and detection on the PMTs. The
detailed data acquisition and trigger systems are also part
of the simulation. Several particle generators have been
developed to simulate 0]𝛽𝛽-decay events, solar neutrinos,
geoneutrinos, reactor antineutrinos, supernova neutrinos,
and antineutrinos. The decay schemes of all relevant back-
ground isotopes are also part of the simulation tool. RAT
communicates with a database that contains calibration
constants and parameters describing the detector status
during each run. This includes the optical properties of
the various components of the scintillator cocktail, PMT
calibration constants, and detector settings such as channel
thresholds. Algorithms have been developed to reconstruct
event information such as the vertex position, event direction
(where relevant), and deposited energy.The SNO+MC tool is
continuously tuned to match newly available measurements.

For all SNO+ physics topics we have run a full Monte
Carlo simulation to predict the fraction of background events
in the corresponding region of interest (ROI), fromwhich we
have evaluated our sensitivities.

3. Physics Goals, Current Status, and Run Plan

The primary goal of SNO+ is to search for the neutrinoless
double-beta decay of 130Te. However, it has the potential to
explore other physics including the following.
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(i) Low Energy pep and CNO Solar Neutrinos. The pep
neutrinos can be used to constrain new physics scenarios
on how neutrinos couple to matter, while the CNO-neutrino
flux can shed light on unresolved questions regarding solar
metallicity.

(ii) Geoneutrinos. They are produced by the decay of U and
Th chains in the Earth’s crust and mantle. They can help to
understand the heat production mechanisms of the Earth
itself.

(iii) Reactor Antineutrinos. These can be used to better
constrain the Δ𝑚2
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neutrino oscillation parameter.

(iv) Supernova Neutrinos and Antineutrinos. The ability to
detect a galactic supernova provides the potential for improv-
ing models of supernova explosions.

(v) Exotic Physics. The low background expected in SNO+
allows searches for processes predicted by physics beyond
the standard model (other than 0]𝛽𝛽-decay), like invisible
nucleon decay, and solar axion or axion-like particle searches.

Currently, the SNO+ cavity is partially filled with ultra-
pure water. The upgrades to the SNO+ detector are nearly
completed with a few items to be finished before the start of
data taking.Thedetector parts that need to be finalized are the
installation of the calibration system, underwater cameras,
and the calibration optical fibers in most of the positions
above the SNO+ equator, and the replacement of the PMTs.
The installation will proceed along with the rise of the water
level in the cavity. The scintillator plant is nearly completed.
The newly installed electronic and trigger system and part of
the optical calibration system have been tested in air and with
the partially water-filled detector.

The data taking period of SNO+will be divided into three
main phases.

Water Phase. In this phase, the acrylic vessel will be filled
with about 905 tonnes of ultra-pure water and data taking
will last for a few months. The main physics goals will be a
search for exotic physics, including solar axion-like particles
and invisible nucleon decay in 16O, the watch for supernova
neutrinos, and the detection (potentially) of reactor antineu-
trinos. During this phase, the detector performance, the PMT
response, and the data acquisition system characteristics will
be tested. Optical calibrations to test the response of the PMT
concentrators and the attenuation of the external water and
the acrylic will be performed.The backgrounds coming from
external sources, like external water, PMT array, hold-down
ropes, and the acrylic vessel, will be characterized.

Pure Scintillator Phase. In this phase, the detector will be
filled with about 780 tonnes of LAB-PPO liquid scintillator
and data taking will last for a few months. The physics
topics covered are the measurement of the low energy solar
neutrinos, themeasurement of geo and reactor antineutrinos,
and the supernova neutrino watch. This phase will also be
used to verify the opticalmodel and the detector response and
to characterize the backgrounds due to internal and external
radioactive sources.

Te-Loading Phase. This phase is foreseen to start in 2017 and
last for about 5 years. In this phase, also called Phase I,
about 2.3 tonnes of natural tellurium (0.3% loading byweight)
will be added to the detector for the search for the 0]𝛽𝛽-
decay of 130Te. Simultaneously, geo and reactor neutrinos
can be observed, and the detector will be live to a potential
supernova.

The physics program and capabilities of SNO+ will be
discussed in Sections 5 to 9.

4. Backgrounds

The background sources of the SNO+ experiment can be
divided into two main categories: internal and external.
Internal backgrounds are all the non-signal interactions that
occur inside the AV (𝑅 < 6m). External backgrounds are the
interactions that are produced in the region outside the target
volume but that can propagate or are reconstructed within it.
Full Monte Carlo simulations, along with ex situ assays, are
used to explore the different background sources and develop
rejection techniques.

In the following subsections the various background
sources are presented: internal 238U chain (Section 4.1), 210Bi
and 210Po decays (Section 4.2), internal 232Th chain (Sec-
tion 4.3), internal 40K, 39Ar, and 85Kr decays (Section 4.4),
cosmogenically induced isotopes (Section 4.5), (𝛼, n) reac-
tions (Section 4.6), pile-up events (Section 4.7), and external
backgrounds (Section 4.8).

4.1. Internal 238U Chain. 238U (𝑇
1/2

= 4.47× 109 yr) is a natu-
rally occurring radioisotope present in the liquid scintillator.
The part of the decay chain relevant for SNO+ is shown in
Figure 3.The 238Udaughters ofmost concern are 214Bi, 210Tl,
and 210Bi (see Section 4.2). Secular equilibrium with the
top part of the chain is assumed through the paper unless
otherwise noted.
214Bi (𝑇

1/2
= 19.9min) beta-decays to 214Po with a 𝑄-

value of 3.27MeV in 99.979% of the cases. This decay can
be tagged using the 214Po alpha decay (𝑇

1/2
= 164.3 𝜇s,

𝐸
𝛼
= 7.7MeV), during both the pure scintillator and the Te-

loaded phase. In the pure scintillator phase, the 𝛽-𝛼 delayed
coincidence will be used to measure the concentration of
the 238U-chain contaminants. 214Bi is expected to be in
secular equilibrium with the top part of the 238U chain for
most of the data taking period. This equilibrium can be
broken by radon ingress into the detector during calibration
campaigns, or from emanation by the calibration hardware
materials.However, for non-continuumsources of radon, due
to the short half-life of 214Bi, equilibrium will be restored in
a few weeks’ time. In SNO+ the presence of the cover gas on
the top of the detector provides an efficient barrier against
laboratory air, highly reducing the radon ingress into the
detector (see Section 2.7). Additionally, most of the radon
short-lived daughters decay in the cover gas region or in the
detector neck; thus they do not reach the fiducial volume.

During the Te phase, the delayed coincidence technique
will be used to reject 214Bi events that fall into the region of
interest (ROI) for the 0]𝛽𝛽-decay search.
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T1/2 = 5.01d

T1/2 = 22.2 yr

T1/2 = 164.3𝜇s
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𝛼-decay𝛽-decay

>99% 𝛽-decay
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Q-value = 5.41MeV
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Figure 3: Part of 238U-decay chain relevant for SNO+ with 𝑄-
values (total kinetic energy released in the ground state-ground
state transition), half-life, and decay modes [24]. The red squares
highlight the nuclides of most concern: 214Bi, 210Tl, and 210Bi. The
decays used for 𝛼-𝛽 and 𝛽-𝛼 coincidence techniques are shown
with a blue arrow (dash-dotted line).

Usually, Bi-𝛽 and Po-𝛼 are separated bymore than 250 ns
and the SNO+ detector records them as two separate events.
The secondary events (alpha candidates) are identified by
applying an energy cut around the alpha energy, shifted
due to quenching to ∼0.8MeV electron equivalent energy,
and by the short time separation from the preceding event.
To reduce the misidentification of the events due to other
decays occurring in the same energy region during the
coincidencewindow, a position cut can also be applied. An 𝛼-
𝛽 classification algorithm has been developed to further
reduce themisidentification by classifying the events as𝛼-like
or 𝛽-like based on the hit-time distribution.

Occasionally, the beta and the alpha decays are separated
by less than 250 ns and they may be recorded as a single
event by the SNO+ detector. These events are important
for the 0]𝛽𝛽-decay phase as they may fall into the ROI. In
this case, the rejection technique is based on the distortion
in the time distribution of the light detected by the PMTs
compared to the case of a single interaction. This rejection
technique is enhanced if a pulse shape analysis can be applied
to distinguish beta from alpha events.

In 0.021% of the cases 214Bi alpha-decays to 210Tl (𝑇
1/2

=

1.3min), which beta-decays to 210Pb with a 𝑄-value of
5.5MeV. Due to the small branching ratio this route is less

Table 2: Target levels, in g/g, and corresponding decay rates for the
internal 238U- and 232Th-chain contaminants in the various SNO+
phases. Secular equilibrium has been assumed for all the isotopes
except 210Pb, 210Bi, and 210Po. The levels of 210Bi and 210Po during
the pure scintillator phase and the Te-loaded phase are expected
to be out of secular equilibrium due to the intrinsic scintillator
contamination and the leaching off of the AV surface. For the 0.3%
Te-loaded scintillator the tellurium/polonium affinity component is
also included in the 210Po decays/yr (see text).

Source Target [g/g] Decays/yr
Internal H

2

O, water phase
238U chain 3.5 × 10−14 1.2 × 107
232Th chain 3.5 × 10−15 4.1 × 105

LAB-PPO, pure scintillator phase
238U chain 1.6 × 10−17 4900
232Th chain 6.8 × 10−18 700
210Bi — 7.6 × 108

a

210Po — 7.8 × 108
a

0.3% Te-loaded scintillator, Te phase
238U chain 2.5 × 10−15 7.6 × 105
232Th chain 2.8 × 10−16 2.8 × 104
210Bi — 7.9 × 109

b

210Po — 9.5 × 109
b

aExpected number of events in the first year after 9 months of water phase.
bExpected number of events in the first year after 9 months of water phase
followed by 6 months of pure scintillator phase.

important than the previous one. An 𝛼-𝛽 delayed coinci-
dence, similar to the 𝛽-𝛼 one, can be applied. However, due
to the longer half-life of 210Tl, the mistagging probability is
larger with respect to the 214Bi-Po one which may result in a
larger signal sacrifice.

Based on Borexino Phase-I achievements [20], the purity
level aimed (target level) in the LAB-PPO scintillator for
the 238U chain is 1.6 × 10−17 g/g (see Table 2). During the Te-
loaded phase, the addition of the isotope, the water, and the
surfactant to LAB will worsen the mixture purity, but we will
maintain a strict target level of 2.5 × 10−15 g/g (see Table 2).

4.2. 210Bi and 210Po Backgrounds. The ingress of 222Rn into
the SNO+ detector can break the secular equilibrium in
the 238U chain at 210Pb (𝑇

1/2
= 22.2 yr,𝑄-value = 0.06MeV),

resulting in a higher concentration of this isotope. Even
if 210Pb is not a direct background for the SNO+ experiment,
its daughters 210Bi (𝑇

1/2
= 5.0 d, 𝑄-value = 1.16MeV)

and 210Po (𝑇
1/2

= 138.4 d, 𝐸
𝛼

= 5.3MeV, shifted to ∼
0.5MeV electron equivalent energy) are potentially relevant
for the various physics searches. 210Bi-beta decays are the
main background for the CNO-] measurement, as they have
similar spectral shapes, while the 210Po-alpha decay is a back-
ground for the 𝛽-𝛼 and 𝛼-𝛽 delayed coincidences, resulting
in mistagging and potential signal sacrifice. Additionally, the
emitted alphas can interact with the atoms in the scintillator
producing neutrons as described in Section 4.6. The cover
gas system placed at the top of the acrylic vessel greatly
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reduces the radon ingress into the detector. Furthermore, the
majority of short-lived daughters decay before reaching the
fiducial volume.However, due to its long half-life, 210Pb is not
attenuated by the presence of the detector neck and reaches
the target volume.
210Pb and its daughtersmay also leach frommaterials that

are in contact with the liquid scintillator. Radon daughters
deposited on the material’s surface can implant by alpha
recoil to a depth of a few hundred nm, where they eventually
decay to 210Pb. 210Pb, 210Bi, and 210Po atoms might then
leach offwhen the liquid scintillatormixture is in contactwith
the surface. This process can happen, for instance, during
the handling and storing of the liquid scintillator, resulting
in rates of 210Pb, 210Bi, and 210Po out of equilibrium with
the 238U chain. Concentrations of 210Bi and 210Po different
from each other and the rest of the 238U chain have been
seen by the Borexino experiment [25]. The levels initially
measured by Borexino for these two isotopes are included in
Table 2.

An additional source of 210Pb, 210Bi, and 210Po is leach-
ing from the internal surface of the AV, where radon
daughters have implanted during the construction of SNO
and when the detector was empty after draining the heavy
water. This may create a continuous source of 210Pb, 210Bi,
and 210Po during the data taking period for all SNO+ phases.
Leaching rates depend on several factors, like temperature,
implantation depth, type of liquid in contact with the surface,
and initial surface activity. The leaching rate of 210Pb and
its daughters for all the scintillator mixtures and the ultra-
pure water at different temperatures have been measured in
bench top tests. With a measured activity of about 1 kBq on
the inner AV surface, the activity of 210Pb daughters leached
in the scintillator media might be as high as a few hundred
Bq depending on the duration of the data taking period.
The activity of the backgrounds leached in the scintillator is
expected to increase with time, while that of inner surface
events is expected to decrease.

In the Te-loaded phase, an additional source of 210Po is
the tellurium itself.TheCUOREcollaboration has shown [26]
that due to the chemical affinity between tellurium and polo-
nium this element may still be present in tellurium after the
crystal production process. In our background estimations
we assume an additional 210Po activity of 0.06 Bq/kgTe, based
on CUORE measurements. These decays, however, are not
supported by 210Pb and are considerably reduced, to about
16% of the initial activity, in a year after tellurium production.
This contribution is included in the purity levels of 210Po
shown in Table 2.

4.3. Internal 232Th Chain. 232Th (𝑇
1/2

= 1.4 × 1010 yr)
is also a naturally occurring radioisotope present in the
liquid scintillator. The daughters of most concern are 212Bi
and 208Tl (see Figure 4).
212Bi (𝑇

1/2
= 60.6min) beta-decays to 212Po (𝑇

1/2
=

300 ns) with a𝑄-value of 2.25MeV in 64% of the cases. As for
the 214Bi→ 214Po decay, many events can be selected using a
𝛽-𝛼 delayed coincidence, which is used to extract the concen-
tration of the 232Th-chain contaminants in equilibrium in the

212Bi

208Tl

208Pb

212Po

36% 𝛼-decay
Q-value = 6.21MeV

T1/2 = 3.1min

T1/2 = 60.6min

T1/2 = 0.299𝜇s

𝛼-decay𝛽-decay

64% 𝛽-decay
Q-value = 2.25MeV

Q-value = 5.00MeV Q-value = 8.95MeV

Figure 4: Part of 232Th-decay chain relevant for SNO+ with 𝑄-
values, half-life, and decay modes [24]. The red squares highlight
the most important nuclides: 212Bi and 208Tl. The decays used for
𝛼-𝛽 and 𝛽-𝛼 coincidence techniques are shown with a blue arrow
(dash-dotted line).

pure scintillator. Nearly 45% of the 212Bi→ 212Po decays fall
in the same trigger window and are a potential background
for the 0]𝛽𝛽-decay search. These can be rejected using the
PMT timing distribution.

In the remaining 36% of the cases 212Bi alpha-decays
to 208Tl (𝑇

1/2
= 3.0min), which beta-decays to 208Pb with

a 𝑄-value of 5.0MeV. An 𝛼-𝛽 delayed coincidence can be
applied to identify the 208Tl events as for the 210Tl case.

The LAB-PPO scintillator target level for the 232Thchain
is 6.8×10−18 g/g (based on [20]), while the target level for the
Te-loaded scintillator is 2.8 × 10−16 g/g (see Table 2).

4.4. Internal 40K, 39Ar, and 85Kr Backgrounds. Other internal
backgrounds are important for solar neutrino and other
measurements.
40K (𝑇

1/2
= 1.248 × 109 yr) has a very distinctive energy

spectrum, having both a beta component and a gamma peak
at 1.46MeV. Due to the long half-life, it is naturally present in
the scintillator and detector materials.
39Ar (𝑇

1/2
= 269 yr) and 85Kr (𝑇

1/2
= 10.8 yr) decay with

a 𝑄-value of 0.565MeV and of 0.687MeV, respectively. The
amount of these isotopes can be reduced by minimising the
contact time of LAB with air and thoroughly degassing the
scintillator.

4.5. Cosmogenically Induced Backgrounds. Besides the nat-
ural radioactivity present in the scintillator, LAB can be
activated by cosmic ray neutrons and protons while it is
above ground. The main expected background is 7Be (𝑇

1/2
=

53.2 d, EC-decay with a 0.48MeV gamma), with a maximum
production rate at sea level (neutron and proton flux from
[27, 28]) of about 1 kHz for 780 t of liquid scintillator. More
than 99% of the produced 7Be can be efficiently removed by
the scintillator purification plant.
14C (𝑇

1/2
= 5700 yr, 𝑄-value = 0.16MeV) is naturally

present in the liquid scintillator. It is a direct background
for the very low energy pp neutrino measurements and
may contribute to pile-up backgrounds (see Section 4.7).
In SNO+, we expect a 14C/12C ratio of the order of 10−18,
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similar to what was observed in the Borexino test facility [29],
corresponding to a decay rate of a few hundred Hz. This is a
reasonable assumption as in both cases the liquid scintillator
is obtained from old oil fields, in which most of 14C has
decayed away. The amount of 14C produced by cosmogenic
activation of LAB during transport to site is negligible in
comparison.
11C (𝑇

1/2
= 20min, 𝑄-value = 1.98MeV) is mainly

produced by muon interactions with the carbon nuclei of
the liquid scintillator. We expect a total of (1.14 ± 0.21) ×
103 decays/kt/yr during operation, extrapolated from Kam-
LAND data in [30]. This is about a factor 100 less than what
was observed in Borexino [31] due to the deeper underground
location. A threefold coincidence tagging technique, like the
one developed by Borexino [32], together with an electron-
positron discrimination analysis [33], will further reduce
these events.

Other muon induced backgrounds are generally very
short lived (milliseconds to seconds half-life) and can be
rejected by vetoing the detector for a few minutes after each
muon event.

Important cosmogenic-induced backgrounds are iso-
topes produced by spallation reactions on tellurium while it
is stored on surface [34], like 124Sb (𝑇

1/2
= 60.2 d, 𝑄-value =

2.90MeV), 22Na (𝑇
1/2

= 950.6 d, 𝑄-value = 2.84MeV), 60Co
(𝑇
1/2

= 1925 d,𝑄-value = 2.82MeV), 110mAg (𝑇
1/2

= 249.8 d,
𝑄-value = 2.89MeV, 𝐸parent(level) = 0.118MeV), and 88Y
(𝑇
1/2

= 106.6 d, 𝑄-value = 3.62MeV). We have developed
a purification technique [22] (see Section 2.4) that, together
with underground storage, reduces the cosmogenic-induced
background on tellurium to a negligible level.

4.6. (𝛼, n) Backgrounds. Neutrons can be produced in the
liquid scintillator by (𝛼, n) reactions on 13C or 18O atoms,
muon interactions in the scintillator volume, 238U fission,
and (𝛾, n) reactions for 𝐸

𝛾
> 3MeV. Excluding the muon

induced neutrons, the most prominent neutron source inside
the scintillator volume is the 𝛼 + 13C→ 16O + n reaction
(𝐸thr. = 0.0 keV), which is a potential background for both
the 0]𝛽𝛽-decay search and the antineutrino measurement.
The main source of alpha particles in the various scintillator
mixtures is 210Po. Other U- and Th-chain’s alpha emitters
form a negligible contribution, as they are expected to be ∼4
orders of magnitude less abundant.

Neutrons produced in (𝛼, n) reactions will scatter from
protons during the thermalization process, resulting in recoils
emitting scintillation light.The visible proton energy together
with the energy lost by the alphas before interaction is
the prompt signal. If the isotope is in an excited state, the
emitted deexcitation gammas are also part of the prompt
signal. The thermalized neutrons in >99% of the cases are
eventually captured by hydrogen atoms with the emission of
the characteristic 2.22MeV-𝛾. In the remaining ∼1% of the
cases the thermal neutron is captured either on tellurium
isotopes, producing mainly a 0.6MeV gamma, or on 12C,
producing a 4.95MeV gamma. The prompt and the delayed
signal can be used to reject the (𝛼, n) background using a
delayed coincidence technique similar to that of 𝛽-𝛼 events.

4.7. Pile-Up Backgrounds. A pile-up event occurs when two
or more decays (signal or background or a mixture) happen
in the same trigger window and thus are potentially detected
as a single event with energy equal to the sum of the
single energies. Pile-up events become important when the
event rate of one or all of the contributing decays is very
high (hundreds of Hz), like 14C decays or 210Bi or 210Po. A
rejection technique, using the distortion of the timing, is used
to efficiently reduce these backgrounds [35, 36].

4.8. External Backgrounds. Sources of external background
include the hold-down and hold-up ropes, the PMT array,
the AV bulk, and the external water (see Table 3). Radioactive
decays occur outside the scintillator volume, so the main
concerns for the signal extraction analysis are the high
energy gammas and betas emitted by 214Bi, 208Tl, and 40K
decays. External background events reconstructing inside the
AV can be greatly reduced by applying a fiducial volume
cut. Events can be further reduced using the PMT time
distribution. In situ analysis during the water phase and
the pure liquid scintillator phase will help to constrain the
external backgrounds for the Te-loaded phase.

5. 130Te Neutrinoless Double-Beta Decay

Themain goal of the SNO+ experiment is the search for neu-
trinoless double-beta decay of 130Te (𝑄-value = 2527.518 ±
0.013 keV [40]) by loading large quantities of the isotope
into the liquid scintillator volume. This approach has several
advantages: (1) external backgrounds can be removed by fidu-
cialization, (2) internal and external background levels can be
measured before and after the isotope deployment, allowing
identification and removal of possible contamination, (3)
internal backgrounds can be tagged by coincidences or
particle identification, (4) the detector response can be tested
with and without the isotope, (5) the spatial distribution of
most background isotopes in a liquid is known to be uniform,
(6) the loading can be easily and affordably scaled up or (7)
changed to another isotope, and (8) tellurium and scintillator
can be removed and repurified if high levels of backgrounds
are found.

The choice of 130Te as the preferred 0]𝛽𝛽 candidate
is the result of an extensive investigation by the SNO+
collaboration. The decision was based on several factors,
including the following points:

(1) 130Te has a large natural abundance of 34.08%, which
allows loading of several tonnes of isotope without
enrichment.

(2) The measured half-life of the 130Te 2]𝛽𝛽 decay is
(7.0 ± 0.9 (stat) ± 1.1 (syst)) × 1020 yr [41], one of the
longest of all the 0]𝛽𝛽 isotopes. This is particularly
important for liquid scintillator-based experiments,
as the energy resolution is usually some hundreds of
keV.

(3) An innovative loading technique has been developed,
which enables deployment of up to 5% (by weight) of
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Table 3: 238U- and 232Th-chain levels for external background sources. Shown are measured levels and expected decay rates.

Source Measured levels Decays/yr

Internal ropes
214Bi: (2.8 ± 5.4) × 10−10 gU/g [37] 4966
208Tl: <2.0 × 10−10 gTh/g [37] <418

Hold-down ropes
214Bi: (4.7 ± 3.2) × 10−11 gU/g [37] 4.06 × 106

208Tl: (2.27 ± 1.13) × 10−10 gTh/g [37] 2.32 × 106

Hold-up ropes
214Bi: (4.7 ± 3.2) × 10−11 gU/g [37] 8.34 × 105

208Tl: (2.27 ± 1.13) × 10−10 gTh/g [37] 4.78 × 105

Water shielding
214Bi: 2.1 × 10−13 gU/g [38] 1.32 × 108

208Tl: 5.2 × 10−14 gTh/g [38] 3.92 × 106

Acrylic vessel
214Bi: <1.1 × 10−12 gU/g

a [7] 1.28 × 107

208Tl: <1.1 × 10−12 gTh/g
a [7] 1.50 × 106

Acrylic vessel external dustb
214Bi: (1.1 ± 0.1) × 10−6 gU/g [39] 7.8 × 105

208Tl: (5.6 ± 0.5) × 10−6 gTh/g [39] 4.6 × 105

Acrylic vessel internal dust
214Bi: (1.1 ± 0.1) × 10−6 gU/g [39] 4.15 × 104

208Tl: (5.6 ± 0.5) × 10−6 gTh/g [39] 2.48 × 104

PMTs
214Bi: 100 ×10−6 gU/PMT [7] 3.7 × 1011

208Tl: 100 ×10−6 gTh/PMT [7] 4.4 × 1010

aAssumed 1.0 × 10−12 g/g.
bIt is assumed that the top hemisphere of the external AV surface is not cleaned, while the bottom hemisphere is at target level.

Future
phase

1st phase
(now!)

0.3% 0.5% 1% 3% 5%

Figure 5: TeLS samples from the investigation of higher tellurium
loading in LAB scintillator. The samples increase in loading from
0.3% (by weight) on the left to 5% on the right.

natural tellurium while maintaining good light trans-
mission, minimal scattering, and an acceptable light
yield (see Section 2.2). The 0.3% tellurium scintillator
cocktail (TeLS) has been proven to be stable for a
period of over two years. In Figure 5, various SNO+
loaded cocktails are shown. Cocktails with higher
loading still maintain good optical transparency.

(4) TheTeLS does not present inherent optical absorption
lines in the visible wavelength range, such that a
secondary wavelength shifter may be added to the
cocktail to better match the SNO+ PMT response.

5.1. Backgrounds. For the 130Te 0]𝛽𝛽 search, an asymmet-
ric region of interest (ROI) is defined, which extends
from −0.5𝜎 to 1.5𝜎 around theGaussian signal peak. For the
0.3% Te-loaded cocktail with a light yield of 200Nhits/MeV
(see Section 2.2) the energy resolution at 2.5MeV is ∼270 keV
(FWHM), while the averaged position resolution at the same
energy is ∼15 cm at the detector’s center. An asymmetric ROI

retains most of the 0]𝛽𝛽 decays but considerably reduces the
backgrounds from 2]𝛽𝛽 and low energy 238U- and 232Th-
chain decays. Most external backgrounds are rejected by
a 3.5m fiducial radius cut, which preserves 20% of signal
events. Inside the 3.5m fiducial volume (FV) and 2.47MeV
to 2.70MeV energy ROI, the main background sources are as
follows.

8B Solar Neutrinos. Flat continuum background from the
elastically scattered (ES) electrons normalized using the
total 8B flux and published solar mixing parameters [42].

2]𝛽𝛽. Irreducible background due to the 2]𝛽𝛽 decays
of 130Te: these events appear in the ROI due to the energy
resolution of SNO+.

External Backgrounds. 208Tl and 214Bi nuclides contained in
the AV, hold-down rope system, water shielding, and PMT
glass are the major contributors in the defined ROI. The FV
cut of 20% reduces these background events by several orders
of magnitude.The PMT hit-time distribution cut reduces the
external background events falling in the FV by an additional
factor of two.

Internal 238U- and 232Th-Chain Backgrounds. The dominant
backgrounds in the signal ROI are due to 214Bi-Po and 212Bi-
Po decays. Currently, we have achieved approximately
100% rejection of separately triggered 214Bi-Po and 212Bi-Po
decays falling inside the ROI and FV using the 𝛽-𝛼 delayed
coincidence. For 212Bi-Po and 214Bi-Po pile-up decays, cuts
based on PMT hit timing achieve a rejection factor of ∼50 for
events that fall in the ROI and FV. Other minor contributions
in the ROI are due to 234mPa (238U chain), 210Tl (238U chain),
and 208Tl (232Th chain).
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Table 4: Expected background counts in the signal ROI and
3.5mFV in SNO+ for the first year (year 1) and in 5 years of the 0.3%
Te-loading phase. A light yield of 200Nhits/MeV has been assumed.
Cuts have been applied as described in the text.

Isotope 1 year 5 years
2]𝛽𝛽 6.3 31.6
8B ] ES 7.3 36.3
Uranium chain 2.1 10.4
Thorium chain 1.7 8.7
External 3.6 18.1
(𝛼, n) 0.1 0.8
Cosmogenics 0.7 0.8
Total 21.8 106.8

Cosmogenic Backgrounds. The most relevant isotopes are
60Co, 110mAg, 88Y, and 22Na (see Section 4.5). The devel-
oped purification techniques together with a long period of
underground storage will reduce the cosmogenically induced
background to less than one event per year in the FV andROI.

(𝛼, n) Backgrounds. Both the prompt signal and the delayed
2.22MeV-𝛾 produced by (𝛼, n) reactions can leak into the
0]𝛽𝛽 ROI. Coincidence-based cuts have been developed that
removemore than 99.6% of the prompt and ∼90% of delayed
events that fall in the FV and ROI.

Pile-Up Backgrounds. The most important pile-up back-
grounds for 0]𝛽𝛽 search are due to high-rate 210Po +
2]𝛽𝛽 and 210Bi + 2]𝛽𝛽, with bismuth and polonium coming
from both the TeLS and the vessel surface. Timing-based cuts
have been developed that reduce the pile-up backgrounds to
a negligible level.

We have estimated the fraction of each background that
falls in the ROI and FV based on our Monte Carlo simula-
tions. A summary of the various background sources in the
ROI and FV is shown in Table 4. The main contributions are
due to 8B ] ES and to 2]𝛽𝛽. A total of about 22 events/yr
in the FV and ROI are expected. The scale of the external
background events within the ROI can be checked by fitting
events outside the fiducial volume. Internal U- andTh-chain
residuals can be checked via the 214Bi-Po and the 212Bi-Po
delayed coincidences, whose tagging efficiency can be tested
during the pure LAB-PPO scintillator phase. In addition,
some of the cosmogenic-induced backgrounds, like 124Sb
and 88Y, can be constrained using their relatively short half-
life, while 8B-] and 2]𝛽𝛽 decays can be constrained by their
known value. Furthermore, the detector response will be
tested through a detailed calibration (see Section 2.8).

The expected signal and background spectrum for a five-
year live-time is shown in Figure 6 for the 0.3% loading.
A fiducial volume cut is applied at 3.5m, >99.99% rejection
for 214Bi-Po and >98% for 212Bi-Po are assumed, and the
light yield is 200Nhits/MeV. The 0]𝛽𝛽 signal shown is for
𝑚
𝛽𝛽

= 200meV, which corresponds to 𝑇0]𝛽𝛽
1/2

∼ 1 × 1025 yr
using the IBM-2 nuclear matrix element [43].
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Figure 6: Summary stacked plot of all backgrounds and a hypotheti-
cal 0]𝛽𝛽 signal corresponding to a mass 𝑚

𝛽𝛽

= 200meV for 5-year
data taking. Events are shown in the FV of 3.5m, for 0.3% natural
tellurium loading and 200Nhits/MeV light yield. 𝑇

𝛽𝛽

is the effective
kinetic energy.

5.2. Sensitivity. The expected number of 0]𝛽𝛽 events occur-
ring in the SNO+ detector is given by

𝑆 = 𝜖 ⋅ 𝑁
130

⋅ ln 2 ⋅ 𝑡

𝑇
0]𝛽𝛽
1/2

, (1)

where 𝜖 is the signal detection efficiency,𝑁
130

is the number
of 130Te atoms in the detector, 𝑡 is the live-time, and 𝑇0]𝛽𝛽

1/2

is
the half-life of 130Te 0]𝛽𝛽. To compute the SNO+ sensitivity,
we assume that the number of observed events in the FV
and ROI is equal to the expected backgrounds. In this case
the numerical value of the derived bound on the number of
signal events is similar for either a Bayesian or a frequentist
definition of 90% confidence level.With the natural tellurium
concentration of 0.3% (by weight) in Phase I, corresponding
to about 800 kg of 130Te, a 20% FV cut, and five years of data
taking, SNO+ can set a lower limit on the half-life of 𝑇0]𝛽𝛽

1/2

>

9 × 1025 yr at 90% CL (𝑇0]𝛽𝛽
1/2

> 4.8 × 1025 yr at 3𝜎 level).
This corresponds to a limit on the effectiveMajorana neutrino
mass, 𝑚

𝛽𝛽
, of 55–133meV, using a phase space factor 𝐺 =

3.69 × 10−14 yr−1 [44] and 𝑔A = 1.269; the range is due to
differences in nuclear matrix element calculation methods
[43, 45–48].
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5.3. Higher Tellurium Concentration in the Future. One of the
main advantages of the SNO+ technique is the possibility of
moving toward higher sensitivities by increasing the loading.
R&D efforts have demonstrated that, with 3% (by weight)
tellurium loading, a light yield of 150Nhits/MeV can be
achieved using perylene as a secondary wavelength shifter.
In SNO+ Phase II, this loss in light yield will be compen-
sated by an upgrade to high quantum efficiency PMTs and
improvements to PMT concentrators. These improvements
will increase the light yield by a factor of ∼3. A preliminary
study shows that SNO+ Phase II can set a lower limit on the
0]𝛽𝛽 half-life of 𝑇0]𝛽𝛽

1/2

> 7 × 1026 years (90%CL), for a𝑚
𝛽𝛽

range of 19–46meV.

6. Solar Neutrino Physics

SNO+ has the opportunity to measure low energy solar
neutrinos with unprecedented sensitivity. This is due to
the reduced production rate of cosmogenic isotopes at the
SNOLAB depth and requires that the intrinsic background
sources are low enough.

At scintillator purity levels similar to that of Borexino
Phase I [20, 25], the unloaded scintillator phase of SNO+
provides excellent sensitivity to CNO, pep, and low energy 8B
neutrinos. With the scintillator sourced from a supply low
in 14C, SNO+ could also measure pp neutrinos with a sen-
sitivity of a few percent. Due to the relatively high end-point
of the spectrum, 8B ]s with energy above the 130Te end-point
can also be measured during the 0]𝛽𝛽-decay phase.

The first measurement of the flux of neutrinos from
the subdominant CNO fusion cycle would constrain the
metallicity of the solar interior and thus provide critical
input to the so-called solar metallicity problem: the current
disagreement between helioseismological observations of the
speed of sound and model predictions, due to uncertainties
in the heavy element (metal) content of the Sun. Historically,
model predictions for the speed of sound were in excellent
agreement with observation, one of the primary reasons
for confidence in the Standard Solar Model during the
period of uncertainty surrounding the solar neutrino prob-
lem. However, recent improvements in solar atmospheric
modeling, including transitioning from one-dimensional to
fully three-dimensional models, and including effects such
as stratification and inhomogeneities [49], produced a lower
value for the heavy element abundance of the photosphere
and, thus, changed the prediction for the speed of sound.
The theoretical prediction for the CNO flux depends linearly
on the core metallicity and can be further constrained by a
precision measurement of the 8B flux, due to their similar
dependence on environmental factors. A measurement of
CNO neutrinos would thus resolve this uncertainty and also
advance our understanding of heavier mass main-sequence
stars, in which the CNO cycle dominates over the pp fusion
chain.

Precision measurements of the pep flux and the low
energy 8B spectrum offer a unique opportunity to probe
the interaction of neutrinos with matter and to search for
new physics. The shape of the ]

𝑒
survival probability in

the transition region between vacuum oscillation (≤1MeV)
and matter-enhanced oscillation (≥5MeV) is particularly
sensitive to new physics effects, such as flavor changing
neutral currents or mass-varying neutrinos, due to the
resonant nature of the MSW interaction. The pep neutrinos
are a line source at 1.44MeV, thus offering the potential
for a direct disappearance measurement partway into this
vacuum-matter transition region. However, due to their
production region closer to the core of the Sun, the effect
of new physics on the 8B neutrino spectrum is significantly
more pronounced.Thus, the most powerful search combines
a precision measurement of the pep flux with a 8B spectral
measurement.

Borexino has published the first evidence for pep neu-
trinos [33], with a significance of just over 2𝜎 from zero.
In order to distinguish different models, a precision of
at least 10% is required. A number of experiments have
extracted the 8B spectrum [42, 50–53], and there is some
weak evidence for nonstandard behaviour in the combined
data set [54] but the significance is low (roughly 2𝜎). The
theoretical uncertainty on pep neutrinos is very small, and
well constrained by solar luminosity measurements. The 8B
flux is well measured by the SNO experiment [42]. Precise
oscillation measurements are therefore possible.

Should the SNO+ scintillator be sourced from a sup-
ply naturally low in 14C, similar to or within an order of
magnitude or so of the level observed in Borexino, there
also exists the potential for a precision measurement of pp
neutrinos. Borexino has produced the first direct detection
of these neutrinos, with a precision of a little over 10% [55]. A
percent level measurement would allow a test of the so-called
luminosity constraint, thus testing for additional energy loss
or generation mechanisms in the Sun, and allowing us to
monitor the Sun’s output using neutrinos.

6.1. Backgrounds. Thesensitivity of the SNO+ solar phasewill
depend critically on the leaching rate of 210Bi. As described in
Section 4.2, radon daughters, implanted on the internal AV
surface, are expected to leach off during the various SNO+
phases with a rate that depends both on the temperature
and on the liquid in contact with the vessel. We will be
able to evaluate the levels of these backgrounds both during
the initial water fill and during the scintillator fill itself. We
are also investigating mitigation techniques to be applied in
case the background levels are initially too high to perform
the solar measurement. These techniques include in situ
recirculation, further purification, and the use of a balloon
to shield from external backgrounds.

Other backgrounds for the measurements of pep and
CNO neutrinos are the levels of 214Bi (238U chain), 212Bi
(232Thchain), and 11C in the pure scintillator. 238Uand 232Th
levels in the scintillator can be effectively constrained using
the 𝛽-𝛼 delayed coincidence, as described in Section 4. 11C
decays, which were the main background for the measure-
ment of pep neutrinos in Borexino [32], can be identified by
a threefold coincidence algorithm (see Section 4.5).

Another muon induced isotope that is a potential
background for low energy 8B neutrino searches is 10C
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(𝑇
1/2

= 19.3 s, 𝑄-value = 3.65MeV). However, due to the
isotope’s short half-life and the low cosmic muon rate at
SNOLAB depth, it can be removed by cutting events that
occur within a few minutes from each muon event.

6.2. Sensitivity. Sensitivity studies were performed assuming
one year of unloaded scintillator data, which could be either
prior to or following the Te-loaded phase. An extended
maximum likelihood fit was performed in energy, with
a conservative 50% fiducial volume, in order to reduce
external background contributions to negligible levels. A
two-dimensional fit would allow an increase in fiducial
volume and thus improve sensitivity. Thirty-four signals
were included in the fit: the four neutrino signals (8B, 7Be,
CNO, and pep) as well as thirty background event types.
Backgrounds expected to be in equilibrium were constrained
to a single fit parameter; 210Po, 210Pb, and 210Bi were treated
independently, that is, not assumed to be in equilibrium with
the parent decays. Background parameters included in the fit
were the normalisations of 7Be, 39Ar, 40K, 85Kr, 210Po, 210Pb,
14C, 238U chain, and 232Th chain. 210Bi was linked to CNO
in the fit due to the similarity of the energy spectra; the
separation is best achieved by imposing an ex situ constraint
on the level of 210Bi decays, or by using observables other than
energy.

The nominal background levels assumed were those
achieved by Borexino during their initial running. It was
assumed that purification techniques (in particular, distil-
lation) can reduce 7Be contamination to negligible levels.
Gaussian constraints were applied to backgrounds where an
ex situ or independent in situ measurement of the rate is
anticipated. 𝛼 tagging is expected to reduce the 210Po peak by
95%, with an uncertainty of 20% on the remaining 5% of the
events. Coincidence decays provide a 50% constraint on 85Kr,
25% on the 232Th-chain backgrounds, and 7% on the portion
of the 238U chain that is treated as being in equilibrium.

The fit range was between 0.2MeV and 6.5MeV, with
10 keV bins in visible energy. Extending the fit to higher ener-
gies would improve the accuracy on the 8Bfluxmeasurement.
Bias and pull tests show that the fit is stable and accurate,
and robust to changes in bin size or energy range (to within
changes in statistics, e.g., 8B flux accuracy is reduced if the
energy range of the fit is reduced).

The simulations suggest that, with one year of data,
the uncertainty on the pep flux will be less than 10%. The
uncertainty on the linkedCNO+ 210Bi flux is 4.5%, intowhich
we fold a conservative uncertainty for separating the two
signals, resulting in a 15% predicted uncertainty on the CNO
flux. The 7Be flux can be measured to 4%, and 8B to better
than 8%.The uncertainty on the neutrino flux measurements
is dominated by statistics, and by correlations between the
neutrino signals themselves. A study of energy scale and reso-
lution systematics shows that these parameters can be floated
as nuisance parameters in the fit, and the data will constrain
them to better than the required precision, with subpercent
level impact on the neutrino flux uncertainties. Calibration
sources will be deployed in order to measure effects such
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Figure 7: Expected solar neutrino fluxes as detected by SNO+
and the corresponding main backgrounds. Backgrounds levels are
assumed to be equal to those initially achieved by Borexino [20,
25] (see text). Events are shown for the LAB-PPO scintillator,
400Nhits/MeV light yield, and a fiducial volume cut of 5.5m. A
95% reduction is applied to the 214Bi-Po backgrounds via delayed
coincidence tagging, and a 95% reduction on the 210Po and the
remaining 214Po events via alpha tagging.

as any non-Gaussianity of the resolution function, and any
potential nonlinearity in the energy scale. In Figure 7 the
full solar neutrino signals as detected by SNO+ are shown
together with themain background sources for the LAB-PPO
scintillator. A fiducial volume cut is applied at 5.5m.
214Bi-214Po events are reduced by 95% using the 𝛽-

𝛼 delayed coincidence as described in Section 4.1. A 95%
rejection is applied to the 210Po events and the remaining
214Po events via alpha tagging. There is no rejection applied
to the 212Bi and 212Po events. This is a conservative approach
as we expect to reject the majority of these events using a 𝛽-
𝛼 delayed coincidence as for the 0]𝛽𝛽 search (see Section 5).

Studies show that the precision with which the pp
neutrinos could be observed depends critically on the levels
of backgrounds such as 14C and 85Kr in the scintillator. If
these backgrounds are low, within 10–50 times that seen in
Borexino, SNO+ could achieve a few-percent level measure-
ment of the pp neutrino flux with just 6 months of solar
neutrino data.

7. Antineutrino Studies

Antineutrino events in SNO+ will include geoneutrinos
from the Earth’s radioactive chains of uranium and thorium,
antineutrinos from nuclear reactors, and the antineutrinos
emitted by a supernova burst (which are considered in
detail in Section 8). The measurement of geoneutrinos will
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constrain the radiogenic heat flow of the Earth for geophysics
studies, while themeasurement of reactor antineutrinos, with
a known energy spectrum and a precise propagation distance,
can better constrain the neutrino oscillation parameters [56].

7.1. Signal Detection. Antineutrinos are detected in SNO+
via inverse beta decay (IBD): ]

𝑒
s with energy greater than

1.8MeV interact with the protons in the liquid scintillator,
producing a positron and a neutron.The antineutrino energy
is measured by the scintillation light emitted by the positron
as it slows down and annihilates:

𝐸]
𝑒

≃ 𝐸prompt + (𝑀n −𝑀p) − 𝑚e

≃ 𝐸prompt + 0.8MeV,
(2)

where 𝑀n, 𝑀p, and 𝑚e are the neutron, proton, and elec-
tron masses. The neutron emitted in the reaction will first
thermalize and then be captured by hydrogen, leading to the
characteristic 2.22MeV delayed gamma from the deuterium
formation.The prompt + delayed signal allows the identifica-
tion of the antineutrino event. The coincidence time interval
is defined by the period elapsed from neutron emission to its
capture, generally about 200𝜇s, while the spatial separation
between the prompt and the delayed event depends on the
distance travelled by the delayed gamma before scintillation
light is emitted. The exact values to use for the time and
distance coincidence tag, to identify the ]

𝑒
events, depend

crucially on the correct simulation of the neutron propa-
gation in the scintillator mixture being used (unloaded or
Te-loaded scintillator). Neutron propagation in each of the
scintillator cocktails planned by SNO+ will be checked with
a detailed calibration program using an AmBe source. This
source, already extensively used by SNO, has a well-known
neutron energy spectrum, extending to energies higher than
those of the expected antineutrino signals. The calibration
results will be cross-checked with a detailed Monte Carlo
simulation.

7.2. Backgrounds. As the antineutrino signal is identified
as a delayed coincidence in SNO+, the main backgrounds
are true or random coincidences in the detector with the
identified neutron capture. Most of the background neutrons
are expected to come from external background sources
and are therefore captured and reconstructed in the external
regions of the detector. Events that reach the region inside
the vessel can be mitigated by a fiducial volume cut, or by
a radius-dependent analysis. The major source of neutrons
inside the scintillator is the (𝛼, n) reactions, which are mainly
caused by 210Po-alpha leached off the vessel surface and are
expected to increase with time, as described in Section 4.6.
The associated prompt signal,mainly due to the proton recoil,
will be at energies lower than 3.5MeV or, in case the product
nucleus is in an excited state, in definite gamma peaks which
will allow the study of the (𝛼, n) background’s time evolution.

7.3. Reactor Antineutrinos and Oscillations. In SNO+ we
expect around 90 reactor antineutrino events per year. The
total flux is obtained summing 3 components: (1) 40% of it
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Figure 8: Expected visible antineutrino energy spectrum in SNO+,
for 1032 proton-years per MeV. The nonoscillated reactor spectrum
(dashed line) is shown together with the geoneutrino spectrum
(solid line, arbitrary normalisation). The stacked oscillated reactor
spectrum is shown with different colors, each corresponding to a
reactor complex: reactor at 240 km in blue (top), reactors at 350 km
in red (middle), and other reactors in yellow (bottom). See text for
details.

comes from one reactor complex in Canada at a baseline of
240 km, (2) 20% is from two other complexes at baselines of
around 350 km, and (3) 40% is divided between reactors in
the USA and elsewhere at longer baselines. The signals from
the first two sources (1 and 2) induce a very clear oscillation
pattern (see Figure 8), which lead to a high sensitivity to
the Δ𝑚2

12

neutrino oscillation parameter. For 𝐸 < 3.5MeV
the geoneutrino signals and reactor signals overlap. Most of
the backgrounds are concentrated in the energy region of the
geoneutrinos. For a preliminary study of the reactor neutrino
oscillation sensitivity, we conservatively exclude the region
below 3.5MeV. Assuming a light yield of 300Nhits/MeV,
expected for the Te-loaded phase with perylene as secondary
wavelength shifter, and a 5.5m FV cut, we expect to reach
a sensitivity in Δ𝑚2

12

of 0.2 × 10−5 eV2, similar to the Kam-
LAND result [56] in about 7 years of data taking. The
full analysis will take the complete antineutrino spectrum
into account, using constraints for the backgrounds, and
measuring simultaneously the geoneutrino flux.

Generally, the ]
𝑒
flux from the Canadian reactors

(CANDU-type) is expected to be stable in time due to the
continuous refuelling process. However, in the next few years
there are expected upgrades in which different reactor cores
will be turned off, with only one reactor core switched off at
a time in each of the complexes. This will cause changes in
the reactor spectrum, with an expected total flux reduction
below 10% at each moment. This time evolution can be
used to identify the very clear oscillation pattern in the
reactor spectrum for each of the two identified baselines
(240 km and 350 km) and to distinguish them from other
antineutrino sources.

The oscillation patterns from the more distant reactors
are less evident after they are combined. There is still a
visible feature at antineutrino energies of 4.5MeV from
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an accumulation of reactors at distances of the order of
550 km. A detailed description of the spectrum at this energy
is still under discussion [57]. A preliminary study shows
that the combined systematic uncertainties associated with
the unoscillated spectrum description are below 5%. These
uncertainties can be reduced using, for the distant reactors
(source 3), direct measurements at close-by detectors, like
those of Daya Bay [57].

7.4. Geoneutrinos and Earth Studies. Interest in geoneutrinos
has increased in the last few years with significant collabo-
rations between neutrino physicists and geo-physicists. Joint
results may finally explain the radiogenic heat flow of the
Earth.

In SNO+ the geoneutrinos from the uranium and tho-
rium chains can be detected. These antineutrinos come
mainly from thick continental crust, with increases due to
variations in local crust components [58].

The energy spectra of geoneutrinos are well-known for
each of the standard decay chains [59]. The effect of neutrino
oscillations is largely averaged out due to the long range in
production distances, leading to a total survival probability
of

⟨𝑃
𝑒𝑒
⟩ = cos4𝜃

13
⋅ (1 −

sin2 (2𝜃
12
)

2
) + sin4𝜃

13
≃ 0.547, (3)

where 𝜃
13
= 9.1∘ and 𝜃

12
= 33.6∘ [42]. Detailed studies of

the impact of the MSW effects on the energy spectrum are in
progress.

As a first analysis step, we will fix the total U/Th ratio
according to standard geological models [60] and fit for the
total flux assuming a precise shape for the energy spectrum
of geoneutrinos. The possible effect of local variations of
this ratio is being quantified together with that from the
low energy reactor spectrum. Systematic uncertainties in the
energy scale and energy resolution and from the constraints
on the alpha-n backgrounds will vary for each of the data
taking phases. Overall, the SNO+ sensitivity to the total
flux is expected to be dominated by statistical uncertainties.
The accuracy will be close to that of Borexino for similar
data-taking periods: the larger volume of the SNO+ detector
compensates for the higher rate reactor background. We
expect a similar rate of geoneutrinos and reactor antineu-
trinos in the 1.8MeV–3.5MeV energy region. However, the
reactor spectrum extends up to much higher energies and
contains features that can help in establishing the oscillation
parameters. The time evolution analysis will also help to
separate the reactor background (Section 7.3). In the Te-
loaded phase the low energy backgrounds are expected to
be about 50–150 times higher than in the pure scintillator
phase, which can make the extraction of the geoneutrino
signal more difficult.

We aim to additionally separate both the uranium and
thorium contributions and the mantle and crust contri-
butions in a global analysis of the geoneutrino spectrum
including data from KamLAND [61] and Borexino [62].

8. Supernova Neutrino Observation

The era of neutrino astronomy commenced with the obser-
vation of 24 events, all associated with the inverse beta decay
of ]
𝑒
, from the collapse of supernova SN 1987A at ∼50 kpc

[63]. SNO+, with its large high purity liquid scintillator
volume and the deep location underground, is one of themost
promising experiments for the detection of neutrinos from
core collapse supernovae (CCSNe), offering a rich sample of
detection channels, low backgrounds, and a large number of
target particles and nuclei. CCSNe are an exceptional source
of neutrinos of all flavors and types, and a measurement
is expected to shed light on the explosion mechanism.
The shape of the individual supernova (SN) ]

𝛼
(]
𝛼

=
]
𝑒
, ]
𝑒
, ]
𝑥
, where in this context ]

𝑥
is the sum of ]

𝜇
, ]
𝜇
, ]
𝜏
,

and ]
𝜏
) energy spectra is expected to approximate a thermal

spectrum [64] in the absence of neutrino flavor changing
mechanisms. At postbounce times 𝑡 < 1 s, before shock
revival, the flavor changes are expected to be reduced to
those induced by thewell-knownMSWeffect in a quasi-static
environment [65, 66]. At later times, many further effects
interfere, significantly modifying the spectral shape. These
effects are nontrivial and still lack a full understanding and a
consistent analytical treatment. At present, sensitivity studies
to thermal spectral parameters are only meaningful for at
most the first second of the burst. It is estimated that half of
all neutrinos are emitted in this time span [67].

8.1. Signal Detection in SNO+. For the detection potential of
SNO+ presented in this paper, we assume that the distance
from the SN to Earth is 𝑑 = 10 kpc, known from, for example,
the detection of the electromagnetic radiation released in
the SN event, and that 3 × 1053 erg of binding energy (𝜀])
are released in the form of neutrinos, equally partitioned
amongst all six flavors and types.The mean energies used are
12MeV for ]

𝑒
, 15MeV for ]

𝑒
, and 18MeV for ]

𝑥
[68], which

are generic mean SN neutrino energies [69] consistent with
the findings from SN 1987A.

The possible SN neutrino interaction channels during the
SNO+ pure scintillator phase are listed in Table 5 together
with the expected event rates. Several events due to ]

𝑒
are

expected, because of the comparatively large cross section
for the IBD reaction [70]. This process, seen during SN
1987A, is the only interaction of SN neutrinos observed to
date. Additionally, SNO+ can measure the flux of ]

𝑥
and ]

𝑒
.

As the mean neutrino energy is below about 30MeV, ]
𝑒
s

and ]
𝑒
s will be detected mainly by the charged current (CC)

interactions, while supernova ]
𝑥
s can only be detected by

the more challenging neutral current (NC) reactions. One
NC reaction is neutrino-proton elastic scattering (ES), ] +
p → ] + p [71], which is the only channel that provides
spectral information about ]

𝑥
s. The total cross section of

this process [72] is about a factor of three smaller than the
cross section of IBD; however, the reaction is possible for all
six neutrino types yielding a similar number of events for a
detector threshold above ∼0.2MeV.

8.2. SNO+ Sensitivity to the ]
𝑥
Spectral Shape. In the pre-

liminary estimations of the SNO+ sensitivity to ]
𝑥

spectral
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Table 5: Supernova neutrino interaction channels in LAB-PPO.
The event rates, per 780 tonnes of material, assume the incoming
neutrino time-integrated flux described in the text. No flavor
changing mechanisms are considered. The uncertainties on the
event rates only include the cross section uncertainties [16].

Reaction Number of events
NC: ] + p → ] + p 429.1 ± 12.0a

CC: ]
𝑒

+ p → n + e+ 194.7 ± 1.0

CC: ]
𝑒

+ 12C → 12Bg.s. + e+ 7.0 ± 0.7

CC: ]
𝑒

+ 12C → 12Ng.s. + e− 2.7 ± 0.3

NC: ] + 12C → 12C∗(15.1MeV) + ] 43.8 ± 8.7

CC/NC: ] + 12C → 11C or 11B + 𝑋 2.4 ± 0.5

]–electron elastic scattering 13.1b
a
118.9 ± 3.4 above a trigger threshold of 0.2MeV visible energy.

bThe Standard Model cross section uncertainty is <1%.

shape through ]-p ES we conservatively assume a spatial
radius cut of 5m and a 0.2MeV threshold, corresponding
to a minimal neutrino energy of 𝐸min

] ≈ 21.9MeV. This is
close to the threshold we expect to use for events that will
be permanently stored. We are currently discussing other
settings for the trigger thresholds to avoid any loss of potential
low energy supernova events.

In Figure 9 the reconstructed energy spectrum of all
neutrinos emitted in the first second of the SN (]

𝑒
, ]
𝑒
, and ]

𝑥
)

and detected in SNO+ via the ]-p ES reaction is shown
together with the true neutrino spectrum.The reconstructed
energy spectrum is obtained from the detected proton energy
unfolded using the TUnfold algorithm [73], on the basis
of binned data. The strongly nonlinear quenching of the
proton energy, which shifts most of the scattering events
below ∼0.5MeV electron equivalent energy, and the finite
detector resolution are taken into account. The number of
events in the lowest bin is slightly overestimated, due to bin-
to-bin migrations caused by the finite energy resolution. The
statistical and total systematic uncertainties are also shown. A
fit to the ]

𝑥
spectrum is only possible if the ]

𝑒
and ]

𝑒
spectra

aremeasured independently. SNO+ is sensitive to the spectral
shape of ]

𝑒
s via the IBD reaction, while in the case of ]

𝑒
s it

has to be assumed that an independent detector, with, for
example, a Pb target like HALO [74] or a LAr target [70],
provides the necessary spectral information.

The resulting best fit 𝐸] spectrum is also shown in
Figure 9 and is in excellent agreement. The systematic
uncertainties propagated within the fit are the ]-p ES cross
section, the number of target protons, 𝑁p, the ionization
quenching parameter, the spectral ]

𝑒
and ]

𝑒
parameters,

and the energy resolution of the detector. The corresponding
best fit values are ⟨𝐸]

𝑥

⟩ = 17.8+3.5
−3.0

(stat.)+0.2
−0.8

(syst.) MeV
and 𝜀]

𝑥

= (102.5+82.3
−42.2

(stat.)+16.2
−13.0

(syst.)) × 1051 erg [16], while
the respective expectation values are 18MeV and 100 ×
1051 erg.

8.3. SNEWS. SNO+ is preparing to participate in the inter-
experiment Supernova EarlyWarning System (SNEWS) [75],
which has the goal to provide a fast and reliable alert using the
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Figure 9: True, reconstructed, and best fit SN neutrino energy
distribution of the ]-p ES detection channel within the FV and
above the detector threshold [16]. Shown is the sum of the ]

𝑒

, ]
𝑒

,
and ]

𝑥

spectra, considering their time-integrated flux in the first
second of the reference SN. The statistical uncertainties are shown
in black, while the total uncertainties are shown in blue. The
contribution from systematic uncertainty is too small to be resolved.

coincident observation of burst signals in several operating
detectors. As neutrinos escape from the SN tens of minutes
up to several hours before the first photons, their detection
offers the possibility of alerting the astronomical community
to the appearance of the next SN light signal.

9. Exotic Physics Searches

Due to its location deep underground, which significantly
reduces the cosmogenic background, and the high radio-
purity of the materials used, SNO+ has a unique sensitivity to
search for exotic physics, including certain modes of nucleon
decay and axion or axion-like particle searches.

9.1. Invisible Nucleon Decay. Nucleon decay modes to a final
state undetected by the experiment, for example, n → 3],
can be searched for by detecting the decay products of the
remaining unstable nucleus as it deexcites. This process has
been previously investigated by some experiments such as
SNO [76] by searching for the decay of 16O nuclei, and
Borexino [77] and KamLAND [78] by looking for the decay
of 12C nuclei. We plan to search for the invisible nucleon
decay of 16Oduring the initial water phase of the experiment.
In the case of a decaying neutron, the resulting 15O will
deexcite emitting a 6.18MeV gamma 44% of the time. For a
decaying proton, the nucleus is left as 15N which in 41% of
the decays deexcites emitting a 6.32MeV gamma [79]. Both
these signals will be in a favorable region of the SNO+ energy
spectrum (5.4MeV–9MeV) in which few backgrounds are
expected. These are (1) internal and external 208Tl and 214Bi
decays, (2) solar neutrinos, and (3) reactor and atmospheric
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Table 6: Expected backgrounds in the 5.4–9MeV energy region
during six months of water fill. A fiducial volume cut of 5.5m is
applied to all events. The events after the cos 𝜃sun > −0.8 cut are
also shown. 𝜖(n) and 𝜖(p) are the neutron and proton decay-mode
detection efficiencies in the 5.5mFV and energy window.

Decay source Events in six months
cos 𝜃sun > −0.8 Cut

214Bi 0 0
208Tl 0.6 0.6
Solar neutrinos 86.4 17.7
Reactor antineutrinos 1.5 1.3
External 214Bi-208Tl 9.2 8.9
Total 97.7 28.5
𝜖(n) 0.1089 0.1017
𝜖(p) 0.1264 0.1129

antineutrinos.The expected contribution of each background
in the 5.4–9MeV energy region, in six months of running, is
shown in Table 6. The targeted purity for the SNO+ internal
water is the average of the SNO collaboration’s H

2
O and D

2
O

levels (see Table 2). The purity can be measured in situ using
events below 5MeV and cross checked using water assays.
Solar neutrino events can be reduced by placing a cut on
the direction of the event, which is reconstructed using the
topology of the detected Cherenkov light. Reactor antineu-
trino events can be tagged using a delayed coincidence. The
background due to atmospheric neutrinos is expected to be
small based on SNO data [76].

The events in Table 6 are given for a fiducial volume cut
of 5.5m, which helps in reducing the external backgrounds.
An additional cut at cos 𝜃sun > −0.8 relative to the solar
direction further reduces the dominant solar background,
removing ∼80% of the events with a sacrifice of ∼10% on
the signals and the isotropic backgrounds. Figure 10 shows
the energy spectrum of the water phase backgrounds: solar
neutrinos, reactor antineutrinos, and radioactive decays from
the uranium and thorium chains, after the two cuts are
applied. It also shows the shapes based on the current best
limits of the signal gammas from invisible proton [76] and
neutron [78] decay.

Using a Poisson method [80] we can set the lower limit,
at 90% CL, on the invisible nucleon decay lifetime 𝜏 by

𝜏 >
𝑁nucleons × 𝜖 × 𝑓𝑇

𝑆
90%

, (4)

where𝑁nucleons = 2.4 × 1032, 𝜖 is the efficiency of detecting
the decay in the signal window from Table 6, 𝑆

90% is the
expected signal events at 90% CL, and 𝑓

𝑇
is the live-time

of 0.5 years. Assuming we reach the expected background,
a limit of 𝜏n > 1.25 × 1030 and 𝜏p > 1.38 × 1030 years
for the decay of neutrons and protons, respectively, can be
set. This is an improvement over the existing limit set by
KamLAND, 𝜏 > 5.8 × 1029 years, by a factor of ∼2 with
just six months of running time. A likelihood approach
is in development which is expected to provide a further
improvement on the limit.

p decay (2.1 × 10
29 yr)

n decay (5.8 × 10
29 yr)
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Figure 10: Expected energy spectrum for the water phase back-
grounds. The signal from invisible proton [76] and neutron [78]
decay is also shown. A fiducial radius cut of 5.5m and a cut
on cos 𝜃sun > −0.8 are applied.

9.2. Axion-Like Particle Search. An axion-like particle (ALP)
is defined as a neutral pseudoscalar particle that exists as an
extension to the QCD Lagrangian [81].

A possible reaction channel for ALP production in the
Sun is p + d → 3He + A, where A is the ALP with an
energy of 5.5MeV [82]. In SNO+ the couplings of ALPs
to electrons, 𝑔Ae, photons, 𝑔A𝛾, and nucleons, 𝑔AN, can be
observed mainly through Compton conversion (A + e− →
e− + 𝛾) and the axioelectric effect (A+ e− +Z

𝑋
→ e− +𝑍

𝑋
,

with𝑍
𝑋
the charge of the involved nucleus𝑋). In both cases,

for lowALPmasses the signature ismonoenergetic at∼5MeV
electromagnetic energy deposition.

Different strategies for different phases of SNO+ are used
for the detection of ALPs. In the water phase, the most
likely interaction is theCompton conversion, which produces
a Cherenkov ring with topology similar to that of 8B-
neutrinos. The main background events are very similar to
those described for the invisible nucleon decay search (see
Section 9.1) as the two signals have similar energies. However,
since the Compton conversion has a strong directional bias,
we expect to remove a significant amount of isotropic back-
grounds, leaving 8B-neutrinos as the dominant one. With 6
months of water data, due to the deeper location and larger
fiducial volume, we expect to approach the current limit set
by Borexino [82].

The BGO collaboration proposed a separate limit on the
ALP couplings without having to assume axions interact via
Compton conversion [83]. In this case, the detection of solar
ALPs via the axioelectric effect, which depends on the nucleus
charge as𝑍5

𝑋

, could be particularly interesting during the Te-
loaded phase. Due to the significantly large tellurium mass,
SNO+ has the possibility of improving the limit on the axion-
electron coupling constant set by the BGO collaboration by
several orders of magnitude.
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10. Conclusions

In this paper the broad physics program of the SNO+
experiment is presented. Three main data taking phases are
planned: one with the detector filled with ultra-pure water,
one with unloaded liquid scintillator, and one with 2.34
tonnes of tellurium loaded into the detector.

The primary physics goal of SNO+ is a sensitive search
for 0]𝛽𝛽-decay of 130Te. We expect to set a lower limit on
the half-life of this process of 𝑇0]𝛽𝛽

1/2

> 9× 1025 yr (90% CL) in
5 years of data taking. This limit corresponds to an effective
Majorana mass ranging from 55 to 133meV, at the top of the
inverted neutrino mass hierarchy. The possibility of loading
10 times more tellurium in order to cover the majority of the
inverted hierarchy region is under investigation.

Along with the 0]𝛽𝛽-decay search, SNO+ also has the
potential to measure the low energy solar neutrinos, like pep
neutrinos. If the same purity levels as initially achieved by
Borexino are reached, SNO+ can measure the pep neutrinos
with an uncertainty less than 10% in one year of data taking
with pure liquid scintillator. Additionally, if the background
is low enough SNO+ can measure CNO neutrinos.

Another physics topic that can be explored by SNO+ is
themeasurement of geoneutrinos in a geologically interesting
location, which will be complementary to the measurements
done by Borexino and KamLAND. Furthermore, SNO+ can
measure reactor antineutrinos, which will help in reducing
the uncertainty on the oscillation parameters.

With its depth and low background, SNO+ has an
extraordinary opportunity to measure the supernova ]

𝑥

energy spectrum for the first time. This measurement pro-
vides valuable information in order to probe and constrain
supernova dynamics. Participation in SNEWS will further
support a reliable early warning to the astronomical commu-
nity in the event of a nearby supernova.

During the water fill, SNO+ can search for exotic physics
and set competitive limits in the invisible nucleon decay
of 16O.

We expect to start operation with the water fill phase
soon, followed by the liquid scintillator fill phase after a few
months of data taking. The Te-loaded phase is foreseen in
2017.
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The recent observation of an energy structure in the reactor antineutrino spectrum is reviewed. The reactor experiments Daya
Bay, Double Chooz, and RENO have reported a consistent excess of antineutrinos deviating from the flux predictions, with a
local significance of about 4𝜎 between 4 and 6MeV of the positron energy spectrum. The possible causes of the structure are
analyzed in this work, along with the different experimental approaches developed to identify its origin. Considering the available
data and results from the three experiments, the most likely explanation concerns the reactor flux predictions and the associated
uncertainties. Therefore, the different current models are described and compared. The possible sources of incompleteness or
inaccuracy of such models are discussed, as well as the experimental data required to improve their precision.

1. Introduction

In the last two decades, several neutrino oscillation exper-
iments [1] have demonstrated that neutrinos are massive
particles. Thus, neutrinos have become a main probe to
explore physics beyond the StandardModel.Within the three
neutrino paradigms, the neutrino oscillation probability
can be described by three mixing angles (𝜃

12
, 𝜃
23
, 𝜃
13
), two

independent mass square differences (Δ𝑚2
21
, Δ𝑚
2

31
), and one

phase 𝛿CP responsible for the CP-violation in the leptonic
sector. While the dominant oscillations driven by 𝜃

12
and

𝜃
23

have been measured by different experiments in the
so-called solar and atmospheric sectors, the third mixing
angle 𝜃

13
remained unrevealed until very recently. The first

direct indication of a nonzero value of this angle has come
from the accelerator-based experiments MINOS [2] and
T2K [3]. However, the current accelerator neutrino exper-
iments cannot measure 𝜃

13
independently of other oscil-

lation parameters. Complementing the role of accelerator-
based facilities, reactor neutrino experiments stand as the
direct way to provide an accurate value of 𝜃

13
. In a two-

flavor scheme and for short baselines (𝐿 ∼ 2 km), the
survival probability of a reactor electron antineutrino ]

𝑒
with

energy 𝐸] can be described as

𝑃 (]
𝑒
→ ]
𝑒
)

≅ 1 − sin22𝜃
13
sin2(

1.27Δ𝑚
2

31
(eV2) 𝐿 (m)

𝐸] (MeV)
) .

(1)

The value of 𝜃
13
can bemeasured directly from the oscillation

amplitude, inferred from an energy-dependent deficit in the
number of observed neutrinos.

After a series of short- and medium-baseline (∼100–
1000m) reactor neutrino experiments carried out in 80 s and
90 s, a new generation of experiments has been operating
for the past few years. Three different collaborations (Daya
Bay [4], Double Chooz [5], and RENO [6]) have reported
very precise measurements of the mixing angle 𝜃

13
. As these

experiments rely partially on the comparison of the observed
antineutrino flux with respect to the expected one, a revision
of the relatively old reactor flux models was performed
in [7, 8], becoming the new references and reducing the
uncertainties at the 3% level. This reevaluation of the flux led
to the so-called reactor antineutrino anomaly [9], pointing
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Figure 1: (a) ]
𝑒
visible spectrum as a result of the flux shape and IBD cross section. (b) ]

𝑒
survival probability for 𝐸] = 4MeV, as a function

of the distance 𝐿 for an arbitrary value of sin22𝜃
13
= 0.10. This probability assumes a three-flavor neutrino scenario and normal hierarchy of

the neutrino masses.

at a possible short-baseline oscillation that would imply
the existence of at least one sterile neutrino. While this
suggests a possible underestimation of the reactor flux uncer-
tainties, it does not impact the determination of 𝜃

13
. Beyond

this anomaly, Daya Bay, Double Chooz, and RENO have
reported very recently [5, 10–12] an energy distortion around
5MeV, which deviates from the expectation at about 3-4𝜎.
Apart from reinforcing the idea of an underestimation of the
flux errors, this experimental result has induced a world-wide
effort in trying to understand the origin of this discrepancy.

This work reviews the observation of such a 5MeV energy
structure by the three current reactor experiments.The possi-
ble causes are described as well as the different experimental
approaches carried out to identify its origin.The incomplete-
ness of the reactor flux predictions is presented as the most
likely explanation, so the different models developed so far
are reviewed. Within those models, a number of possible
sources of biases or error underestimations are listed, thus
pointing at possible experimental ways to improve our cur-
rent knowledge.This review is organized as follows: Section 2
describes the current ]

𝑒
reactor experiments, relying on the

flux predictions presented in Section 3; the observation of
the energy distortion is reported in Section 4, followed by a
critical analysis of its possible origin in Section 5; the reactor
fluxmodels are revisited in Section 6 as the most likely cause;
finally, Section 7 summarizes the state of the art and discusses
the experimental data required to gain further knowledge on
the ]
𝑒
reactor flux and the origin of the energy structure.

2. A New Generation of
Reactor Neutrino Experiments

The most common way of detecting reactor neutrinos is via
the inverse beta decay (IBD): ]

𝑒
+ 𝑝 → 𝑛 + 𝑒

+. When this
reaction takes place in liquid scintillator doped with ∼1%
of gadolinium, it produces two signals separated by about
∼30 𝜇s: the first one due to 𝑒

+ and its annihilation (prompt
signal) and the second one due to the 𝑛 capture in a Gd
nucleus (delayed signal). This characteristic signature yields
a very efficient background rejection. The prompt energy
deposition (𝐸

𝑒
) relates directly to the interacting antineutrino

energy (𝐸]): 𝐸𝑒 ≃ 𝐸] + (𝑀
𝑝
− 𝑀
𝑛
− 𝑀
𝑒
) + 2𝑀

𝑒
, where

𝑀
𝑝
, 𝑀
𝑛
, and 𝑀

𝑒
are the proton, neutron, and electron

masses, respectively. The observed energy spectrum is the
convolution of the reactor ]

𝑒
flux and the IBD cross section.

As shown in Figure 1(a), the mean energy of the ]
𝑒
spectrum

is around 4MeV, which corresponds to a prompt energy𝐸
𝑒
of

∼3MeV. For this energy, the oscillation effect due to 𝜃
13
starts

arising at 𝐿 ∼ 0.5 km and reaches the first maximum around
2 km, where the effect of 𝜃

12
is still negligible as can be seen

in Figure 1(b). Therefore, neutrino reactor experiments with
short baselines offer a clean laboratory to search for 𝜃

13
.

In spite of its characteristic signature, the IBD signal can
be mimicked by the accidental and correlated backgrounds.
The accidental background stands for the random coinci-
dence of a positron-like signal coming from natural radioac-
tivity and the capture in the detector of a neutron created by
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cosmic muon spallation in the surrounding materials. The
correlated background consists of events which may mimic
both the prompt and the delayed signals of the IBD. Along
with the stopping muons, the fast neutrons and cosmogenic
isotopes, both generated in muon interactions, are the main
sources of this background. Fast neutrons entering the detec-
tor lead to proton recoils, thus faking a prompt signal, before
being captured. Muons crossing the detector can produce
long-lived𝛽-𝑛decay isotopes, like 9Li and 8He.As the half-life
of such cosmogenic isotopes is∼100ms, their decay cannot be
associated with the muon interaction.

The sensitivity to the 𝜃
13
-driven oscillation is optimized

by detecting a deficit in the expected neutrino events around
2 km away from the nuclear power plant (far detector), as
shown in Figure 1(b). However, some of the largest systematic
errors in reactor experiments arise from the uncertainties
in the original ]

𝑒
fluxes. In order to reduce them, a relative

comparison between two or more identical detectors located
at different distances from the reactors becomes critical. As
originally proposed in [13], a near detector placed a few
hundred meters away can measure the fluxes before any
oscillation takes place. The comparison between the far and
near detectors leads to a breakthrough in the sensitivity to 𝜃

13
,

as all the fully correlated systematic uncertainties cancel out.
Further steps in the sensitivity optimization rely on reducing
the relative detection efficiency and energy scale uncertainties
of the detectors, as well as on minimizing the backgrounds.

Following the above ideas, a new generation of reactor
experiments is running since 2010. In China, the Daya
Bay experiment [4] has built a far site and two near sites
meant to measure the ]

𝑒
fluxes from the 6 cores (17.4GWth

in total) of the three power plants existing in the area.
The Double Chooz experiment [5] operates two identical
detectors located 400m (since 2014) and 1050m away from
the two 4.25GWth reactor cores of the CHOOZ nuclear plant
in France. RENO [6] also consists of two identical detectors
measuring the antineutrino fluxes generated at the 6 cores
(17.3 GWth in total) of the Youngwang nuclear plant in South
Korea. Although there are some differences in the detector
designs of the tree experiments, they all rely on the same
principles and technology. The detectors are divided into
three concentric volumes: the target (the inner-most volume
filled with Gd-doped liquid scintillator), the 𝛾-catcher (filled
with undoped liquid scintillator), and the buffer (filled with
mineral oil). The light produced by interactions in the liquid
scintillator is read out by a number of photomultiplier tubes
(PMTs) located in the buffer walls.

3. Antineutrino Flux Prediction

In a nuclear reactor, about 6 antineutrinos from 𝛽-decays
are generated per fission, releasing an average energy of
about 200MeV. As the unstable fission products are rich
in neutrons, they undergo 𝛽 decays generating a nearly
pure electron antineutrino flux. Only four isotopes, whose
fission products can produce ]

𝑒
with energies above the IBD

threshold (1.8MeV), contribute to more than 99% of the flux:
235U, 239Pu, 238U, and 241Pu.However, such a flux consists of a
superposition of thousands of𝛽-decay branches. A fraction of

the neutrons produced in the 235Ufissions is captured by 238U,
giving place to mostly 239Pu. Thus, the core burns 235U while
accumulating 239Pu as it is operated, in the so-called burn-up
process. Apart from these two main isotopes which make up
about 90% of the flux, the 241Pu and 238U fissions contribute
to the remaining 10%. From a practical point of view, this
implies that an accurate reactor flux prediction relies on two
main aspects: (1) the simulation of the time evolution of the
core fuel composition (i.e., the contributions of each one of
the fourmain isotopes) and (2) the knowledge of the𝛽 spectra
associated to the decay chains of the fission products.

In order to compute the expected neutrino flux in a
reactor experiment like Daya Bay, Double Chooz, or RENO,
three main ingredients need to be taken into account: (1) the
detector-related normalization terms, (2) the reactor flux as
a function of time, and (3) the IBD cross section. In absence
of oscillations, the number of expected antineutrinos from a
nuclear core can be described as

𝑁
exp

=

𝜖𝑁
𝑝

4𝜋

1

𝐿
2

𝑃th

⟨𝐸
𝑓
⟩

⟨𝜎
𝑓
⟩ , (2)

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

protons in the target, 𝐿 is the distance to the center of the
reactor, and𝑃th is the thermal power. ⟨𝐸

𝑓
⟩ is themean energy

released per fission:

⟨𝐸
𝑓
⟩ = ∑

𝑘

𝛼
𝑘
⟨𝐸
𝑓
⟩
𝑘
, (3)

where 𝛼
𝑘
is the fractional fission rate of the 𝑘th isotope (𝑘 =

235U, 239Pu, 238U, 241Pu). The mean cross section per fission
⟨𝜎
𝑓
⟩
𝑘
is defined as

⟨𝜎
𝑓
⟩ = ∑

𝑘

𝛼
𝑘
⟨𝜎
𝑓
⟩
𝑘
= ∑

𝑘

𝛼
𝑘
∫

∞

0

𝑑𝐸𝑆
𝑘
(𝐸) 𝜎IBD (𝐸) , (4)

where 𝑆
𝑘
(𝐸) is the reference spectrum of the 𝑘th isotope and

𝜎IBD is the inverse beta decay cross section. The three vari-
ables 𝑃th, ⟨𝐸𝑓⟩, and ⟨𝜎𝑓⟩ are time dependent, with ⟨𝐸

𝑓
⟩ and

⟨𝜎
𝑓
⟩ depending on the evolution of the fuel composition in

the reactor and𝑃th depending on the operation of the reactor.
The current reactor experiments have used the reference

spectra 𝑆
𝑘
(𝐸) from [7, 8] as an input to their oscillation

analyses.However, as far as the determination of these spectra
is concerned, 𝑆

𝑘
(𝐸) can be expressed as the sum of the

contributions from all the fission products (𝑁
𝑓
):

𝑆
𝑘
(𝐸) =

𝑁𝑓

∑

𝑓=1

A
𝑓
𝑆
𝑓
(𝐸) , (5)

where A
𝑓
is the activity of the fission product and the

spectrum 𝑆
𝑓
(𝐸) of each fission product is in turn a sum of

𝑁
𝑏
𝛽-branches connecting the ground state (or an isomeric

state) of the parent nucleus to different excited levels of the
daughter nucleus:

𝑆
𝑓
(𝐸) =

𝑁𝑏

∑

𝑏=1

BR𝑏
𝑓
𝑆
𝑏

𝑓
(𝑍
𝑓
, 𝐴
𝑓
, 𝐸
𝑏

0𝑓
, 𝐸) , (6)
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BR𝑏
𝑓
and 𝐸

𝑏

0𝑓
being the branching ratio and the endpoint

energy of the 𝑏 branch of the 𝑓 fission product, respectively,
and 𝑍

𝑓
and 𝐴

𝑓
being the charge and atomic number of the

parent nucleus. It is worth noticing that (5) and (6) are valid
for both electron and antineutrino spectra. The beta decay
spectrum 𝑆

𝑏

𝑓
for a single transition in a nucleus with endpoint

energy 𝐸𝑏
0𝑓

= 𝐸
𝑒
− 𝐸] is then

𝑆
𝑏

𝑓
(𝐸
𝑒
, 𝑍
𝑓
, 𝐴
𝑓
)

= 𝑆
0
(𝐸
𝑒
) 𝐹 (𝐸

𝑒
, 𝑍
𝑓
, 𝐴
𝑓
) 𝐶 (𝐸

𝑒
) (1 + 𝛿 (𝐸

𝑒
, 𝑍
𝑓
, 𝐴
𝑓
)) ,

(7)

where 𝑆
0
is a normalization constant taking into account

the phase space [7, 14], 𝐹(𝐸
𝑒
, 𝑍
𝑓
, 𝐴
𝑓
) is the Fermi function

accounting for the Coulomb interaction of the outgoing
electron with the charge of the daughter nucleus, and𝐶(𝐸

𝑒
) is

a shape factor [15] for forbidden transitions due to additional
lepton momentum terms (𝐶(𝐸) = 1 for allowed transitions).
Beyond these terms, some additional effects need to be con-
sidered for precision studies: this is the role of the 𝛿(𝐸

𝑒
, 𝑍, 𝐴)

factor. It accounts for the radiative (R), finite size (FS) and
weak magnetism (WM) corrections: 𝛿(𝐸

𝑒
, 𝑍
𝑓
, 𝐴
𝑓
) = 𝛿R +

𝛿FS + 𝛿WM. The R corrections are due to the emission of
virtual and real photons by the charged particles present in
the 𝛽-decay, and it is computed in [16, 17]. The FS correction
accounts for the finite size of the nucleus, as the electric charge
and hypercharge are not point-like [18, 19]. The WM term
refers to the induced current yielding the largest contribution
to the shape of the 𝛽 spectrum [18, 20].

Finally, the simplified form from Vogel and Beacom [21]
can be used to describe the IBD cross section:

𝜎IBD (𝐸
true
] ) = 𝐸

𝑒
+𝐾√𝐸

2

𝑒
+ − 𝑚
2

𝑒
, (8)

where

𝐸
𝑒
+ =

1

2

(√𝑚
2

𝑛
− 4𝑚
𝑝
(−𝐸] + Δ +

Δ
2
− 𝑚
2

𝑒

2𝑚
𝑝

) − 𝑚
𝑛
) (9)

and 𝑚
𝑒
and 𝐸

𝑒
+ are the positron mass and energy. The

variables 𝑚
𝑛
and 𝑚

𝑝
are the masses of the neutron and

proton with Δ = 𝑚
𝑛
− 𝑚
𝑝
. The constant 𝐾 is inversely

proportional to the neutron lifetime. Using the MAMBO-
II measurement of the neutron lifetime [22] leads to 𝐾 =

0.961 × 10
−43 cm2MeV−2.

3.1. Reactor Flux Models. In order to predict the reference
spectra 𝑆

𝑘
(𝐸), two different approaches are developed.The ab

initio or summation method takes advantage of the available
information on the 𝛽 decays of each fission fragment (nuclear
databases), summing over each nuclide’s individual spectrum
to obtain aggregate spectra. On the other hand, the so-called
conversionmethod exploits the aggregate𝛽 spectrameasured
in the Institut Laue-Langevin (ILL) [23–26], fitting the data
to a set of virtual 𝛽 branches and converting the result into
the corresponding antineutrino spectra (e.g., [27]). While
it is worth noticing that both methods rely on measured

𝛽 spectra, the conversion approach yields the most precise
results since the uncertainties are constrained by the ILL
measurements. Although this is reviewed in this work, the
errors associated with the conversion method have been
claimed to be at the level of 2-3%. As the nuclear databases are
known to suffer from a lack of relevant data (concerning both
𝛽 decays and fission yields) and from the need ofmore precise
measurements, the summation method provides typically
an envelope error of about 10–20%. Recently, there have
been improvements in both the conversion and summation
techniques [7, 28], being one of the main goals to optimize
the results from the current reactor experiments.

Given the limitations of the ab initio approach, the reactor
antineutrino spectra have been estimated historically relying
on the total electron spectra associated with the beta decays
of all fission products of 235U, 239Pu, and 241Pu. Such 𝛽-
spectra were obtained at ILL by irradiating thin target foils of
these isotopes with thermal neutrons. As 238Unuclei undergo
fission with fast neutrons, the associated spectrum could not
bemeasured at that time and therefore its prediction has been
typically based on the summation method. The same applies
to all spectra above 8MeV, as the ILL measurements were
performed only up to this energy. In [7], a mixed approach
has been developed combining the precise reference of the
electron spectra from ILL with the physical distribution of
beta branches of all fission products provided by the nuclear
databases. This new analysis has provided a better handle
on the systematic errors of the conversion and a new set of
reference spectra for 235U, 239Pu, 241Pu, and 238U (although
the latter is still based on a purely summation technique).
While the shapes of the spectra and their uncertainties are
found to be comparable to those of the previous analysis
of the ILL data, the normalization is shifted by about +3%
on average, thus leading to the reactor neutrino anomaly.
The reevaluation of short-baseline reactor data in the light of
these new reference spectra reveals a deficit in the number of
observed antineutrinos, which might be explained in terms
of sterile neutrino oscillations. One of the main reasons for
this normalization shift is the treatment of the corrections
𝛿(𝐸
𝑒
, 𝑍
𝑝
, 𝐴
𝑝
) in (7), and in particular the WM term. These

corrections have been further investigated in [8], deriving
a consistent set of reference spectra in both shape and
normalization. To complete the picture of the state-of-the-art
conversion method, it must be noticed that the cumulative
𝛽 spectrum of the fission products of 238U has been finally
measured in [29], in the range from 2.875MeV to 7.625MeV.

Despite the larger uncertainties, the summation method
is still a powerful tool to predict reactor antineutrino
fluxes. To start with, this approach provides estimations
of the reference spectra which are independent from the
measurements at ILL. As these measurements are unique, a
cross-check based on nuclear databases is specially valuable.
The summation method is also the only way to predict
the antineutrino energy spectra beyond 8.0MeV for 235U,
239Pu, and 241Pu, and beyond 7.6MeV for 238U. While
it is true that some authors (e.g., [7, 8]) have provided
polynomial parameterizations of the spectra that can be
used to extrapolate the predictions above 8MeV (as typically
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Figure 2: Ratio of summation-derived spectra (from [28]) to the start-of-the-art conversion-derived spectra (from [8, 29]), as a function of
the ]
𝑒
energy. The shadowed band shows the 1𝜎 error.

done by reactor experiments), such an extrapolation is not
physically motivated and the associated error cannot be
estimated in a robust way. Furthermore, the binning of
250 keV in which the ILL spectra were originally published is
large enough to hide possible structures coming from some
contributions to the reactor fluxes. Taking into account all
these considerations, the summation technique has become
a main tool to shed light on the reactor antineutrino spectra
and the nuclear databases have been recently improved
by new 𝛽-decay measurements. In particular, a new set of
reference energy spectra has been obtained in [28] taking
into account the new measurements of the 102;104;105;106;107Tc,
105Mo, and 101Nb nuclei. These measurements are taken
with the Total Absorption Technique (TAS), insensitive to
the Pandemonium effect [30] which typically affects the
𝛾 spectrometry with Ge detectors. Beyond the relevant
improvement in the summation-based reference spectra, the
work in [28] highlights the need of new TAS measurements.

In order to compare the state-of-the-art reference spectra,
the ratio of the summation spectra derived in [28] to the
conversion-based predictions (235U, 239Pu, and 241Pu from
[8] and 238U from [29]) is shown in Figure 2. Both sets of
predictions agree within 1𝜎, although no strong conclusions
can be settled given the large error bands.

4. Observation of an Energy
Structure around 5 MeV

In the Neutrino 2012 conference, the RENO collaboration
mentioned the observation of an excess in the number of
antineutrinos between 4 and 6MeV of the positron energy
spectrum [31], with respect the to flux prediction. InNeutrino
2014, both RENO and Double Chooz collaborations reported
and quantified such an excess [11, 12, 32]. Daya Bay also
presented a similar energy structure at the ICHEP 2014 and
at NuTel 2015 [33] conferences.



6 Advances in High Energy Physics

Prompt energy (MeV)
2 76543

D
at

a/
pr

ed
ic

te
d

0.9

0.95

1

1.05

1.1

1.15

1.2

RENO data
Reactor uncertainty

Daya Bay data

(a)

Prompt energy (MeV)
2 76543

D
at

a/
pr

ed
ic

te
d

0.7

0.8

0.9

1

1.1

1.2

Double Chooz data
Reactor uncertainty
Best fit sin2

2𝜃13 = 0.90

(b)

Figure 3: Ratio of background-subtracted ]
𝑒
candidates to nonoscillation prediction, as a function of the IBD prompt energy. (a) Daya Bay

and RENO ratios for ]
𝑒
candidates observed at the near sites. (b) Double Chooz ratio for ]

𝑒
candidates measured at the far detector. The

shadowed region represents the typical reactor error derived from the [8, 29] reference ]
𝑒
spectra, which is dominant for the considered

energy region.

The first journal publication of this effect has been
provided by Double Chooz in [5]. Using the data from
the far detector, a best fit value of the flux normalization
of 9 ± 2% (with respect to the central value prediction)
is quoted between 4.25 and 6MeV. This translates into a
significance of 3𝜎.The energy distortion is consistent with the
ones presented in previous Double Chooz publications [34–
36], where a significant measurement of the data-prediction
discrepancy was not possible due to the limited statistics and
the nonoptimized detector energy response. Daya Bay has
also released a paper [10] on the reactor neutrino flux mea-
surement, concerning both the normalization and the energy
spectrum.Themeasured prompt energy spectrum in the near
detectors shows a deviation from the reactor models with a
significance beyond 2𝜎 over the full energy range, and around
4𝜎 between 4 and 6MeV. The excess in this energy range has
been estimated to be about 1% of all events in both the near
and far detectors. Once corrected by the 𝜃

13
oscillation effect,

the energy spectra measured in the near and far detectors are
consistent. Two reactor predictions have been considered in
Daya Bay, one based on the conventional ILL models and
another one based on the reevaluations provided in [7, 8].
The disagreement between the data and the prediction arises
in both cases, the significance being of the deviations very
similar. The significance has also been computed adopting
two different approaches, one relying on the contribution of
𝜒
2 of each energy bin and another one on the 𝑝 values within

local energywindows, yielding consistent results. In addition,

the RENO collaboration has shown in the proceedings of
Neutrino 2014 [11, 12] the energy structure in the 4–6MeV
energy range for both the near and far detectors.Theobserved
excess of ]

𝑒
is consistent among the two, and the significance

of the excess at the near detector is estimated to be 3.5𝜎. The
excess of ]

𝑒
with respect to the total expected flux is quoted

as 2.3 ± 0.4 (data) ± 0.5 (prediction)% for the near detector,
and 1.8 ± 0.7 (data) ± 0.5 (prediction)% for the far detector.

The ratio of the background-subtracted ]
𝑒
candidates

spectrum to the nonoscillation prediction is shown in
Figure 3 for the Daya Bay and RENO near detectors and for
the Double Chooz far detector. The excess reported by the
three collaborations amounts to about 10% over the expected
number of ]

𝑒
in this energy range, and both RENO and Daya

Bay have observed consistent structures in their near and
far detectors. It might be argued that the excess observed
in RENO is larger than in Daya Bay and Double Chooz.
However, given the discrepancy between RENO and Daya
Bay in the 2–4MeV range (see Figure 3), such a difference in
the amplitude of the distortion might be due to differences in
the flux predictions beyond the 4–6MeVwindow. In order to
compare the observed distortions in a robust and quantitative
way, the ]

𝑒
prediction of the three reactor experiments should

be based on the same reactor model (which comprises not
only the reference spectra 𝑆

𝑘
(𝐸), but also the simulation of

the reactor core evolution, the treatment of the spent fuel,
etc.). It is also worth noticing that the significance of the
excess quoted by the three experiments cannot be directly



Advances in High Energy Physics 7

compared, as they are computed in different ways. Daya
Bay normalizes the predicted spectrum to the observed
number of events, thus evaluating the discrepancy in terms
of the energy spectrum between 4 and 6MeV, and not the
total rate. On the other hand, Double Chooz performs an
evaluation based on the total predicted and expected rates
in the 4.25–6.00MeV energy window. Independently of how
the distortion significance is estimated, it is limited by the
uncertainties in the flux prediction, which are at the level of
2-3% for both the rate and the spectral shape.

As the three experiments detect the reactor ]
𝑒
in the

same way and with very similar detectors, the possible causes
of this energy structure are common and might include, in
principle, detector and/or background issues. An explanation
in terms of the reactor flux prediction (incompleteness of the
model or underestimation of the uncertainties) would be also
correlated among the three experiments, as they all rely on
the conversion method to obtain the 235U, 239Pu, and 241Pu
antineutrino spectra. There are however two differences.
Firstly, Double Chooz uses in [5] the measurement in [29] to
derive the 238U ]

𝑒
spectrum, while Daya Bay and RENO take

the summation-based spectrum from [7]. Secondly, Double
Chooz constrains the flux normalization to the measurement
in Bugey4 [37], taken 15m away from the core. This is why
Double Chooz quotes a flux normalization error of 1.7%,
thus reducing the errors in Daya Bay and RENO (2.7%
and 2.0%, resp.). Beyond this, Daya Bay has also explored
some variations to the reference model but concluded that
the structure still remains. In particular, the local distortion
around 5MeV cannot be described extending the reactor
model with a single 𝛽-branch or a monoenergetic line.

While this disagreement between data and flux models
needs to be investigated, it must be noticed that the impact on
the 𝜃
13
mixing angle is negligible. As demonstrated in [5] for

Double Chooz, even with only the far detector being used for
the oscillation analysis, the 𝜃

13
measurement is not affected by

the energy distortion.This can be easily understood since the
amplitude of the 𝜃

13
-driven oscillation is vanishing around

5MeV. In the case of Daya Bay and RENO, whose analyses
involve both near and far detectors, the impact of the energy
structure is even smaller as the role of the flux prediction is
not as relevant due to the interdetector comparison.

5. Possible Sources of the Energy Structure

The spectral shape of the energy structure at 5MeV cannot
be produced by any standard neutrino oscillations scenario,
even considering sterile neutrinos. In particular, it has been
observed by Daya Bay and RENO at two different baselines
(the near and far detectors). Therefore, it can be assumed
that the discrepancy between the data and the flux models
might be due to one of these reasons: (1) the existence of
nonstandard IBD interactions, (2) a detection issue distorting
the energy scale, (3) an unaccounted background source,
and (4) missing contributions to the reactor models. Being
the reactor ]

𝑒
spectrum uncertainty of the order of 2-3%

and the maximum deviation between data and prediction
around 10%, the current reactor experiments cannot establish
this discrepancy beyond a significance of ∼4𝜎. However, the

available data allow for a dedicated analysis on the possible
causes of the discrepancy. The current reactor experiments
have been capable of reinforcing the case for a reactor-
model explanation, while disfavoring other possible causes,
namely, the misinterpretation of the detector response and
the incompleteness of the background model. The dedicated
studies addressing the possible sources of the prompt energy
spectrum distortion are described below.

5.1. Antineutrino Interactions. An unaccounted or nonstan-
dard neutrino interaction in the detectors of the reactor
experiments might lead to an excess of observed neutrinos.
In the energy range of reactor ]

𝑒
(below 10MeV), the

typical cross section of charged and neutral current neutrino
interactions follow an increasing pattern with energy after
a given threshold. This kind of trend can hardly explain
a bump-like excess around 5MeV in the positron energy
spectrum. Within the target volume of the detectors, the
antineutrinos can interact basically with H, C, and Gd and
in the 𝛾-catcher only with H and C. As Double Chooz has
observed the energy structure using neutrons captures in
Gd and in H [36], an unaccounted interaction with Gd can
be excluded. The antineutrinos might interact with some C
isotope with enough energy to separate one neutron, the final
nuclei remaining in excited state. The combination of the
deexcitation 𝛾 and the neutron might mimic the IBD signal.
However, the rate of such process should be rather small (as
there are not empirical evidences in the current experiments)
and could not explain the ∼10% excess.

5.2. Energy Scale. A detector-related issue affecting the
energy scale might also explain, in principle, the energy
structure. However, some studies performed byDaya Bay and
Double Chooz rule out this possibility. In [5], the accuracy
of the energy scale around 5MeV has been confirmed
by spallation neutrons captured on carbon, which occur
predominantly in the 𝛾-catcher volume as the capture cross
section is smaller than on Gd. The C captures result in an
energy peak at 5MeV, whose agreement between data and
MC simulation has been found to be within 0.5%. Along
the same lines, Daya Bay, Double Chooz, and RENO have
also checked the energy reconstruction by means of the 𝛽
decays of 12B collected in data, showing no energy distortion
when compared to the corresponding simulation. This is
consistent with the fact that any nonlinear effect, due to the
scintillator properties or the electronics response, is observed
for energies above 4MeV. Furthermore, the energy resolution
estimated with the collected data is also in good agreement
with that of Monte Carlo.

5.3. Background Model. The events found in the 4–6MeV
range fulfill all the IBD characteristics, in particular concern-
ing the neutron capture time and distance distribution, and
the spatial distribution of the prompt signals. Thus, the three
collaborations disfavor the hypothesis of an unaccounted
background contribution. In addition, the reactor off data
taken in Double Chooz allows for an independent and
inclusive background measurement, thus accounting even
for possible unknown sources [38]. The measured total
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Figure 4: Correlation of the ]
𝑒
excess around 5MeV with the reactor power. (a) ]

𝑒
excess in the RENO near detector as a function of the

expected IBD (data from [11, 12]). (b) RRM best fit values of the reactor flux normalization (with respect to the central value prediction) in
the far detector of Double Chooz (data from [5]). Results with and without the background (BG) model constraint are shown with empty
squares and solid dots, respectively.

rate in [5] according to the candidates selection cuts is
computed to be 0.75 ± 0.37 events/day. While keeping the
independence with the background model, this background
measurement is slightly modified by means of a Reactor Rate
Modulation (RRM) [39] fit: 0.90 + 0.43 and 0.90 − 0.36

events/day. These total background measurements are lower
than the sumof the individual background sources accounted
for in the background model (accidental coincidences, fast
neutrons/stopping muons, and cosmogenic isotopes): 1.6 +
0.41 and 1.6 − 0.17 events/day (1.7𝜎 discrepancy with respect
to the reactor off measurement). Therefore, the existence of
an unaccounted background source, leading to the excess
around 5MeV, is strongly disfavored. Beyond this compari-
son with the inclusive background measurement, dedicated
studies with reactor on and reactor off data have been devel-
oped to look for direct indications of unknown background
sources. No significant evidences have been found.

5.4. Reactor Flux Model. The remaining possible cause of the
energy distortion is that one of an additional reactor ]

𝑒
com-

ponent beyond the current model. In particular, if the excess
around 5MeV is due to an unaccounted reactor contribution,
it must be correlated to the reactor power. On the other
hand, if it is due to an unknown background, the rate of the
excess should be independent of the power. Such a correlation
has been demonstrated by Daya Baya, Double Chooz, and
RENO, by estimating the excess for different reactor powers.
Daya Bay has shown in ICHEP 2015 the time stability of
the prompt energy spectrum and the time distribution of

events for two different energy windows (4.5–5.5MeV and
3.0–4.0MeV), proving that the structure remains the same
over time, and thus for different conditions of the reactors
operation. In [5], the Double Chooz collaboration shows the
correlation of the excess with the reactor power in a flux
model independent way, by parameterizing the spectrum and
measuring an effective excess for different reactor conditions.
Consistent results are found for ]

𝑒
candidates obtained with

neutron captures in Gd and H. RENO has also reported in
Neutrino 2015 and NuTel 2015 such a correlation by means of
themeasurement of the excess for different reactor powers, as
shown in Figure 4(a).

As the Double Chooz RRM analysis utilizes the corre-
lation between the observed rate and the thermal power to
derive both the mixing angle 𝜃

13
and the total background

rate, it can be used to test the hypothesis of a bias in the
flux prediction. In particular, it can confront the data to the
background model and the flux model at the same time,
thus providing indications about the most likely cause of the
energy structure. In [5], five independent RRM fits have been
carried out in different energy regions, constraining sin22𝜃

13

to the best fit value in [4]while leaving as free parameters both
the total background rate and a flux normalization term (with
respect to the central value of the fluxmodel).The best fit val-
ues of the background rate are fully consistent with both the
background model and the reactor off measurement, while
the best fit values for the flux normalization deviates (2𝜎)
from the prediction in the 4.25–6.00MeV window, as shown
in Figure 4(b). This result is consistent with the reported
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correlation between the excess and the thermal power, thus
reinforcing the case for a flux model bias and disfavoring
again the background model as the source of the energy
distortion. If one constrains the total background rate to the
background model, the discrepancy between the flux model
and the RRM best fit value is increased to 3.0𝜎.

6. Reviewing the Reactor Flux Predictions

As discussed above, themost likely explanation for the energy
structure is that one of unaccounted contributions in the
reactor flux models. Hereafter, this work assumes that this
is the unique source of the data-prediction disagreement
around 5MeV.Under this wellmotivated assumption, the dif-
ferent approaches to the flux estimations need to be reviewed
from a critical point of view. To start with, the errors of
the conversion-based reference spectra must be reevaluated
somehow, as the current quoted uncertainties do not cover
the observed energy distortion. This is obviously related to
the identification of the possible missing pieces in the reactor
models. Such contributions in the conversion-based flux
might be related to (1) the aggregate 𝛽measurements, (2) the
conversion procedure itself, and (3) the nuclear corrections,
mostly related to the forbidden decays. To shed light on all
these possibilities, the summation-based predictions might
play a major role, but the associated limitations need to be
taken into account. All these aspects are discussed below.

6.1. The Aggregate Spectra. As the 235U, 239Pu, and 241Pu
reference spectra obtained by means of the conversion
method rely on the ILL data, any issue affecting the ILL
spectrometer would propagate to the reactor flux predictions.
In principle, biases in both the overall normalization and
the energy reconstruction (or the associated errors) might be
possible, thus giving rise to the reactor ]

𝑒
anomaly and the

energy structure around 5MeV, respectively. As pointed out
in [40] following a summation approach, the presence of a
bump between 5 and 7MeV in both the calculated electron
and antineutrino spectra might be an indication of an artifact
in the original ILL measurements rather than an effect of the
conversion method.

Beyond the ILL data, the summation-derived ]
𝑒
spectra

from 238U (used as reference in Daya Bay, RENO, and
first publications by Double Chooz) might be considered
a candidate to explain the energy distortion, given the
large associated errors. Because of the different experimental
setups, RENO reports that about 12% of the fissions are due
to 238U, while Daya Baya quotes only 7.6%. As the energy
structure in RENO is about 50% larger than in Daya Bay, this
might indicate that the 238U fissions are contributing to it.
This isotope is indeed responsible for about 20% of the ]

𝑒
flux

between 4 and 6MeV. In [41], it has been reported that two
different databases predict, within the summation scheme,
bumps in the region of interest. However, the amplitude
is not large enough to cover the structure observed in
reactor experiments. Furthermore, the analysis in [41] has
not considered the work in [29], where the 238U aggregate
spectrumhas beenmeasured.On the contrary,DoubleChooz

has used [29] to predict the ]
𝑒
flux and has found that the

energy bump remains, with roughly the same amplitude.

6.2. The Conversion Procedure. The conversion technique
has been reviewed extensively in the literature since the
first antineutrino predictions based on the ILL data [27].
As discussed previously, the method was recently improved
in [7, 8]. While the different approximations have been
performed to fit the data to a number of virtual 𝛽 branches,
the results have been consistent as far as energy shape and
error budget are concerned (this is not the case of the overall
normalization). This leaves small room for a possible issue
in the technique itself. However, the ILL reactor is different
to the ones currently used in the reactor experiments. The
neutron flux spectra at typical pressurizedwater reactors (like
the ones in Daya bay, Double Chooz, and RENO) are harder
in energy than the thermal spectrum of the ILL reactor. As
highlighted in [41], this opens the possibility of epithermal
neutron contributions to the 235U, 239Pu, 241Pu, and 238U
fissions, resulting in a shoulder at 5MeV in the ]

𝑒
spectrum.

However, since there are not fission yield measurements for
the nuclei that dominate that energy region, this hypothesis
is hard to demonstrate or refute.

6.3. Nuclear Corrections. Theuncertainties quoted in [7] have
been revisited in [14], since they lead to a significance of
the reactor neutrino anomaly of about 3𝜎. As described in
Section 3, an antineutrino spectrum can be estimated from a
beta spectrum if the linear combination of operators involved
in the decay, the endpoint energy, and the nuclear charge is
known. However, the fission 𝛽 spectra involve about 6000
decays, being forbidden about 30% of them.This implies that
some assumptions are needed when deriving the reactor ]

𝑒

flux, given the limited knowledge on the structure of the
forbidden transitions. Such assumptions affect eventually the
error budget of the predictions in both the conversion and
summationmethods. In [14], it has been noticed that different
treatments of the forbidden transitions (and the associated
𝛿 corrections) can lead to antineutrino spectra that differ
in both shape and magnitude at about 4%. In particular, if
all forbidden decays are treated as allowed transitions, the
antineutrino spectra are increased, thus leading to the reactor
neutrino anomaly reported in [9]. However, this is not always
the case if different approaches for the forbidden transitions
are adopted. It is concluded that uncertainties in the ]

𝑒

predictions are about 4%, implying an increase of roughly
a factor 2 with respect to the estimations in [7, 8]. Along
the same lines, the effect of first forbidden transitions on the
𝛽-decay neutrino spectra is analyzed in [42] by performing
microscopic nuclear structure calculations. The authors con-
clude that these decays may be responsible for a fraction of
the deficit of neutrinos observed in the reactor experiments.
Although the works in [14, 42] are addressing the issue of the
reactor neutrino anomaly, the conclusions apply also to the
energy structure observed around 5MeV: the disagreement
between the data and the flux prediction might be due to the
forbidden transitions contributing to that energy region.

Concerning the nuclear corrections to be applied to
the forbidden transitions, three relevant points have been



10 Advances in High Energy Physics

highlighted in [41]. First, it has been noticed that several
of the 𝛽 decays contributing to the bump region have a
total angular momentum and parity which involve no WM
correction.This increases the flux predictions with respect to
[7, 8, 28], where this fact has not been taken into account.
Second, the shape factor 𝐶(𝐸

𝑒
) is not the same for all

forbidden transitions: in [7], the 𝐶(𝐸
𝑒
) corresponding to a

unique forbidden transition has been assumed for all the
cases. Finally, the FS corrections for these transitions applied
in the literature are always approximated. Despite these
considerations, a more accurate treatment of the forbidden
decays performed in [41] cannot account for a significant
fraction of the energy structure.

6.4. The Limitations of the Summation Method. In order to
get insights on the above topics, the summation method is
a powerful handle as it provides an ILL-independent set of
reference spectra and a tool to estimate the effect of the differ-
ent nuclear corrections and assumptions.However, it is worth
remarking that the errors associated to this technique are too
large to establish any conclusion. Furthermore, the use of dif-
ferent databases can lead to somehow different conclusions.
As an example, the ENDF/B.VII.1 compiled nuclear data [43]
has been used in [40] to derive the ]

𝑒
spectra, yielding an

energy bump in the antineutrino energy in the 5–7MeV
region (𝐸

𝑒
= 4–6MeV).However, the ENDF/B.VII.1 data used

in the analysis is not taking into account the new TAS mea-
surements described in [28]. By using the reference spectra
from [28] or the ENDF/B.VII.1 database combined with the
new TAS measurements (hereafter updated ENDF/B.VII.1)
[44], the bump is significantly reduced. A detailed compar-
ison of the updated ENDF/B.VII.1 and JEFF-3.11 [45] decay
libraries has been presented in [41]: in the case of the JEFF-
3.11-based results, the bump is totally removed. Finally, itmust
be noticed that the same kind of limitations of the available
nuclear data arises when considering the reactor neutrino
anomaly (i.e., the flux normalization). As an example, Daya
Bay has measured an absolute ]

𝑒
rate in good agreement

with the current world average and with the ENDF/B-
VII.1 prediction (i.e., no indication of anomaly). However,
comparing the Daya Bay data with the JEFF-3.1.1 estimations
yields a deficit in the ]

𝑒
rate, thus suggesting the anomaly.

7. Summary and Discussion

The three current antineutrino disappearance reactor experi-
ments (Daya Bay, Double Chooz, and RENO) have observed
an energy distortion around 5MeV in the prompt energy
spectrum (∼6MeV in ]

𝑒
spectrum), deviating from the pre-

dictions at a ∼4𝜎 level as an excess in the number of ]
𝑒
. The

structure is observed in the near detectors of Daya Bay and
RENO (with baselines around 300m) and in the far detectors
of the three experiments (with baselines around 1-2 km), so
it cannot be explained in terms of any standard neutrino
oscillations. Given the correlation of the excess with the reac-
tor power, the three collaborations conclude that the most
likely explanation is an incompleteness or bias in the reactor
flux models. Although the origin of the energy structure
might not be related to the reactor antineutrino anomaly (that

might be described in terms of sterile neutrino oscillations),
both features reinforce the case for a revision of the current
reactor flux predictions. A possible underestimation of the
error budget in the reactor models, due to unknown or not
well described contributions, has to be considered.

There are two general methods to estimate the reactor
fluxes as a composition of the ]

𝑒
spectra from the main

fissile isotopes.Themost precise one, and the state-of-the-art
reference for reactor experiments, is the conversion method:
it relies on the 𝛽 aggregate spectra measured in the ILL,
fitting the data to a set of virtual branches and converting
the results into the corresponding ]

𝑒
spectra. Currently, this

method quotes an uncertainty of 2-3%.The second approach
is the so-called summationmethod: it builds the ]

𝑒
spectra as

the sum of each nuclide’s individual 𝛽 spectrum, according
to the available information in the nuclear databases. This
technique typically yields an error envelope of 10–20%.While
uncertainty associated with the summation-based spectra
covers the ∼10% deviation observed in the experimental
data around 5MeV of the prompt energy spectrum, the
error of the conversion-based spectra does not. The later
method might be affected by (1) an issue in the ILL data, (2)
intrinsic limitations of the technique, and (3) nuclear effects
or uncertainties not accounted for. The forbidden transitions
might play a major role in the later aspect.

The available reactor data can be used to shed some light
on the puzzle of the flux predictions. In particular, one can
perform fits to the observed ]

𝑒
spectrum for different sets

of parameters and assumptions used in the predictions (like
the number of 𝛽 branches or the treatment of forbidden
transitions). The fit results can help to identify or rule out
possible contributions to the prompt energy shoulder at ∼
5MeV. It is also possible to take the ]

𝑒
spectra fromDaya Bay,

Double Chooz, and RENO and deconvolute them back to the
corresponding 𝛽 spectra, which in turn can be confronted to
the ILL data. The observation of the same structure in the
𝛽 spectra would be an indication of a bias in the ILL data.
Finally, the summation method can be used to review the
error on the predicted spectra by analyzing the effect of the
different approximations concerning the nuclear corrections
and the forbidden transitions. If it is concluded from this
kind of studies that the error in the ]

𝑒
spectra is larger

than currently assumed (as suggested by some authors), the
discrepancy between the observed data and themodelswould
need to be reevaluated.

Despite the above considerations, the available reactor
data is not enough to find out the actual origin of the energy
distortion. The same applies to the current nuclear data
concerning 𝛽 decays. However, the situation might improve
once the near-future campaign of very short-baseline reactor
experiments (meant to explore the possibility of sterile neu-
trino oscillations) starts delivering data. In order to rule out
the possibility of an issue in the original ILL measurements,
a new aggregate 𝛽 spectrum is the most direct approach.
While this new measurement would be valuable, it might
not be the ultimate solution to the origin of the discrepancy
between the data and the models. Beyond cross-checking the
ILLmeasurement, it is also worth exploring the limitations of
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the related conversion procedure, especially regarding the
neutron spectra in different types of reactors.The comparison
of aggregate 𝛽 spectra measured in a very thermal reactor
and in a reactor with a harder neutron spectrum, as proposed
in [41], would suffice to quantify the impact on the predicted
]
𝑒
flux.
The available nuclear data is not capable of identifying the

origin of the energy structure by means of the summation
method. In order to improve the precision and accuracy of the
summation-derived predictions, new 𝛽 decay measurements
are needed. In particular, improving the knowledge on the
forbidden 𝛽 transitions is crucial. The summation-method
itself can be used to define the list of most relevant transitions
to be measured, by tagging the nuclei that contribute the
most to the energy region of interest. As a matter of fact,
the main contributors have been identified in works like [40,
44]. As most of the relevant transitions are first forbidden,
the 𝛽 spectrum needs to be measured with high precision
so the shape correction factor can be explored. As already
demonstrated in the literature, the TAS technique has arose
as the best option for several transitions. A new campaign of
measurements will boost the capabilities of the summation
method, thus becoming a major tool to resolve the nature of
the reactor ]

𝑒
energy structure.

Note Added in Proof

After the submission of this paper, the RENO collaboration
has released a paper [46] where the observation of the energy
structure is described. Although with 500 live days of data
instead of 800, the paper accounts for the results presented in
the Neutrino 2014 and NuTel 2015 conferences (cited in this
review), including the figures of the prompt energy spectrum
at both far and near detectors.
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Neutrino oscillations have been probed during the last few decades using multiple neutrino sources and experimental set-ups. In
the recent years, very large volume neutrino telescopes have started contributing to the field. First ANTARES and then IceCube
have relied on large and sparsely instrumented volumes to observe atmospheric neutrinos for combinations of baselines and
energies inaccessible to other experiments. Using this advantage, the latest result from IceCube starts approaching the precision of
other established technologies and is paving the way for future detectors, such as ORCA and PINGU. These new projects seek to
provide better measurements of neutrino oscillation parameters and eventually determine the neutrino mass ordering. The results
from running experiments and the potential from proposed projects are discussed in this review, emphasizing the experimental
challenges involved in the measurements.

1. Introduction

Massive, mixed neutrinos, inferred from the phenomenon
of oscillations, remain until this day, the only physics found
beyond the original formulation of the Standard Model.
While the Standard Model can be extended to account
for these experimental facts, precise measurements of the
parameters involved in the phenomenon are necessary to

constrain the different theories that attempt to explain
it.

The current knowledge favors the existence of three active
neutrinos (flavor eigenstates ]

𝑒
, ]
𝜇
, and ]

𝜏
) whose mixing

can be fully determined by the PMNS (Pontecorvo-Maki-
Nakagawa-Sakata) matrix 𝑈. The matrix is often parameter-
ized as the product of three rotation matrices, related to the
mixing angles 𝜃

12
, 𝜃
13
, and 𝜃

23
, and a complex CP phase 𝛿:

𝑈 = (

1 0 0

0 𝑐
23

𝑠
23

0 −𝑠
23

𝑐
23

)(

𝑐
13

0 𝑒
−𝑖𝛿

𝑠
13

0 1 0

−𝑒
𝑖𝛿

𝑠
13

0 𝑐
13

)(

𝑐
12

𝑠
12

0

−𝑠
12

𝑐
12

0

0 0 1

)(

𝑒
𝑖𝜌
1 0 0

0 𝑒
𝑖𝜌
2 0

0 0 1

) , (1)

where 𝑐
𝑖𝑗

≡ cos 𝜃
𝑖𝑗
and 𝑠
𝑖𝑗

≡ sin 𝜃
𝑖𝑗
. The last matrix in the

multiplication does not affect neutrino oscillations and only
exists if neutrinos are Majorana particles [1].

The three angles that determine the mixing matrix are
known to a precision of 10% or better [2–4]. The absolute
differences of the square of the masses (mass splittings
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Δ𝑚
2

𝑖𝑗
= 𝑚
2

𝑖
− 𝑚
2

𝑗
with 𝑖, 𝑗 = 1, 2, 3), which play a role in

oscillations, are known to a precision better than 5%. While
the sign of themass splitting between the states 1-2 (𝑚

2
> 𝑚
1
)

is known from matter effects in solar neutrino oscillations,
the relative difference between𝑚

3
and𝑚

1
remains unknown.

The relative values of the neutrino masses are commonly
referred to as the neutrino mass ordering (NMO) (the
determination of the mass ordering is sometimes confused
with the determination of the neutrino “mass hierarchy,”
which requires additional information on the absolute scale
of the neutrino masses [5]), which has two possible options:
the normal ordering (NO), with 𝑚

1
< 𝑚
2

< 𝑚
3
, and

the inverted ordering (IO), with 𝑚
3

< 𝑚
1

< 𝑚
2
. The

determination of the NMO is important as the parameter
can discriminate between flavor symmetry models [6]. Also,
the sensitivity of experiments attempting to determine the
neutrino nature depends on theNMO [7, 8]. Finally, knowing
the NMO would help to measure the value of the 𝛿 phase,
which in turn would be an important step forward towards
solving the fundamental question of the prevalence of matter
over antimatter in the Universe. Better measurements of all
the parameters involved in neutrino oscillations are therefore
necessary to understand if the current model is correct and
how to incorporate it to the Standard Model.

In this view, atmospheric neutrinos remain a promising
tool for studying oscillations: they cover a wide energy range,
from MeV to TeV, and can reach a detector after traveling
distances from a few to about 12700 km when they cross the
Earth. No man-made beam covers a similar parameter space.
However, the flux strongly decreases with energy. Detecting
it implies building large detectors, such as very large volume
neutrino telescopes (VLVNTs) to study atmospheric neutrino
oscillations.

In the recent years first ANTARES and then Ice-
Cube/DeepCore have proven that these studies are feasible
by analyzing interactions of neutrinos with energy as low as
15GeV.The current result from IceCube on sin2𝜃

23
and Δ𝑚2

32

reaches a precisionwhich is only a factor of three to four times
less stringent than global fits which combine all available data
[2, 3, 9]. Building upon the success of these studies, proposals
of new, more densely instrumented telescopes, as extensions
or part of new projects, have appeared. PINGU and ORCA
aim to improve the precision of these measurements and
reduce the energy threshold to a fewGeV,wherematter effects
are strong, and use these effects to measure the NMO.

This review begins by covering, in Section 2, the current
knowledge on atmospheric neutrinos and how oscillations
affect their flux. Section 3 describes the design and operation
of VLVNTs. Special attention is paid to relevant sources of
uncertainty. The neutrino oscillation results produced by
these experiments until this date are covered in Section 4.
Section 5 discusses the possible studies with future detectors,
and a short summary is given in Section 6.

2. Atmospheric Neutrino Oscillations

The flux of atmospheric neutrinos in the energies relevant for
a VLVNT, together with how the flux is modified by neutrino

oscillations for those neutrinos that cross the Earth, is the
topics covered in this section.

2.1. A Neutrino Beam from Cosmic Rays. Cosmic rays (CR)
continuously arrive at the Earth from all directions and
interact with nuclei in the atmosphere at altitudes of about
25 km above sea level and initiate showers of particles. During
the shower development, charged mesons are produced that
eventually decay in comparable numbers of muons and
neutrinos:

CR + 𝑁 → 𝑋 + 𝜋
∓

, 𝐾
∓

,

𝜋
−

, 𝐾
−

→ 𝜇
−

+ ]
𝜇
,

𝜋
+

, 𝐾
+

→ 𝜇
+

+ ]
𝜇
,

𝜇
−

→ 𝑒
−

+ ]
𝑒
+ ]
𝜇
,

𝜇
+

→ 𝑒
+

+ ]
𝑒
+ ]
𝜇
.

(2)

The atmospheric muons produced in air showers can
travel long distances before they decay. They are able to
penetrate deep into the Earth, depending on their energy
and the material that they are crossing [1], and constitute the
dominant background in the measurement of atmospheric
neutrinos.

Atmospheric neutrinos have been measured over a wide
energy range [10–18] and multiple models predict their flux
[19–21] (see Figure 1).Themost noticeable difference between
the models is the absolute flux, which changes by up to 20%
both for electron and for muon (anti)neutrinos. Apart from
that, the models agree that atmospheric neutrinos follow a
power-law energy spectrum with a spectral index close to 3
in the energy range 𝐸] = [3–100]GeV. Measurements from
[11] estimate an uncertainty of ±0.04 on the spectral index of
atmospheric neutrinos. A similar uncertainty has been also
derived from varying the underlying cosmic ray model in
neutrino flux calculations [22].

Muon neutrinos dominate the flux and also have
the hardest spectral index (see Figure 1). Since electron
(anti)neutrinos mainly come from muons that lose energy
before decaying (see (2)) their spectral index is softer, and
their relative contribution to the total neutrino flux depends
on energy and direction. The direction-averaged flux of ]

𝜇
is

between 1.1 and 1.3 times smaller than that of ]
𝜇
, depending

on the energy.The electron (anti)neutrino direction-averaged
flux at a few GeV is about 2.5 times smaller than its muon
(anti)neutrino counterpart. Figure 2 shows isocontours of the
neutrino flux flavor ratio as a function of energy and zenith
angle for neutrinos that cross the Earth. The flux difference
between ]

𝜇
and ]

𝑒
grows with both energy and | cos 𝜃

𝑧
|.

Already at 40GeV the direction-averaged ratio is close to
four.

Above 10GeV the neutrino flux as a function of zenith
angle is almost symmetric around cos 𝜃

𝑧
= 0. The angular

dependence of the flux at the detection site is influenced by
hadronization processes, the local atmospheric density, and
geomagnetic effects at the interaction point.Theuncertainties
associated with these processes result in energy-dependent
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) as a function

of energy and neutrino arrival direction for neutrinos that cross the
Earth, as predicted by the latest HKKM model [23]. The ratio is
nearly up-down symmetric.

modeling errors of the arrival zenith angle by up to 20%
on the ratio ]/] for muon neutrinos and 8% for electron
neutrinos [22].

2.2. Neutrino Oscillations at 𝐸] ≥ 5GeV. The flux of atmos-
pheric neutrinos at a detection site ismodified by oscillations.
The oscillations that act over the 𝐿/𝐸 parameter space
accessible with atmospheric neutrinos that cross the Earth
(𝐿/𝐸 ∼ 10

1–103 km/GeV) aremainly driven by the largemass
splitting, Δ𝑚2

32
≃ Δ𝑚

2

31
, and the mixing angles 𝜃

13
, 𝜃
23
. These

are therefore parameters that VLVNTs are sensitive to.
Neutrinos propagating inmatter are subject to a potential

due to coherent forward scattering with the particles in the
medium [24]. For explanatory purposes, we consider the case
of neutrinos traveling through matter with constant electron

density that results in a potential 𝐴 = ±2√2𝐺
𝐹
𝑛
𝑒
(𝑥)𝐸],

where 𝐺
𝐹
is the Fermi constant and the plus (minus) sign

corresponds to neutrinos (antineutrinos). Computation of
neutrino oscillation probabilities for the relevant energies has
been done in [25], fromwherewe take the approximations for
the ]
𝜇
to ]
𝑒
transition, given by

𝑃
𝜇𝑒

≃ sin2𝜃
23
sin22𝜃𝑀

13
sin2 [Δ𝑀 𝐿

4𝐸
] , (3)

while the survival probability of ]
𝜇
is a somewhat more

complicated expression,

𝑃
𝜇𝜇

≃ 1 − sin2𝜃𝑀
13
sin22𝜃

23
sin2 [(Δ − Δ

𝑀

+ 𝐴)
𝐿

8𝐸
]

− cos2𝜃𝑀
13
sin22𝜃

23
sin2 [(Δ + Δ

𝑀

+ 𝐴)
𝐿

8𝐸
]

− sin4𝜃
23
sin22𝜃𝑀

13
sin2 [Δ𝑀 𝐿

4𝐸
] ,

(4)

and the transitions to ]
𝜏
are simply

𝑃
𝜇𝜏

≃ 1 − 𝑃
𝜇𝑒
− 𝑃
𝜇𝜇
. (5)

In these expressions Δ ≡ Δ𝑚
2

31
and Δ

𝑀 is the effective mass
splitting in matter, given by

Δ
𝑀

≃ √(Δ𝑚
2

31
cos 2𝜃

13
− 𝐴)
2

+ (Δ𝑚
2

31
sin 2𝜃

13
)
2

. (6)

The superscript 𝑀 also accompanies 𝜃
13
, whose effective

value in matter is

sin 2𝜃𝑀
13

≃
Δ𝑚
2

31
sin 2𝜃

13

Δ𝑀
. (7)

The mixing angle 𝜃
23

is known to be close to maximal
(∼𝜋/4), and |Δ𝑚

2

31
| is of the order of 10−3 eV2 [1]. The angle

𝜃
13

has been recently measured and found to be small but
nonzero [26–28]. It is then the case that 𝜃𝑀

13
can acquire any

value, depending on the neutrino energy and the electron
density of the material being crossed, as shown in (7). For
a low electron density or neutrino energy, the parameters
(and equations) in vacuum are recovered. A particularly
interesting case appearswhen𝐴 = Δ𝑚

2

31
cos 2𝜃

13
, which gives

𝜃
𝑀

13
= 𝜋/4, maximizing the mixing between states 1–3; that is,

a resonance appears [29].The effectivemass splitting acquires
its minimum value under this condition and is reduced by a
factor sin 2𝜃

13
.

The resonance that leads to maximal 1–3 mixing can
only happen if the potential 𝐴 and the mass difference Δ𝑚2

31

have the same sign, and so for neutrinos in the case of NO
and antineutrinos in the case of IO. Identifying whether the
resonance takes place in neutrinos or antineutrinos is a way
to identify the NMO.

For 𝐴 ≫ Δ𝑚
2

31
cos 2𝜃

13
a saturation effect occurs, where

the effective angle in matter goes to 𝜋/2 and the effective
mass splitting is thenwell approximated by𝐴. In the saturated
regime transitions of the type ]

𝑒
→ ]

𝜇
, given in (3),
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Figure 3: Survival probabilities for ]
𝑒
(a) and ]

𝜇
(b) as a function of neutrino energy and arrival direction for Earth crossing trajectories

affected by oscillations (cos(𝜃
𝑧
) ≤ 0). Calculated using the values in [3] assuming a normal mass ordering. Resonant matter effects produce

the large disappearance of ]
𝑒
around 6GeV and cos 𝜃

𝑧
∼ −0.8, as well as the discontinuities on the survival pattern of ]

𝜇
below 15GeV. The

abrupt changes observed at cos 𝜃
𝑧
∼ −0.85, −0.45 are due to sharp jumps in the electron density profile of the Earth.The dashed line indicates

the connection between these figures and Figure 4.

are suppressed by the factor sin22𝜃𝑀
13
. The effective matter

parameters also modify 𝑃
𝜇𝜇

by making the last two terms in
(4) go to zero, resulting in the simpler expression

𝑃
𝜇𝜇

= 1 − sin22𝜃
23
sin2 [Δ 𝐿

4𝐸
] , (8)

with all the oscillated ]
𝜇
turning into ]

𝜏
.

The CP-violating phase 𝛿 is not present in the approx-
imate formulas shown. The reason is that the parameter 𝛿
always appears in oscillation probabilities accompanied by
a factor Δ𝑚2

21
/Δ𝑚
2

31
, which suppresses its contribution [30].

Note, however, that the approximations presented here serve
the purpose of explaining the main features of neutrino
oscillations in matter. Figures contained in this review, as
well as the latest data analyses discussed, use numerical
calculations of oscillation probabilities that do not rely on
simplified analytical expressions.

2.3. An Oscillating Atmospheric Neutrino Flux. The atmo-
spheric neutrinos under consideration, of a few GeV, are
mostly ]

𝜇
+ ]
𝜇
produced around a height of 25 km in the

atmosphere, where the matter density is low enough to
be approximated as vacuum. For most production angles
the neutrinos proceed to cross the Earth, which has a
nonnegligible matter density.

Earth’s matter profile can be well explained as concentric
shells, each onewith a constant density [31]. To study the tran-
sitions that take place, consider the oscillation parameters
from [3] and the electron number density of the mantle,
𝑛
𝑒

= 2.5 cm−3𝑁
𝐴
, where 𝑁

𝐴
is Avogadro’s number. Neu-

trinos crossing the mantle experience the resonance around
𝐸] ≃ 6GeV (see (7)), while the saturation condition 𝐴 ≫

Δ𝑚
2

31
cos 2𝜃

13
is fulfilled already at 𝐸] ∼ 12GeV. Neutrinos

measured by VLVNTs then experience oscillations in either
the resonant or saturated regime, depending on the energy
threshold of the detector.

Another interesting effect takes place on neutrinos that
cross the Earth’s core. These neutrinos experience a symmet-
ric electron density profile that changes abruptly. For the right
combination of neutrino energy and electron densities, a so-
called parametric resonance can appear [32–35]. The effect,
however, is not the dominant one at the energies to which
future projects (Section 5) will be sensitive.

In the saturated regime atmospheric neutrino oscillations
are independent of the mass ordering, dominated by ]

𝜇
→

]
𝜏
transitions and well described by (8). Near the resonance

condition transitions involving electron (anti)neutrinos also
play a role, and patterns become complex. Figure 3 shows the
survival probabilities of ]

𝑒
and ]
𝜇
for neutrinos and normal

mass ordering.The original electron neutrino flux is expected
to fully disappear due to matter effects over 𝐸] = [5, 8]GeV
and cos 𝜃

𝑧
= [−0.9, −0.5]. The suppression of these oscilla-

tions due to saturation can be observed at about 10GeV. The
survival probability of ]

𝜇
shows abrupt changes that are due to

the effects of matter. Muon neutrinos oscillate even if the res-
onance conditions are not fulfilled, which makes the effects
of the resonance less obvious than for electron neutrinos.
Resonant matter effects appear in the ]

𝜇
survival probability

asmodifications on the otherwise smooth andperiodic disap-
pearance pattern, as shown in Figure 3. Saturation is reached
above 15GeV and the survival probability becomes smooth.

Figure 4 shows the transition probabilities of ]
𝑒
and ]

𝜇

into different flavors for the arrival direction cos 𝜃
𝑧
= −0.7

assuming a normal mass ordering.They correspond to a one-
dimensional projection of Figure 3 along the dashed line.The
bands demonstrate how the uncertainties on the oscillation
parameters impact the expected probabilities. For ]

𝑒
it is

easy to observe the same disappearance as in Figure 3, with
neutrinos oscillating equally into ]

𝜇
and ]
𝜏
. Transitions of ]

𝜇

to other flavors are complicated bymatter effects, which open
the ]
𝜇
↔ ]
𝑒
channel and thus modify the survival probability

of ]
𝜇
.
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Measurements of neutrino fluxes above the saturation
energy of about 15GeV are largely independent of 𝜃

13
, the

neutrino/antineutrino admixture of the sample, and the
ordering of neutrino masses. They provide excellent data for
determining sin2𝜃

23
as well as |Δ𝑚2

31
|.

The NMO can only be accessed with neutrinos below
15GeV, where matter induced resonances occur either for
neutrinos or for antineutrinos. The survival probability of
muon (anti)neutrinos, the main component of atmospheric
neutrinos, is modified by matter effects by about 20%. As will
be discussed in Section 3, VLVNT cannot separate neutrinos
from antineutrinos event-wise and instead rely on the ]/]flux
ratio and the difference in cross sections to identify whether
oscillation probabilities of neutrinos or antineutrinos are
modified by matter effects.

An interesting feature introduced by matter effects is
that, instead of oscillating fully into ]

𝜏
, muon neutrinos also

change into ]
𝑒
. Transitions of these type are almost symmetric

between the two flavors (see Figure 4), but since the flux of ]
𝜇

is several times that of ]
𝑒
at the energy and zenith angle of

interest (see Figure 2), the net effect is a significant excess of
electron neutrinos with respect to the original ]

𝑒
flux. In the

NO, the ]
𝑒
flux is enhanced, while for an IO the enhancement

is realized for ]
𝑒
. Because of the initial ]

𝜇
/]
𝜇
flux ratio and

the differences in the ]
𝑒
/]
𝑒
cross sections, different orderings

result in a different number of detected events. Figure 5 shows
the ratio between expected interaction rates of ]

𝑒
+ ]
𝑒
for

normal and inverted orderings, including all of the oscillation
channels. A factor of 2.1 is applied to neutrinos to account
for the difference in cross sections.The normalmass ordering
predicts up to 30% more events in the region 𝐸] = [5, 8]GeV
and cos 𝜃

𝑧
= [−0.9, −0.5]. Measurements of the flux of

atmospheric electron neutrinos thus provide suitable data for
determining the NMO.

The VLVNTs currently in operation are presented in
detail in the next section. With an energy threshold of
about 15GeV they operate in the saturated regime. They can
measuremuonneutrino disappearance aswell as tau neutrino
appearance, and thus 𝜃

23
and |Δ𝑚

2

31
|. Measuring the sign of

Δ𝑚
2

31
, on the other hand, requires measuring differences in

oscillation probabilities below this threshold (see Figures 3
and 4). This is the main goal of the next-generation detectors
discussed in Section 5.

3. Very Large Volume Neutrino Telescopes

A generic VLVNT is a three-dimensional array of photo-
sensors detecting the Cherenkov light of charged particles
produced after a neutrino interaction. The secondaries of
neutrino interactions above a few GeV produce enough light
so that they can be observed by sensors several meters apart.
The spacing between the optical sensors defines the energy
threshold of VLVNTs, which is approximately 15GeV in
currently operating detectors.

3.1. VLVNTs in Operation. The optical sensors of VLVNTs
are deployed at depths of 1 km or more, in an optically
transparent, naturally occurringmedium. Sensors are laid out
in lines or strings that are operationally independent. The
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Figure 4: Transition probabilities for electron (a) and muon (b)
neutrinos that arrive at a detector from cos 𝜃

𝑧
= −0.7 (mantle-

crossing trajectory marked by a dashed line in Figure 3). The bands
encompass the results of the calculation once the uncertainties
on the oscillation parameters from [3] are included. Normal mass
ordering is assumed. If the resonance was absent (inverted mass
ordering or transitions for antineutrinos) (a) would show oscil-
lations with amplitudes smaller than 0.1, while (b) would show
transitions only between muon and tau neutrinos.

spacing between sensors is uneven, being considerably larger
in the𝑥-𝑦 plane (in between lines/strings) than in the 𝑧 plane.
The sensors also have a preferred acceptance for light coming
from below, although this might change for future detectors.

The neutrino telescopes currently in operation are Ice-
Cube in Antarctica [42], ANTARES in the Mediterranean
Sea [43], and the prototype of the Gigaton Volume Detector
in Lake Baikal [44]. Both ANTARES and IceCube have
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Figure 5: Expected interaction rate of electron neutrinos and
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an IO. Using the oscillation parameters in [3]. Because of the flux
ratio ]
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and the cross section difference, estimated to be 2.1 times

larger for neutrinos than antineutrinos, more electron neutrino
interactions are expected for a NO.

published studies of neutrino oscillations and are therefore
the only ones discussed in this review.

3.1.1. Detector Design and Layout. ANTARES is located
between depths of 2025–2475m, 20 km away from Toulon
(French Riviera), in the Mediterranean Sea [43]. It comprises
885 optical modules (OMs) [45], distributed along 12 flexible
lines. OMs are grouped in triplets, with 25 triplets per line.
The distance between triplets is 14.5m, and the separation
between lines ranges from 60 to 70m, as sketched in Figure 6.
Acoustic devices, tiltmeters, and compasses are used to
monitor the shape of the detector, which is influenced by sea
currents.

IceCube is located at depths between 1450 and 2450m at
the geographic South Pole [42]. The in-ice part of IceCube
consists of 5160 downward-facing digital optical modules
(DOMs) [46]. The detector has 86 strings, each holding 60
DOMs. Of these, 78 strings are arranged in a hexagonal grid
with a typical distance of 125m (horizontal spacing) and 17m
(vertical spacing) between DOMs. A sketch of the detector
layout is shown in Figure 7.

The lower center region of IceCube, from 1760m down
to 2450m, houses DeepCore [47], a region of denser instru-
mentation (7m DOM vertical spacing), where eight strings
are separated by 40–70m. Some 50% of the PMTs in this
region have 35% higher quantum efficiency than the standard
IceCube PMTs. The DeepCore fiducial volume used for data
analysis is defined by a cylinder with a height of 350m and a
radius of approximately 150m that starts below a dust layer,
where the light transparency is reduced, as shown in Figure 7.
This volume, which corresponds to roughly 2.5 times that of
ANTARES, encloses about 550 DOMs with reduced spacing
and results in a threshold for detection and reconstruction of
neutrinos of about 15GeV.

The optical modules of both IceCube and ANTARES
are glass spheres enclosing a ten-inch PMT, optical coupling
gel, and a 𝜇-metal cage for magnetic shielding. The IceCube
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Figure 6: The ANTARES detector configuration (a). The 12 detec-
tion lines are connected to a single junction box providing power
and transferring all data recorded by the OMs to the shore station
through a main electrooptical cable. (b) shows the OM and the
components it houses, including a 10 photomultiplier tube.

OM digitizes the waveforms detected by the PMT inside the
module before transmission [46], while the ANTARES OM
keeps the readout to a minimum and only transmits the time
and amplitude of a signal above threshold [53]. ANTARES
optical modules have a baseline noise rate of 70 kHz at single
photon level [54], while for IceCube (DeepCore) OMs the
noise is 0.45 kHz (0.65 kHz) [55].

3.1.2. OpticalMediumandCalibration. Theoptical properties
of the medium affect the time of arrival and the number
of detected Cherenkov photons. At the ANTARES site (salt
water) the absorption length, which is 60m for blue light
(𝜆 ≃ 470 nm) and 26m for UV light (𝜆 ≃ 375 nm), reduces
the number of photons observed. The effective scattering
length, which is 256m for blue light and 122m for UV
light, is considerably larger than the spacing between sensors
[56]. In the clear ice in which DeepCore is located the
absorption length of UV light (𝜆 ≃ 400 nm) is of the order
of 200m, which is larger than the spacing between sensors.
The effective scattering length in the deep Antarctic ice is
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Figure 7: IceCube. Top and side schematic projections of the
detector. The DeepCore volume used for analysis is highlighted in
both figures.

approximately 50m, comparable to the string distance of
DeepCore, thus significantly modifying the expected time of
arrival of photons [57, 58].

Water offers the advantage of being a homogeneous
medium. Nonetheless, sea currents can deviate the detector
lines so the position of the lines needs to be monitored con-
stantly.This is achieved by combining acoustic triangulations
with tilt and compass measurements yielding a precision
better than 10 cm,which does not affect the angular resolution
[59]. High sea currents can also trigger bioluminescence
bursts that must be accounted for in the optical background
simulation, in addition to the stable optical noise arising
for 40K decays. The latter can be used for determining the
absolute detection efficiency of the optical modules.

In ice, the positions of the optical modules are fixed and
known to be within a few cm. Noise levels are constant and a
hundred times lower than in salt water after the detector has
stabilized. A disadvantage of using ice is that the medium is
not homogeneous and its structure has to be modeled. This
is particularly challenging in the immediate surroundings
of the optical modules. Columns of the original glacier are
melted to deploy the instrumentation.The refreezing process
leaves behind clear ice near to the boundaries of the hole,

and a cylinder of ice of about 10 cm in diameter with a high
concentration of bubbles towards the center of the column.
These changes in ice properties modify the DOM angular
acceptance measured in the laboratory. Future detectors in
ice will consider the possibility of degassing thewater to avoid
trapping air bubbles inside the hole ice and with that reduce
the impact of the medium.

The absolute optical efficiency of the optical modules
as well as their angular acceptance must be determined
in situ after deployment. ANTARES and IceCube use both
controlled light sources and minimum ionizing muons to
calibrate the efficiency and timing accuracy of their optical
modules [60–62]. Relative arrival times are known with a
precision better than 3 ns and 1.5 ns for IceCube [46] and
ANTARES, respectively.

3.2. Neutrino Interactions. The dominant neutrino interac-
tion for most of the energy range that VLVNTs can access
is neutrino-nucleon deep inelastic scattering (DIS), with
other processes being only a subdominant contribution.
Nonetheless, below 15GeV, the region of interest to search for
matter effects in neutrino oscillations and the NMO, quasi-
elastic scattering, and production of resonances competewith
DIS processes. Figure 8 shows a calculation of the competing
]𝑁 cross sections around the GeV region, together with the
data available.

Most of the knowledge of neutrino-nucleon cross sections
between 1 and 15GeV comes from bubble chambers or spark
chamber detectors which collected comparatively small data
samples. Thus, the constraints on the models that describe
them are rather weak [36]. The uncertainty with the largest
impact on the neutrino cross sections for quasi-elastic and
resonant interactions, which changes them by up to 40%,
is the value of the axial mass that effectively describes the
nucleon form factor and has an estimated error of 15%–25%
[36, 63]. DIS interactions in the crossover region have a small
momentum transfer. Nonperturbative QCD calculations are
required [64], and the estimated errors are as well of the order
of 20% [65].

Deep inelastic scattering accounts for 90% or more of
the total cross section of neutrinos and antineutrinos above
an energy of roughly 12GeV, as shown in Figure 8. DIS in
the perturbative regime is comparatively better understood
than the processes discussed so far, with uncertainties coming
mainly from the determination of the parton distribution
functions (PDFs) of the nucleons. The uncertainties on the
PDFs change the total cross section by 5% or less [65].

At these energies the neutrino-nucleon DIS charged
current (CC) cross section is quasi-independent of the
inelasticity 𝑦 (𝑦 = 1 − 𝐸lepton/𝐸]) of the interaction, while
for antineutrinos the cross section is accompanied by a factor
(1 − 𝑦

2

), which suppresses kinematic configurations where
the hadronic part of the interaction takes most of the energy.
The inelasticity dependence makes the total ]𝑁 cross section
about one-half of that of ]𝑁.

While the neutrino-nucleon DIS CC cross sections for ]
𝑒

and ]
𝜇
are equal, the ]

𝜏
𝑁 one is suppressed due to themass of

the tau lepton. It is only at 𝐸] ∼ 40GeV that the cross section
reaches half of the value of the other neutrino flavors [66].
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Figure 8: Collection of existingmuon neutrino (a) and antineutrino
(b) charged current cross sectionmeasurements and predictions as a
function of neutrino energy (see [36] for details on the experiments
contributing to the data points and [37] for a description of the
model used). The contributing processes in this energy region
include quasi-elastic (QE) scattering, resonance production (RES),
and deep inelastic scattering (DIS). Taken from [36].

In neutral current interactions (NC) one or several
hadrons are produced, initiating a hadronic shower. In
charged current (CC) interactions a hadronic shower is also
present, but now the neutrino transforms into a charged
lepton. Electrons and taus also initiate a shower of particles
after they are produced (the tau lepton has a 17% probability
to decay into a muon. However, due to energy losses and
other particles involved in the processes, muons from tau
decays with a range larger than a fewmeters are uncommon).
Muons, on the other hand, travel practically undisturbed
and lose energy at a quasi-constant rate. For muons passing
through water 𝑑𝐸/𝑑𝑥 ∼ 0.25GeV/m up to a few hundred
GeV [1]. Once they travel distances comparable to the
detector spacing they can be identified, and charged current
]
𝜇
interactions can be tagged.

3.3. Event Reconstruction. Neutrino interactions are recon-
structed using the number of photons recorded by the optical

module (or time over threshold), as well as the time at which
they arrive. For the energy range under consideration, the
most general hypothesis is an interaction which produces a
hadronic shower (all interaction types), an electromagnetic
shower (]

𝑒
CC), or a long rangemuon (]

𝜇
CC).The direction

in which these particles are produced is reconstructed from
the arrival times of the emitted photons.The Cherenkov light
of muons is produced almost perfectly in a cone. The light
coming from the cascade is also beamed in the Cherenkov
angle, but the smearing due tomultiple particle contributions
to it is larger, which degrades the achievable precision of
directional reconstructions. This smearing effect is stronger
for hadronic showers.

The energy reconstruction of showers is primarily given
by the number of photons detected from a given interac-
tion, and its accuracy depends mainly on the reconstructed
position of the interaction vertex. To estimate the energy
an assumption has to be made on whether the shower is
hadronic or electromagnetic. The energy of muons can be
estimated by the observed range in the detector.

In principle it is possible to fit the directions of both
cascade and track components in an interaction. The sparse
instrumentations of the detectors, however, make it chal-
lenging. In the simplest approach, tracks and cascades are
assumed to be collinear.

3.4. Simulation Tools. The measurement of diffuse fluxes in
VLVNTs, such as the one required to determine oscillation
parameters, relies fully on the correct modeling of the exper-
imental set-up. Atmospheric muons, the leading source of
background, are simulated in IceCube using full showers and
parameterizations obtained from CORSIKA [69]. ANTARES
uses the MUPAGE program, which produces muons based
on a parameterization tuned to MACRO data [70].

Neutrino interactions in IceCube are simulated using the
GENIE package [71] (𝐸] ≤ 200GeV) and NuGen/ANIS
[72] (𝐸] ≥ 50GeV). Besides GENIE, ANTARES uses an in-
house neutrino generator based on LEPTO [73] for the full
energy range, with the PYTHIA package [74] handling the
hadronization processes. The neutrinos produced are then
weighted to match the flux predictions of the Honda and/or
Bartol groups [20, 75].

The propagation of short-ranged particles produced in
the interaction is done, both in IceCube andANTARES, using
theGeant software [76] as basis. Parameterizations of the light
yield of these particles are produced by both experiments and
used to obtain the detector response to high-energy hadrons,
electrons, and photons [77], while low-energy hadrons (𝐸 ≤

30GeV) are propagated individually. Muons are propagated
using code optimized for simulation of long ranged leptons,
namely,MUSIC [78] andMUM [79] in ANTARES andMMC
[80] in IceCube.

The Cherenkov photons produced during the propaga-
tion of charged particles are individually traced through the
ice in IceCube/DeepCore, while ANTARES uses expectation
from tables. Low-energy future projects (Section 5) plan to
use individual photon tracing to assure that the optical
properties of the medium are included in detail. After the
photons are propagated, the response of the optical module is
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recreated, and events from simulation and experimental data
are treated equally.

3.5. Large Statistics versus Precise Reconstruction. Thecurrent
knowledge on the oscillation parameters in the atmospheric
sector comes from experiments which differ from VLVNTs
substantially: they are Super-Kamiokande [81], T2K [82],
MINOS [83], which is no longer in operation, and the recently
commissioned NOvA [84]. Table 1 contains a qualitative
comparison of the detectors and neutrino sources used by
these experiments and VLVNTs.

Super-Kamiokande, which also measures atmospheric
neutrinos, has about twenty (ten) times the number of optical
sensors as DeepCore (ANTARES), separated by a few cm,
placed on a cylindrical tank with a diameter similar to the
interstring distance in ANTARES/DeepCore. Neutrinos are
detected using the rings produced after the Cherenkov light
of the charged products of the interaction hits the walls of the
detector. Muons, electrons, and pions can be identified by the
differences in the ring pattern they produce. Because of its
considerable smaller size and the steepness of the spectrum
of atmospheric neutrinos, its operating energy is lower than
that of VLVNTs.

Long baseline experiments, such as T2K, MINOS, and
NOvA, use neutrinos fromparticle accelerators andhave near
and far detectors. While T2K uses Super-Kamiokande as a
far detector, MINOS and NOvA follow an experimental set-
up where the far detector is smaller than Super-Kamiokande
but is more densely instrumented, can be magnetized, and
observes the path of individual particles coming from a neu-
trino interaction. These set-ups benefit from their controlled
neutrino source and detailed event reconstruction. Unlike
the case of atmospheric neutrino experiments, long baseline
experiments have a unique baseline and cover a narrow
energy range, allowing for better precision but also limiting
the 𝐿/𝐸 region that they can access. It should also be noted
that, as stated in Section 3.2, the poor knowledge of neutrino
interactions at energies of a few GeV introduces significant
uncertainties in the data analysis of long baseline oscillation
experiments.

VLVNTs have become competitive with accelerator based
experiments thanks to the possibility of observing multiple
combinations of baseline and energy (𝐿/𝐸) and with Super-
Kamiokande becauseVLVNTs can collect large event samples
and in an energy range where most events are DIS which can
be modeled with high accuracy. The sparse instrumentation
does not permit observation of small details of the interaction
but in the same way reduces the impact from uncertainties
in the hadronization processes, one of the leading systematic
uncertainties for MINOS [87] and T2K [4]. Reconstruction
accuracy and proper handling of systematic uncertainties
are the most important points to consider for precision
measurements with VLVNT.

4. Neutrino Oscillation Measurements from
Running VLVNTs

The ANTARES and IceCube collaborations have published
measurements of oscillations studying the muon neutrino

disappearance channel. Above 15GeV, where these detectors
operate, muon neutrinos oscillate into tau neutrinos, follow-
ing (8). Signal neutrinos, that is, ]

𝜇
interacting via CC with

𝐸] ∼ 25GeV, are typically recorded by a handful of optical
modules both for ANTARES and for IceCube’s DeepCore.
The events develop over a distance of order of 100m and thus
can be fully contained in both detectors.

The measurement of neutrino oscillations in VLVNTs
follows a general strategy which begins with the reduction
of the dominant sources of background, that is, atmospheric
muons and pure noise. Straight cuts are applied on variables
of which the distribution for neutrinos differs from that of
background sources.They generally aim for a neutrino purity
higher than 95%.

For the currently published results of both experiments,
the presence of a muon in a neutrino interaction is required
for an event to be selected for analysis. The analyses are
done by comparing the histograms of data and simula-
tion as a function of the reconstructed variable(s) used.
The simulation is modified by the physics parameters of
interest, 𝜃

23
and Δ𝑚

2

32
, and by nuisance parameters which

absorb the systematic uncertainties involved in the mea-
surement. Errors are derived from a scan of the likeli-
hood landscape, and/or directly using a 𝜒

2 approxima-
tion.

The results of ANTARES and IceCube that have been
made public until now use only events coming below the
horizon.ANTARES removes the downgoing region because it
is dominated by atmosphericmuons. IceCube uses the instru-
mentation outside DeepCore to veto atmospheric muons;
nevertheless the contribution of these muons in the down-
going region is still significant, so the region is also
removed from analysis. This situation is different for Super-
Kamiokande, where events from the entire zenith range are
used in oscillation studies and top-down ratios are used to
reduce uncertainties. Ongoing studies within IceCube are
exploring the possibility of using neutrinos coming from
above the horizon in future results [88].

4.1. First Measurements of Oscillations from ANTARES. The
ANTARES collaboration presented the first results on the
study of neutrino oscillations from VLVNTs [38]. The analy-
sis relied on themuon track reconstruction described in [89],
which fits the depth at which the Cherenkov cone of light
arrives at the OMs as a function of time. This corresponds
to a hyperbola of which the orientation of the asymptotes
depends on the zenith angle. An algorithm that searches
for these patterns, without assuming any knowledge on the
arrival angle of the emitter, was implemented. The algorithm
is capable of rejecting noise hits and keeping events down to
energies of 20GeV (𝑅

𝜇
= 100m)with photons in a single line

and 50GeV (𝑅
𝜇
= 250m) inmultiple lines.Misreconstructed

muons that appear upgoing are removed by selecting only
events which have a good fit quality. This cut also effectively
reduces the contribution of NC interactions from all flavors
and ]
𝑒
CC interactions.

The median zenith angle resolution with respect to the
neutrino direction of single-line events is 3.0∘, and it reduces
to 0.8∘ for multiline events. The energy of the neutrino is
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estimated solely by the muon range, resulting in a lower limit
to the neutrino energy, where 𝐸reco = (50% ± 22%)𝐸].

The analysis is done by comparing data and simulation
as a function of 𝐸reco/ cos 𝜃reco by means of a 𝜒2, combining
single- and multiline selections. Only events below the hori-
zon (cos 𝜃reco < −0.15) are considered. Systematic uncertain-
ties are implemented using two normalization coefficients,
for single- and multiline events, as pull factors in the 𝜒

2

following the method presented in [90]. These factors absorb
the effects of changes in the average quantum efficiency
(±10%), optical properties of sea water (±10%), the spectral
index of atmospheric neutrinos (±0.03), and disagreements
between data and simulation during the selection (varying
cut values). The overall normalization of the ]

𝜇
flux and

detector efficiency are left unconstrained.
The data analyzed were taken between March 2007 and

December 2010, corresponding to a detector live time of
863 days. A total of 2126 neutrino candidates were selected.
The measured oscillation parameters, which were found to
be compatible with the world’s average, are indicated in
Figure 13. Data and simulation were in good agreement, as
it can be seen in Figure 9, which results in a 𝜒

2/NDF =
17.1/21. The case of no oscillations could be rejected at the 3𝜎
confidence level. The ANTARES collaboration will proceed
to an updated analysis of this kind with the full data sample
collected until the end of the data taking, circa 2017.

4.2. First Measurements from IceCube DeepCore. To this date,
IceCube has reported results of four neutrino oscillation
analyses of the low-energy DeepCore data. The selection,
reconstruction, and analysis methods have been refined in
each step. The low-energy data for all studies comes from the
DeepCore filter and trigger [47]. The main source of back-
ground at this stage are triggers due to sensor self-noise and
atmosphericmuons.The instrumentation outside the fiducial
volume of DeepCore (see Section 2.1 and Figure 7) is used
to tag atmospheric muons. Low-energy neutrino interactions
are required to start within the DeepCore fiducial volume,
while no requirement is imposed for full containment.

Systematic uncertainties are accounted for using addi-
tional parameters which modify the expected number of
events. An energy-dependent term (𝐸−𝛾, 𝛾 ± 0.05) and a free
overall normalization absorb total cross section uncertainties
and the uncertainties on the spectral index of the neutrino
flux. The electron neutrino flux is varied by ±20% around
the predicted value. The cosmic ray models which predict
the cosmic muon contamination are varied to obtain a robust
estimate.The effects of changing the optical description of the
pristine ice, as well as the refrozen ice around the DOMs, are
studied by producing multiple simulation sets.

The initial three oscillation studies from DeepCore,
presented first herein, were restricted to a single year of
detector live time. Two used a partial configuration (IC79,
twoDeepCore strings missing) and one used the full detector
(IC86). The first analysis [39], from here on IC79-A, used a
DeepCore low-energy sample where the effect of oscillations
is expected (𝐸] < 100GeV, 719 events) and an IceCube high-
energy sample, where oscillations play no role, to constrain
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flux and detection uncertainties (𝐸] ≃ 1TeV, 39638 events).
The measurement was done by analyzing the distribution of
events as a function of zenith angle in the low-energy sample
(see Figure 10). The zenith angle of both samples was esti-
mated using themuon track reconstruction described in [92].
Atmospheric muons were mainly removed by reconstructing
all events as upgoing, and making cuts on parameters related
to the quality of the reconstruction (without muon tagging).

The data were analyzed using a 𝜒
2 optimization with

pulls, also following the method in [90]. The results obtained
for the atmospheric oscillation parameters were compatible
with contemporary global fits [93], although the errors were
a factor 4 to 9 larger (see Figure 13).

Two subsequent analyses of the data, from here on IC79-
B and IC86-A, created new event selections based on the
rejection of atmospheric muons by using the veto, separating
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the background rejection from the reconstruction of events
[40, 48]. In both cases only the low-energy DeepCore data
were analyzed.

The data used for IC79-B were acquired during the same
period of time as for IC79-A; however, due to the change in
the selection of events the final sample studied was a factor
10 larger. The zenith angle of events was reconstructed with
a similar method as in IC79-A [40]. A second observable,
the reconstructed muon range 𝐿muon [94], was used as an
energy proxy and the data were analyzed as a function
of both observables. The ratio of events with respect to
the no oscillation scenario, together with the best fit, is
shown as a function of reconstructed 𝐿osc/𝐿 reco in Figure 11,
where 𝐿osc is the distance the neutrino traveled and 𝐿 reco
is the reconstructed length of the muon produced in the
interaction. The best fit and estimated errors of this method
were similar to those of IC79-A.

The first analysis of data from the full detector con-
figuration [48], IC86-A, was performed using a selection
of photons and event reconstruction based on the method
published by ANTARES [89]. The selection of photons was
modified to remove multiply scattered photons instead of
noise. Unscattered, or direct, photons were identified by
restricting their possible arrival times to those given by
the hyperbolic pattern that Cherenkov light produces as a
function of time as it crosses a string. About 70% of the
neutrino interactions which trigger the detector do not have
a clear core of direct photons and thus are removed.

The direct photons found are used to fit track and cascade
hypotheses.The zenith angle from the track fit was used as an
observable, and the ratio of the 𝜒2 of the track and cascade
fits was used to separate track-like from cascade-like events.
An estimator of the total energy of the neutrino was also
implemented, which takes the muon range estimator from
IC79-A and also fits a hadronic cascade at the vertex.

In IC79-B and IC86-A the datawere analyzed using a like-
lihood optimization with nuisance parameters to account for
systematic uncertainties. For IC86-A, uncertainties related
to the detector were also included as nuisance parameters.
Simulation sets with varied detector settings were produced
and interpolated at the final level of the analysis, allowing the
fitter to make arbitrary modifications to them.

In similar live time as IC79-A and IC79-B, IC86-A
selected 1487 neutrino events for analysis. While the best
fit obtained was in agreement with the other results, the
error in Δ𝑚

2

32
was reduced by about 20% with respect to

IC79-A, while maintaining a similar precision on sin22𝜃
23
.

Figure 12 shows a comparison of data and best fit simulation
in projections in energy of the two-dimensional histogram
used in the analysis. A comparison of the confidence regions
in sin2𝜃

23
and Δ𝑚

2

32
of the single year analyses of IceCube

DeepCore, together with the result fromANTARES, is shown
in Figure 13.

4.3. Precision Measurements with IceCube DeepCore. The
latest result from IceCube DeepCore [9] is an update to
the IC86-A analysis introduced before, now with almost
a thousand days of detector live time. The measurement
demonstrates the potential for VLVNTs to become relevant
experiments in the field of neutrino oscillations.

While the analysis strategy is still to focus on the selection
on clear tracks, for which a core of direct photons can be
identified, three large improvements are introduced, namely,

(i) an optimization of the event selection, which results
in 40% more events;

(ii) the cosmic muon background derived from data
(tagged muons), avoiding the need of computation-
ally expensive model-dependent simulation;

(iii) an improved estimator of the energy deposited at the
interaction point, which reduces the error on the total
neutrino energy by more than 30% at 20GeV.

A demonstration of how the data-derived background
is used can be seen in Figure 14, where the distribution of
events as a function of reconstructed zenith angle at the final
level and two earlier stages of the event selection is shown.
At each step the cosmic muon background is more strongly
suppressed. The contribution of atmospheric muons in the
downgoing region can be seen at all steps, including the final
sample to be analyzed.

For their IC86-B result, the IceCube collaboration has
expanded the list of possible sources of uncertainties con-
sidered. Non-DIS events are a nonnegligible fraction of the
sample at𝐸reco ≤ 20GeV, and additional cross sections uncer-
tainties on these interactions (about 20%) were also included.
A possible shift of 5% in the energy scale of hadronic showers
was also taken into account.

In 950 days of live time, a total of 5174 events were
observed, while 6830 were expected without oscillations.
Note that the energy range of the search was reduced in
comparison with IC86-A to 𝐸reco = [7, 56]GeV. The data
were analyzed in a full three-neutrino oscillation formalism,
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Figure 12: Comparison between data and simulation for the two-dimensional histogram used in the IC86-A analysis of IceCube. The data
are shown as a function of the zenith angle for the energy bins studied. Bands indicate the impact of the estimated systematic uncertainties.
Figure taken from [41].

including the effects induced by matter as neutrinos cross the
Earth. The parameters that best describe the data, assuming
a normal mass ordering, are sin2𝜃

23
= 0.53

+0.09

−0.12
and Δ𝑚

2

32
=

2.72
+0.19

−0.20
× 10
−3 eV2. No significant preference was found for

either the normal or inverted mass orderings. Purely sta-
tistical uncertainties are +0.06

−0.08
for sin2𝜃

23
, and +0.14

−0.15
×10
−3 eV2

for Δ𝑚
2

32
, from which it is deduced that statistical and

systematic uncertainties have an almost equal impact on the
result.

Data and simulation are in good agreement, with a
𝜒
2/NDF=54.9/56 for the energy-zenith angle histogramused

in the fit. Figure 15 compares the 𝐿 reco/𝐸reco distributions of
data and best fit simulation, where the agreement can be
observed (note that the analysis is not done on this variable,
but in a two-dimensional energy-zenith angle histogram
instead). The 90% confidence contours on the atmospheric

oscillation parameters obtained are shown in Figure 16,
together with the results from the other experiments leading
the field.

The results from VLVNTs will be further improved by
adding statistics to the analyzed data sample and refining
the reconstruction methods. However, the most decisive
improvements will come with the construction of the next-
generation VLVNTs presented in the next section.

5. Neutrino Oscillations with the Next
Generation of VLVNTs

After the measurements from ANTARES and IceCube/
DeepCore in the atmospheric sector, the next goal of VLVNTs
is to further decrease the energy threshold below the 15GeV
domain in order to improve the sensitivity to the PMNS
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Table 1: Qualitative comparison of experimentsmeasuring the atmospheric neutrino oscillation parameters.The table is divided into detector
and flux characteristics. Note that the far detector of T2K is Super-Kamiokande but uses accelerator neutrinos. Detector performances taken
from [4, 9, 38, 43, 49, 83, 95]. Expected neutrino events quoted from published results of ]

𝜇
disappearance at analysis level (note that for

VLVNTs this number can vary significantly depending on the studied range in energy, zenith angle, and topology). COH refers to coherent
pion production. For details on the other interaction channels and energy ranges see Figure 8.

Parameter VLVNT SK MINOS, T2K, and NOvA
ANTARES DeepCore

Detector (far)

Instrumentation density (m−3) 9.1 × 10−5OMs 2.3 × 10−5 DOMs 0.2OMs 15 channels
Detection principle Cherenkov light over tens of meters Cherenkov rings Trackers/calorimeters

𝐸] resolution 50%± 22% 25% at 20GeV 3% at 1 GeV 10–15% at 10GeV
𝜃] resolution 3∘ at 20GeV 8∘ at 20GeV 2-3∘ —

Particle ID capabilities Muon/no muon in interaction 𝑒, 𝜇, 𝜋 (rings) Individual particles, charge

Neutrino flux

Source of neutrinos Atmosphere: mix of ]
𝑒
, ]
𝑒
, ]
𝜇
, and ]

𝜇
Accelerator: ]

𝜇
/]
𝜇
modes

Baseline 10–12700 km 300–800 km
Flux determination Atm. ]models, self-fit +top/down ratios Near/far detector

Energy range 10–100GeV Few MeV–few GeV Few GeV
Main interaction channel DIS QE QE, RES, COH, and DIS
] events expected with osc. 530 1800 2000 30 (T2K), 900 (MINOS)
and without osc. (per year) 660 2300 2300 120 (T2K), 1050 (MINOS)
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Figure 13: 90% CL contours from ANTARES [38] and IceCube’s
single year measurements [39, 40, 48], compared to earlier mea-
surements by MINOS [49], T2K [50], and Super-Kamiokande [51].
Taken from [52].

matrix elements and determine the NMO. Measuring the
neutrino mass ordering is the main objective of the forth-
coming ORCA (Oscillation Research with Cosmics in the
Abyss) [85] and PINGU (Precision IceCubeNext-Generation
Upgrade) [86, 96] detectors as part of the KM3NeT [97] and
IceCube Gen2 [98] infrastructures, respectively.

5.1. Design of Future Detectors. Both ORCA and PINGU
will be more densely equipped than the currently operating
detectors and should reach several megatons in instrumented
volume. Their concepts are similar in many ways, with
the most significant differences coming from the detection
medium, the proposed detector layout, and the (default)
optical module design.

5.1.1. Hardware and Detector Geometry. The PINGU optical
module will most likely be a simplified and modernized
version of that of IceCube, which has demonstrated its
stability and reliability over almost ten years of operation.
The PINGU DOM design removes components that are
no longer required, such as the local coincidence logic
and the multiple amplification modes, while providing a
larger dynamic range than the original IceCube DOM and
improved time resolution of 2 ns [86]. A schematic view of
the IceCube and PINGU (Gen2)DOMs is shown in Figure 17.
By maintaining the basic IceCube design, the PINGU DOM
minimizes risk and cost. The ORCA optical module will
follow the KM3NeT design [97] with each DOM housing 31
small (3) PMTs arranged in a 17 glass sphere together with
the associated electronics, as can be seen from Figure 18.This
design offers the possibility of creating coincidences within
the OM to suppress the large 40K decay background as well as
the thermal noise of the PMTs. The orientation of the PMTs
within the OM is also used in the reconstruction of events,
although not yet at its full potential. A single sphere houses
three to four times the photo cathode area of an ANTARES
OMwith an almost uniform angular coverage, improving the
cost effectiveness by a factor four. Several prototypes of such
a multi-PMT OM have been successfully tested in situ [99].

The final layouts of ORCA and PINGU are still under
optimization (preliminary results tend to indicate that the
best vertical spacing between OM is around 10m for ORCA,
while similar studies in the PINGU case favor a vertical
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Figure 14: Zenith angle distributions of neutrino simulation and atmospheric muons derived from data for three subsequent steps in the
event selection with increasing veto cuts in IceCube’s IC86-B analysis. A comparison is also made to a 10% control sample of the data. Note
that the region cos 𝜃

𝑧
> 0 is not used in the final analysis of the data. Taken from [9].

spacing of about 3m, close to the adopted benchmark).
The current benchmark geometries used for establishing
the detector performances consist of 40 (115) strings with a
horizontal spacing of∼20m for PINGU (ORCA).The vertical
spacing is set to 6m for ORCA and 3m for PINGU. While a
PINGU string will hold up to 96 DOMs, there are 18 DOMs
in a default ORCA string. The maximum number of DOMs
that a PINGU string can hold is given by themechanical con-
straints of the downhole cable and the appearance of shad-
owing effects, while for ORCA the constraint comes from the
launcher vehicle (a large spherical frame in which the DOMs
slot into dedicated cavities) used for string deployments. The
separation between the sensors of both detectors is smaller
than the absorption and scattering lengths of their respective

media, making the optical properties of ice and salt water less
relevant than for ANTARES and IceCube/DeepCore.

The footprints of the ORCA and PINGU detectors are
shown in Figure 19.The instrumented mass of both detectors
is of order 3.5 to 4Mt, and their effective masses reach the
same value for neutrinos of energy above 10GeV. While the
PINGU extension is foreseen to be embedded inside the
current IceCube/DeepCore detector (which will be used for
background vetoing), the ORCA detector will be located
around 10 km west from the ANTARES site, at a depth of
2475m.

5.1.2. Costs and Timescale. PINGU estimates a cost of 48M$
for hardware and 23M$ for logistics [100].The estimated cost
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Figure 15: Distribution of events as a function of reconstructed 𝐿/𝐸
of IceCube’s IC86-B analysis. Data are compared to the best fit and
expectation with no oscillations (a) and the ratio of data and best
fit to the expectation without oscillations is also shown (b). Bands
indicate estimated systematic uncertainties. From [9].

of ORCA is 40MC. Funding request processes are currently
driving the possible time line of the projects.

PINGU will be built as part of the IceCube Gen2 project.
From a technical point of view the installation of the detector
at South Pole could start by the end of 2020 [101]. Based
on the experience gained with the IceCube, the deployment
is expected to take only three years. The first construction
phase of ORCA, a demonstrator array of 6-7 strings (already
funded), started in late 2014 with the deployment of the
main electrooptical cable, followed by the deployment of a
junction box in April 2015. The demonstrator is expected to
be deployed by the end of 2016 and will be used to carry
out studies of detector-related systematic effects and event
reconstructions. In an optimistic case, the deployment of the
full detector case could happen by 2020. Both PINGU and
ORCA plan to take data during their construction phase.

5.2. Projected Performance. The determination of the NMO,
the main physics goal of these projects, relies on a detailed
analysis of deviations of the order of ∼10% and ∼30% in the
rates of detected atmospheric muon and electron neutrinos
(see Figures 3, 4, and 5) as a function of energy and arrival

zenith angle. Therefore, the key parameters that characterize
the potential of a detector are its effective mass, the energy
and zenith angle resolutions achievable, and its particle
(mis)identification capabilities. In the following discussion
the latest, preliminary, studies from ORCA [85, 102] and
PINGU [86, 91] are presented.

These studies are based on full Monte Carlo simulations
adapted from IceCube and ANTARES. All ORCA results
account for an optical background induced by 40K decays of
5–10 kHz per PMT and a time-correlated hit rate of 500Hz
per OM (two coincident hits in different PMTs inside the
same OM). Since PINGU DOMs will follow closely the
design used for IceCube, the typical in situ behaviour of the
IceCube/DeepCore DOMs, with a noise rate of 650Hz, is
used in the simulations.

The published results of ANTARES and IceCube have so
far focused on ]

𝜇
disappearance and therefore only selected

events where a muon was observed. The sensitivity to the
NMO, on the other hand, also comes from oscillations that
involve ]

𝑒
. It is therefore useful to detect all neutrino flavors,

placing them in two categories depending on their topology:
tracks and cascades (see Section 5.2.2).

5.2.1. Reconstruction of Tracks and Cascades. Track-like
events are those where a muon is observed coming out
of the interaction vertex. Track-like topologies are CC ]

𝜇

interactions as well as the ]
𝜏
CC interactions when the

decay of the tau lepton produces a muon. The cascade-like
topologies are CC ]

𝑒
interactions, CC ]

𝜏
interactions without

a muon in the final state, and NC interactions from all
flavors. Independent studies indicate that after accounting for
reasonable detector resolution effects, the cascade channel
provides more sensitivity to the effects of the NMO. Note,
however, that the two channels are complementary as track-
like events can provide better precision in sin2𝜃

23
. It is

consequently important to be able to distinguish the two
topologies with high efficiency and purity.

The event reconstruction in PINGU is a simultaneous
global likelihood fit of the interaction vertex position and
time, the zenithal and azimuthal angles, the energy of the
cascade at the vertex, and the length of the daughter muon
track. The event hypothesis assumes that tracks and cascades
are collinear. The likelihood is calculated using the time of
arrival of single photons and the expected noise in the time
windows analyzed. The expectations for minimum ionizing
muon tracks and electromagnetic cascades needed for the
likelihood are stored in tables, obtained from direct simula-
tion of particle and photon propagation, as it is already done
for IceCube [62]. An event is reconstructed by comparing
photon expectation for a given event hypothesis to the
photons observed. All the DOMs in PINGU, as well as those
in IceCube/DeepCore, are used in the reconstruction [86].

Fitting eight parameters at once while simultaneously
looking up expectations from tables makes the reconstruc-
tion CPU intensive, but in return it provides robust results
and similar resolutions for track-like and cascade-like topolo-
gies. While it would be possible to use the information
provided by this reconstruction to obtain an estimate of the
inelasticity of the event, this has not been explored so far.
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Energy and zenith angle resolutions for different interactions
are shown in Figures 20 and 21, together with those obtained
by ORCA with the methods explained hereunder.

ORCA uses two distinct algorithms for tracks and cas-
cades. The track reconstruction is directly adapted from
the main reconstruction of ANTARES [103] and focuses on
the muon direction using the combined information of the
PMT spatial positions and the Cherenkov photon arrival
times. The neutrino energy estimation is mainly given by the
reconstructed muon track length, which is complemented
by the number of hits used in the track reconstruction
algorithm. Muon tracks produced in neutrino interactions
at 𝐸] ≥ 15 GeV are not always fully contained, which turns

the estimate into a lower limit above these energies, as shown
in Figure 20. The time residuals under a spherical emission
profile (shower-like) or according to a Cherenkov cone
(track-like) are used to obtain sensitivity to the inelasticity in
the track channel.

The cascade reconstruction in ORCA takes advantage
of the long scattering length in sea water, which preserves
the structure of the Cherenkov light cone, and tries to
identify the leading lepton in the cascade. An example of
the distribution of the expected number of photons as a
function of emission angle for different inelasticity intervals is
shown in Figure 22. A peak is always visible at the Cherenkov
angle (42∘), whose height with respect to the off-peak region
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Figure 18: An exploded view of the multi-PMT optical module of KM3NeT/ORCA.

depends on 𝑦. Cascades are reconstructed in two separate
steps using maximum likelihood fits. First the interaction
vertex is obtained with a resolution of about 0.5–1m by an
algorithm based on hit time residuals. It is then followed by
a fit of the direction, energy, and inelasticity of the event. The
performances of the cascade reconstruction are summarized
in Figures 20 and 21.

In ORCA the inelasticity of about 60% of the tracks with
true 𝑦 ≤ 0.25 or 𝑦 ≥ 0.75 is reconstructed correctly; the
accuracy of the inelasticity estimator of cascades is slightly
worse. The inelasticity could be used for potential statistical
separation between neutrinos and antineutrinos, which can
be exploited for the mass ordering measurement [104]. It can
also be tested to separate charged current interactions from
neutral current interactions. While both PINGU and ORCA
are studying this possibility, inelasticity estimates are not yet
part of the current analyses that are discussed in the following
sections.

5.2.2. Particle Identification and Background Rejection.
VLVNTs measuring atmospheric neutrinos should be
able to identify and reject atmospheric muons, the largest
source of background, and differentiate between events with
track-like and cascade-like topologies. PINGU plans to tag
atmospheric muons following the strategy developed in
DeepCore, that is, using the outer detector strings to identify
particles that enter the fiducial volume, and restricting
the analysis to starting and upgoing events (see [9] and
Figure 14). The cosmic muon background is expected to be
on the level of a few percent, similar to DeepCore. Event
reconstruction and selection in PINGU do not rely on
direct hits, the single largest impact on signal efficiency
in the latest DeepCore results. Signal efficiency in PINGU,
therefore, is expected to beminimally affected by background
rejection and reconstruction methods and largely defined
by the number of photons observed from an interac-
tion.
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The ORCA detector does not rely on an outer detector
to tag muons. Current analyses reduce the impact of these
muons by selecting only upgoing events and rejecting the
misreconstructed ones using variables such as their recon-
struction quality and the position of their reconstructed
interaction vertex. The topology of neutrino interactions,
track-like or cascade-like, is identified using the distribution
of hit time residuals, distances between reconstructed vertices
at various reconstruction steps, the quality of the recon-
structions, and topological variables, among others. A single
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Figure 20: Expected median fractional energy resolution for elec-
tron and muon neutrinos in PINGU (solid) and ORCA (dashed).
Reproduced from [85, 86].
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Figure 21: Expected median zenith angle resolution for electron
and muon neutrinos in PINGU (solid) and ORCA (dashed). For
ORCA individual resolutions for neutrinos and antineutrinos are
shown, while a mixture of both is given for PINGU. Resolutions are
better for antineutrinos than for neutrinos due to the smaller average
inelasticity, leading to a smaller intrinsic scattering angle between
the neutrino and the leading lepton. Values taken from [85, 86].

multivariate method which incorporates the parameters
listed above is applied to the data and classifies events
as tracks, showers, or atmospheric muons. The procedure
achieves ∼1% muon contamination in the final sample with-
out a severe signal loss.

The approach followed in PINGU to separate tracks
from cascades also uses a multivariate method with variables
describing the reconstruction quality of the event under the
track versus cascade hypothesis, as well as the reconstructed
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better because of their average lower inelasticity. From [88].

muon track length as input. Figure 23 shows a comparison of
the performance of these classification methods for neutrino
interactions around the energies relevant for mass ordering
measurements for PINGU and ORCA. Current methods
differ at low energies, with PINGU showing a bias towards
classifying low-energy tracks as cascades and ORCA exhibit-
ing the opposite behavior. Above 10GeV both classification
schemes result in a similar outcome. The results suggest

Table 2: List of the uncertainties studied by ORCA and PINGU
which have the largest impact on their respective NMO analyses
(more systematic uncertainties have been studied; see text). Sources
of uncertainty are additional parameters in the fit. Studies are
performed for a set of true oscillation parameters. The best known
values for all other parameters are injected for creating the data
templates. PINGU uses priors to penalize deviations while fitting
these parameters. ORCA does not use priors and instead reports the
standard deviation of the fit results.

Uncertainties ORCA PINGU
𝜎 (fit yield) 𝜎(prior)

𝜃
23
, Δ𝑚2
31

Unconstrained
𝜃
13

Integrated ±1∘ 0.2∘

𝜃
12
, Δ𝑚2
21

Fixed
𝛿CP Fixed at zeroa

Overall rate factor 2.0% Unconstrained
𝐸
−𝛾 (slope, spectral index) 0.5% ±0.05

Energy scale Not used ±10%
]/] ratio 4.0% ±10%
𝜇/𝑒 flavor ratio 1.2% ±3%
NC cross section scaling 11.0% GENIE model
aBoth projects have studied how 𝛿CP impacts their sensitivity but the results
are not yet reflected in the projections given in this review.

that the behavior of the particle identification algorithms at
low energy can be tuned for optimizing sensitivity to the
NMOmeasurement. In both cases, the final performances are
subject to further optimization.

5.3. Physics Potential and Systematics. The preliminary per-
formances described above are used by the PINGU and
ORCA collaborations as inputs to estimate the confidence
level with which the projected experiments will be able
to reject a given NMO. This is done by drawing several
thousands of pseudoexperiments generated under each mass
ordering hypothesis, as outlined in [105]. The analysis is
conducted by comparing the two-dimensional histograms of
pseudodata and simulation as a function of the reconstructed
energy and zenith. The pseudo-data sets are generated using
different input parameters, such as the values of the mixing
angles, in order to study the impact of degeneracies in the
measurement.

A full log-likelihood ratio (LLR) method is used by both
collaborations to report their expected sensitivity. In this
method each pseudoexperiment is analyzed by performing
a log-likelihood fit with the oscillation parameters as free
parameters (mostly 𝜃

23
, Δ𝑚2
32
, and 𝜃

13
) and assuming both

hierarchies in turn. Sources of systematic uncertainty are
incorporated as additional parameters in the fit (see Table 2).

As such methods can be quite CPU expensive, in par-
ticular when studying various sources of systematics, the
PINGU collaboration also implemented a simplified Δ𝜒

2-
based approach. This method is a parametric analysis based
on the Fisher information matrix, which relies on the partial
derivatives of the event counts in each bin with respect
to all parameters under study. Inverting the Fisher matrix
yields the full covariancematrix between the parameters.The
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covariance matrix of the mixing angle 𝜃
23

is calculated at
several values to overcome the limitations of themethod.The
results obtained with the Fisher matrix are in agreement with
the LLR method and are also used to report the projected
sensitivity of PINGU.

The parameters of the fits performed by ORCA and
PINGU, presented in Table 2, are the oscillation parameters
of interest plus a set of parameters related to uncertainties on
the detection process, neutrino fluxes, cross sections, and the
remaining oscillation parameters.The oscillation parameters,
in particular 𝜃

23
, have the largest impact on the achievable

precision. The overall normalization has the second largest
impact on the precision. This absorbs uncertainties on the
efficiency of the detector, the absolute atmospheric neutrino
flux, and interaction cross sections. PINGU has recently
studied uncertainties on the neutrino flux by using a more
refined description, which involves a set of 18 parameters
[22]. The impact found was a reduction of the three-year
sensitivity by 0.2𝜎 [106] (not yet included in Figure 24). Cross
sections have been also studied in more detail by modifying
the six most relevant parameters of the model implemented
in GENIE. The reduction in sensitivity was found to be
negligible. Studies within ORCA and PINGU have tested the
impact of 𝛿CP and found an additional reduction of up to 0.5𝜎
at the three-year benchmark [85, 88]. Note that all figures in
this review do not include this effect.

The LLR (and Δ𝜒
2 for PINGU) resulting from fits to

the pseudoexperiments are used to calculate the separability
of the two possible mass orderings. The median (i.e., with
50% statistical power) sensitivities to the NMO are shown
in Figure 24(a) after 3 years of data taking. The results are
obtained by fixing 𝛿CP to zero and are shown as a function
of 𝜃
23
. Both collaborations observe that constraining 𝜃

23
to

either octant while doing a fit artificially increases the sensi-
tivity to the NMO; thus the parameter is left unconstrained
in these studies.

Though ORCA and PINGU sensitivities should be com-
pared with caution, as the various inputs are slightly different,
both studies find a better sensitivity to the NMO for a true
value of 𝜃

23
in the second octant in the case of normal mass

ordering. For the case of inverted ordering, the sensitivity
has a much weaker dependence on the value of 𝜃

23
. The

consistency of the two results is encouraging, as they have
been obtained with completely independent analysis chains.

The expected improvement in sensitivities with running
time, which does not yet include the effects of 𝛿CP nor the
reconstructed inelasticity, is shown in Figure 24(b). Once
more, the discrimination power of both detectors is compa-
rable.

The identification of the mass ordering devised by both
collaborations also produces a measurement of 𝜃

23
and the

absolute value of the atmospheric mass splitting. Projections
of the sensitivity to sin2𝜃

23
have a strong dependence on the

assumed true values. For sin2𝜃
23

= 0.45 both PINGU and
ORCA expect to achieve errors of the order of 0.05 after
three years of operation. The precision achievable on the
absolute value of the mass splitting is roughly independent
of the true value, and the expected error on the measurement
for both projects is about 0.05 × 10

−3. Both experiments are
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Figure 24: (a) Significance of ORCA and PINGU for rejecting
a given hypothesis for the neutrino mass ordering plotted as a
function of 𝜃

23
, after 3 years of data taking. (b) Median significance

as a function of time for the benchmark detectors described in the
text. The oscillation parameters injected are close to those found in
[3] (𝜃

23
= 42
∘ for a NMO, 𝜃

23
= 49
∘ for an IMO). From [85, 91].

expected to produce measurements with better precision to
those projected for NOvA and T2K by the year 2020.

The results shown in the present paper are a compilation
of the most recent, publicly shown projections of both
collaborations, and include most leading systematics effects
[85, 88, 91, 107]. Recently a thorough study of the interplay
between the oscillations parameters has been reported in
[108], consistent with the recent results from ORCA and
PINGU. The authors also introduced uncertainties in the
estimated energy and zenith resolutions, as well as additional
(conservative) uncorrelated uncertainties. Their results show
that after 5 years of data taking, the loss in sensitivity ranges
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from 24% to 40% under pessimistic assumptions (such as
fully uncorrelated errors in each analysis bin), thus leaving
room for a measurement of the NMO by ORCA and PINGU
on a reasonable time scale.

6. Summary

Atmospheric neutrinos are a versatile tool to study neutrino
oscillations. This naturally occurring beam covers baselines
as large as Earth’s diameter and has an energy range which
spans over the regimes of oscillations in vacuum, and with
resonant and saturated matter effects. Current VLVNTs,
ANTARES and IceCube, can detect neutrinos in the latter
regime and have already produced measurements of the
atmospheric oscillation parameters, 𝜃

23
and |Δ𝑚2

32
|. Constant

improvements in the understanding and modeling of the
detector and media, as well as more sophisticated data
analysis techniques, have led to promising results, which
have started to become comparable with those of other more
mature experimental set-ups.

Proposed VLVNTs, ORCA and PINGU, aim to lower
the energy threshold and access the resonant regime, with
the goal of measuring the sign of Δ𝑚

2

31
and completely

determining the neutrinomass ordering.While both projects
are on the way of optimizing their detector geometries
and/or analysis techniques, current studies are nevertheless
mature and indicate that they could provide a significant
measurement (≥3𝜎, depending on the true value of 𝜃

23
) of

the neutrino mass ordering after 3-4 years of operation.
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TheDeep Underground Neutrino Experiment (DUNE) is a worldwide effort to construct a next-generation long-baseline neutrino
experiment based at the Fermi National Accelerator Laboratory. It is a merger of previous efforts and other interested parties to
build, operate, and exploit a staged 40 kt liquid argon detector at the SanfordUndergroundResearch Facility 1300 km fromFermilab,
and a high precision near detector, exposed to a 1.2MW, tunable ] beam produced by the PIP-II upgrade by 2024, evolving to a
power of 2.3MW by 2030.The neutrino oscillation physics goals and the status of the collaboration and project are summarized in
this paper.

1. Introduction

The Deep Underground Neutrino Experiment (DUNE) has
been established as an international partnership to fulfill the
goals established by the Particle Physics Program Prioritiza-
tion Panel in the United States [1]. The design, goals, and
status of the collaboration, experiment, and project have been
recently described in detail in a Conceptual Design Report
(CDR) [2] written for a “CD-1 Refresh” review that took place
in July 2015 for the U.S. Department of Energy.

Members of the international neutrino community
broadly agree on the goals for study to remove gaps in our
understanding of the neutrino sector in the current Standard
Model of Particle Physics:

(i) determination of the mass ordering between the nor-
mal mass ordering (𝑚

3
> 𝑚
1
; NO) and the inverted

ordering (𝑚
1
> 𝑚
3
; IO) (a common notation is to

call these the normal hierarchy (NH) and inverted
hierarchy (IH), but for the case of nonhierarchical
degenerate neutrino mass, there is still sensitivity to
the ordering, so this paper uses the slightly more
precise notation NO and IO),

(ii) determination of the value of the CP (Charge Parity)
violation phase 𝛿,

(iii) determination of the octant of 𝜃
23
,

(iv) more precision in the determination of the values of
the mixing angles and Δ𝑚2 values,

(v) search for new physics beyond the three-neutrino
paradigm,

(vi) determination of the overall mass scale,
(vii) determination of whether the neutrino is Dirac or

Majorana.

The first five issues can be addressed with precise new
accelerator experiments with detectors located near and far
from the proton target. One requires a deep underground
location to reduce backgrounds in the search for neutrinoless
double beta decay. Through the first two decades of the 21st
century, a large variety of experiments have been proposed to
accomplish this program. Since the scale in size and cost is
larger than previous neutrino experiments, a large variety of
solutions in terms of baseline, location, overburden, detector
size, detector design, and beam energy spectrum have been
investigated to achieve an optimum program. Many of the
advocates of these programs have coalesced into a new
international collaboration based on two facilities: the Fer-
milab accelerator complex that will host the Long-Baseline
Neutrino Facility (LBNF) and the Sanford Underground
Research Facility (SURF) located 1300 km away in South
Dakota. LBNFwill be operated as a fully international facility
hosted by Fermilab. The detectors, totaling 40 kt fiducial
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mass of liquid argon, will be designed, built, commissioned,
and operated by the international DUNE collaboration. The
scope of LBNF includes an intense on-axis neutrino beam
aimed at the far site, the conventional facilities at both the
near and far sites, and the cryogenic infrastructure needed
to support the DUNE detector at the far site. The DUNE
detectors include a high-performance near neutrino detector,
a beamline measurement system, and a massive liquid argon
time projection chamber (LArTPC) for use as a neutrino
detector deep underground at SURF.

DUNEandLBNF encompass an ambitious and long-term
program to improve our knowledge of neutrino physics and
particle astrophysics.They represent what will be a significant
investment by the world’s high energy physics community.
The goals of the program will not be accomplished in a
single phase. A partially applicable analogy is to look at the
tremendous success of the LHC program as of 2015, even
though it has not yet run at its design energy of 14 TeV. At the
same time that the DUNE physics program is ambitious, the
facility and detectors are also flexible in their ability to adapt
to changing understanding of the neutrino sector or any new
and unexpected physics beyond the three-neutrino paradigm
that might be uncovered in the coming decade.

A previous look at potential future experiments and
facilities, including the LBNE program in the United States
and the Hyper-Kamiokande program in Japan, is provided
in the last special issue on neutrino oscillations in [3]. A
more detailed look at the science opportunities for LBNEwas
given in [4]. As this special issue focuses on neutrino mass
and oscillations, in this paper I will cover only the oscillation
physics of DUNE, and the status of the collaboration. In
Section 2 I summarize DUNE’s beam physics program. In
Section 3 some complementary measurements using atmo-
spheric neutrinos are discussed. Other physics capabilities,
including nucleon decay, astrophysical neutrinos, and neu-
trino physics in the near detector are covered extensively in
[2, 4]. I will not review the current design of the 1.2MW
beamline and the other facilities that are described in volume
3 of the CDR or describe in any detail the design for the 40 kt
(fiducial volume) LArTPC that can be found in volume 4 [2].
In Section 4 I will summarize the current status and timeline
for DUNE and LBNF.

2. Neutrino Oscillation Physics Capabilities
Using the NuMI Beam

SURF is located 1300 km from Fermilab. A study of baseline
optimization for the measurement of CP violation, mass
ordering, and 𝜃

23
octant in a long-baseline experiment

concluded that a detector at a baseline of at least 1000 km
in a wide-band ]

𝜇
beam is the optimal configuration [5].

SURF well satisfies this requirement and as the site of the
original Davis solar neutrino experiment was thoroughly
investigated as a candidate site for a Deep Underground
Science and Engineering Lab, it is well suited for a large
scientific endeavor. Briefly the optimization comes from the
fact that CP violation and matter effects, which are sensitive
to the mass ordering, both cause a difference in the rate
of neutrino and antineutrino oscillation events. But those

Table 1: Integrated rates of CC-like events. Signal ]
𝑒
rates are shown

for both NO and IO and 𝛿CP = 0. Background rates assume NO.

(150 kt⋅MW⋅yr) ]mode ]mode
]
𝑒
signal NO (IO) 861 (495) 61 (37)

]
𝑒
signal NO (IO) 13 (26) 167 (378)

Total signal NO (IO) 874 (521) 228 (415)
Beam ]

𝑒
+ ]
𝑒
CC Bkgd 159 89

NC Bkgd 22 12
Beam ]

𝜏
+ ]
𝜏
Bkgd 42 23

Beam ]
𝜇
+ ]
𝜇
Bkgd 3 2

Total Bkgd 226 126
]
𝜇
(]
𝜇
) signal 10842 3754

]
𝜇
(]
𝜇
) Bkgd 958 2598

NC Bkgd 88 50
Beam ]

𝜏
+ ]
𝜏
Bkgd 63 39

differences are different. The size of the asymmetry from the
matter effect grows with increasing baseline and dominates
for a baseline over 1000 km.

The oscillation probabilities for ]
𝑒
(]
𝑒
) appearance in a

]
𝜇
(]
𝜇
) beam at the Fermilab/SURF distance are shown in

Figure 1 as a function of neutrino energy for several possible
values of the CP phase parameter 𝛿CP. These curves illustrate
the choice of a broadband beam that can not onlymeasure the
rate of ]

𝑒
and ]
𝑒
appearance but also map out the spectrum

down to energies of 500MeV.
Figure 1 also shows the decision about beam optimiza-

tion, such as the choice of proton momentum. That choice
involves tradeoffs in secondary particle production, cycle
time, and beam power, all of which affect the integrated flux.
The reference design in Chapter 3 of the CDR [2] has chosen
a proton beam energy of 80GeV, a beam power (after the PIP-
II upgrades) of 1.07MW, a graphite target, a horn current of
230 kA, and a 4m diameter decay pipe that is 204m long.
Further optimizations of these parameters are continuing
and some improvements in sensitivity can be expected as
reflected in the curves labeled “optimized design” in some of
the sensitivity plots in this paper. A discussion of efforts to
optimize the LBNF beam design can be found in Section 3.7
of volume 2 of the CDR [2].

Signal and background event rates assuming a
150 kt⋅MW⋅yr exposure in each of a neutrino and
antineutrino beam are shown in Table 1. This and all
subsequent figures assume an exposure of 300 kt⋅MW⋅yr
which corresponds to 3.5 years each in neutrino and
antineutrino mode, a 40 kt fiducial volume detector and
a 1.07MW 80GeV beam. This includes the assumption of
equal duration runs of neutrinos and antineutrinos, but
that split can be adjusted depending on the early results of
this and other neutrino experiments, such as NO]A and
T2K [6, 7], to maximize parameter sensitivity. The spectra
of reconstructed ]

𝜇
and ]

𝑒
signal and background events

are shown in Figures 2 and 3. These spectra are used in the
accurate determination of neutrino oscillation parameters.

The 1300 km baseline allows the neutrino and antineutri-
nos in the NuMI beam to travel through enough matter to be
affected by the MSW effect. This leads to a large asymmetry
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Figure 1: The appearance probability for ]
𝑒
(a) and ]

𝑒
(b) as a function of neutrino energy in a ]

𝜇
/]
𝜇
beam. The curves are calculated for

1300 km baseline and NO, three values of 𝛿CP for the Daya Bay best fit value of 𝜃13 and for 𝜃
13
= 0.
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Figure 2: Reconstructed energy distributions of selected ]
𝜇
→ ]
𝑒
and ]

𝜇
→ ]
𝑒
appearance events for 150 kt⋅MW⋅yr exposure, assuming

NO and 𝛿CP = 0. Event rates and backgrounds are shown both for the reference design (solid) and for an optimized beam (dots) which has
been designed but not fully costed.
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Figure 3: Reconstructed energy distributions of selected ]
𝜇
and ]

𝜇
events for 150 kt⋅MW⋅yr exposure, assuming NO and 𝛿CP = 0.
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Figure 4: These figures show the sensitivity with which the mass ordering can be determined using the LBNF beam as a function of 𝛿CP for
the NO (a) and IO (b). The shaded region shows the range between the CDR reference design and a possible optimized design of the beam.

in the ]
𝜇
→ ]
𝑒
versus ]

𝜇
→ ]
𝑒
oscillation probabilities,

the sign of which depends on the mass ordering. There are
only two possible values of the ordering, and the asymmetry
in the region of the peak flux for DUNE is ±40%, larger than
the maximal possible asymmetry due to CP violation.

Figure 4 shows how well the mass ordering (called the
mass hierarchy in the figures) can be measured as a function
of 𝛿CP using beamneutrinos.The areas of lower sensitivity are
for values of the ordering and 𝛿CP where the total asymmetry
is smaller, and the better sensitivity happens where the total
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Figure 5:These figures show the sensitivity with which CP violation can be established using the LBNF beam as a function of 𝛿CP for the NO
(a) and IO (b). The shaded region shows the range between the CDR reference design and a possible optimized design of the beam.

asymmetry is larger. The value of 𝜃
23

is important, affecting
both the statistics and the sensitivity (in opposite directions)
to the ordering and to CP violation. Nevertheless, DUNE
will be able to unequivocally measure the mass ordering
in the three-neutrino paradigm for any values of neutrino
oscillation parameters. Note that a conversion of Δ𝜒2 to
significance takes some care, as discussed in [8].

The magnitude of CP violation in the neutrino sector
depends on a combination of neutrino oscillation parameters
known as the Jarlskog invariant:

𝐽
PMNS
CP ≡ sin 2𝜃12 sin 2𝜃13 sin 2𝜃23 cos 𝜃13 sin 𝛿CP. (1)

Since the value of 𝜃
13
is now known, the minimal conditions

required for measuring 𝛿CP in the three-neutrino paradigm
have been met; all three mixing angles and both mass
splittings have been measured and are nonzero. This will
introduce an asymmetry between neutrino and antineutrino
oscillations unless 𝛿CP = 0 or 𝜋. Even then, the value of the
parameter 𝛿CP can be well measured, but CP violation in the
neutrino sector can only be measured if those two possible
values are ruled out. Either a precise measurement of or a
stringent limit on CP violation would be quite interesting
and challenging for theorists who believe that CP violation
in the lepton sector may be related to the baryon-antibaryon
asymmetry in the universe.

Figure 5 shows the significance with which the CP
violation can be measured as a function of 𝛿CP for an
exposure of 300 kt⋅MW⋅yr assuming the NO and the IO. The
shaded region represents a range in possible sensitivity from
the reference design (pessimistic) to an optimized design

(optimistic). Using the reference design, DUNE will achieve
a greater than 3𝜎 measurement of CP violation for 75% of
𝛿CP values in 1320 kt⋅MW⋅yr, and a 5𝜎 measurement of CP
violation for 50% of 𝛿CP values in 810 kt⋅MW⋅yr. An exposure
of 1320 kt⋅MW⋅yr is the suggested goal from the P5 report [1],
an ambitious but achievable exposure for this facility in the
long term.

A value of 𝜃
23

of exactly 45∘ would indicate that ]
𝜇

and ]
𝜏
have equal contributions from ]

3
, which would be

evidence for a new symmetry. A value greater than 45∘ would
indicate mixing among the generations of the neutrino sector
qualitatively different than in the quark sector (in addition to
the different mixing angles). Thus, it is important to measure
𝜃
23

with enough precision to determine the octant or the
nondeviation from 45∘. The measurement of ]

𝜇
→ ]
𝑒
is

sensitive to sin2(𝜃
23
) while ]

𝜇
disappearance is sensitive to

sin2(2𝜃
23
). DUNE will measure both of these and will probe

the 𝜃
23

octant precisely. The sensitivity as a function of the
true value of 𝜃

23
is shown in Figure 6. A strong indication of

the octant can be found over most of its currently allowed
range.

Systematic uncertainties in the accelerator neutrino mea-
surements with DUNE will come from uncertainties in the
neutrino flux after near/far extrapolation, the interaction
model, the ]

𝜇
and ]

𝑒
reconstructed energy scales, and the

fiducial volume. DUNE plans to take advantage of spectral
analysis, meaning that absolute and relative flux normal-
ization is required. Based on previous experience from the
NuMI beam, a goal uncertainty of 2%has been set on ]

𝑒
signal

normalization relative to the ]
𝜇
rate, added in quadrature
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Figure 6: This figure shows the sensitivity with which the quadrant
of 𝜃
23

can be determined using the LBNF beam as a function of
its true value. The green shaded region shows the range due to
variations in beam design and the true value of 𝛿CP. The yellow
region shows the current best fit value for NO from a global fit from
the NuFit collaboration.

with an overall 5% normalization. Uncertainty in neutrino
interaction models comes from the relative rates of quasi-
elastic, resonance, and deep inelastic scattering in nuclei,
together with final state interactions. Significant improve-
ments to neutrino interaction models are anticipated as a
result of the intermediate neutrino program [9] and the goal
for the effect of uncertainties is 2% after cancellation from
thenear/far comparison. Previous experiments have achieved
uncertainties in the energy scale below 3%, and DUNE will
take advantage of a number of liquid argon detectors being
studied in test beams, in neutrino beams for the short-
baseline program [10] and in the intermediate neutrino
program [9]. The effect of fiducial volume uncertainty is
reduced in large detectors such as DUNE and will be about
1%. The total systematic error on the ]

𝑒
appearance rate is

estimated at 3.6% and should be reduced by the time the
statistical error gets down to that level.

The high-precision near detector of DUNE will be able to
make a number of cross section measurements that will help
in the extrapolation of the neutrino flux to the far detector.
Should any anomalies remain after the SBN program and its
search for sterile neutrinos [10], the near and far detectors
together will be able to provide further understanding of the
effects or constrain the physics involved. There are a variety
of other new physics possibilities, such as nonstandard inter-
actions, neutrino decay, and Lorentz violation that DUNE

will be able to investigate or constrain. While these are not
the primary goals of DUNE and they entail no additional
requirements on the detector, the remarkable capabilities of
DUNE allow for the study of many possible extensions of the
three-neutrino paradigm, should any exist.

3. Neutrino Oscillation Physics Capabilities
Using Atmospheric Neutrinos

Atmospheric neutrinos come in all flavors and in a wide
range of baseline, neutrino energy, and hence 𝐿/𝐸]. They
are particularly sensitive to 𝜃

23
and were the source of the

atmospheric neutrino anomaly leading to the discovery of
neutrinomass and oscillations by Super-Kamiokande in 1998
[11].

The transitions between electron neutrinos and muon
neutrinos are affected by MSW transitions for the longest
traveling atmospheric neutrinos cos 𝜃

𝑧
∼ −1, where 𝜃

𝑧
is

the zenith angle. There is an enhancement for neutrinos in
the normal mass ordering and antineutrinos in the inverted
mass ordering. From [4] the rates of fully contained ]

𝑒
, fully

contained ]
𝜇
, and partially contained ]

𝜇
are shown as a

function of zenith angle for no oscillations, normal ordering,
and inverted ordering (Figure 7). Differences in the event
rates as a function of 𝜃

𝑧
are observed in comparing the NO

and IO predictions at low values of cos 𝜃
𝑧
.

Since the enhancement occurs for neutrinos (antineutri-
nos) in the NO (IO), the sensitivity is enhanced if neutrino
and antineutrino events are separated. There are no current
plans to magnetize DUNE; however, its high-resolution
imaging capabilities provide the ability to measure recoil
protons and decay electrons that can be used to statistically
tag neutrinos and antineutrinos. Recoil protons occur more
often in neutrino interactions and can be tagged with 100%
efficiency if the kinetic energy is greater than 50MeV. Decay
electrons in 40Ar occur for𝜇+made by antineutrinos, but only
25% of the time for neutrino-induced 𝜇−.

For atmospheric neutrinos, the ordering sensitivity is
essentially independent of 𝛿CP, in contrast to the beam
neutrinos. This provides complementarity. In the three-
neutrino paradigm, a joint fit of the atmospheric and beam
neutrinos for the mass ordering increases the significance
of the ordering measurement for those values of 𝛿CP in
Figure 4 where the significance is lowest. For all regions of
𝛿CP atmospheric neutrinos provide a consistency check of the
ordering determination which can be used as a test for new
physics.

4. Status of the DUNE Collaboration

The international context and motivation for a long-baseline
neutrino experiment is well described in [3] from the last
special issue on neutrino physics and oscillations. In that
document, ideas for approaches to future long-baseline neu-
trino facilities in the US, Europe, and Japan are described.
Since that time, the P5 report in the United States [1] and the
strategy document for particle physics in Europe [12] have
helped to shape the direction of the field. In particular, a
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conclusion of the European report was that CERN should
help the European neutrino community participate in a
long-baseline neutrino project outside of Europe. DUNE is
made up of many former members from the LBNE and
LBNO collaborations as well as many additional interested
parties. It seems likely to grow to well over 1000 scientists
during its phases of construction, installation, and operation.
The collaboration formally adopted its rules in April of
2015. (Between the time of the P5 report and the formal
start of the DUNE collaboration, it used the name ELBNF,
for Experiment at the Long-Baseline Neutrino Facility.) It
presently consists of 773 scientists from 144 institutions in 26
countries.

The P5 report specifically recommended that the pre-
vious efforts for a Fermilab-to-SURF long-baseline experi-
ment be reformulated as an international collaboration [1].
The US involvement in the LHC at CERN has been seen
as a successful example of international collaboration. A
management structure paralleling those used at the LHC
experiments has thus been established, a host lab providing
the facilities, together with an international collaboration to
build and operate the detector(s).Themanagement structure
of the collaboration includes two spokespersons elected by
the collaboration, a technical coordinator, and a resource
coordinator jointly appointed by the spokespersons and the
Fermilab Management. An International Advisory Commit-
tee (IAC) consists of representatives from regional partners
(such as CERN) and funding agencies that make major
contributions to LBNF/DUNE. It advises the Department
of Energy (DOE) and Fermilab and provides high-level
global coordination.The Resources Review Board (RRB) has
representatives from all the funding agencies. It provides
focused monitoring and oversight of the projects. The Long-
Baseline Neutrino Committee (LBNC) provides scientific
peer review as an adjunct to the Fermilab Physics Advisory
Committee (PAC). The Experiment-Facility Interface Group
(EFIG) helps to ensure coordination between the detector
systems fromDUNE and technical infrastructure fromLBNF
for both the near and far detectors.

A letter of intent for DUNE was prepared and submitted
to Fermilab in January of 2015 [13]. As mentioned above,
the collaboration was formally established in April of 2015,
it elected leaders, and core project leaders were appointed
in parallel. A Conceptual Design Report was prepared and
reviewed in July of 2015 by the Department of Energy in a
process called CD-1 refresh (details of presentations can be
found at https://web.fnal.gov/project/LBNF/ReviewsAndAs
sessments/SitePages/Home.aspx under “DOE reviews”). A
high-level schedule for both the facility (LBNF) and detector
(DUNE) construction and operation is shown in the CDR.
At the request of the collaboration, early priority has been
given to work at the far site. Site preparation will be complete
in time coincidence with the completion at SURF of the
rehabilitation of the Ross Shaft in late 2017. Four 10 kt
fiducial mass liquid argon modules are scheduled to become
operational between 2024 and 2027.

As DUNE is being developed, a multipronged short-
baseline neutrino program will be carried out at Fermilab
[10]. That is part of the response to the P5 call for a coherent

short- and long-baseline program of neutrino experiments.
The three detectors, SBND, MicroBooNE, and ICARUS, all
use liquid argon time projection chambers and provide an
opportunity to test both the hardware and software that is
envisaged for DUNE. The intermediate neutrino program
[9] includes other neutrino measurements that will help in
the precise understanding of neutrino cross sections and the
measurements of other possible backgrounds [9]. And the
CERN Neutrino Platform will include tests of present and
possible future designs for the liquid argon readout in realistic
conditions.

5. Summary

It could be claimed that, so far, nature has been kind to the
neutrino physics community since, despite the smallness of
the neutrino cross sections, it has been possible to measure
the mixing angles and Δ𝑚2 values robustly in multiple ways
[14]. Perhaps this favor will persist and CP-violating effects
in neutrinos will be large and DUNE will have a long
program of precisely measuring 𝛿CP and searching for new
physics beyond the three-neutrino paradigm. But whatever
nature has in store for us, the 25+ year DUNE/LBNF physics
program has been designed to provide a detailed, careful, and
fruitful look at the properties of neutrinos, long considered
the least understood element of the Standard Model, and
exploit the large, high-resolution underground far detector
for nonaccelerator physics topics such as atmospheric neu-
trinos, the search for nucleon decay, and the measurement of
astrophysical neutrinos, especially those from a core-collapse
supernova.
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We study a model with partial quark-lepton universality that can naturally arise in grand unified theories. We find that constraints
on the model can be reduced to a single condition on the Dirac CP phase 𝛿 in the neutrino sector. Using our current knowledge of
the CKM and PMNS mixing matrices, we predict −32.4∘ ≤ 𝛿 ≤ 32.0

∘ at 2𝜎.

1. Introduction

Our understanding of neutrinos has progressed steadily in
the last two decades. After the observation of nonzero 𝜃13
by the Daya Bay [1, 2], RENO [3], and Double Chooz [4]
experiments, we now know the three mixing angles 𝜃12,
𝜃23, and 𝜃13 and the two mass squared differences to good
precision. For the normal hierarchy, the current 2𝜎 ranges
of the three mixing angles from a global three-neutrino
oscillation analysis are [5]

𝜃12 = 33.7+2.1
−2.1 (
∘

) ,

𝜃23 = 41.4+6.6
−2.6 (
∘

) ,

𝜃13 = 8.80+0.73
−0.77 (
∘

) .

(1)

The focus of next generation neutrino oscillation exper-
iments is shifted to the Dirac CP phase 𝛿 and the neutrino
mass hierarchy. Predictions of many theoretical models
designed to explain the observed mixing patterns await
verification. Among these models, quark-lepton universality
(QLU) [6] is well motivated. It is based on simple relations
in grand unified theories (GUT) and connects the mixing
matrices of quarks and leptons. Exact quark-lepton univer-
sality leads to a symmetric PMNS mixing matrix. However,

using the current 3𝜎 ranges of the oscillation parameters [5],
we find the moduli of the neutrino mixing matrix elements
are

𝑉PMNS


= (

0.789 − 0.853 0.501 − 0.594 0.133 − 0.172
0.195 − 0.556 0.410 − 0.733 0.602 − 0.784
0.196 − 0.557 0.411 − 0.733 0.602 − 0.784

).

(2)

We see that the exactly symmetric PMNS mixing matrix is
disfavored by the current data. This aspect of the PMNS
matrix with 𝑉PMNS = 𝑉

𝑇

PMNS or 𝑉PMNS = 𝑉
†

PMNS has been
studied in [7–9].

In this paper, we discuss partial quark-lepton universality
[6], which does not require the unitary matrices that diago-
nalize the upper and lower components of the weak doublets
to be the same. We find that partial QLU fits the current data
very well and we can make a prediction for the unknown
Dirac CP phase.

In Section 2, we review partial quark-lepton universality
and discuss renormalization group effects on the model. In
Section 3, we discuss the phenomenological results of this
model and predict the Dirac CP phase. We conclude in
Section 4.
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2. Partial Quark-Lepton Universality

Partial quark-lepton universality can be derived from some
simple relations in grand unified theories [6]. We start with
the SU(5) relation

𝑀
𝑙
= 𝑀
𝑇

𝑑

, (3)

obtainable in lopsided models [10], and

𝑀
𝑢
= 𝑀
𝑇

𝑢

, (4)

where𝑀
𝑙
,𝑀
𝑢
, and𝑀

𝑑
are the mass matrices of the charged-

leptons, up-type quarks, and down-type quarks, respectively.
If we assume 𝑀

𝑑
is Hermitian, which can be achieved by

imposing left-right symmetry [6]1, then from (3) we find
that both the down-type quarks and charged-leptons can be
diagonalized by a unitary matrix 𝑉

𝑉
†

𝑀
𝑑
𝑉 = 𝐷

𝑑
,

𝑉
𝑇

𝑀
𝑙
𝑉
∗

= 𝐷
𝑙
.

(5)

Also, from (4), we know that the up-type quarks can be
diagonalized by a unitary matrix 𝑉



𝑉
†

𝑀
𝑢
𝑉
∗

= 𝐷
𝑢
. (6)

If the Dirac neutrino matrix 𝑀]𝐷 and the right-handed
Majorana neutrino mass matrix𝑀

𝑅
are also diagonalized by

𝑉
 (as in some SO(10) models [6]),

𝑉
†

𝑀]𝐷𝑉
∗

= 𝐷]𝐷,

𝑉
†

𝑀
𝑅
𝑉
∗

= 𝐷
𝑅
,

(7)

Then, below the seesaw scale, the light neutrino mass matrix,
𝑀] = −𝑀]𝐷𝑀

−1
𝑅

𝑀
𝑇

]𝐷, is diagonalized by𝑉
 as well. Consider

𝑉
†

𝑀]𝑉
∗

= 𝐷]. (8)

From (5), (6), and (8), we can find that the observable mixing
matrices are related to

𝑉CKM = 𝑉
†

𝑉, (9)

𝑉PMNS = 𝑉
𝑇

𝑉


. (10)

Note that, for exact quark-lepton universality, we must
have 𝑉



= 𝑉, which indicates that 𝑉CKM = 𝐼 and the 𝑉PMNS
mixing matrix is symmetric.This is disfavored by the current
data. In the next section, we show that partial quark-lepton
universality is still allowed by current data. A caveat to partial
QLU is that small perturbations to the leading order relations
of (9) and (10) are needed to reproduce themeasured fermion
masses. In [6], it was shown that, with a specific form for the
perturbations, the measured fermionmasses can be obtained
while keeping themixingmatrices unchanged. Consequently,
we focus on the connection between the mixing matrices of
quarks and leptons.2

The current data that determine the CKM and PMNS
mixing matrices are measured at low energies, while the

quark-lepton universality relations are realized at the grand
unification scale. In order to use the current data to analyze
the model, we must consider renormalization group (RG)
effects. For the CKM matrix, the RG effects are very small;
that is, the next order relative corrections to the CKMmatrix
are of the order 𝜆5 [11, 12], where 𝜆 = 0.225. The RG effects
in the neutrino sector are strongly dependent on the mass
spectrum of the light neutrinos. For the inverted and quasi-
degenerate mass hierarchies, the effects can be large [13–16].
However, with quark-lepton universality it is more natural
to assume that the light neutrinos are very hierarchical with
the normal mass spectrum. In this case, RG effects on the
three angles are very small [17, 18]; for example, 𝛿𝜃23 ∼ 0.6∘,
𝛿𝜃13 ∼ 0.2∘ and 𝛿𝜃12 ∼ 0.8∘ in the MSSM with tan𝛽 =

20 if the lightest neutrino mass is 0.01 eV. Since the current
uncertainties in the three angles are larger than theRG effects,
we neglect the RG effects in our analysis.

3. Phenomenology

In this section, we introduce a simple approach based on the
properties of unitary matrices to reduce the constraints on
the model to a single condition, which allows us to easily
constrain the Dirac CP phase.

Partial QLU predicts the two observable mixing matrices
to have the form of (9) and (10), which can be rewritten as

𝑉PMNS𝑉CKM = 𝑉
𝑇

𝑉, (11)

𝑉
∗

CKM𝑉PMNS = 𝑉
𝑇

𝑉


. (12)

Hence, in order for the model to work, both 𝑉PMNS𝑉CKM
and 𝑉

∗

CKM𝑉PMNS should be symmetric. However, the two
constraints are not independent. Since (9) implies 𝑉



=

𝑉𝑉
†

CKM, (11) follows from (12).
Solutions for 𝑉 and 𝑉

 will always exist because if
𝑉
∗

CKM𝑉PMNS is symmetric, then it can be diagonalized by a
unitary matrix 𝑈

𝑠
; that is, 𝑈𝑇

𝑠

𝑉
∗

CKM𝑉PMNS𝑈𝑠 = 𝐷, where 𝐷

is diagonal. This means that we can find the solution, 𝑉 =
√𝐷𝑈

†

𝑠

. Once𝑉 is known, the solution for𝑉 can be obtained
from (9). Although solutions for 𝑉 and 𝑉

 exist, they are not
unique. We can always insert a combination of a real rotation
matrix𝑅𝑇𝑅 into themiddle of the right-handed side of (11) or
(12). And since 𝑅

𝑇

𝑅 = 𝐼, the equation will not change. This
can also be seen from (9) and (10). For any real rotationmatrix
𝑅, 𝑅𝑉 and 𝑅𝑉

 are also unitary; hence if we let𝑉 → 𝑅𝑉 and
𝑉


→ 𝑅𝑉
, the two observable mixing matrices will remain

the same.
Now, if we define

𝑈 = 𝑉
∗

CKM𝑉PMNS, (13)

then the only constraint from the model is that𝑈 is symmet-
ric. Since both 𝑉CKM and 𝑉PMNS are unitary matrices, 𝑈 is
also unitary. For a 3 × 3 unitary matrix, it can be shown that
𝑈 being symmetric is equivalent to the moduli of 𝑈 being
symmetric under phase redefinition [19]. This constraint still
imposes three conditions: |𝑈12| = |𝑈21|, |𝑈13| = |𝑈31|, and
|𝑈23| = |𝑈32|. However, the conditions are not independent.
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Since 𝑈 is unitary, |𝑈11|
2
+ |𝑈12|

2
+ |𝑈13|

2
= |𝑈11|

2
+ |𝑈21|

2
+

|𝑈31|
2. Hence, |𝑈12| = |𝑈21| indicates |𝑈13| = |𝑈31| and

vice versa. Similarly, |𝑈23| = |𝑈32| is equivalent to |𝑈13| =

|𝑈31|.Therefore, there is only one independent condition that
constrains the model. Here, we choose it to be |𝑈13| = |𝑈31|.

The CKM matrix can be written in terms of the Wolfen-
stein parameters [20] as follows:

𝑉CKM =

[
[
[
[
[

[

1 −
𝜆
2

2
𝜆 𝐴𝜆

3
(𝜌 − 𝑖𝜂)

−𝜆 1 −
𝜆
2

2
𝐴𝜆

2

𝐴𝜆
3
(1 − 𝜌 − 𝑖𝜂) −𝐴𝜆

2 1

]
]
]
]
]

]

+O (𝜆
4
) ,

(14)

and the PMNS matrix can be written in the standard form,
which is

𝑉PMNS

=
[
[
[

[

𝑐13𝑐12 𝑐13𝑠12 𝑠13𝑒
−𝑖𝛿

−𝑠12𝑐23 − 𝑐12𝑠23𝑠13𝑒
𝑖𝛿

𝑐12𝑐23 − 𝑠12𝑠23𝑠13𝑒
𝑖𝛿

𝑠23𝑐13

𝑠12𝑠23 − 𝑐12𝑐23𝑠13𝑒
𝑖𝛿

−𝑐12𝑠23 − 𝑠12𝑐23𝑠13𝑒
𝑖𝛿

𝑐23𝑐13

]
]
]

]

,

(15)

where 𝑐
𝑖𝑗
, 𝑠
𝑖𝑗

denote cos 𝜃
𝑖𝑗

and sin 𝜃
𝑖𝑗
, respectively, and

Majorana phases are not included. From (13), we see that the
condition |𝑈13| = |𝑈31| becomes



(1− 𝜆
2

2
) 𝑠13𝑒

−𝑖𝛿

+𝜆𝑠23𝑐13 + 𝑐23𝑐13𝐴𝜆
3
(𝜌 + 𝑖𝜂)



=

𝐴𝜆

3
(1−𝜌+ 𝑖𝜂) 𝑐13𝑐12

+𝐴𝜆
2
(𝑠12𝑐23 + 𝑐12𝑠23𝑠13𝑒

𝑖𝛿

) + 𝑠12𝑠23 − 𝑐12𝑐23𝑠13𝑒
𝑖𝛿

.

(16)

Note that (16) cannot be satisfied when 𝜃13 = 0. Keeping
in mind that sin 𝜃13 < 𝜆, the 𝜆

2
𝑠
2
13 and 𝜆

3
𝑠13 terms can be

neglected since they are of the same order ofmagnitude as the
terms dropped in the Wolfenstein parametrization. Then, we
get a simple expression for the cosine of the Dirac CP phase:

cos 𝛿

=
𝑠
2
12𝑠

2
23 + 𝑐

2
12𝑐

2
23𝑠

2
13 − 𝑠

2
13 − 𝜆

2
𝐵

2𝑠23𝑐23𝑠12𝑐12𝑠13 + 2𝜆𝑠23𝑐13𝑠13 + 2𝐴𝜆2𝑠12𝑐12 (𝑐
2
23 − 𝑠223) 𝑠13

+O (𝜆
4
) ,

(17)

where𝐵 = 𝑠
2
23𝑐

2
13−2𝐴𝑠

2
12𝑐23𝑠23−2𝐴𝜆(1−𝜌)𝑐12𝑠12𝑐13𝑠23. We see

that for very small 𝜃13 the numerator of the above equation
is always larger than the denominator, so that there is no
solution for 𝛿.

Using the currently favored CKM [21] and PMNS [5]
parameterswith their respective uncertainties and solving the
condition |𝑈13| = |𝑈31| numerically without any approxima-
tion, we find that the Dirac CP phase 𝛿 in the PMNS matrix
lies between −32.4∘ and 32.0∘ at 2𝜎. The asymmetry around
0 is due to the small CP violation in the CKM matrix, which
does not enter the approximate result in (17).
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Figure 1: The 2𝜎 allowed regions (shaded bands) in the (𝛿, 𝜃13), (𝛿,
𝜃12), and (𝛿, 𝜃23) planes using measurements (with uncertainties)
of the other two neutrino mixing angles and the CKM parameters.
The solid curves within the shaded bands are the model predictions
for the best-fit values of the other two mixing angles and the CKM
parameters. The horizontal solid lines mark the best-fit values and
the horizontal dashed lines mark the 2𝜎 limits of 𝜃23, 𝜃12, and 𝜃13.

We also find predictions for each mixing angle versus 𝛿
given the best-fit values and 2𝜎 allowed regions of the other
two mixing angles and the CKM parameters. The results
are shown in Figure 1. With the constraints from the other
two mixing angles and the CKM parameters, we find that
𝜃23 < 48.3∘, 𝜃12 < 36.3∘ and 𝜃13 > 7.64∘ at 2𝜎. The partial
QLU model is perfectly consistent with the current data, and
rather large 𝜃13 is strongly favored for the measured solar and
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atmospheric mixing angles. Note that the relevant neutrino
mass squared differences are trivially accommodated.

A measurement of 𝛿 by future long baseline neutrino
oscillation experiments will provide a stringent test of the
viability of the partial quark-lepton universality model.

4. Conclusion

We studied partial quark-lepton universality, which can
naturally arise in grand unified theories. Constraints on the
model can be reduced to one simple condition, |𝑈13| = |𝑈31|.
Dropping terms of order 𝜆

4 from this condition, we find a
simple expression for the Dirac CP phase 𝛿 in the neutrino
sector. We also studied the allowed parameter regions of
the model numerically. Our prediction that 𝛿 lies within the
range [−32.4∘, 32.0∘] at the 2𝜎 level will be tested by future
long baseline neutrino experiments.
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Endnotes

1. Implementing a Hermitian 𝑀
𝑑
in a GUT is difficult

because SU(5) does not incorporate left-right symmetry,
and, in SO(10), the mass matrices arising from the
couplings of fermions to Higgs fields in the 10 and
126 representations are complex symmetric (and not
Hermitian), while those arising fromcouplings to 120 are
complex antisymmetric.

2. An example in which (3), (4), (7), and the Hermiticity
of 𝑀
𝑑
naturally arise is an SO(10) scheme with the

superpotential terms [6]

𝑊
𝑑
=

𝑓
𝑖𝑗

𝑀
(16𝑇
𝑖

𝐵Γ
𝜇
𝐻) (𝐻

𝑇

𝐵Γ
𝜇
16
𝑗
)

+
𝑓


𝑖𝑗

𝑀
(16𝑇
𝑖

𝐵Γ
𝜇
𝐻


) (𝐻
𝑇

𝐵Γ
𝜇
16
𝑗
) ,

𝑊
𝑢
= 𝑔
𝑖𝑗
(16𝑇
𝑖

𝐵Γ
𝜇]𝜆𝜎𝜌16𝑗)Φ

𝜇]𝜆𝜎𝜌
,

(∗)

where 𝐻, 𝐻 are 16-plet Higgs, Φ is a 126-plet Higgs,
𝐵 is a charge conjugation matrix in SO(10), 𝑖 and 𝑗 are
generation indices, and 𝜇, ], 𝜆, 𝜎, and 𝜌 are SO(10)
indices. The Lorentz indices and the standard charge
conjugation matrix are suppressed. 𝐻 and 𝐻

 contain
neutral fields with the quantum numbers of ] and ]𝑐, so
that the vacuum expectation value for ]𝑐 breaks SO(10)
while SU(5) is preserved. We take the 126 contribution
to 𝐻
𝑑
to be zero or subdominant compared to 𝐻 and

𝐻
, so 𝑀

𝑑
is only generated from 𝑊

𝑑
. By imposing an

additional symmetry, 16 → 16∗, 𝐻 → 𝐻

∗, which

leads to 𝑓
𝑖𝑗

→ 𝑓
∗

𝑖𝑗

, a Hermitian𝑀
𝑑
can be obtained.
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In the framework of quantum field theory, a graviton interacts locally with a quantum state having definite mass, that is, the
gravitational mass eigenstate, while a weak boson interacts with a state having definite flavor, that is, the flavor eigenstate. An
interaction of a neutrino with an energetic graviton may trigger the collapse of the neutrino to a definite mass eigenstate with
probability expressed in terms of PMNSmixingmatrix elements.Thus, gravitons would induce quantum decoherence of a coherent
neutrino flavor state similarly to how weak bosons induce quantum decoherence of a neutrino in a definite mass state. We
demonstrate that such an essentially quantum gravity effect may have strong consequences for neutrino oscillation phenomena
in astrophysics due to relatively large scattering cross sections of relativistic neutrinos undergoing large angle radiation of energetic
gravitons in gravitational field of a classical massive source (i.e., the quasi-classical case of gravitational Bethe-Heitler scattering).
This graviton-induced decoherence is compared to decoherence due to propagation in the presence of the Earth matter effect. Based
on this study, we propose a new technique for the indirect detection of energetic gravitons by measuring the flavor composition of
astrophysical neutrinos.

1. Introduction

A theoretical extrapolation of the fundamental quantum
mechanics concepts to Einstein’s gravity suffers from major
difficultieswith quantization of space-time, ultraviolet behav-
ior and nonrenormalizability of the resulting theory (for
more details, see [1, 2] and references therein). A wealth of
theoretical studies have been presented in the literature and
many different quantumgravitymodels have been developed.
However, no conclusive statement about the true quantum
nature of gravity has been made. Only a real experiment
can settle the longstanding confusion between the different
approaches and provide guidance in developing the correct
underlying theory.

Typically, in the standard quantum field theory frame-
work which unifies three of four basic forces of nature,
the quantum gravity effects are disregarded as being phe-
nomenologically irrelevant at energy scales much smaller

than the Planck scale,𝑀Pl ∼1019 GeV.Moreover, due to enor-
mous suppression, quantum gravity effects are often referred
to as nearly unobservable [3–5]. While observing a single
graviton directly may be impossible, it is not impossible
to find an indirect evidence for quantum gravity. For an
overview of potential phenomenological opportunities for
indirect signatures of quantum gravity, see [6–9]. Neverthe-
less, our understanding of the quantum nature of gravity
suffers from the lack of accessible sources of information.

In this paper, we propose a new approach for indirect
experimental studies of (local) quantum gravity interactions
based upon an effect of the large angle energetic gravita-
tional Bremsstrahlung (or Gravi-strahlung, in short) off an
astrophysical neutrino passing through an external classical
gravitational potential on neutrino oscillation observables.
This process, known as the gravitational Bethe-Heitler (GBH)
process, can be considered in the quasi-classical approxima-
tion for large angle and/or large energy graviton emission;

Hindawi Publishing Corporation
Advances in High Energy Physics
Volume 2015, Article ID 381569, 15 pages
http://dx.doi.org/10.1155/2015/381569

http://dx.doi.org/10.1155/2015/381569


2 Advances in High Energy Physics

that is, the Born approximation is sufficient. Such a process
may happen with a rather high probability, such as in the case
of an astrophysical neutrino scattering off a massive source
of classical gravitational field (like a star, black hole, dark
matter distribution, or galaxy). In quantum mechanics, the
latter process may serve as a direct quantum measurement
of the microscopic properties of the gravitational field at
astrophysical scales.

Quasi-Classical Gravity. In the limit of weak gravity, the
quasi-classical approximation to quantum gravity is a valid
framework. In this case, the graviton field is a correction
determined on the flat Minkowskian background and the
metric operator in the Heisenberg representation is given
by 𝑔𝜇] = 𝜂𝜇] + ℎ̂𝜇]. Here, the 𝑐-number part 𝜂𝜇] is the
Minkowski metric and ℎ̂𝜇] is the graviton arising after the
quantization procedure.TheEinstein-Hilbert action provides
the mechanism for virtual gravitons to propagate in the flat
space-time and to interact with one another in the quantum
case as an analog of the standardQEDpicture of theCoulomb
field around an electric charge.These virtual gravitons should
be distinguished from real gravitons which are radiated off
an accelerated massive body and their coherent wave packets
correspond to gravitational waves in the classical limit. A
“cloud” of virtual gravitons around a static massive body can
be reinterpreted geometrically in terms of a deviation from
the flat metric (or curvature) in Einstein’s classical relativity
[10, 11] (the background must be chosen to be flat since only
in this case is it possible to use the Casimir operators of the
Poincaré group and show that the quanta have spin two and
rest mass zero, thus being identified as gravitons).

A graviton couples to the full energy-momentum tensor.
From the quantum mechanical point of view, we work in
the mass eigenstate basis where the Hamiltonian of local
quantum gravitational interactions has a diagonal form
and identify the particle mass eigenstates with gravitational
eigenstates (due to equivalence of gravitational and inertial
mass). In this approach, higher Fock states are created by the
graviton creation operator acting on a particle mass eigen-
state. By measuring the quasi-classical graviton cross section
and deviations from it, we would be engaging in the first
investigations of the deeper quantumgravity theory similar to
how electroweak ]-𝐴 measurements provided the first inves-
tigation of the deeper quantumWeinberg-Salaam theory.

2. Decoherence of Neutrino State

Generically, weakly interacting neutrinos can be considered
as an efficient carrier of information across the universe as
they are not absorbed or scattered by interstellar mediums.
In practice, this unique property of neutrinos enables us to
utilize them for large-scale astrophysical “experiments,” such
as searching for possible tiny signatures of Lorentz invariance
violation [12], testing general relativity [13] and quantum
mechanics [14–16], testing the equivalence principle [17, 18],
and testing minimal length models [19, 20]. Ultimately, it
is possible to identify an extraterrestrial large-scale quantum
experiment where neutrinos “change” their quantum state

due to a local quantum gravity process (in terms of local
graviton coupling to a fundamental matter particle) and
further convey information about such a process unchanged
through the cosmological medium to the Earth.

2.1. Propagation Decoherence. The traditional source of deco-
herence typically referred to in astrophysical neutrino oscil-
lations studies can be called propagation decoherence. This
is when the distance that a neutrino travels exceeds the
neutrino oscillation length. In this case, the neutrino mass
states have separated so that they no longer interfere at
large distances from the production point. This source of
decoherence depends on the energy resolution of the detec-
tion process, the energy of the neutrino, the masses of the
neutrino mass states, and other details of the production
and detection processes. In neutrino experiments, the time
between neutrino production and detection is normally not
measured. In a real experiment, this means that beyond the
neutrino oscillation length the propagating neutrino mass
states no longer interfere during the interaction process in
a detector [21, 22]. For cosmic/astrophysical neutrinos, in
some cases and for some processes, this decoherence effect
is irrelevant [23, 24].

2.2. Classical Diósi-Penrose Decoherence. The role of classical
Einstein’s gravity in quantum mechanics is under extensive
consideration in the literature and may be sizeable under
certain conditions. As was claimed in [25], the gravity-
induced quantum state reduction can be tested by observing
the neutrino flavor oscillations at cosmological distances,
while in [26] it was regarded as practically undetectable. This
classical gravity effect on real-time evolution of a quantum
state composed of several mass eigenstates was initially
considered byDiósi [27–29] and Penrose [30]. In the classical
gravity limit, the latter can be approximated by a change in
the phase of the flavor wave function which appears mainly
due to a nondegeneracy of neutrino mass eigenstates; that is,
Δ𝑚

2
𝑖𝑗

≡ 𝑚
2
𝑗

− 𝑚
2
𝑖

̸= 0, where 𝑚𝑗 is the mass of the mass eigen-
state 𝑗. This is caused by different mass states traveling along
different geodesics in curved space-time and the whole effect
gradually accumulates over large cosmological distances [31].
This is the essence of classical decoherence of a neutrino flavor
state which is typically regarded as a probe for neutrino wave
function collapse models and, more generally, alternatives
to conventional (linear) quantum mechanics [32]. Instead,
we consider another possible decoherence mechanism of a
neutrino flavor state triggered at the quantum level by a
single local graviton-neutrino interaction. Let us discuss this
phenomenon in detail.

2.3. Quantum Decoherence. We expect elementary particles
in the mass basis to be gravitational eigenstates of the
Hamiltonian of quantum gravitational interactions in the
same way as leptons and quarks are weak eigenstates in the
flavor and CKM basis, respectively. The advantage of the
neutrinos which we exploit here is that they interact via the
weak force and that neutrino mass and flavor eigenstates
are not the same and that they propagate at cosmological
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distances/times. For particles whose flavor and mass eigen-
states are identical this technique would not work to identify
that a graviton induced quantummechanical interaction had
happened, which means that the neutrino is a unique carrier
of astrophysical quantum gravity interactions.

Consider first a relativistic neutrino state propagating
in the gravitational potential of a supermassive black hole,
dark matter halo, or another massive system. These not only
are sources of strong gravitational fields but could also be
significant sources of astrophysical neutrinos. Suppose now
that at the quantum level a graviton interacts only with a
definite mass state (or gravitational mass eigenstate) 𝑎 =

1, 2 or 3. This is equivalent to saying that definite mass
eigenstates (the propagating states) are conserved by the
quantum gravity Hamiltonian while superpositions, such as
the flavor eigenstates, are not [33]. Note, the astrophysical
neutrinos are initially produced in electroweak processes
(e.g., in SNe processes) in a definitive flavor state, 𝑓 = 𝑒, 𝜇

or 𝜏, which are coherent superpositions of mass eigenstates.
In an astrophysical environment, a high-energy graviton can
interact only with a definite mass component of the neutrino
wave function, thus causing quantum decoherence of the
neutrinowhich is in a superposition ofmass states, effectively
“converting” it into a definitivemass eigenstate.This neutrino
is quantummechanically observed as being in a definite mass
state. This means that between the production in an AGN
or supernova (SNe) or other astrophysics source and the
detection in an Earth based detector, the neutrino which was
observed by the graviton exists in a definite mass state. This
is independent from propagation decoherence.

The neutrino is “converted” to mass state with a probabil-
ity 𝑃]𝑓→ ]𝑎 = |Ψ]𝑓→ ]𝑎 |

2, given in terms of the corresponding
wave function Ψ]𝑓→ ]𝑎 which projects out a flavor state ]𝑓
onto a mass state ]𝑎 and is typically expressed in terms of the
corresponding PMNSmixing matrix element, Ψ]𝑓→ ]𝑎 ≡ 𝑉𝑎𝑓.
The considered effect is different from other known classical
decoherence sources emerging due to a mere propagation
(without a hard graviton radiation) in classical gravitational
potential and/or neutrino propagation in flat space-time.The
effect under consideration is a straightforward consequence
of fundamental time-energy uncertainty relation for the real
hard Gravi-strahlung and should be taken into account in
studies of astrophysical neutrino oscillations.

The amplitudes of typical quasi-classical gravity scatter-
ing processes which may lead to the quantum decoherence
effect under certain conditions can be represented as follows:

𝐴
(𝐺),1
]𝑓→ ]𝑎 = Ψ]𝑓→ ]𝑎𝐴

(𝐺)
(]𝑎 + 𝐺 → ]𝑎 + 𝐺) ,

𝐴
(𝐺),2
]𝑓→ ]𝑎 = Ψ]𝑓→ ]𝑎𝐴

(𝐺)
(]𝑎 + 𝑀 → ]𝑎 + 𝐺 + 𝑀) .

(1)

Here, 𝑀 is a source of strong classical gravitational fields,
such as a massive star or a black hole. The first amplitude
corresponds to the gravitational Compton scattering of a
neutrino mass state off a real graviton in the medium, the
second amplitude represents theGBHscattering of a neutrino
in gravitational mass state off a classical heavy source 𝑀

(with energetic graviton radiation). Clearly, a mass eigen-
state ]𝑎 “produced” in this interaction due to decoherence

does not undergo oscillation until it interacts weakly with
normal matter (e.g., in an Earth detector) by means of
𝑊, 𝑍-exchange. Therefore, quantum decoherence may have
an nonnegligible effect on neutrino oscillation observables,
along with other existing sources of classical decoherence
and medium matter effects [34, 35]. Explicitly, oscillation
characteristics of neutrinos coming from, for example, a
vicinity of the Galactic Center, may differ from vacuum
oscillations. The latter case could be where a source of
neutrinos is “nearby” but where there is no massive objects
between the source and the Earth (nor significant variations
in darkmatter density). Such neutrinos, if identified, could be
used as a control sample.

In a sense, the quantum gravity-induced decoherence of
a definite flavor state described above is in close analogy to
the weak-induced decoherence of a definite mass state. For
example, 𝑊, 𝑍 bosons interact only with a coherent flavor
state inducing a “conversion” of a definite mass state into a
definite flavor state. Namely, a neutrino in a mass eigenstate
]𝑎 turns into a flavor eigenstate ]𝑓 through an interactionwith
the virtual 𝑍, 𝑊-bosons propagating in the 𝑡-channel, that is,
four different reactions, are possible as follows:

𝐴
(𝑤),1
]𝑎→ ]𝑓 = Ψ]𝑎→ ]𝑓𝐴

(𝑤)
(]𝑓 + 𝑙



𝑓
→ ]
𝑓

+ 𝑙𝑓) ,

𝐴
(𝑤),2
]𝑎→ ]𝑓 = Ψ]𝑎→ ]𝑓𝐴

(𝑤)
(]𝑓 + 𝑙



𝑓
→ ]𝑓 + 𝑙



𝑓
) ,

𝐴
(𝑤),3
]𝑎→ ]𝑓 = Ψ]𝑎→ ]𝑓𝐴

(𝑤)
(]𝑓 + 𝑁 → ]𝑓 + 𝑋) ,

𝐴
(𝑤),4
]𝑎→ ]𝑓 = Ψ]𝑎→ ]𝑓𝐴

(𝑤)
(]𝑓 + 𝑁 → 𝑙𝑓 + 𝑋) ,

(2)

such that Ψ]𝑎→ ]𝑓 = Ψ
∗

]𝑓→ ]𝑎 . Here, a definitive mass state
which may exist due to previous hard neutrino-graviton
interaction or due to the resonance MSW effect [34, 35]
is “converted” back into a flavor state which may undergo
oscillation. It is important to note that because the neutrino
is not likely to interact weakly between the source and the
Earth, if the neutrino is in a definitive mass state induced by
the hard neutrino-graviton scattering event which occurred
long before it arrives at the Earth it will still be in the
definitivemass state at the Earth.The distance between a hard
neutrino-graviton scattering event and detection event is not
important.

In the case of vacuum neutrino oscillations, the traveling
neutrino is not in a definitive mass eigenstate but is rather in
a superposition of mass eigenstates which evolves when the
neutrino travels in space-time.Then, with respect to the weak
interactions, the nondiagonal Ψ]𝑓→ ]

𝑓
transition amplitude

between two flavor states 𝑓 and 𝑓
 is given by [36]

Ψ]𝑓→ ]
𝑓

= ∑

𝑗

𝑉𝑓𝑗𝑒
−𝑖(𝑚

2
𝑗/2𝐸])𝐿𝑉∗

𝑓𝑗
; (3)

here 𝐿 is the distance from where the neutrino was created
in a definite flavor eigenstate ]𝑓, and 𝐸] is the energy of
the neutrino. Analogically, for neutrino-graviton interactions
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the Ψ]𝑓→ ]𝑎 transition amplitude between a flavor state 𝑓 and
a mass state 𝑎 can be written as

Ψ]𝑓→ ]𝑎 = 𝑒
−𝑖(𝑚

2
𝑎/2𝐸])𝐿𝑉𝑎𝑓 (4)

which means that the probability for a given flavor neutrino
state 𝑓 to decohere by transforming into a mass state 𝑎 due
to a hard graviton-neutrino interaction, given by 𝑃

(𝐺)

]𝑓→ ]𝑎 ∼

|𝐴
(𝐺)

]𝑓→ ]𝑎 |
2

= |Ψ]𝑓→ ]𝑎 |
2
|𝐴
(𝐺)

|
2, is independent of the neutrino

mass, 𝑚𝑎, the mass splitting, Δ𝑚𝑎𝑏, and the distance from
the neutrino source, 𝐿. The dependence on the relativistic
neutrino energy, 𝐸] ≫ 𝑚𝑎, for a given scattering comes from
the neutrino mass state scattering amplitude squared, |𝐴(𝐺)|2
(for more details, see the next section).

2.3.1. Differences from Other Sources of Decoherence. Con-
trary to the Penrose-Diósi effect of classical decoherence
[27–30], the quantum decoherence of a neutrino flavor
state happens at small space-time scales, Δ𝑙dec, which are
much smaller than the neutrino wave length scale: Δ𝑙dec ≪

𝐿], due to the quantum nature of the tree-level graviton-
neutrino interaction. As an additional significant difference,
the quantum decoherence effect is not sensitive to the mass
differences of the mass eigenstates, or to Δ𝑚

2
𝑖𝑗
, while they are

crucial for and determine the classical decoherence of the
neutrino flavor state at large separations, Δ𝑙dec ≫ 𝐿]. Most
importantly, quantum decoherence provides us with a key for
phenomenological verification of quantum gravity models
with possible deviations from quasi-classical gravity through
measurement of neutrino oscillation characteristics.

The proposed effect is also different from the stan-
dard propagation decoherence (see Figure 2). In propagation
decoherence, the neutrino mass states are separated in time
and/or space and so the local weak interaction (the detection
process) observes an incoherent sum of the propagating mass
states in a given space-time point. In quantum decoherence,
the neutrino exists only within a given mass eigenstate after
being “observed” by the hard graviton (e.g., in the quantum
processes of hard GBH or Compton scattering; see below).
This difference is important. Indeed, while a flux of neutrinos
which have undergone quantumdecoherence is observed by a
weak interaction in an Earth-based detector as an incoherent
sum of the mass states, they do not experience a change
of potential induced by matter (e.g., the MSW effect) as an
incoherent sum of mass states. Namely, the neutrino which
has not undergone quantum decoherence experiences matter
as a superposition of mass states, while the neutrino which
has undergone quantum decoherence would not experience
matter as a superposition of mass states. Also, it is possible
that a neutrino passing through densities which change
nonadiabaticallymight demonstrate interference phenomena
as presented in [23]. As we will explicitly demonstrate below,
such a difference between the quantum and propagational
decoherence in the presence of the Earth matter effect may
be observable and is important in studies of astrophysical
neutrino oscillations.

2.4. Decoherence in the Presence of the Earth Matter Effect.
We would like to note that while the flux from quantum
(gravitational) decoherence is a flux of pure mass eigenstates
as noted, the important difference is that in the propagation
decoherence case the flux is not of pure mass eigenstates, but
rather decoherent (spatially separated) mass eigenstates. No
quantum measurement of the state of these neutrinos has
taken place, and the neutrino still exists as a superposition
of mass states (just no longer with off diagonal elements in
the density matrix). While these two situations are exactly
the same when detected in the case where the flux is detected
without passing through matter, in the case where the flux
passes through matter, the regeneration which the neutrino
flux experiences is different for the two cases. In the quantum
gravitational decoherence case, the neutrino flux experiences
regeneration as fluxes of neutrinos in pure mass eigenstates.
However, in the propagation decoherence case, the neutrino
flux experiences regeneration as a superposition of mass
eigenstates; individual actual neutrinos continue to exist in
a spatially separated quantum superposition of mass eigen-
states. These spatially separated quantum superpositions
experience the potential of the Earth. Simulation was done
to demonstrate the possible size of this effect due to the
difference in regeneration in the two cases (details below). In
the simulation the neutrino is considered to have experienced
propagation decoherence and the exact distance the neutrino
travelled is not important (as long as it fulfils the conditions
in [24]); in this work we consider relatively small distances
(<1000 kpc) sincewe do not explicitly consider differentiating
quantum decoherence from potentially very long distance
effects, for example, classical decoherence.

The simulation presented here operates in the 𝑆-matrix
oscillations formalism [37] andwas realised inPython, but for
the neutrino propagation the code gives the same results as
the Fortran simulation found in [38]. In the case of quantum
decoherence where the neutrino exists as a single mass
eigenstate, the neutrino is not coherent and the Earth matter
effect causes no significant change to the measured flavor
composition at low energies. For the case of propagational
decoherence, the neutrino is a decoherent superposition of
mass states where the description of the neutrino in the flavor
basis is given by constant phase differences between the mass
eigenstates and an effect may be seen. While many models
for supernova neutrino spectra, see, for example, [39, 40],
and other astrophysical neutrino sources may be interesting,
for simplicity, we adopt an initial uniform electron neutrino
flux with energies between 0.5 and 20MeV. We are interested
in a significant measurement so incorporated propagation of
the neutrino directly through the Earth and have obtained
a maximal difference between propagation decoherence and
the quantumdecoherence effect at greater than 100%.The lat-
ter is important for next generation neutrino measurements.

2.5. Analytic Illustration: Two-Flavour Case without Core.
The theory of neutrino propagation, including neutrino
propagation in medium and neutrino propagation when
the neutrino experiences propagation decoherence, is well
presented in the papers by Beuthe [22] and Akhmedov
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and collaborators [41, 42] and Blennow and Smirnov [43].
These papers give the essential understanding of neutrino
propagation in matter and propagation decoherence, but no
explicit formula is given for a neutrino which undergoes
propagation decoherence and then experiences the Earth
matter effect.

For ease of discussion we will consider just two regimes,
the vacuum and the Earth (with constant density) and two
neutrino flavors. Due to the discontinuity at the Earth’s
surface, the adiabatic formulas do not describe the neutrino
propagation. However, the solution is to match the flavor
conditions between the two regimes. The flavor at the point
before the density jump is used to determine the initial state
after the jump [43, 44].

Propagation decoherence was studied in detail by Beuthe
[22] but unfortunately only in the vacuum case. Akhmedov
and Wilhelm [41] explicitly consider decoherence due to
production or detection conditions but only note that finite
coherence length is recovered during the integration over
energy. Beuthe [22] goes into great detail about the physics,
which is that the wave packets separate or that the wave
packet spatial spread is so large that the phase varies over the
wave packet and the information is lost. These are changes
of the relationship between the states which make up the
neutrino and the changes can be accounted for by integrating
the phase in the vacuum transition probability. In the case of
two regimes with a sharp transition, as we consider here, it is
necessary to find the flavor states at the transition.

The condition for the wave packet separation to be
complete is given explicitly by Farzan and Smirnov [24].
They explicitly note that this is different than the effect due
to averaging (Section 2.1 in [24]) over the energy, despite
the effect being computationally the same for the vacuum
(and adiabatic) case [22]. As noted by [24], once the phase
difference becomes large, the phase difference between the
mass eigenstates can be expressed as a constant.This happens
once [24]; consider

𝜎𝑥 ≪ 𝑑𝐿

= 3

× 10−3 cm 𝐿

100Mpc
Δ𝑚

2

2.5 × 10−3 eV2 (
10 TeV

𝐸
)

2
,

(5)

which is achieved for both Δ𝑚
2
12 < 1 eV and Δ𝑚

2
23 < 1 eV for

𝐿 = 10 kpc since we expect 𝜎𝑥 to be less than 10−10.
To determine the proper state we must consider the

proper normalisation and phase for the states. In the two-
flavor approximation, the probability is given by

𝑃𝑒𝑒 =
1
2

(1+ cos2 (2𝜃)) ,

𝑃𝑒𝜇 =
1
2
sin2 (2𝜃) ,

(6)

where 𝜃 is the neutrino two-flavor mixing angle in vacuum
and 𝑒 and 𝜇 are the two neutrino flavors. The amplitude can
then be given by

𝐴
dec
𝑒𝑒

= cos2 (𝜃) 𝑒
𝑖(3𝜋/4)

+ sin2 (𝜃) 𝑒
−𝑖(3𝜋/4)

,

𝐴
dec
𝑒𝜇

= sin (𝜃) cos (𝜃) (𝑒
−𝑖(3𝜋/4)

− 𝑒
𝑖(3𝜋/4)

) .

(7)

These give the correct flavor amplitudes of a neutrino pro-
duced in a ]𝑒 state which has travelled through vacuum
and experienced wave packet separation when it reaches the
earth-to-vacuum transition. There is an overall phase, but
for length scales (such as the earth-to-vacuum transition)
much smaller than the the distance between the wave packets
(which can be 1 km ormore) the phase difference between the
wave packets is a constant as expressed above. An amplitude
where the phase between the wave packets changes with
distancewould be incorrect for largewave packet separations.

This allows us to give a clear description of a produced ]𝑒
which experiences propagation decoherence, travels through
the mantle of the earth, and then is detected as a ]𝑒. This is

𝑃
prop
𝑒𝑒

=

𝐴

dec
𝑒𝑒

𝐴
mat
𝑒𝑒

+ 𝐴
dec
𝑒𝜇

𝐴
mat
𝜇𝑒



2 (8)

which for the standard description in terms of a matter
mixing angle 𝜃𝑚 and the matter phase 𝑥𝑚 is

𝑃
prop
𝑒𝑒

=
1
8

(2cos2 (𝑥𝑚) (3+ cos (4𝜃)) + sin2 (𝑥𝑚) (4

+ cos (4𝜃𝑚) + cos (4𝜃𝑚 − 8𝜃) + 2 cos (4𝜃𝑚 − 4𝜃)

+ √8sin2 (𝜃) √3 + cos (4𝜃) sin (4𝜃𝑚 − 4𝜃))) ,

(9)

where [37]

sin (2𝜃𝑚)
2

=
sin (2𝜃)

2

sin (2𝜃)
2

+ (cos (2𝜃) − 2𝐴𝐸]/Δ𝑚2)
2 ,

𝑥𝑚 = 𝑥√sin (2𝜃)
2

+ (cos (2𝜃) − 2𝐴𝐸]/Δ𝑚2)
2
,

𝑥 =
Δ𝑚

2
𝐿

4𝐸]
,

(10)

and 𝐴 is a constant density. This formula is different from
that which is given for solar neutrinos and which is presented
in the paper by Dighe et al. [45]. They give the calculation
for an incoherent mixture of mass eigenstates originating
in the sun, but this important paper does not explicitly
consider propagation decoherence (decoherence due to wave
packet separation) but rather the effects of coherent neutrino
propagation at long baselines in addition to the known solar
MSW resonance effect where neutrinos which leave the sun
exist in only a single mass eigenstate. Farzan and Smirnov
[24] explicitly give the condition to have the phase change
for decoherent, and also for detection to restore coherence.
The condition is that the measurement takes place over large
enough time scales (or small enough energy resolutions) for
both wave packets to be measurable [46].
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In the case of quantum decoherence we have the emission
of a graviton off a neutrino mass state in the vacuum. An
interaction of a neutrino with the graviton serves essentially
as a measurement of the neutrino state, both its detection
and production in quantum mechanical language. This tells
us the condition on the graviton which must be true for the
effect presented in this work; it is the condition of coherent
production/detection of a neutrino as presented in [22, 41].
The formulation can be considered in the framework of
[41] but where the �̃� matrix elements represent the mass
eigenstates and not the matter eigenstates (so the identity
since we are assuming propagation in the vacuum). Then the
relationship for neutrinos which have undergone quantum
gravity decoherence is simply (for two flavours)

𝑃𝛼𝛽 = 𝑃𝛼1𝑃
earth
1𝛽 + 𝑃𝛼2𝑃

earth
2𝛽 . (11)

This is equivalent, as discussed in [45], to a coherent neutrino
being observed a long distance from the neutrino source

by an experiment without arbitrary energy resolution. The
probability is then given by

𝑃
grav
𝑒𝑒

=
1
16

(10+ 2 cos (4𝜃𝑚) − cos (4𝜃𝑚 − 2𝑥𝑚)

+ 2 cos (2𝑥𝑚) − cos (4𝜃𝑚 + 2𝑥𝑚)

+ 4 cos (4𝜃) (cos2 (2𝜃𝑚) + cos (2𝑥𝑚) sin
2

(2𝜃𝑚))

+ 4 sin (4𝜃𝑚) sin
2

(𝑥𝑚) sin (4𝜃)) ,

(12)

where 𝑥𝑚 and 𝜃𝑚 are as mentioned before.
The ratio of neutrinos which have undergone propaga-

tion decoherence and at the same time propagated through
a region of constant density to those which have only
propagated through the vacuum is given by the following
expression:

𝑅𝑝

=

(cos (𝑥𝑚)
2

(3 + cos (4𝜃)) + (2 + cos (4𝜃𝑚 − 8𝜃) + cos (4𝜃𝑚 − 4𝜃)) sin (𝑥𝑚)
2

− 2 sin (2𝑥𝑚) sin (2𝜃𝑚 − 2𝜃) sin (2𝜃))

(3 + cos (4𝜃))
.

(13)

Analogically, the ratio of neutrinos which have under-
gone quantum decoherence in the presence of matter effect in

a constant density medium to those which have propagated
through the vacuum takes a different form:

𝑅𝑞 =
5 + cos (4𝜃𝑚) + cos (4𝜃𝑚 − 4𝜃) + cos (4𝜃) + 4 cos (2𝑥𝑚) cos (2𝜃) sin (2𝜃𝑚 − 2𝜃)

6 + 2 cos (4𝜃)
. (14)

A difference between the ratios 𝑅𝑝 and 𝑅𝑞, in principle,
could be measurable and indicates the principal difference
between propagation and quantum decoherence emerging
in the presence of matter effect. Measurement of such a
difference could therefore serve as a clear example of graviton
detection.

3. Graviton-Neutrino Scattering

Now consider which quantum gravity processes the neu-
trino could possibly experience so as to experience the
quantum decoherence effect in the astrophysical medium.
As mentioned we will be considering quasi-classical gravity
processes.

As is known the Coulomb field is measured by inserting
a charged probe into it. From the quantum electrodynamics
(QED) point of view, an electromagnetic scattering of a
charged particle off the Coulomb field is due to an exchange
of virtual photons (with small negative momentum transfer
squared −𝑞

2
= 𝑄

2
> 0 in the 𝑡-channel) between the probe

and the source. Analogically, it is correct to discuss multiple
exchange of virtual 𝑡-channel gravitons in a scattering event

as a signature of non-zeroth curvature itself (for more
detailed discussions of the principles, see, for example, [47]).

Generically, in quantum electrodynamics (QED) the
virtual photons may become real (produced on mass-shell)
if one disturbs the field pumping energy into it. This is
the physical reason for photon Bremsstrahlung in QED.
Specifically, the standard Bethe-Heitler scattering in electro-
dynamics demonstrates that only an accelerated charge emits
real photons (corresponding to electromagnetic wave in the
classical limit of multiple soft photon radiation). Likewise, in
the quasi-classical gravity framework, the virtual graviton, as
a quantum of the gravitational field of a static massive object,
may turn into the real one (corresponding to gravitational
wave in the classical limit of multiple soft graviton radiation)
if the source of the gravitational field is accelerated or, in
general, when the energy-momentum tensor experiences
disturbances.

Possible sources of real gravitons in the universe include
active galactic nuclei (AGN), binary systems, supernova
explosions (SNe), primordial black holes collisions, compact
star/black holes binaries, quantum bremsstrahlung of gravi-
tons of particles scattering off a massive object, black hole
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(BH) evaporation, relic isotropic gravitational background
from the early universe, inflation, phase transitions in the pri-
mordial plasma, and the decay or interaction of topological
defects (e.g., cosmic strings). For details and references, see
[48].

Consequently, in the cosmological medium a neutrino
can scatter either off a classical gravitational potential with
accompanying radiation of an energetic real graviton off the
scattered neutrino (e.g., Bethe-Heitler-type scattering) or off
real graviton in the astrophysical medium (e.g., Compton-
type scattering). Let us consider both cases and conditions
for initiation of the quantum neutrino decoherence in more
detail.

3.1. Gravitational Bethe-Heitler Scattering. In fact, all ele-
mentary particles, including neutrinos, when traveling in
the vicinity of massive objects (sources of classical gravita-
tional field) can emit real gravitons with a certain energy
spectrum. This process has a straightforward QED analog
of a photon emission in relativistic electron scattering off
the Coulomb field of a heavy nucleus mentioned above, the
Bethe-Heitler process at the Born level. Even though the
energy spectrum of radiated real gravitons is peaked in the
forward direction and in the infrared limit (corresponding
to forward radiation of classical gravitational waves), there
is a nonnegligible probability to radiate hard or energetic
gravitons, namely, with energies comparable to the incoming
relativistic neutrino energy. Due to the quantum nature of
the neutrino and graviton, the latter process can trigger a
dramatic decoherence of an incoming neutrino flavor state
at the quantum level during a very short time scale (inversely
proportional to the energy of the radiated hard graviton).

The decoherence of the neutrino at the quantum level can
only be initiated by hard energetic interactions with relatively
hard gravitons whose energies exceed the mass difference
between different mass states 𝐸𝐺 ≳ Δ𝑚𝑖𝑗 and therefore
requires hard real graviton emission. In this case, the hard
graviton probe has a small wave length and thus can resolve
separate mass states in a coherent or incoherent neutrino
flavor state in the quantummechanical sense (likewise a hard
enough photon can resolve an internal substructure of the
proton wave function and interacts with the separate quarks
it is composed of while a soft one “sees” a proton as a whole
only).

A soft graviton with energy lower than the difference
between mass states will be unable to resolve the individual
mass eigenstates in this superposition and will instead couple
to the whole energy-momentum tensor of the flavor state,
nonlocally, which is the classical general relativity limit. In
the latter case quantum decoherence is not triggered, and the
effect will be as discussed in [31].

The Born-level calculation is good first order approxi-
mation in the case of off-forward hard graviton emissions at
large angles relevant for the quantum decoherence effect; this
is the reason why one can disregard higher-order radiative
corrections which are highly suppressed (by extra powers of
the Planck mass) as long as one cuts off the problematic but
uninteresting infrared/collinear parts of phase space. As was
previously shown in [49], the radiative corrections can only

be relevant in the deep infrared limit of soft real gravitons
𝐸𝐺 → 0 emitted in the forward direction where they will
cancel the soft/collinear divergences. The latter classical limit
represents classical gravitational waves emitted off a neutrino
state with very small or no impact on it.

In the considered GBH case, shown in Figure 1(a), one
deals with the graviton exchange with negative momentum
transfer squared 𝑡 = −𝑞

2
< 0 in the 𝑡-channel with the

propagator stretched between the relativistic neutrino ofmass
𝑚] and energy 𝐸] ≫ 𝑚] and a massive classical gravitational
field source with mass 𝑀 ≫ 𝐸]. The wave function, Ψ]𝑓→ ]𝑎 ,
describes a projection of a given flavor state 𝑓 onto a fixed
mass state 𝑎denoted as a dark ellipse, while the heavy classical
source of the gravitational field is shown by a shaded circle.

The GBH cross section has initially been calculated for
the gravitational scattering of scalar particles with 𝑀 ≫

𝑚 in [49]. In the soft graviton limit, the graviton-neutrino
coupling is not sensitive to the spin of an incident relativistic
particle to leading order, while the classical nonrelativistic
source can be considered spineless in this first discussion for
simplicity (in principle, helicity dependence of hard graviton-
neutrino interactions can be a relevant topic for further
studies). We therefore use their formula as a sufficiently good
approximation to estimate the neutrino-solar mass cross
section with graviton radiation numerically. In this case, as
an order-of-magnitude estimate, the GBH cross section at the
Born level behaves as

𝜎GBH ∼
𝑀

2
𝐸
2
]

𝑀
6
Pl

, 𝑀 ≫ 𝐸] ≫ 𝑚], (15)

and thus may not always be very small since the Planck scale
suppression can be largely eliminated by having a mass 𝑀 of
a heavy classical source in numerator. In particular, for a solar
mass object 𝑀 ∼ 1057 GeV, we have 𝑀

2
/𝑀

6
Pl ∼ 1GeV−4,

so there is no significant suppression of the cross section
for relativistic neutrinos. This is a particle physics magnitude
cross section which naively implies particle physics size
impact parameters. Larger impact parameters would exist
for larger masses, such as the dark matter halo. The above
cross section is integrated over impact parameter, and it
may be instructive to look into differential cross section in
order to find the probability of this process as a function of
distance to the massive astrophysical body. For the current
study it suffices to note that such probability can potentially
be significant.

It is worth noticing that the Bethe-Heitler calculation
in QED to first order gives the correct cross section for
the photon Bremsstrahlung for extended objects such as
a nucleus as shown in [50] ([51] demonstrates that after
advances it is still correct to first order in the hard photon
limit). Similarly, one may expect that the GBH result for a
point-like classical source of gravitational potential should be
roughly correct to first order for extended objects as well, like
a star or even a dark matter distribution in the quasi-classical
gravity case. The QED calculations are provided in the above
references for scattering due to the field surrounding the
nucleus; the nucleus is small compared to the total size of the
field and scattering off the nucleus via other processes can be
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Figure 1: The quasi-classical gravity processes which destroy the
coherence of the neutrino flavor eigenstate (𝑓 = 𝑒, 𝜇, 𝜏) at the
quantum level effectively turning it to a mass eigenstate (𝑎 = 1, 2, 3),
the gravitational Bethe-Heitler-type scattering of neutrino off a
massive object, for example, a black hole (a) and the gravitational
Compton scattering (b). The dark ellipse is a projection to a
fixed mass state and the shaded circle is a classical source of the
gravitational field.
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(a) Diagram for neutrino propagation
with quantum decoherence
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(b) Diagram for neutrino prop-
agation

Figure 2: Shown are diagrams of neutrino propagation in the
quantum field theoretical description (such as found in [22]).
The neutrino is described as a stretched propagator between the
production (𝑃) and detection (𝐷) (b) weak processes (with initial
and final states denoted by subscripts 𝑖 and 𝑓). In the case of
quantum decoherence (a), the emission of a graviton in between the
production and detection processes means that the neutrino exists
in a definitive mass state since both the propagation Hamiltonian
and graviton interaction Hamiltonian conserve mass. The quantum
decoherence effect described here follows from the discussion in
Section 2 of [22].

safely ignored. Most of the cross section is thus not due to
trajectories where the electron passes through the nucleus.
We expect that this is also true for the GBH scattering,
where most of the flux which scatters off the star or other
massive object will not pass through the star, and the point-
like estimation (15) remains valid.

In Figure 3 we have presented the differential (in radiated
graviton energy 𝐸𝐺 and neutrino angle 𝜃]) and integrated
cross sections of the GBH process for typical MeV-scale
astrophysical neutrinos and a solar mass scale source of the

gravitational field. As expected, the main bulk of the cross
section comes from the soft gravitons (gravitational waves)
emission in the forward limit. It is remarkably important,
however, that there is a long nonnegligible tail in the differ-
ential distributions of the GBH cross section in the single
real graviton energy 𝐸𝐺 and emission angle 𝜃. It turns out
that such a tail to harder/off-forward gravitons is not very
strongly suppressed; typical GBH scattering cross sections for
SNe neutrino energies of 𝐸] ∼ 10–100MeV and a solar-
mass classical source are found to be around 𝜎 ∼ 0.1–10
millibarns, which are some 16–18 orders of magnitude larger
than typical neutrino-electron scattering cross sections (less
than an attobarn at the same energies).

This observation strongly suggesting the importance of
the quantum decoherence initiated by interactions with such
energetic real gravitons. The latter source of decoherence
does not have a classical interpretation. As we have already
mentioned, due to a quantum mechanical nature of a single
hard graviton emission at energies 𝐸𝐺 ≳ Δ𝑚𝑖𝑗 (with local
coupling to a gravitational mass eigenstate) and universal
quantum mechanical time-energy uncertainty arguments,
the considered effect of neutrino flavor decoherence is a
purely quantum effect.The hard Gravi-strahlung effect is thus
relevant for a broad range of neutrino energies, and one can
utilize the SNe neutrinos as a clear sample since (1) fluxes of
SNe neutrinos are the largest among astrophysical neutrinos
and (2) SNe neutrino emission mechanisms are the best
understood among other possible astrophysical sources.

Of course, the 𝑡-channel gravitons are extremely soft and
form classical gravitational potential of a classical massive
source and they do not trigger a decoherence of the neutrino
state; only the hard real graviton emissions are relevant.

3.2. Probability for Quantum Gravitational Decoherence.
The cross section of the considered GBH process can be
enhanced for the galactic center (∼106–109 solar masses) or
the dark matter halo (∼1020–1024 solar masses). It can also be
enhanced for ultra-relativistic neutrinoswhich are potentially
detectable at neutrino observatories such as IceCube and
Super-K. As is our main result, we notice that the GBH scat-
tering may cause the quantum decoherence of astrophysical
neutrinos and this effect can be measured via neutrino flavor
compositionmeasurements. Amassive classical source of the
gravitational fieldmay not necessarily be a black hole, but any
compact star or, in general, any bound gravitational potential
induced by continuousmatter distribution in the galactic disk
and halo.

Due to rather large cross sections it can be thatmost of the
astrophysical neutrinos which are observed at the Earth from
a given direction andhave passed in close vicinity of amassive
object would have experienced the quantum decoherence
due to a graviton-induced scattering. In other words, the
probability for a given neutrino in a superposition of mass
states𝑓 to decohere, being “transformed” into one of themass
states 𝑎 = 1, 2 or 3 in the GBH process, 𝑃𝐺 ∼ |𝐴

(𝐺)
|
2, may be

large for possible (massive) astrophysical sources of classical
gravitational fields, depending on details of astrophysics and
quasi-classical gravity.Deviations fromquasi-classical gravity
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Figure 3: Differential cross section of the gravitational Bethe-Heitler scattering of neutrino off a massive object, for example, a black hole
(BH) in radiated graviton energy 𝐸

𝐺
(a), in polar angle of the final-state neutrino 𝜃] (b), and the integrated cross section as a function of

incoming neutrino energy 𝐸] typical for astrophysical sources, for example, see [69], (c).

which illuminate the fundamental quantum gravity theory
may also be relevant. To parameterise this we can define

𝑃𝐺 ≡
𝑁𝐺]

𝑁init
, (16)

where𝑁𝐺] is the number of neutrinoswhich have radiated off
an energetic graviton with 𝐸𝐺 ≳ Δ𝑚𝑖𝑗 while being scattered
off amassive object (on theway to the Earth, a producedmass
state may experience more graviton-induced rescatterings
in classical gravitational potentials which do not affect the
coherence of the neutrino state any longer but may cause
an additional energy loss of the propagating neutrino into
the gravitational radiation) and 𝑁init is the total number
of neutrinos which have been emitted off an astrophysical
source. As we will demonstrate below, the 𝑃𝐺 value can
be measured via neutrino flavor composition observations
leading to a promising opportunity for experimental tests of
quantum gravity induced interactions.

A precise theoretical calculation for 𝑃𝐺 is influenced
by many potentially relevant aspects. First, it depends on

a quantum gravity model through model-dependent local
neutrino-graviton couplings, thus offering a good opportu-
nity for experimental tests of quantum gravity. Due to the
extended nature ofmany of the sources, theremight be strong
differences for models with some nonlocality. Second, it may
be influenced by yet unknown higher-order corrections and
by multiple rescatterings of a neutrino off a massive source,
multiple massive sources, or a diffuse source such as the
dark matter halo which the neutrino passes through on its
path to the Earth (in this case, the Eikonal approximation
for neutrino-graviton rescattering can be used [52]). Thus,
the actual cross sections may significantly vary depending on
environment a neutrino propagates in.Thirdly, the astrophys-
ical neutrino flavor composition may depend on production
processes which may currently be unknown. Also, energy
loss of the neutrino due to the hard Gravi-strahlung in
each scattering event should be taken into consideration,
together with other effects which change the coherence of the
neutrino state. This could also be used to identify a graviton
interaction, if, for example, this lower energy flux comes
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some short time later than the initial flux. Finally, including
possible dense astrophysical mediamight be important as the
neutrino may have additional weak rescatterings off normal
matter acting on the neutrino leaving the neutrino in a
superposition ofmass eigenstates when it arrives at the Earth.
Therefore, additional astrophysical information is desired
to constrain these uncertainties. All of the above aspects
are the major unknowns in making predictions for the 𝑃𝐺

quantitywhich require a further effort of the quantumgravity,
neutrino, and astrophysics communities.

3.3. Gravitational Compton Scattering. Another possibility
for quasi-classical gravity induced interactions with neutrino
participation is shown in Figure 1(b). This is the (tree level)
gravitational Compton scattering of a neutrino off a real
graviton in cosmologicalmedium.The latter process has been
previously studied in [53] and inmany other papers.The cross
section in this case is always extremely small 𝜎 ∼ 𝐸

2
]/𝑀

2
Pl for

a MeV neutrino, and real graviton fluxes are not expected to
compensate for such a huge suppression. This process seems
less interesting when applied to astrophysical neutrino flavor
composition. Hypothetically, this effect could be considered
in exotic cases of ultra-relativistic neutrinos and/or in the
very early universe where the graviton fluxesmight have been
rather intense.

4. Quasi-Classical Gravity
Measurement Proposal

As presented above, the neutrino in a mass eigenstate does
not oscillate unless it scatters off ordinary matter via a weak
channel which will cause it to be in a flavor eigenstate. It is
likely that the 𝑍, 𝑊-mediated scattering happens only in the
Earth-based detector enabling us to access information about
the graviton-neutrino scattering which might have happened
far away from the solar system. In the considered situation,
the neutrino plays an analogical role of an electric charge
in a quantum measurement of the microscopic Coulomb
field properties. From the quantum mechanical point of
view, a massive object (e.g., dark matter distribution or the
galactic center) vicinity can then be viewed as a macroscopic
“detector” of gravitons. The neutrino scattering off a massive
object and radiating an energetic graviton by means of the
local graviton-neutrino coupling would be an elementary
act of quantum mechanical measurement, and the neutrino
conveys the quantum information about the act of graviton
measurement to the Earth (see Figure 2). The neutrino does
not undergo oscillation or demonstrate properties consistent
with being a superposition of mass eigenstates since it is in
a definitive mass state during the propagation and graviton
interaction.Theneutrino not interactingweakly as it travels is
a good approximation due to extremely weak interactions of
neutrinos with ordinary matter. Then an Earth-based detec-
tor will “read off” the results of the “graviton measurement”
which has taken place at the massive object.

Previously, in [5], it has been claimed that it is not possible
to detect a single graviton with a planet-scale detector.
Our proposal is to measure the described graviton-neutrino

scattering effect (specifically, the gravitational Bethe-Heitler
scattering of neutrino off a massive object) experimentally,
which is the best possibility for indirect graviton detection
proposed. Remarkably, we consider a super massive-scale
“detector” of energetic gravitons, with neutrinos serving as
the most efficient carrier of the information about such a
measurement to the Earth.

4.1. Quantum Gravitational Decoherence Effect on Neutrino
Oscillations. Here we consider a very massive source of
strong gravitational fields like cluster of stars (e.g., the center
of our Galaxy) or a dark matter halo as a good example of a
graviton “detector.”This section provides predictions for such
an extreme large-scale quasi-classical gravity measurement.

As we have demonstrated above, the probability of an
individual (elementary) act of the “quantum gravitymeasure-
ment” defined by the graviton-neutrino cross section can be
rather large due to a large GBH cross section and there may
be scenarios where it should not be neglected.In particular,
utilizing the dense region of stars and black holes in the
galactic center (GC) as our “graviton detector” in the above
sense, one could expect that a significant fraction of neutrinos
passing by the dense region would have experienced the
GBH scattering. Then since many of the neutrinos are now
in a mass eigenstate, they will no longer undergo flavor
oscillation. Due to the neutrino existing in a mass eigenstate
during propagation, further graviton rescattering would not
constitute additional quantum measurements of an “unde-
termined” quantum state. Depending on the astrophysical
process, one might favor energies of neutrinos where the
neutrino oscillation may not be suppressed due to the MSW
effect where the neutrino exists in a single mass eigenstate, so
that the graviton-induced effect would be cleaner.We suggest
that this effect could be tested in neutrino telescopes and
observatories by looking at the galactic center neutrino flavor
composition and comparing it to the composition expected
without quantum gravitational decoherence. It might be
possible that close, “standard candle,” neutrino emitters in
other parts of the sky provide a flux of neutrinos which have
not undergone quantum gravitational decoherence (note: a
very similar effect should take place in flavor oscillations in
the neutral kaons 𝐾𝑙, 𝐾𝑠 system as well).

The general formula for the number of electron type
neutrinos observed from an electron type source in the
vacuum is

𝑁𝑒,det

𝑁𝑒,init
∝ 𝑃

vac
𝑒𝑒,∞

(1− 𝑃𝐺) + 𝑃𝐺 ∑

𝑖=1,2,3
𝑉𝑒𝑖𝑉
∗

𝑖𝑒
𝑉𝑒𝑖𝑉
∗

𝑖𝑒
. (17)

Here𝑃
vac
𝑒𝑒,∞

is the standard vacuumoscillation probability [36]
far away from the neutrino source and𝑃𝐺 is the probability for
neutrino in a flavor state to interact with at least one graviton
(16) which will depend on the graviton-neutrino scattering
cross section. Every mass eigenstate of the (relativistic)
neutrino shares the same energy so 𝑃𝐺 takes the same value.

If all neutrinos have interacted with at least one graviton,
that is, fixing 𝑃𝐺 = 1, than the expression for the total ]𝑒 →

]𝑒 transition probability becomes

𝑃
𝐺

𝑒𝑒
= cos4𝜃12cos

4
𝜃13 + cos4𝜃13sin

4
𝜃12 + sin4𝜃13, (18)
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where 𝜃12, 𝜃13, and 𝜃23 are the standard neutrino vacuum
mixing angles. This basic formula is our prediction (in
vacuum) for the “maximal decoherence” scenario valid for
𝑃𝐺 ≃ 1. In the standard Large mixing angle (LMA) global fit
with sin2𝜃13 = 0.025, sin2𝜃12 = 0.31, and sin2𝜃23 = 0.60 (but
with 𝛿𝐶𝑃 = 0) [54], the value for the transition probability
throughout a range of neutrino energies is shown in Figure 4.
The difference between the predictions for 𝑃𝐺 = 1 and
𝑃𝐺 = 0 is that a neutrino which has experienced propagation
decoherence will have a constant phase difference in the
flavor basis at the earth/vacuum boundary, possibly resulting
in a greater than 100% change in the survival probability
depending on neutrino energy, the detector resolution, and
the detector location. Further detail is available in the
Appendix. Here the simulation for neutrino propagation in
matter and vacuum was based on [38].

As one notices in Figure 4, the relative effect ranges from
a few percent at 𝐸] ≃ 2MeV to about 350% at 𝐸] ≃ 20MeV.
This is expected because the electron type component of the
super position of three decoherent mass states is larger than
the electron type component of the single mass states. The
Earth matter effect depends on neutrino energy and so the
effect will be larger at higher energy (20MeV and above)
than at smaller energies (2MeV).This gives a quite noticeable
difference between the case where the neutrino undergoes
propagational decoherence relative to the case where the
neutrino experienced quantum decoherence.

For illustration in this calculation we use a constant,
maximal probability for quantum decoherence case, 𝑃𝐺 = 1.
In practicewe expect this to be less than one and to depend on
the neutrino energy𝐸].The𝑃𝐺(𝐸]) value can be considered as
an observable and extracted from the flavor composition data
and further compared to theoretical calculations. Possible
sources of neutrinos in extreme astrophysical environments
include the aforementioned dense galactic center, but also
ordinary stars, SNe, GRB, AGN, and other galactic or extra-
galactic sources [55, 56]. Quantum gravity models should
aim at predicting the 𝑃𝐺 in these extreme environments as a
function of astrophysical parameters and neutrino energy so
that favoredmodels can be constrained by the neutrino flavor
data.

The neutrino flux spectrum from astrophysical sources is
still beingmodeled [57–59]. By comparing observed neutrino
flavor composition for neutrinos passing through the Earth to
that of neutrinos which have not passed through the Earth,
the flux can be divided out and a possibly large effect may be
observed (for the above LMA global fit).This could be visible
in flavor data at large statistics.

This is our prediction for the quantum gravity-induced
effect on the detected flavor composition in the “maximal
quantumdecoherence” scenario.While numerically the effect
can be very large, one would certainly need to have a good
understanding of all the other statistical and systematical
uncertainties for a possible measurement of the dependence
of 𝑃𝐺 on neutrino energy. Current generation neutrino
observatories can observe approximately ten thousand total
events from nearby (∼10 kpc) SNe; however, next generation
neutrino observatories (such as Hyper-K) can provide statis-
tics to reduce systematical uncertainties [60]. Additionally,
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Figure 4: Here the difference due to the Earth matter effect in the
observed number of electrons is plotted (assuming an initial flux that
only contains electron neutrinos).The difference is defined to be the
ratio of the observed number of electron type neutrinos for the case
where there is a maximal Earth matter effect (impact parameter is
sin(.576)) and the case where there is no earth matter effect. Shown
are two curves, black solid for 𝑃

𝐺
= 0 (propagation decoherence

case) and blue dotted for the 𝑃
𝐺

= 1 (quantum decoherence case).
This calculation was done with a uniform distribution of decoherent
electron neutrinos. The difference due to the Earth matter effect
may be higher than 300%. In the case of fixed 𝑃

𝐺
= 1, the flavor

composition of the neutrino flux is minimally affected by the Earth
at low energies.

improvements are needed in current neutrino flavor recon-
struction technologies, which can reconstruct the neutrino
flavor to the percentage level [61]. It has been pointed out
that sensitive neutrino detectors should be placed in North
America (Sudbury), Japan (Hyper-K), Chile (ANDES), and
Antarctica (BeyondDeepCore) to best observe SNeneutrinos
and the effect that the Earth has on SNe neutrinos [62].

5. Conclusion

In conclusion, we have considered a quasi-classical grav-
ity process, the gravitational Bethe-Heitler scattering of a
neutrino off a massive object accompanied by an energetic
graviton radiation, which can have a rather large cross section
proportional to the mass squared of the classical source. Due
to hard gravitons interacting with a neutrino mass eigenstate
only, opposite to weak bosons which interact with a flavor
eigenstate only, the considered process is a measurement
of the incoming neutrino flavor state at the quantum level,
causing its decoherence in a different manner than the
process which can be called propagational decoherence or
other sources of decoherence. This quantum decoherence
affects astrophysical neutrino behavior. Namely, quantum
decoherence can be considered as a specific quasi-classical
gravitational measurement of the neutrino propagating state,
which changes the behavior of the neutrino in the presence
of a potential (such as the Earth matter effect) compared to
the traditional source of decoherence known as propagation
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decoherence, which can be observed in the neutrino flavor
composition in an Earth based detector (see the Appendix).

This enables the utilization of neutrinos traveling across
the Galaxy as a source of information about the graviton-
induced interactions they might have experienced on their
journey to Earth. Specifically, the measured probability to
find a given flavor component in the neutrino flux coming
from a vicinity of a super massive black hole or another
supermassive object (galactic center or darkmatter halo) will
be different from the corresponding probability measured
from a source of neutrinos where the neutrinos never pass
near a massive system. In the case where no astrophysical
neutrinos can be identified which have not interacted with
a gravitational potential, the flavor composition can be
compared to the expectation for the Earth matter effect
which can be determined using reactor, atmospheric, and
accelerator neutrinos. We have explicitly demonstrated that
the maximal difference corresponding to an assumption that
all of the detected neutrinos have experienced an interaction
with a graviton, that is,𝑃𝐺 = 1, is large and can bemeasurable
at high statistics. Assuming that the required astrophysical
conditions are met for large 𝑃𝐺, this would provide a first
measurement of quasi-classical gravity. Further discrimina-
tion of quantum gravity models would require more statistics
and detailed calculations using these models. Additionally,
we note that the energetic graviton bremsstrahlung would
cause a significant decrease in energy of the neutrinos which
are scattered at large angles. Since the galactic center is
not only massive but is a source of neutrinos, it might be
possible that a large enough SNe in the galactic center would
produce enough neutrinos so that the existence of graviton
bremsstrahlung could be induced by a group of neutrinos
arriving a short time after the initial group with a lower
median energy. This could be used in addition to the flavor
to investigate quantum gravity models.

Thus, the probability for a neutrino state to interact with
at least one energetic graviton, 𝑃𝐺, is considered to be a
new observable containing information about the quantum
gravity scattering process. An estimate of the 𝑃𝐺 value
from neutrino flavor composition data with good angular
resolution would provide an important experimental test for
quantum gravity models. This is the major proposal we make
in our paper. We do not expect 𝑃𝐺 ∼ 1 in most scenarios
and a realistic theoretical estimate for 𝑃𝐺 depends on many
factors and is not well-constrained yet. For a distant enough
source, there aremany potential scattererswhichmay provide
the maximal case of 𝑃𝐺 = 1.

The difference between propagation decoherence and
quantum gravitational decoherence is a crucial component
in our study and so we provide short summary. In the
classical case [22] the neutrino is produced and detected in
distinct flavor states (at the astrophysical source and the earth
detector) and exists as a quantum mechanical superposition
of mass states due to the mass states being indistinguishable
to the detection process. If the neutrino passes near a massive
object, then it might undergo what we described as classical
decoherence [25, 27–30].The different mass states continue to
exist and make up the neutrino even if they cease to overlap
due to what we describe as propagation decoherence [22].

In the quasi-classical gravity case (this study), the neu-
trino is produced and detected in distinct flavor (at the
astrophysical source and the earth detector); however, the
neutrino exists in a single mass state due to being “observed”
by the emitted graviton which distinguishes which mass
state the neutrino exists in. We describe this effect as quan-
tum decoherence. Since only a single mass state exists, the
demonstrated phenomena are different such as that which is
described by the Earth matter effect where the electron type
component of the neutrino experiences the electromagnetic
potential of the Earth differently than the other components.
For low energy neutrinos in a single mass state, the Earth
matter effect is less than 1%; in contrast to the Earth matter
effect for a decoherent (due to propagation) superposition
of mass states which have a stronger electron type neutrino
component and experience a stronger Earth matter effect
depending on neutrino energy.

While we give an explicit calculation of the GBH process
to demonstrate that the emission of a hard graviton via
gravitational Bremsstrahlung is relatively large and used
this fact to motivate discussion of a maximal possible
signature, that is, 𝑃𝐺 = 1, we expect the calculation of
gravitational Bremsstrahlung to require corrections similar
to that of photon Bremsstrahlung [50, 51] for an extended
source in addition to the loop-induced corrections for a full
theory of quantum gravity. Additionally, in many considered
astrophysical scenarios, the astrophysical distances involved
would cause 𝑃𝐺 to be small. This requires further work.

Having all that in mind, as a natural starting point in
this very first paper we would like to present the basic
concept/idea of quantum decoherence due to large angle
neutrino-graviton interactions (Gravi-strahlung) in strong
gravitational fields and its possible effect on neutrino flavor
observables. In this paper we report on our preliminary study
of such a graviton-induced effect on neutrino oscillations and
motivate future studies in this direction. We plan to improve
our simulation with fluxes and the astrophysical medium
in a future study. The possibility that 𝑃𝐺 is not zero in the
vicinity of the Sun should be considered as well. For example,
using the same simulation as used to produce Figure 4 we
find a preliminary effect for solar neutrino of approximately
3% for 𝑃𝐺 = 0 in the integrated 𝐵8 spectrum while we see
an asymmetry of ∼0% for 𝑃𝐺 = 1. Explicitly, the length
and energy dependence of neutrino flavor oscillation will
depend on the relative strengths of the graviton-neutrino
interactions, the matter properties, and the vacuum oscilla-
tion parameters. Inclusion of these possibilities in the global
neutrino oscillation parameter fit will be left for a later paper.
Additionally, extragalactic neutrinos should be considered
with additional care as GBH scattering of the neutrino off
the diffuse dark matter halo may play a role. Finally, the issue
of coherent production of neutrinos is not considered in this
study and should be studied in detail in a future work.

The program used to produce Figure 4 can be found on
the arxiv [63]. For further information about semiclassical
quantum gravity see [64] and for further information about
graviton bremsstrahlung see [65–67].

In the review process, [68] was brought to the attention of
the authors. Here the idea that a neutrino in a superposition
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of mass eigenstates may be projected to a single mass
eigenstate by a gravitational couplings was presented.

Appendix

Note on Measuring Graviton
Induced Decoherence

The central effect of the graviton observation of the neutrino
which is utilised in this proposed measurement is that
a superposition is different than a classical ensemble of
states. Distinguishing these two things is of key interest
to the Quantum Information and Quantum Foundations
communities and they have been shown to be different in
experiments which investigate Bell Inequalities. To quote
a member of the Quantum Foundations community who
are also interested in distinguishing the situation where
the particle is in a superposition (neutrino which has not
undergone an interaction with a graviton, in our case) and
those where the wave function has collapsed (in the mass
basis in our case, where the neutrino has undergone an
interaction with a graviton) [70]:

It is a well-known and important property of
quantum mechanics that a superposition of states
is fundamentally different from a classical ensem-
ble of states, where the system actually is in only
one of the states but we simply do not know in
which (this is often referred to as an ignorance-
interpretable, or proper ensemble).

What is required to distinguish these two cases is for
the phase between the states to not be rapidly varying. In
the case where interference phenomena may be observed
(the phenomena of neutrino oscillation for neutrinos) this
is obviously the case. For the case where the particle is still
coherent but the phase difference between states is rapidly
varying, it is obvious that it is impossible to differentiate a
classical ensemble from a superposition. For neutrinos this is
the situationwhere there is still overlap between the states but
the energy resolution of the detector is not good enough to
observe the oscillation and has been talked about in [22, 24].

However, there is an additional case where the neutrino
in the flavor basis ceases to oscillate. The states no longer
overlap. This is the case of propagation decoherence and
generally the case for astrophysical neutrinos. In this case, in
the flavor basis, the neutrino has a constant phase difference
between (matter) states. If we measure this state without
making any changes to it based on the phase difference we
get the same result as if we measure a classical ensemble of
states (the quantum gravity decoherence case). However, if
we modify this (flavor) state by sending it through matter,
the constant phase difference is changed differently than
the classical ensemble of states and the neutrino can be
distinguished as being in a classical ensemble of states (or
having undergone quantum gravity decoherence) rather than
a separated superposition. The boundary between matter
regimes has a finite width and so the (flavor) state is
going to have a constant phase difference (for large enough

separations), independent of the energy resolution of the final
(flavor) detector which collapses the wave function.

This can be clearly described in the density matrix
formalism. In the formalism, the evolution of the density
matrix is given by

̇𝜌 = − 𝑖 [𝐻, 𝜌] , (A.1)

where 𝜌 is the density matrix and𝐻 is the Hamiltonian. It has
been shown [71] that if ̇𝜌 = 0, knowledge about the particulars
of the wave packet is unnecessary and as a consequence you
can not distinguish wave packet separation from the case
where you have ameasurement at large distances (or you have
a graviton interaction leaving the neutrino in a distinct mass
eigenstate). However, we are considering the case where wave
packet separation has occurred and then the neutrino passes
through jump in the potential. We can describe change of
basis from flavor to vacuum as 𝐶1 and the change of basis
from flavor to matter as 𝐶2. We can describe the decoherence
process as 𝐷, which nullifies the off diagonal components of
the density matrix (e.g., [72]). Note that 𝐷 does not commute
with 𝐶. We can also describe the adiabatic process of the
neutrino passing through the earth as 𝐻𝑚. We then consider

[𝐶
−1
2 𝐻𝑚𝐶2𝐶

−1
1 𝐷𝐶1, 𝜌] (A.2)

and note that it is not 0. Thus ̇𝜌 ̸= 0 and wave packet
information is relevant and furthermore, as presented in
this study, you may distinguish wave packet separation from
graviton induced decoherence.

For the case of 2 neutrinos flavours, the constant phase
difference for a neutrino in a separated superposition is obvi-
ous and is given by 𝜋/2. For the case of 3 neutrino flavours, it
is more difficult, and by brute force phase differences which
work for the neutrino parameters used in this study are
0.756253𝑖 and 1.477224𝑖, the results of which are plotted in
Figure 4.
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[28] L. Diósi, “A universal master equation for the gravitational
violation of quantummechanics,” Physics Letters A, vol. 120, pp.
377–381, 1987.
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Teoreticheskoı̆ Fiziki, vol. 64, pp. 1889–1901, 1973.

[54] M. C. Gonzalez-Garcia, M. Maltoni, J. Salvado, and T. Schwetz,
“Global fit to three neutrino mixing: critical look at present
precision,” Journal of High Energy Physics, vol. 2012, no. 12,
article 123, 2012.

[55] A. Strumia andF.Vissani, “Neutrinomasses andmixings and...,”
http://arxiv.org/abs/hep-ph/0606054.

[56] C.W.Kim andA. Pevsner,Neutrinos in Physics andAstrophysics,
Harwood Academic, New York, NY, USA, 1993.

[57] K.-C. Lai, G.-L. Lin, and T. C. Liu, “Flavor transition mech-
anisms of propagating astrophysical neutrinos: a model inde-
pendent parametrization,” Physical Review D, vol. 82, Article ID
103003, 2010.

[58] S. Choubey and W. Rodejohann, “Flavor composition of ultra-
high energy neutrinos at source and at neutrino telescopes,”
Physical Review D, vol. 80, Article ID 113006, 2009.

[59] A. Esmaili and Y. Farzan, “An analysis of cosmic neutrinos:
flavor composition at source and neutrino mixing parameters,”
Nuclear Physics B, vol. 821, pp. 197–214, 2009.

[60] K. Scholberg, “Supernova neutrino detection,” Annual Review
of Nuclear and Particle Science, vol. 62, pp. 81–103, 2012.

[61] T. Akiri, D. Allspach, M. Andrews et al., “The 2010 interim
report of the long-baseline neutrino experiment collaboration
physics working groups,” http://arxiv.org/abs/1110.6249.

[62] P. A. N. Machado, T. Muhlbeier, H. Nunokawa, and R. Z.
Funchal, “Potential of a neutrino detector in the ANDES
underground laboratory for geophysics and astrophysics of
neutrinos,” Physical Review D, vol. 86, no. 12, Article ID 125001,
19 pages, 2012.

[63] J. Miller and R. Pasechnik, “Quantum gravity effect on neutrino
oscillations in a strong gravitational field,” http://arxiv.org/abs/
1305.4430.

[64] R. Paszko and A. Accioly, “Equivalence between the semiclassi-
cal and effective approaches to gravity,” Classical and Quantum
Gravity, vol. 27, no. 14, Article ID 145012, 2010.

[65] R. J. Gould, “The graviton luminosity of the sun and other stars,”
The Astrophysical Journal, vol. 288, pp. 789–794, 1985.

[66] B. M. Barker and S. N. Gupta, “High-energy graviton brems-
strahlung,” Physical Review D, vol. 9, no. 2, pp. 334–338, 1974.

[67] P. C. Peters, “Relativistic gravitational bremsstrahlung,” Physical
Review D, vol. 1, no. 6, pp. 1559–1571, 1970.

[68] D. V. Ahluwalia, “On reconciling atmospheric, lsnd, and solar
neutrino-oscillation data,”Modern Physics Letters A, vol. 13, no.
28, pp. 2249–2264, 1998.

[69] H.-T. Janka, “Explosion mechanisms of core-collapse super-
novae,” Annual Review of Nuclear and Particle Science, vol. 62,
pp. 407–451, 2012.

[70] M. Schlosshauer, “Decoherence, the measurement problem,
and interpretations of quantummechanics,” Reviews of Modern
Physics, vol. 76, p. 1267, 2005.

[71] L. Stodolsky, “When the wavepacket is unnecessary,” Physical
Review D, vol. 58, Article ID 036006, 1998.

[72] E. Akhmedov, J. Kopp, and M. Lindner, “Decoherence by
wave packet separation and collective neutrino oscillations,”
http://arxiv.org/abs/1405.7275.



Research Article
Constraints on the Nonstandard Interaction in
Propagation from Atmospheric Neutrinos

Shinya Fukasawa and Osamu Yasuda

Department of Physics, Tokyo Metropolitan University, Minami-Osawa, Hachioji, Tokyo 192-0397, Japan

Correspondence should be addressed to Osamu Yasuda; yasuda@phys.se.tmu.ac.jp

Received 3 May 2015; Accepted 5 August 2015

Academic Editor: Vincenzo Flaminio

Copyright © 2015 S. Fukasawa and O. Yasuda. 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 publication of this article was funded by SCOAP3.

The sensitivity of the atmospheric neutrino experiments to the nonstandard flavor-dependent interaction in neutrino propagation
is studied under the assumption that only nonvanishing components of the nonstandard matter effect are the electron and tau
neutrino components 𝜖

𝑒𝑒
, and 𝜖

𝑒𝜏
, 𝜖
𝜏𝜏
and that the tau-tau component satisfies the constraint 𝜖

𝜏𝜏
= |𝜖
𝑒𝜏
|
2

/(1+𝜖
𝑒𝑒
)which is suggested

from the high energy behavior for atmospheric neutrino data. It is shown that the Super-Kamiokande (SK) data for 4438 days
constrains |tan𝛽| ≡ |𝜖

𝑒𝜏
/(1 + 𝜖

𝑒𝑒
)| ≲ 0.8 at 2.5𝜎 (98.8%) CL whereas the future Hyper-Kamiokande experiment for the same period

of time as SK will constrain as |tan𝛽| ≲ 0.3 at 2.5𝜎CL from the energy rate analysis and the energy spectrum analysis will give even
tighter bounds on 𝜖

𝑒𝑒
and |𝜖

𝑒𝜏
|.

1. Introduction

From the experiments with solar, atmospheric, reactor, and
accelerator neutrinos it is now established that neutrinos have
masses and mixing [1]. Neutrino oscillations in the standard
three-flavor scheme are described by threemixing angles, 𝜃

12
,

𝜃
13
, and 𝜃

23
, one CP phase 𝛿, and two independent mass-

squared differences, Δ𝑚2
21
and Δ𝑚2

31
. The sets of the param-

eters (Δ𝑚2
21
, 𝜃
12
) and (|Δ𝑚2

31
|, 𝜃
23
) were determined by the

solar neutrino experiments and the KamLAND experiment
and by atmospheric and long baseline neutrino experiments,
respectively. 𝜃

13
was determined by the reactor experiments

and the long baseline experiments [1]. The only oscillation
parameters which are still undetermined are the value of the
CP phase 𝛿 and the sign of Δ𝑚2

31
(the mass hierarchy). In

the future neutrino long-baseline experiments with intense
neutrino beams the signs of Δ𝑚2

31
and 𝛿 are expected to be

determined [2, 3]. As in the case of B factories [4, 5], such high
precisionmeasurements will enable us to search for deviation
from the standard three-flavor oscillations (see, e.g., [6]).
Among such possibilities, in this paper, we will discuss

the effective nonstandard neutral current flavor-dependent
neutrino interaction with matter [7–9], given by

L
NSI
eff = −2√2𝜖

𝑓𝑃

𝛼𝛽
𝐺
𝐹
(]
𝛼
𝛾
𝜇
𝑃
𝐿
]
𝛽
) (𝑓𝛾
𝜇

𝑃𝑓


) , (1)

where𝑓 and𝑓 stand for fermions (the only relevant ones are
electrons, 𝑢 and 𝑑 quarks),𝐺

𝐹
is the Fermi coupling constant,

and 𝑃 stands for a projection operator that is either 𝑃
𝐿
≡

(1 − 𝛾
5
)/2 or 𝑃

𝑅
≡ (1 + 𝛾

5
)/2. If the interaction (1) exists,

then the standard matter effect [7, 10] is modified. We will
discuss atmospheric neutrinos which go through the Earth,
so we make an approximation that the number densities of
electrons (𝑁

𝑒
), protons, and neutrons are equal (this assump-

tion is not valid in other environments, e.g., in the Sun.).
Defining 𝜖

𝛼𝛽
≡ ∑
𝑃
(𝜖
𝑒𝑃

𝛼𝛽
+ 3𝜖
𝑢𝑃

𝛼𝛽
+ 3𝜖
𝑑𝑃

𝛼𝛽
), the Hermitian 3 × 3

matrix of the matter potential becomes

A ≡ 𝐴(

1 + 𝜖
𝑒𝑒

𝜖
𝑒𝜇

𝜖
𝑒𝜏

𝜖
𝜇𝑒

𝜖
𝜇𝜇

𝜖
𝜇𝜏

𝜖
𝜏𝑒

𝜖
𝜏𝜇

𝜖
𝜏𝜏

), (2)
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where 𝐴 ≡ √2𝐺
𝐹
𝑁
𝑒
stands for the matter effect due to the

charged current interaction in the standard case. With this
matter potential, the Dirac equation for neutrinos in matter
becomes

𝑖

𝑑

𝑑𝑥

(

]
𝑒
(𝑥)

]
𝜇
(𝑥)

]
𝜏
(𝑥)

)

= [𝑈diag (0, Δ𝐸
21
, Δ𝐸
31
) 𝑈
−1

+A](

]
𝑒
(𝑥)

]
𝜇
(𝑥)

]
𝜏
(𝑥)

) ,

(3)

where 𝑈 is the leptonic mixing matrix defined by

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

),

(4)

and Δ𝐸
𝑗𝑘
≡ Δ𝑚

2

𝑗𝑘
/2𝐸 ≡ (𝑚

2

𝑗
− 𝑚
2

𝑘
)/2𝐸, 𝑐

𝑗𝑘
≡ cos𝜃

𝑗𝑘
, and

𝑠
𝑗𝑘
≡ sin𝜃

𝑗𝑘
.

Constraints on 𝜖
𝛼𝛽

have been discussed by many authors,
from atmospheric neutrinos [11–15], from 𝑒

+

𝑒
− colliders [16],

from the compilation of various neutrino data [17], from solar
neutrinos [18–20], from ]

𝑒
𝑒 or ]

𝑒
𝑒 scatterings [21, 22], from

solar and reactor neutrinos [23], and from solar, reactor, and
accelerator neutrinos [24]. Since the coefficients 𝜖

𝛼𝛽
in (2) are

given by 𝜖
𝛼𝛽
∼ 𝜖
𝑒

𝛼𝛽
+3𝜖
𝑢

𝛼𝛽
+3𝜖
𝑑

𝛼𝛽
, considering the constraints in

these references, we have the following limits [25] at 90%CL:

(





𝜖
𝑒𝑒





< 4 × 10

0





𝜖
𝑒𝜇






< 3 × 10

−1 



𝜖
𝑒𝜏





< 3 × 10

0






𝜖
𝜇𝜇






< 7 × 10

−2





𝜖
𝜇𝜏






< 3 × 10

−1





𝜖
𝜏𝜏





< 2 × 10

1

). (5)

From (5) we observe that the bounds on 𝜖
𝑒𝑒
, 𝜖
𝑒𝜏
, and 𝜖

𝜏𝜏
are

much weaker than those on 𝜖
𝛼𝜇
(𝛼 = 𝑒, 𝜇, 𝜏).

On the other hand, the nonstandard interaction (NSI)
with components 𝜖

𝛼𝛽
(𝛼, 𝛽 = 𝑒, 𝜏)must be consistent with the

high-energy atmospheric neutrino data. It was pointed out in
[26, 27] that the relation





𝜖
𝑒𝜏






2

≃ 𝜖
𝜏𝜏
(1 + 𝜖

𝑒𝑒
) (6)

should hold for the matter potential (2) to be consistent with
the high-energy atmospheric neutrino data, which suggest
the behavior of the disappearance oscillation probability

1 − 𝑃 (]
𝜇
→ ]
𝜇
) ∼ sin22𝜃atmsin

2

(

Δ𝑚
2

atm𝐿

4𝐸

) ∝

1

𝐸
2
, (7)

where sin22𝜃atm and Δ𝑚2atm are the oscillation parameters in
the two-flavor formalism. In [28] it was shown that, in the
high-energy behavior of the disappearance oscillation prob-
ability

1 − 𝑃 (]
𝜇
→ ]
𝜇
) ≃ 𝑐
0
+

𝑐
1

𝐸

+ O(
1

𝐸
2
) (8)

in the presence of the matter potential (2), |𝑐
0
| ≪ 1 and |𝑐

1
| ≪

1 imply 𝜖
𝑒𝜇
≃ 𝜖
𝜇𝜇
≃ 𝜖
𝜇𝜏
≃ 0 and 𝜖

𝜏𝜏
≃ |𝜖
𝑒𝜏
|
2

/(1 + 𝜖
𝑒𝑒
).

Taking into account the various constraints described
above, in the present paper we take the ansatz

A = 𝐴(

1 + 𝜖
𝑒𝑒

0 𝜖
𝑒𝜏

0 0 0

𝜖
∗

𝑒𝜏
0





𝜖
𝑒𝜏






2

(1 + 𝜖
𝑒𝑒
)

) (9)

and analyze the sensitivity to the parameters 𝜖
𝛼𝛽
(𝛼, 𝛽 =

𝑒, 𝜏) of the atmospheric neutrino experiment at Super-
Kamiokande and the futureHyper-Kamiokande (HK) facility
[29] (as far as 𝜖

𝜏𝜏
is concerned, the ansatz (9) is believed to be

the best fit of the high energy atmospheric neutrino data at
present. So as long as the true value of 𝜖

𝜏𝜏
satisfies the relation

(6), even if we analyze the data assuming that 𝜖
𝜏𝜏

is a free
parameter, the allowed region in (𝜖

𝑒𝑒
, |𝜖
𝑒𝜏
|) and the sensitivity

to NSI are not expected to change very much, because the
region of 𝜖

𝜏𝜏
, which does not satisfy (6), gets an additional

contribution of 𝜒2 and is not supposed to contribute to
enlarge the allowed region or to increase the sensitivity to
NSI).

The constraints on 𝜖
𝑒𝑒
and 𝜖
𝑒𝜏
from the atmospheric neu-

trino have been discussed in [30] along with those from the
long-baseline experiments, in [31] by the Super-Kamiokande
Collaboration, in [32–34] on the future extension of the
IceCube experiment, and in [35] in the global analysis, with
the ansatz different from ours.

The sensitivity of the ongoing accelerator experiments to
the nonstandard interaction in propagation was studied by
various authors.The constraints have been obtained from the
MINOS experiment in [36], from the MINOS data using the
same ansatz as the present paper in [37, 38], from theMINOS
data from the viewpoint of degeneracy of 𝜃

13
and NSI in [39],

from ]
𝑒
appearance in MINOS and T2K in [40], from the

OPERA experiment in [41, 42], and from the LHC experi-
ment in [43]. As for the future long-baseline experiments, the
sensitivity of the INO experiment was discussed in [44], that
of the reactor and superbeam experiments was discussed in
[45], that of the T2KK experiment was studied in [28, 46],
and that of the LBNE experiment was discussed in [43, 47].
The sensitivity of neutrino factories [6] was studied in
various contexts: the sensitivity toNSI [48–50], the confusion
with the effect of 𝜃

13
[51], the optimization [52], resolving

degeneracy with two baselines [53, 54], and the relation with
nonunitary mixing [55].

The paper is organized as follows. In Section 2, we analyze
the SK atmospheric neutrino data and give the constraints on
the parameters 𝜖

𝛼𝛽
(𝛼, 𝛽 = 𝑒, 𝜏) from the SK atmospheric

neutrino data. In Section 3, we discuss the sensitivity to
𝜖
𝛼𝛽
(𝛼, 𝛽 = 𝑒, 𝜏) of the future Hyper-Kamiokande atmo-

spheric neutrino experiment. In Section 4, we draw our
conclusions.
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2. The Constraint of the Super-Kamiokande
Atmospheric Neutrino Experiment on
𝜖
𝑒𝑒

and |𝜖
𝑒𝜏
|

In this section we discuss the constraint of the SK atmo-
spheric neutrino experiment on the nonstandard interaction
in propagation with the ansatz (9). The independent degrees
of freedom in addition to those in the standard oscillation
scenario are 𝜖

𝑒𝑒
, |𝜖
𝑒𝜏
| and arg(𝜖

𝑒𝜏
).

The SK atmospheric neutrino data we analyze here is
those in [56] for 4438 days. In [56], the contained events,
the partially contained events, and the upward going 𝜇 events
are divided into a few categories. Since we have been unable
to reproduce all their results of the Monte Carlo simulation,
we have combined the two sub-GeV 𝜇-like data set in one,
the two multi-GeV 𝑒-like in one, the two partially contained

event data set and the multi-GeV 𝜇-like in one, and the three
upward going 𝜇 in one. Reference [56] gives information on
the ten zenith angle bins, while that on the energy bins is not
given, so we perform analysis with the ten zenith angle bins
and one energy bin; that is, we perform the rate analysis as far
as the energy is concerned.

The analysis was performed with the codes which were
used in [57–59]. 𝜒2 is defined as

𝜒
2

= min
𝜃
23
,|Δ𝑚
2

32
|,𝛿,arg(𝜖

𝑒𝜏
)

(𝜒
2

sub-GeV + 𝜒
2

multi-GeV + 𝜒
2

upward) .
(10)

In (10) 𝜒2 for the sub-GeV, multi-GeV, and upward going 𝜇
events are defined by

𝜒
2

sub-GeV = min
𝛼
𝑠
,𝛽

𝑠

[

[

𝛽
2

𝑠1

𝜎
2

𝛽𝑠1

+

𝛽
2

𝑠2

𝜎
2

𝛽𝑠2

+

10

∑

𝑗=1

{

1

𝑛
𝑠

𝑗
(𝑒)

[𝛼
𝑠
(1 −

𝛽
𝑠1

2

+

𝛽
𝑠2

2

)𝑁
𝑠

𝑗
(]
𝑒
→ ]
𝑒
) + 𝛼
𝑠
(1 +

𝛽
𝑠1

2

+

𝛽
𝑠2

2

)𝑁
𝑠

𝑗
(]
𝜇
→ ]
𝑒
) + 𝛼
𝑠
(1 −

𝛽
𝑠1

2

−

𝛽
𝑠2

2

)𝑁
𝑠

𝑗
(]
𝑒
→ ]
𝑒
) + 𝛼
𝑠
(1 +

𝛽
𝑠1

2

−

𝛽
𝑠2

2

)𝑁
𝑠

𝑗
(]
𝜇
→ ]
𝑒
) − 𝑛
𝑠

𝑗
(𝑒)]

2

+

1

𝑛
𝑠

𝑗
(𝜇)

[𝛼
𝑠
(1 −

𝛽
𝑠1

2

+

𝛽
𝑠2

2

)𝑁
𝑠

𝑗
(]
𝑒
→ ]
𝜇
) + 𝛼
𝑠
(1 +

𝛽
𝑠1

2

+

𝛽
𝑠2

2

)𝑁
𝑠

𝑗
(]
𝜇
→ ]
𝜇
) + 𝛼
𝑠
(1 −

𝛽
𝑠1

2

−

𝛽
𝑠2

2

)𝑁
𝑠

𝑗
(]
𝑒
→ ]
𝜇
) + 𝛼
𝑠
(1 +

𝛽
𝑠1

2

−

𝛽
𝑠2

2

)𝑁
𝑠

𝑗
(]
𝜇
→ ]
𝜇
) − 𝑛
𝑠

𝑗
(𝜇)]

2

}
]

]

,

𝜒
2

multi-GeV = min
𝛼
𝑚
,𝛽

𝑠

[

[

𝛽
2

𝑚1

𝜎
2

𝛽𝑚1

+

𝛽
2

𝑚2

𝜎
2

𝛽𝑚2

+

10

∑

𝑗=1

{

1

𝑛
𝑚

𝑗
(𝑒)

[𝛼
𝑠
(1 −

𝛽
𝑚1

2

+

𝛽
𝑚2

2

)𝑁
𝑚

𝑗
(]
𝑒
→ ]
𝑒
) + 𝛼
𝑠
(1 +

𝛽
𝑚1

2

+

𝛽
𝑚2

2

)𝑁
𝑚

𝑗
(]
𝜇
→ ]
𝑒
) + 𝛼
𝑠
(1 −

𝛽
𝑚1

2

−

𝛽
𝑚2

2

)𝑁
𝑚

𝑗
(]
𝑒
→ ]
𝑒
) + 𝛼
𝑠
(1 +

𝛽
𝑚1

2

−

𝛽
𝑚2

2

)𝑁
𝑚

𝑗
(]
𝜇
→ ]
𝑒
) − 𝑛
𝑚

𝑗
(𝑒)]

2

+

1

𝑛
𝑚

𝑗
(𝜇)

[𝛼
𝑠
(1 −

𝛽
𝑚1

2

+

𝛽
𝑚2

2

)𝑁
𝑚

𝑗
(]
𝑒
→ ]
𝜇
) + 𝛼
𝑠
(1 +

𝛽
𝑚1

2

+

𝛽
𝑚2

2

)𝑁
𝑚

𝑗
(]
𝜇
→ ]
𝜇
) + 𝛼
𝑠
(1 −

𝛽
𝑚1

2

−

𝛽
𝑚2

2

)𝑁
𝑚

𝑗
(]
𝑒
→ ]
𝜇
) + 𝛼
𝑠
(1 +

𝛽
𝑚1

2

−

𝛽
𝑚2

2

)𝑁
𝑚

𝑗
(]
𝜇
→ ]
𝜇
) − 𝑛
𝑚

𝑗
(𝜇)]

2

}
]

]

,

𝜒
2

upward = min
𝛼
𝑢

{

{

{

𝛼
2

𝑢

𝜎
2

𝛼

+

10

∑

𝑗=1

1

𝑛
𝑢

𝑗
(𝜇)

[𝛼
𝑢
𝑁
𝑢

𝑗
(]
𝑒
→ ]
𝜇
) + 𝛼
𝑢
𝑁
𝑢

𝑗
(]
𝜇
→ ]
𝜇
) + 𝛼
𝑢
𝑁
𝑢

𝑗
(]
𝑒
→ ]
𝜇
) + 𝛼
𝑢
𝑁
𝑢

𝑗
(]
𝜇
→ ]
𝜇
) − 𝑛
𝑢

𝑗
(𝜇)]

2}

}

}

.

(11)

The summation on 𝑗 runs over the ten zenith angle bins for
each 𝜒2, 𝑛𝑎

𝑗
(𝛼) (𝑎 = 𝑠,𝑚, 𝑢; 𝛼 = 𝑒, 𝜇) stands for the neutrino

and antineutrino data of the numbers of the sub-GeV, multi-
GeV, and upward going 𝜇 events, 𝑁𝑎

𝑗
(]
𝛼
→ ]
𝛽
) (𝑁𝑎
𝑗
(]
𝛼
→

]
𝛽
)) stands for the theoretical prediction for the number of

ℓ
𝛽
-like events (ℓ

𝛽
= 𝑒, 𝜇) which is produced from ]

𝛽
(]
𝛽
)

that originates from ]
𝛼
(]
𝛼
) through the oscillation process

]
𝛼
→ ]
𝛽
(]
𝛼
→ ]
𝛽
), and it is expressed as the product

of the oscillation probability 𝑃(]
𝛼
→ ]
𝛽
) (𝑃(]

𝛼
→ ]
𝛽
)),

the flux 𝐹(]
𝛼
) (𝐹(]

𝛼
)), the cross section, the number of the

targets, and the detection efficiency. 𝛼
𝑎
(𝑎 = 𝑠,𝑚, 𝑢) stands

for the uncertainty in the overall flux normalization for the
sub-GeV, multi-GeV, and upward going 𝜇 events and 𝛽

𝑎1

(𝛽
𝑎2
) stands for the uncertainty in the relative normalization

between ]
𝑒
− ]
𝜇
flux (] − ] flux) for the sub-GeV (𝑎 = 𝑠) and

multi-GeV (𝑎 = 𝑚) events, respectively. It is understood that
𝜒
2 is minimized with respect to 𝛼

𝑠
, 𝛽
𝑠𝑘
(𝑘 = 1, 2), 𝛼

𝑚
, 𝛽
𝑚𝑘

(𝑘 = 1, 2), and 𝛼
𝑢
. We have put the systematic errors

𝜎
𝛽𝑠1

= 𝜎
𝛽𝑚1

= 0.03,

𝜎
𝛽𝑠2

= 𝜎
𝛽𝑚2

= 0.05,

𝜎
𝛼
= 0.2

(12)

and we have assumed that 𝛼
𝑠
and 𝛼

𝑚
for the contained

events are free parameters as in [60]. We have omitted the
other uncertainties, like the 𝐸] spectral index, the relative
normalization between PC and FC and up-down correlation,
and so forth, for simplicity. In (10) the sum of each 𝜒

2 is
optimized with respect to the mixing angle 𝜃

23
, the mass

squared difference |Δ𝑚2
32
|, the Dirac CP phase 𝛿, and the

phase arg(𝜖
𝑒𝜏
) of the parameter 𝜖

𝑒𝜏
. The other oscillation

parameters give little effect on 𝜒2, so we have fixed them as
sin22𝜃

12
= 0.86, sin22𝜃

13
= 0.1, and Δ𝑚2

21
= 7.6 × 10

−5 eV2.
The result for the Super-Kamiokande data for 4438 days is

given in Figure 1. The best-fit point for the normal (inverted)
hierarchy is (𝜖

𝑒𝑒
, |𝜖
𝑒𝜏
|) = (−1.0, 0.0) ((3.0, 1.7)) and the value of

𝜒
2 at this point is 79.0 (78.6) for 50 degrees of freedom, and

goodness of fit is 2.8 (2.7) 𝜎CL, respectively.The best-fit point
is different from the standard case (𝜖

𝑒𝑒
, |𝜖
𝑒𝜏
|) = (0, 0), and this

may be not only because we have been unable to reproduce
theMonte Carlo simulation by the Super-Kamiokande group,
but also because we use only the information on the energy
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Figure 1: The allowed region in the (𝜖
𝑒𝑒
, |𝜖
𝑒𝜏
|) plane from the SK atmospheric neutrino data for a normal mass hierarchy (a) and for an

inverted mass hierarchy (b). In the left panel, the best-fit point is (𝜖
𝑒𝑒
, |𝜖
𝑒𝜏
|) = (−1.0, 0.0), although it is difficult to see from the figure that there

is a very narrow region with CL less than 0.5𝜎 near this point.

rate and the sensitivity to NSI is lost due to the destructive
phenomena between the lower and higher energy bins (see
the discussions in Section 3.1). The difference of the value of
𝜒
2 for the standard case and that for the best-fit point for the

normal (inverted) hierarchy is Δ𝜒2 = 2.7 (3.4) for 2 degrees
of freedom (1.1𝜎CL (1.3𝜎CL)), respectively, and the standard
case is certainly acceptable for the both mass hierarchies in
our analysis. From Figure 1 we can read off the allowed region
for |tan𝛽| ≡ |𝜖

𝑒𝜏
|/|1 + 𝜖

𝑒𝑒
|, and we conclude that the allowed

region for |tan𝛽| is approximately





tan𝛽


≡





𝜖
𝑒𝜏










1 + 𝜖
𝑒𝑒






≲ 0.8 at 2.5𝜎CL. (13)

3. Sensitivity of the Hyper-Kamiokande
Atmospheric Neutrino Experiment to
𝜖
𝑒𝑒

and |𝜖
𝑒𝜏
|

In this section we discuss the potential sensitivity of HK to 𝜖
𝑒𝑒

and |𝜖
𝑒𝜏
|. Here we assume for simplicity that the the Hyper-

Kamiokande detector has the same detection efficiencies as
those of SK and that the fiducial volume ofHK is twenty times
as large as that of SK. Since HK is a future experiment, the
simulated numbers of events are used as “the experimental
data,” and we vary 𝜖

𝑒𝑒
and 𝜖

𝑒𝜏
as well as the standard

oscillation parameters trying to fit to “the experimental data.”
Here we perform an analysis on the assumption that we know
the mass hierarchy, because some hint on the mass hierarchy

is expected to be available at some confidence level by the time
HKwill accumulate the atmospheric neutrino data for twenty
years.

Since “the experimental data” are the simulated numbers
of events, we can perform a energy spectrum analysis,
assuming that the detection efficiency and so forth are all
equal among neutrinos and antineutrinos. Before we study
the sensitivity to NSI, as a benchmark of our analysis, we have
investigated the significance of the wrong mass hierarchy
with our code, assuming the standard oscillation scenario and
using different numbers of the energy bins. By comparing our
result with the one in [29], we have found that our analysis on
the mass hierarchy gives a result similar to that in [29], when
we work with two energy bins in the contained events (the
sub-GeV and multi-GeV events) and the systematic errors
which are slightly different from those in [29] (when we have
more than two energy bins, our results would lead to too large
significance of the wrong mass hierarchy in the case of the
standard oscillation scenario, compared with the one in [29].
Also in the presence of NSI, our study with more than two
energy bins would give allowed regions which are smaller
than those by the two-energy-bin analysis. So we will take
two energy bins in the energy spectrum analysis to be
conservative throughout this paper). We have checked that
the sensitivity to NSI is not affected significantly by changing
the systematic errors. As for the upward going 𝜇 events, since
our ansatz (9) is taken in such a way that the oscillation
probability with 𝜖

𝛼𝛽
(𝛼, 𝛽 = 𝑒, 𝜏) approaches to the one with

the standard scenario in the high energy limit, the upward
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going 𝜇 events are expected to give a small contribution to
the significance of NSI. So in the case of the energy spectrum
analysis we will work with two energy bins in the contained
events and a single energy bin in the upward going 𝜇 events.

3.1. The Case with the Standard Oscillation Scenario. First of
all, let us discuss the case where “the experimental data” is
the one obtained with the standard oscillation scenario. The
values of the oscillation parameters which are used to obtain
“the experimental data” are the following (to distinguish
the oscillation parameters for the “the experimental data”
(𝑛𝑎
𝐴𝑗
(ℓ) (𝑗 = 1, . . . , 10; 𝐴 = 𝐿,𝐻; 𝑎 = 𝑠,𝑚; ℓ = 𝑒, 𝜇), etc.)

and those for the numbers of events (𝑁𝑎
𝐴𝑗
(]
𝛼
→ ]
𝛽
) (𝑗 =

1, . . . , 10; 𝐴 = 𝐿,𝐻; 𝑎 = 𝑠,𝑚; 𝛼, 𝛽 = 𝑒, 𝜇), etc.) for fitting,
the parameters with a bar denote those for “the experimental
data,” whereas those without a bar denote the parameters for
the numbers of events for fitting):

Δ𝑚
2

31
= 2.5 × 10

−3 eV2,

sin2𝜃
23
= 0.5,

𝛿 = 0,

sin22𝜃
12
= 0.86,

sin22𝜃
13
= 0.1,

Δ𝑚
2

21
= 7.6 × 10

−5 eV2.

(14)

As in the case of the analysis of the SK data, we vary the
oscillation parameters 𝜃

23
, |Δ𝑚2
32
|, 𝛿, and arg(𝜖

𝑒𝜏
) while fixing

the other oscillation parameters sin22𝜃
12
= 0.86, sin22𝜃

13
=

0.1, and Δ𝑚2
21
= 7.6 × 10

−5 eV2.
In the energy rate analysis,𝜒2 is the same as (10) where the

numbers of events are calculatedwith the standard oscillation
scenario with 𝜃

𝑗𝑘
, Δ𝑚2
𝑗𝑘
, and 𝛿 given by (14), and we have

assumed that all the systematic errors except 𝜎
𝛽𝑚2

are the
same as those in (12) in the analysis of SK data. 𝜎

𝛽𝑚2
=

0.16, which is the uncertainty in the relative normalization
between the ] − ] flux, was chosen because this value was
used in the energy spectrum analysis on the significance of
the wrong mass hierarchy to give the result close to that in
[29] (see the discussions below).

In the spectrum analysis, on the other hand, 𝜒2sub-GeV and
𝜒
2

multi-GeV are replaced by

𝜒
2

sub-GeV

= min
𝛼
𝑠
,𝛽

𝑠,𝛾

𝑠

[

[

𝛽
2

𝑠1

𝜎
2

𝛽𝑠1

+

𝛽
2

𝑠2

𝜎
2

𝛽𝑠2

+

𝛾
2

𝐿1

𝜎
2

𝛾𝐿1

+

𝛾
2

𝐿2

𝜎
2

𝛾𝐿2

+

𝛾
2

𝐻1

𝜎
2

𝛾𝐻1

+

𝛾
2

𝐻2

𝜎
2

𝛾𝐻2

+ ∑

𝐴=𝐿,𝐻

10

∑

𝑗=1

{

{

{

1

𝑛
𝑠

𝐴𝑗
(𝑒)

⋅ [𝛼
𝑠
(1 −

𝛽
𝑠1

2

+

𝛽
𝑠2

2

+

𝛾
𝑗

𝐴1

2

)𝑁
𝑠

𝐴𝑗
(]
𝑒
→ ]
𝑒
)

+ 𝛼
𝑠
(1 +

𝛽
𝑠1

2

+

𝛽
𝑠2

2

+

𝛾
𝑗

𝐴1

2

)𝑁
𝑠

𝐴𝑗
(]
𝜇
→ ]
𝑒
)

+ 𝛼
𝑠
(1 −

𝛽
𝑠1

2

−

𝛽
𝑠2

2

+

𝛾
𝑗

𝐴1

2

)𝑁
𝑠

𝐴𝑗
(]
𝑒
→ ]
𝑒
)

+ 𝛼
𝑠
(1 +

𝛽
𝑠1

2

−

𝛽
𝑠2

2

+

𝛾
𝑗

𝐴1

2

)𝑁
𝑠

𝐴𝑗
(]
𝜇
→ ]
𝑒
)

− 𝑛
𝑠

𝐴𝑗
(𝑒)]

2

+

1

𝑛
𝑠

𝐴𝑗
(𝜇)

⋅ [𝛼
𝑠
(1 −

𝛽
𝑠1

2

+

𝛽
𝑠2

2

+

𝛾
𝑗

𝐴2

2

)𝑁
𝑠

𝐴𝑗
(]
𝑒
→ ]
𝜇
)

+ 𝛼
𝑠
(1 +

𝛽
𝑠1

2

+

𝛽
𝑠2

2

+

𝛾
𝑗

𝐴2

2

)𝑁
𝑠

𝐴𝑗
(]
𝜇
→ ]
𝜇
)

+ 𝛼
𝑠
(1 −

𝛽
𝑠1

2

−

𝛽
𝑠2

2

+

𝛾
𝑗

𝐴2

2

)𝑁
𝑠

𝐴𝑗
(]
𝑒
→ ]
𝜇
)

+ 𝛼
𝑠
(1 +

𝛽
𝑠1

2

−

𝛽
𝑠2

2

+

𝛾
𝑗

𝐴2

2

)𝑁
𝑠

𝐴𝑗
(]
𝜇
→ ]
𝜇
)

− 𝑛
𝑠

𝐴𝑗
(𝜇)]

2

}

}

}

]

]

,

(15)

𝜒
2

multi-GeV

= min
𝛼
𝑚
,𝛽

𝑠,𝛾

𝑠

[

[

𝛽
2

𝑚1

𝜎
2

𝛽𝑚1

+

𝛽
2

𝑚2

𝜎
2

𝛽𝑚2

+

𝛾
2

1

𝜎
2

𝛾1

+

𝛾
2

2

𝜎
2

𝛾2

+ ∑

𝐴=𝐿,𝐻

10

∑

𝑗=1

{

1

𝑛
𝑚

𝐴𝑗
(𝑒)

⋅ [𝛼
𝑠
(1 −

𝛽
𝑚1

2

+

𝛽
𝑚2

2

+

𝛾
𝑗

1

2

)𝑁
𝑚

𝐴𝑗
(]
𝑒
→ ]
𝑒
)

+ 𝛼
𝑠
(1 +

𝛽
𝑚1

2

+

𝛽
𝑚2

2

+

𝛾
𝑗

1

2

)𝑁
𝑚

𝐴𝑗
(]
𝜇
→ ]
𝑒
)

+ 𝛼
𝑠
(1 −

𝛽
𝑚1

2

−

𝛽
𝑚2

2

+

𝛾
𝑗

1

2

)𝑁
𝑚

𝐴𝑗
(]
𝑒
→ ]
𝑒
)
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+ 𝛼
𝑠
(1 +

𝛽
𝑚1

2

−

𝛽
𝑚2

2

+

𝛾
𝑗

1

2

)𝑁
𝑚

𝐴𝑗
(]
𝜇
→ ]
𝑒
)

− 𝑛
𝑚

𝐴𝑗
(𝑒)]

2

+

1

𝑛
𝑚

𝐴𝑗
(𝜇)

⋅ [𝛼
𝑠
(1 −

𝛽
𝑚1

2

+

𝛽
𝑚2

2

+

𝛾
𝑗

2

2

)𝑁
𝑚

𝐴𝑗
(]
𝑒
→ ]
𝜇
)

+ 𝛼
𝑠
(1 +

𝛽
𝑚1

2

+

𝛽
𝑚2

2

+

𝛾
𝑗

2

2

)𝑁
𝑚

𝐴𝑗
(]
𝜇
→ ]
𝜇
)

+ 𝛼
𝑠
(1 −

𝛽
𝑚1

2

−

𝛽
𝑚2

2

+

𝛾
𝑗

2

2

)𝑁
𝑚

𝐴𝑗
(]
𝑒
→ ]
𝜇
)

+ 𝛼
𝑠
(1 +

𝛽
𝑚1

2

−

𝛽
𝑚2

2

+

𝛾
𝑗

2

2

)𝑁
𝑚

𝐴𝑗
(]
𝜇
→ ]
𝜇
)

− 𝑛
𝑚

𝐴𝑗
(𝜇)]

2

}

}

}

]

]

.

(16)

In (16) we have introduced the relative normalization, which
in general depends on the flavor and the energy of the events,
between the upward and downward going bins:

𝛾
𝑗

𝐴1,2
=

{

{

{

𝛾
𝐴1,2

(𝑗 ≤ 𝑗th; 𝐴 = 𝐿,𝐻)

−𝛾
𝐴1,2

(𝑗 > 𝑗th; 𝐴 = 𝐿,𝐻) ,

𝛾
𝑗

1,2
=

{

{

{

𝛾
1,2

(𝑗 ≤ 𝑗th)

−𝛾
1,2

(𝑗 > 𝑗th) ,

(17)

and 𝑗th = 3 is the index which separates the upward and
downward bins. The indices 𝐿 and 𝐻 stand for the lower
(𝐸 < 𝐸th) and higher (𝐸 > 𝐸th) energy bins, and the threshold
energy 𝐸th is chosen so that the numbers of events for the
lower and higher energy bins are approximately equal, and in
the case of the sub-GeV events, 𝐸th = 0.5GeV, and in the case
of themulti-GeV events, the threshold energy is𝐸th =3.2GeV,
respectively, for all the zenith angle bins. We have put the
systematic errors as follows:

𝜎
𝛽𝑠1

= 𝜎
𝛽𝑚1

= 0.03,

𝜎
𝛽𝑠2

= 0.05,

𝜎
𝛽𝑚2

= 0.16,

𝜎
𝛼
= 0.2,

(18)

𝜎
𝛾𝐿1

= 0.005,

𝜎
𝛾𝐿2

= 0.008,

𝜎
𝛾𝐻1

= 0.021,

𝜎
𝛾𝐻2

= 0.018,

𝜎
𝛾1
= 0.015,

𝜎
𝛾2
= 0.025.

(19)

All the systematic errors in (18) except 𝜎
𝛽𝑚2

and 𝜎
𝛾2

are the
same as those in (12) in Section 2 and those used in [60].
𝜎
𝛽𝑚2

= 0.16 is the uncertainty in the relative normalization
between the multi-GeV ] − ] flux and it was 0.05 in (12).
𝜎
𝛾2
= 0.025 is the uncertainty in the relative normalization

between the upward and downward going multi-GeV 𝜇-like
events and it was 0.008 in the analysis of SK data [60]. The
choice of these systematic errors (18) and (19) and the index
𝑗th = 3 has been made so that the result of our analysis on the
mass hierarchy is close to that in [29], and we have checked
that the choice of (18) and (19) and the index 𝑗th = 3 do
not affect the sensitivity to NSI significantly. Notice that we
have included the systematic uncertainty for the up-down
correlation, unlike our analysis of the Super-Kamiokande
data in Section 2. We have omitted the other systematic
uncertainties, such as the𝐸] spectral index, for simplicity.The
systematic error for the spectral index affects all the numbers
of events for each energy universally, and it is not expected to
affect the sensitivity to NSI very much.

The results from the energy rate (spectrum) analysis are
given by the upper (lower) panel in Figure 2. From the energy
rate analysis we have |𝜖

𝑒𝜏
/(1 + 𝜖

𝑒𝑒
)| ≲ 0.3 at 2.5𝜎CL. On the

other hand, from the energy spectrum analysis we get −0.1 ≲
𝜖
𝑒𝑒
≲ 0.2 and |𝜖

𝑒𝜏
| < 0.08 at 2.5𝜎 (98.8%) CL for the normal

hierarchy and to −0.4 ≲ 𝜖
𝑒𝑒
≲ 1.2 and |𝜖

𝑒𝜏
| < 0.34 at 2.5𝜎

(98.8%) CL for the inverted hierarchy.
From Figure 2 we note two things. Firstly, the allowed

regions from the energy spectrum analysis (the lower panel)
are much smaller than those from the energy rate analysis
(the upper panel) for both mass hierarchies. Secondly, the
allowed regions (the right panel) for the inverted hierarchy
are wider than those (the left panel) for the normal hierarchy
for both rate and spectrum analyses.

To understand these phenomena, we have plotted in
Figure 3 𝜒2multi-GeV for the multi-GeV events, which are
expected to be sensitive to the matter effect and therefore to
𝜖
𝑒𝑒
, as a function of 𝜖

𝑒𝑒
in the case of 𝜖

𝑒𝜏
= 0. In plotting

the figures in Figure 3, we have taken into account only the
statistical errors for simplicity, and we assume that the HK
detector could distinguish neutrinos and antineutrinos for
both 𝑒-like and 𝜇-like events in all the energy ranges of the
multi-GeV events and that the detection efficiency is the
same for both neutrinos and antineutrinos. Since the SK
collaboration distinguish neutrinos and antineutrinos only
for the multi-GeV 𝑒-like events [56], our assumption here
may not be realistic, and the separate plots for neutrinos or for
antineutrinos except for the 𝑒-like events should be regarded
as information for theoretical consideration. The two figures
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Figure 2: Upper panel: the allowed region in the (𝜖
𝑒𝑒
, |𝜖
𝑒𝜏
|) plane from the HK atmospheric neutrino data for a normal mass hierarchy (left

panel) and for an inverted mass hierarchy (right panel) from the energy-rate analysis. Lower panel: the same allowed region as the upper
panel from the two energy-bin analysis. Notice that the vertical scales in the lower panel are different for both mass hierarchies from the one
in the upper panel.
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Figure 3: The behaviors of 𝜒2multi-GeV for 𝜖
𝑒𝜏
= 0 as a function of 𝜖

𝑒𝑒
. ((a), (b)) Energy rate analysis for NH (a) and IH (b). ((c), (d)) Energy

spectrum analysis for NH (d) and IH (e) for the separate neutrino or antineutrino events. ((e), (f)) Energy spectrum analysis for NH (e)
and IH (f) using only the combined numbers of events of ]

𝑒
+ ]
𝑒
and ]

𝜇
+ ]
𝜇
. In (a), (b), (c), and (d), the plots for the separate neutrino or

antineutrino events are created based on the assumption that HK could distinguish neutrinos and antineutrinos.
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Figure 4: The behaviors of the difference of the numbers of the multi-GeV 𝜇-like events with the standard scenario and those with NSI
(𝜖
𝑒𝑒
, |𝜖
𝑒𝜏
|) = (2, 0). The vertical axis stands for the energy bin (1 for the lower energy and 2 for the higher energy), and the horizontal axis is

the zenith angle bin (1 for −1.0 < cosΘ < −0.8, . . . , 10 for 0.8 < cosΘ < 1.0). (a) The difference of the numbers of the multi-GeV ]
𝜇
-like

events. (b) The difference of the numbers of the multi-GeV ]
𝜇
-like events. (c) The difference of the numbers of the multi-GeV ]

𝜇
-like and

]
𝜇
-like events.

((a) and (b)) in the top row are the results of the energy rate
analysis. The two figures ((c) and (d)) in the middle row are
the results of the energy spectrum analysis with two energy
bins for the separate neutrino or antineutrino events.The two
figures ((e) and (f)) in the bottom row are the results of the
energy spectrum analysis with two energy bins of neutrinos
and antineutrinos combined. Comparing the figures ((a) and
(b)) in the top row and those ((e) and (f)) in the bottom
row, we see that, even if some of the data set in the spectrum
analysis have a sensitivity to the effect of 𝜖

𝑒𝑒
, the data in the

rate analysis does not necessarily have a sensitivity to 𝜖
𝑒𝑒

particularly for 𝜖
𝑒𝑒
> 0, for both mass hierarchies. While it

is not clear to us why the sensitivity is lost only for 𝜖
𝑒𝑒
> 0,

we have found that, if we try to fit the same data with the
numbers of events with the wrong mass hierarchy, then the
plot becomes left-right reversed, that is, the sensitivity is lost
only for 𝜖

𝑒𝑒
< 0. On the other hand, by comparing the figures

((c) and (d)) in the middle row and those ((e) and (f)) in
the bottom row, we see that, in the case of the inverted mass
hierarchy, even though the separate ]

𝜇
data has a sensitivity

to 𝜖
𝑒𝑒
, the combined data ]

𝜇
+ ]
𝜇
loses a sensitivity. We could

not explain these phenomena using the analytic expression
for the oscillation probability, but we interpret this loss of
sensitivity as a destructive phenomenon between neutrinos

and antineutrinos in the rate analysis and between the lower
and higher energy bins in the spectrum analysis for the
inverted mass hierarchy.

To visualize how this destructive phenomenon happens
in terms of the numbers of events, we have plotted in Figure 4
the difference of the numbers of the multi-GeV 𝜇-like events
with standard scenario and those with NSI for a typical case:
(𝜖
𝑒𝑒
, |𝜖
𝑒𝜏
|) = (2, 0) From Figure 4 we see that each positive

and negative contribution to the difference in the ]
𝜇
events

(Figure 4(a)) is almost cancelled by negative and positive
contribution in the ]

𝜇
events in Figure 4(b), so significance

is reduced in the combined events (Figure 4(c)).
Although we have not thoroughly investigated, according

to our investigation for a specific case (𝜖
𝑒𝑒
= 0), this destruc-

tive phenomenon does not happen for |𝜖
𝑒𝜏
|; that is, distinc-

tion between neutrinos and antineutrinos does not make
much difference on the sensitivity to |𝜖

𝑒𝜏
|. This conclusion is

consistent with the result of [44], in which the sensitivity to
|𝜖
𝑒𝜏
|was studied, although they took a set of assumptions dif-

ferent from ours. This destructive phenomenon seems to be
characteristic to the sensitivity to 𝜖

𝑒𝑒
because of the asymme-

try between the cases for 𝜖
𝑒𝑒
+ 1 > 0 and for 𝜖

𝑒𝑒
+ 1 < 0.

It is expected that the HK experiment will be able to use
information on the energy spectrum, so we believe that the
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Figure 5: The allowed region at 2.5𝜎CL around the point (𝜖
𝑒𝑒
, |𝜖
𝑒𝜏
|) ̸= (0, 0), where 𝛿 = arg(𝜖

𝑒𝜏
) = 0 is assumed. Most of the allowed regions

are connected, but those around a few points have an isolated island, and they are depicted in different colors: In (a), the blue curves around
(𝜖
𝑒𝑒
, |𝜖
𝑒𝜏
|) = (−2, 2/7) and (0, 2/7) correspond to the degenerate allowed regions for the true values of (−2, 2/7), the green curves around (2,

2/7) and (2, 6/7) are the degenerate allowed regions for the true values of (2, 2/7), and the brown curves around (−3, 6/7) and (−4, 8/7) are the
degenerate allowed regions for the true values of (−3, 6/7). In (b), the blue curves around (−2, 2/7) and (0, 2/7) correspond to the degenerate
allowed regions for the true values of (−2, 2/7).The allowed regions at 𝜖

𝑒𝑒
= ±3 for the normal mass hierarchy and at 𝜖

𝑒𝑒
= 2, 3 for the inverted

mass hierarchy are much wider compared with other cases, so their boundary is shown with dashed lines for 𝜖
𝑒𝑒
= 3 (NH and IH) and with

dotted lines for 𝜖
𝑒𝑒
= −3 (NH) and 𝜖

𝑒𝑒
= 2 (IH). Also these boundary and their centers are shown in different colors: purple for |𝜖

𝑒𝜏
| = 2/7,

light blue for |𝜖
𝑒𝜏
| = 4/7, brown for |𝜖

𝑒𝜏
| = 6/7, green for |𝜖

𝑒𝜏
| = 8/7, orange for |𝜖

𝑒𝜏
| = 10/7, and grey for |𝜖

𝑒𝜏
| = 12/7.

allowed region in the lower panel in Figure 2 with the energy
spectrum analysis reflects the true HK sensitivity more than
that in the upper panel does.

3.2. The Case in the Presence of NSI. Next let us discuss
the case where “the experimental data” is the one obtained
with (𝜖

𝑒𝑒
, 𝜖
𝑒𝜏
) ̸= (0, 0). The analysis is the same as the one

in Section 3.1, except that the “the experimental data” is
produced assuming the presence ofNSI, and here we perform
only an energy spectrum analysis with two energy bins. The
results are shown in Figure 5, where the allowed regions at
2.5𝜎CL (Δ𝜒2 = 8.8 for 2 degrees of freedom) around the true
points are depicted. The straight lines |𝜖

𝑒𝜏
| = 0.8 × |1 + 𝜖

𝑒𝑒
| in

Figure 5 stand for the approximate bound from the SK atmo-
spheric neutrinos in Figure 1, and we have examined only the
points below these straight lines. As seen from Figure 5, the
errors in 𝜖

𝑒𝑒
and |𝜖

𝑒𝜏
| are small for |𝜖

𝑒𝑒
| ≲ 2 in the case of

the normal hierarchy and for −3 ≲ 𝜖
𝑒𝑒
≲ 1 in the case of

the inverted hierarchy. The errors are large otherwise, and
the reason that the errors are large is because a sensitivity is
lost due to a destructive phenomenon between neutrinos and
antineutrinos as was discussed in Section 3.1.

We note in passing that there are a couple of points in
Figure 5, where the allowed region has an additional isolated
island. This is regarded as so-called parameter degeneracy,

which is classified into the intrinsic degeneracy [61], the
sign degeneracy [62], and the octant degeneracy [63, 64] in
the standard three-flavor framework, in the presence of the
NSI. Since little is known about parameter degeneracy in the
presence of the new physics and since the study of the subject
is beyond the scope of this paper, we do not discuss parameter
degeneracy here.

4. Conclusions

In this paper we have studied the constraint of the SK atmo-
spheric neutrino data on the nonstandard flavor-dependent
interaction in neutrino propagationwith the ansatz (9). From
the SK atmospheric neutrino data for 4438 days, we have
obtained the bound |𝜖

𝑒𝜏
|/|1 + 𝜖

𝑒𝑒
| ≲ 0.8 at 2.5𝜎CL, while we

have little constraint on 𝜖
𝑒𝑒
.

We have also discussed the sensitivity of the future HK
atmospheric neutrino experiment to NSI by analyses with
the energy rate and with the energy spectrum. If nature is
described by the standard oscillation scenario, then the HK
atmospheric neutrino data will give us the bound |𝜖

𝑒𝜏
|/|1 +

𝜖
𝑒𝑒
| ≲ 0.3 at 2.5𝜎CL from the energy rate analysis, and from

the energy spectrum analysis it will restrict 𝜖
𝑒𝑒

to −0.1 ≲

𝜖
𝑒𝑒
≲ 0.2 and |𝜖

𝑒𝜏
| < 0.08 at 2.5𝜎 (98.8%) CL for the normal

hierarchy and to −0.4 ≲ 𝜖
𝑒𝑒
≲ 1.2 and |𝜖

𝑒𝜏
| < 0.34 at 2.5𝜎

(98.8%) CL for the inverted hierarchy. On the other hand,
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if nature is described by NSI with the ansatz (9), then HK
will measure the NSI parameters 𝜖

𝑒𝑒
and |𝜖

𝑒𝜏
| relatively well

for |𝜖
𝑒𝑒
| ≲ 2 in the case of the normal hierarchy and for

−3 ≲ 𝜖
𝑒𝑒
≲ 1 in the case of the inverted hierarchy.

We have shown that it is important to use information on
the energy spectrum to obtain strong constraint, because a
sensitivity toNSIwould be lost due to destructive phenomena
between the low and high energy events. If there is a way to
distinguish between neutrinos and antineutrinos, as is done
by the SK collaboration [56] for the 𝑒-like multi-GeV events,
also for the multi-GeV 𝜇-like events, then the sensitivity
to NSI would be greatly improved, because in this case we
can avoid destructive phenomena between neutrinos and
antineutrinos.

Finally let us discuss some prospects for the global
analysis with these future atmospheric results and the solar
neutrino results. In [35] the global analysis was performed
with all the data presently available, and the conclusion was
that the constraints from the solar and KamLAND data are
stronger than those from the atmospheric and long baseline
experiments. Furthermore, because of the slight difference
between the best fit values for the solar and KamLAND data
in the standard scenario, their result may suggest a nonzero
value for theNSI parameter 𝜖𝑓

𝐷
, which is a function of 𝜖𝑓

𝑒𝛼
(𝛼 =

𝑒, 𝜇, 𝜏), 𝜖𝑓
𝜇𝛼

(𝛼 = 𝑒, 𝜇, 𝜏), and 𝜖𝑓
𝜏𝜏
. Fromour results in Section 3,

if the mass hierarchy is normal, then we see that the errors
of the parameters 𝜖

𝑒𝑒
and |𝜖

𝑒𝜏
| obtained in the future Hyper-

Kamiokande experiment may be comparable to or even
smaller than the present error of 𝜖𝑓

𝐷
. So HK may be able to

contribute to give further constraints on the 𝜖𝑓
𝐷
parameter,

although more detailed study will be required to be conclu-
sive.

While HK is expected to play an important role in
measurement of 𝛿 in the standard three-flavor scenario using
the JPARCbeam,HKhas also a potential for newphysics with
atmospheric neutrinos. Search for NSI may lead to physics
beyond the Standard Model, and the effects of NSI at HK
deserves further studies.
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