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Abstract. This review is devoted to the 110th anniversary of the
birth of Bruno Pontecorvo, an outstanding physicist who made
an invaluable contribution to the development of modern neu-
trino physics, having predicted, inter alia, nonzero neutrino
masses, mixing, and oscillations that were experimentally dis-
covered in the early 2000s. Significant progress has been made
over 20 years of experiments in determining the parameters of
three-flavor neutrino oscillations. The status of and prospects
for establishing neutrino mass ordering and the leptonic CP-
violation phase (dcp), unknown parameters of this theory, are
discussed. It is expected that they will be measured in long-
baseline experiments in the next decade. The ongoing accelera-
tor experiments NOvA and T2K, which are currently the most
sensitive to neutrino mass ordering and Jcp, are described in
detail. For ease of comparison, NOvA and T2K techniques and
results, including all aspects of data collection and analysis, are
presented on a stage-by-stage basis. Possible reasons for the
disagreement between the dcp values measured by NOvA and
T2K are discussed. Future accelerator (DUNE and Hyper-
Kamiokande) and reactor (JUNO) megaprojects are consid-
ered, along with experiments designed to use atmospheric neu-
trinos: IceCube Upgrade, KM3NeT (ORCA), and ICAL at
INO, which can measure unknown oscillation parameters and
refine the ones already determined.
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Dedicated to the 110th anniversary of the birth of
Bruno Pontecorvo, a founder of modern neutrino
physics, who predicted neutrino oscillations

1. Introduction

In 2022, the neutrino oscillation hypothesis, first put forward
in 1957 by the Italian and Soviet physicist Bruno Maksimo-
vich Pontecorvo, turned 65 years old [1-4]. This model, which
was further developed in many of his works, including joint
studies with V N Gribov [5] and S M Bilenkii [6, 7], and
studies by Z Maki, M Nakagawa, and S Sakata, who
proposed the idea of flavor mixing [8], by the end of the
1970s already contained the main components of the theory
of neutrino oscillations.

The idea of neutrino oscillations anticipated even indirect
experimental indications of their existence — a deficit of solar
neutrinos and an anomaly in the atmospheric neutrino [9-14].
More than 40 years of experimental research were needed to
fully confirm neutrino oscillations: at the turn of the 20th and
21st centuries, neutrino oscillations were discovered by the
Super-Kamiokande [15] and SNO'! [17] experiments, which
were awarded the 2015 Nobel Prize.

Since the beginning of the 21st century. the physics of
neutrino oscillations has focused on the precise measure-
ment of the parameters that determine the process it
studies. The prestigious 2016 Breakthrough Prize [18]
was awarded to five experiments — Super-Kamiokande,
SNO, KamLAND (Kamioka Liquid scintillator Anti-Neu-
trino Detector) [19], T2K/K2K (Tokai to Kamioka/KEK to
Kamioka) [20, 21], and Daya Bay [22] — for, as formulated in
the text of the award, the detection and study of neutrino
oscillations, which opened up new frontiers beyond the
Standard Model (SM) of particle physics.

Neutrino oscillations, as an indication of small but
nonzero masses of these particles due to the unknown
mechanism of their origin, despite the technical possibility
I 1t should be noted that actually the Sudbury Neutrino Observatory

(SNO) discovered the phenomenon of adiabatic flavor transitions [16] of
neutrinos in matter on the Sun.
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of their generation by introducing right-handed components,
are often interpreted as evidence of physics beyond the SM
[23-27].

In addition to studying oscillations in neutrino physics,
searches are underway for hypothetical sterile neutrinos [28,
29], the discovery of which would be a direct indication of
phenomena beyond the SM, similar to the discovery of a
signal from neutrinoless double beta decay [30-32], indicating
the Majorana nature of neutrinos.

Active attempts are being made to directly measure the
neutrino mass. At the time of writing this review, the strongest
limitation was obtained in the KATRIN (KArlsruhe TRI-
tium Neutrino) experiment [33] with 1/50 of the planned
statistics: m, < 0.8 eV with a confidence level (CL) of 90%.

The study of neutrino fluxes from various sources is also a
vibrant topic of research. Astrophysical [34-36] neutrinos and
the search for sources of ultrahigh-energy neutrinos deserve
special mention. A notable recent discovery was also the
detection of neutrinos from the CNO cycle in the Sun in the
Borexino experiment [37, 38].

This review, the scope of which does not include the most
interesting issues listed above, is focused on the oscillations of
three types of neutrinos, namely, current and future experi-
ments with a long baseline sensitive to still unmeasured
parameters: the neutrino mass hierarchy and the phase of
CP violation in the lepton sector.

Neutrino oscillations are periodic transitions between the
flavors of these particles propagating in matter or vacuum

[39—41]. Neutrino oscillations are possible due to their
nonzero masses, which are not equal, and to the presence of
mixing.

Flavor neutrinos ve, vy, v, are a linear combination of
mass neutrinos Vi, Va, V3 Vup =Y . ;53 Uy Vi . Mixing
matrix U in a vacuum, which is called the Pontecorvo—
Maki—Nakagawa—Sakata (PMNS) matrix, can be parameter-
ized as follows:

1 0 0
U= 0 23 $23
0 —s23 3

13 0 sizexp (—idcp)
X 0 1 0
—si3exp (iocp) 0 13
12 S12 0
X <—S12 C12 0) s (1)
0 0 1

where ¢;; = cos 0;; and s;; = sin 0;;. Formula (1) contains the
mixing angles 015, 0,3, 013 and the phase of CP violation in the
lepton sector, dcp.

Possible Majorana phases are omitted in Eqn (1), since
oscillation experiments are not sensitive to them. The PMNS
matrix is similar to the Cabibbo-Kobayashi-Maskawa
(CKM) matrix in the quark sector, but the mixing in the
lepton matrix differs significantly from that in the nearly
diagonal CKM matrix.

The probabilities of oscillations of three types of neutrinos
in a vacuum in the general case, under the condition of
unitarity of the mixing matrix, are determined by the
following formula:

5 Amiz»L
P(vy — vg) = 8y — 4ZRe [Um-U/}‘,-U;‘,-Uﬁ,] sin 4é
i<j
. Am3L
+2)  Im [Uy U U5 U] sin @

i<y

As can be seen from Eqn (2), the probabilities of neutrino
oscillations depend not only on the elements of the mixing
matrix U,; but also on the differences among the squares of
the neutrino masses Amp = m? —m?, i #j=1,2,3, and on
the distance L between the detector and the source and energy
E. A model with wave packets [42, 43] introduces corrections
to formula (2) related to the representation of mass neutrinos
in the form of wave packets moving at different velocities.
When the packets diverge, coherence is lost, thereby leading
to the suppression of oscillations (decoherence). Currently,
the Daya Bay experiment alone provides restrictions on the
relative dispersion of momentum [44]: o < 0.23, which
corresponds to the restriction on the width of the wave
packet from below ¢, > 10~!! cm. Oscillations are sup-
pressed if the condition L 2 Li}’herence = 4\/§E20x/Am,fl. is
satisfied. In this review, we do not consider decoherence
effects.

When a neutrino propagates in a dense medium, an
additional potential arises in the Hamiltonian for electron
neutrinos [45], which can interact with electrons of matter not
only through neutral but also through charged currents. The
oscillation probabilities are described then by the effective
mixing angles and neutrino masses. This feature is clearly
manifested in considering neutrino fluxes from the Sun. When
the density of matter varies, the oscillation amplitude can
reach the maximum possible value, even if mixing in a
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vacuum is small. This phenomenon was named the MSW
resonance in honor of S P Mikheev, A Yu Smirnov [46, 47],
and L Wolfenstein [45], who predicted this effect.

In the case of oscillations of three types of neutrinos in
matter with a constant density, explicit formulas for
P(v, — vp) can be expressed in terms of oscillation para-
meters as [49]

sin® [4(1 — 4)]
(1-4)

sin (44) sin [A(1 — 4)]

A 1—-4

in? (44
o

P(vy, — Ve) ~ sin? 03 sin? (2013)

+ o cos (4+dcp)

+ a? cos? 013 sin® (2012)

where 4 = Am3 L/(4E), A = £2v2Ggn.E/Am3, Gy is the
Fermi constant, J= cos 6,3 sin (26,3) sin (26,,) sin (26,3), and
the sign before dcp on the right side of the formula, as in the
definition of A4, is different for neutrinos (+) and antineu-
trinos (—). The formula for the oscillation probabilities was
obtained by diagonalizing the Hamiltonian with terms
retained up to the second order of smallness in o=
Am3; /Am, [50].

If the final detectable neutrino flavor coincides with the
initial one, the probability of neutrino survival/disappearance
is introduced. The formula for the survival probability of
electron antineutrinos in a vacuum, which is also used in
reactor experiments, is

2
PiVe > Ve)=1-— sin® (2012) cos* 01 sin’ %

. . ., AmLL ., AmZ L
— sin? (2013) (Sm2 015 sin® % + cos? 0y, sin’ %) .

)

Depending on the base length, reactor experiments can be
sensitive to four parameters of neutrino oscillations: |[Am3|
(|Am3, ), Am},, sin® (2013), and sin® (201,); in this case, there is
no dependence on the phase of violation of CP invariance and
SiIl2 023.

For the energy range of reactor antineutrinos, depending
on the distances, the following types of experiments are
distinguished: with a small base (5-30 m), which are sensitive
to sterile neutrinos with squared mass differences in the
range® 1072 < Amj; < 10 eV? and sin? (204); with a med-
ium base (1-2 km, Daya Bay, RENO (Reactor Experiment
for Neutrino Oscillation), Double Chooz), which are sensitive
to |Am3,| and sin® (260,3); and with a long base (> 10 km,
KamLAND, JUNO (Jiangmen Underground Neutrino
Observatory)), which are sensitive to |Am3|, Am3,
sin’ (26012) and, to a lesser extent, to sin® (2013).

At a base of around 53 km (JUNO), sensitivity to the
neutrino mass hierarchy appears. The effect of neutrino
interaction with matter at small and medium bases is
negligible, while at large bases it contributes up to 4% [51, 52].

By measuring the transition probabilities of various types
of neutrinos in matter or vacuum, conclusions are drawn
about the oscillation parameters, which are basic character-
istics of the SM lepton sector.

2 Oscillation parameters are quoted for the case where a fourth hypothe-
tical neutrino exists. The theory and status of the search for a light sterile
neutrino are presented in more detail in review [28].

2. Current status of measurement
of oscillation parameters

2.1 Mixing angles and squared mass differences

Since the beginning of the 21st century, some parameters have
been precisely measured in a number of experiments [53]. To
date, most of these parameters have been measured with an
accuracy of a few percent [54]. The fundamental task of
neutrino physics is to construct a theory that would explain,
first of all, the smallness of neutrino masses and large mixing.
Various available models can be checked by comparing their
predictions with experimental measurements. In particular,
the models of neutrino mass generation and flavor symme-
tries [55] predict various relationships [56] for the mixing
parameters, so-called sum rules. The possibility of using these
relations as a hypothesis test is limited by the accuracy with
which the oscillation parameters are measured. Neutrino
masses can also be included in such expressions, which can
make it possible to establish theoretical restrictions on the
absolute values of the masses in the models under considera-
tion. According to some Grand Unification theories, the
mixing parameters of quarks and leptons should be related
[57]. To verify this relationship, the lepton and quark mixing
parameters should be known with comparable accuracy.
However, at present, the accuracy with which the elements
of the lepton mixing matrix are measured is worse than that of
the quark matrix: the accuracy of measuring the CKM matrix
elements is < 6% [23].

2.1.1 Oscillation parameters 6y, and Amzzl. The dominant
contribution to the determination of the so-called solar
parameters 0;, and Am3; was made by the SNO, Super-
Kamiokande (SK), and KamLAND (Kamioka Liquid
scintillator Anti-Neutrino Detector) experiments, which
handle solar and reactor neutrino fluxes. The Super-Kamio-
kande result is always represented in combination with the
SNO result. The results of measurements of 0, in all
experiments agree well with each other (Fig. 1a).

The survival probability of solar neutrinos is sensitive to
oscillation parameters due to the effects of neutrino interac-
tion with matter on the Sun. Additional and fairly strong
sensitivity to the value of Amj3, is also due to the interaction of
neutrinos with matter on Earth (asymmetry of registered ve-
events with solar neutrinos during the day and at night). The
first and so far the only experiment that has indicated the
existence of asymmetry at the level of several percent for the
neutrinos from B decay is Super-Kamiokande [62], where the
measured asymmetry was (—3.6 & 1.6(stat.) £ 0.6(syst.))%.

Super-Kamiokande’s preferred value of Am?, differed by
~ 20 from KamLAND’s result. Since then, the Super-
Kamiokande + SNO measurement has consistently pre-
ferred a value of Am3, lower than that in KamLAND
(Fig. 1b). Of importance here is also the relatively large day/
night asymmetry that Super-Kamiokande observes for solar
neutrinos.

Super-Kamiokande’s results [65] presented in 2020
reduced the difference between the Am3; measured in reactor
and solar experiments, which nevertheless is still 1.40. The
measured asymmetry is (—2.1 +1.1)%. A possible explana-
tion [66] for the disagreement over the past few years is
nonstandard interactions (NSIs) of neutrinos, which are
considered in more detail below. However, the decrease in
differences between the results reported by KamLAND and
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Figure 1. Measured oscillation parameters sin® 0, (a) and AmZ (b). Colors show experiment types: red represents reactor experiments, yellow, solar, and
orange, a combination of the two types. Dark gray indicates results of global fits. Sensitivities of future experiments are shown above the dashed line for
comparison; number in parentheses is the number of years required to achieve the presented accuracy. Different central values of future estimates are due
to initially different assumptions regarding values of parameters used in calculating sensitivities. In particular, values for DUNE (Deep Underground
Neutrino Experiment) and Hyper-Kamiokande (HyperK) are oscillation parameters that were justifiably relevant at the time sensitivity was evaluated in

a joint fit to data of solar experiments [58—63]. (Figure adapted from [64].)

SNO + Super-Kamiokande levels out the preference for the
NSI parameters in the ve — v (Ve — V) oscillation channel.
This discrepancy may simply be due to a statistical or
systematic error.

2.1.2 Mixing angle ;3. Daya Bay [67], Double Chooz [68],
and RENO [69] reactor experiments provided an unprece-
dented high level of accuracy with which the angle 0,3 was
measured. The first experiment to obtain a nonzero value of
angle 613 at a 79% confidence level was the KamLAND
reactor experiment [70] carried out in 2010. Two accelerator
experiments, T2K and MINOS (Main Injector Neutrino
Oscillation Search) [71], confirmed in [72, 73] the result in
2011. A year later, the Double Chooz reactor experiment
collaboration published in [74] the result of measurements of
015. However, it should be noted that at that time the
statistical significance of individual experimental measure-
ments did not exceed 3. Based on all available data, a global
fit was performed in 2011 [75], as a result of which the
indication of a nonzero 0,3 increased to > 3.

The first experiment to find a nonzero angle 63, i.e., to
measure a nonzero value at a 5¢ confidence level, was the
Daya Bay reactor experiment [76], conducted in 2012. Shortly
after that, the RENO experiment published results of its
measurements [77] with a comparable significance level of
4.9¢0. In the subsequent years, the accuracy of the measure-
ment of 03 has increased, and now it is ~ 3% (Fig. 2). The
dominant contribution to the determination of 0,3 was
made by the measurements carried out by Daya Bay and
RENO. The Daya Bay experiment completed data collec-
tion [83] in 2020, and the final result will be published in
the coming years. RENO planned to complete the data set
in 2021. Double Chooz completed the physical data set in
2018.

Future experiments will achieve a sensitivity of 013
comparable to that of the reactor experiments of the past
decade, but most likely the accuracy level of individual
measurements will not be surpassed.

2.1.3 Difference of squared masses |[Am}|. The combined
accuracy of determining the difference of squared masses
|Am3,| approaches 1%. This parameter is measured in
experiments with accelerator, reactor, and atmospheric
neutrinos. The value of the angle 0,3, which turned out to be
fairly large, enabled the Daya Bay and RENO reactor

DUNE (7 years) | T S T T 18732050 57%
JUNO (6 years) —_—— 9.4+1.1 11.7%
NuFITS5.1 NO e 878240237 2.7%
Capozzi et al. [58] NO gl 87214035 2.8%
De Salas et al. [60] NO = 870240210 2.9%
Daya Bay nGd —o—i 8.564+0.29  3.4%
RENO nGd —— 8.9240.63  7.1%
Daya Bay nH ———&—— 7.1£1.1 15.5%
Double Chooz —_—————— 10.2£1.2 11.8%
T2K . 952728 169Y
RENO nH | T T T | | 860161 18.7%

6 7 8 9 10 11 12
sin? (26,3), 1072

Figure 2. Measured sin’ (20,3) values. Colors show experiment types: red
represents reactor experiments and green, accelerator experiments. NO is
for normal ordering; nGd and nH indicate neutrino capture reactions on
gadolinium and hydrogen, respectively. Dark gray color indicates the
results of global fits; gray dashed line shows measured values under the
assumption of inverted hierarchy. Sensitivities of future experiments are
displayed above the dashed line for comparison; number of years required
to achieve the indicated accuracy is given in parentheses. Different central
values of future estimates are due to initially different assumptions
regarding the values of parameters in calculating sensitivities [58—60, 78—
82]. (Figure adapted from [64].)

experiments to also measure |[Am3,|. The result obtained by
Daya Bay is the most precise at the moment. Accelerator
experiments (NOvA (NuMI (Neutrinos at the Main Injector)
Off-axis v Appearance) [84] and T2K) in recent years have
reached reactor sensitivity in determining |Am3,| and, since
Daya Bay and RENO terminated operations, their data will
be the most accurate in the coming years, until the launch of
next-generation experiments. The current measurements are
shown in Fig. 3.

2.1.4 Mixing angle 6,3. Another ‘atmospheric’ parameter, the
mixing angle 6,3, is measured in experiments with accelerator
(NOvVA, T2K) and atmospheric (IceCube [94], Super-Kamio-
kande) neutrinos. Since the angle 6,3 is close to m/4, the
question remains open: in what octant does its exact value lie?
This mixing angle is responsible for the possible symmetry of
v: and v, in v, and v3. The case of p—t symmetry was
considered, for example, in [95, 96]. The value of 0,3 and its
possible equality to mt/4 were also discussed in application to
models of quark—lepton complementarity, for example, [97]
and flavor symmetry A4 [98].
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Normal mass ordering
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ORCA (3 years) 90%CL ——— 2.45440.085 3.5%

INO (10 years) —_———— 2.400+0.178 7.4%

Capozzi et al. [58] e 24471003 1.1%
NuFIT 5.1 —e— 2.435+0.027 1.1%
De Salas et al. [60] —e— 2481003 1.4%
Daya Bay nGd ———i 247150058 2.8%
NOvA —— 2.414£0.07 2.9%
T2K —— 2497006 289,
MINOS + — 240008 3.5%
SuperK ———— 240101 4.8%
RENO nGd —e—i2694+0.12 4.5%
IceCube —_——— 231501 52%
RENO nH ; ; ; . I I | 248108 12.1%

2.1 22 23 24 25 26 27 28
|Am2,|, 1073 eV?

Figure 3. Measured values of |[Am3| for normal neutrino mass ordering.
Colors show experiment types: red represents reactor experiments, green,
accelerator, and blue, atmospheric. Dark gray indicates the results of
global fits. For comparison, sensitivities of future experiments are
displayed above the dashed line; the number of years required to achieve
the presented accuracy is indicated in parentheses. Different central values
of future estimates are due to initially different assumptions about values
of parameters in calculating sensitivities [58-60, 65, 78, 79, 82, 85-93].
(Figure adapted from [64].)

Normal mass ordering

DUNE (7 years) T ot
HyperK (10 years) —.— 0.55+0.01 1.8%

0.58040.006 1.0%

|
ESSvSB (10 years) | —e— 0.574£0.02 3.5%
ORCA (3 years) 90%CL | —— 0.567093  7.1%
IceCube Upgrade (3 years) 90%CI« 0.511’8?3 18.6%
INO (10 years) — === e 0.50£0.13 26.0%
Capozzi et al. [58] —— | 0.45540018 3.6%
NuFIT 5.1 —— | 0.450°001% 3,99
De Salas et al. [60] | —— 0.566700% 3.4%
NOvVA 0,46+0,03 0.5708  6.1%
SuperK ——— | 04499 8.0%
T2K e 0.546709% 6.4%
IceCube T 0.515007  15.7%
MINOS + L t t t t t ] 0435038 27.9%
035 040 045 050 0.55 0.60 0.65
-2
s~ 023

Figure 4. Measured values of sin” 0,3 for normal neutrino mass ordering.
Colors show experiment types: red represents reactor experiments, green,
accelerator, and blue, atmospheric. Dark gray indicates the results of
global fits. For comparison, sensitivities of future experiments are
displayed above the dashed line; the number of years required to achieve
the presented accuracy is indicated in parentheses. Different central values
of future estimates are due to initially different assumptions about values
of parameters in calculating sensitivities [58—60, 65, 78, 79, 85-93]. (Figure
adapted from [64].)

Precision measurement of 6,3 is an urgent and nontrivial
task. At the moment, the most probable value of 03,
determined in various experiments, is in the lower octant
(< TC/4) 023 (Flg 4)

2.2 Neutrino mass ordering and the CP violation phase
The ordering of neutrino masses is still unknown:
my < my < ms (normal ordering, or normal hierarchy) or
m3 < my < my (inverted order, or inverted hierarchy). There-
fore, measurements of AmZ, are experiments that test each of
these hypotheses.

Mass ordering, being a basic parameter, the understand-
ing of which requires measuring oscillations of three types of
neutrinos, also plays an important role in modeling neutrino
fluxes that emerge during the gravitational collapse of stellar

nuclei, leading to the formation of supernovae [99]. The flavor
composition of neutrinos after passing through high-density
stellar matter also depends on mass ordering.

Neutrino mass ordering plays an important role in
assessing the prospects for the search for neutrinoless double
beta decay [30]. In searching for this process, the sensitivity
level of experiments to be attained in the near future will make
it possible to detect neutrinoless double beta decay, provided
the neutrino mass hierarchy is inverted and this decay takes
place. However, if the hierarchy in nature is normal, the
development of experimental techniques will be required to
increase the sensitivity by several orders of magnitude.

A similar situation occurs in experiments on the direct
measurement of neutrino masses and the estimation of > m,,
from cosmological observations. Namely, in what regards the
sensitivity of these experiments, the inverted ordering of
neutrino masses is preferable [100]. The mass hierarchy also
affects the expected shape of the spectrum in experiments
where relic neutrinos are searched for [101].

Given the above reasons, measuring neutrino mass
ordering is one of the most challenging tasks of current and
future neutrino experiments.

Determining the last unknown parameter — phase dcp —
became fundamentally possible after the angle 6,3 was
measured and turned out to be nonzero (and not very
small). The very possibility of measuring the parameter dcp
only appeared in recent years with the launch of a new
generation of accelerator neutrino experiments. A funda-
mental feature of experiments with accelerator neutrinos is
the creation of relatively pure beams of particles and
antiparticles. To measure the dcp phase using such beams,
the channel in which electron neutrinos v, (antineutrinos V)
are produced must be measured with statistical significance.

Along with the determination of the neutrino mass
hierarchy, one of the central tasks of current and future
neutrino experiments is to obtain restrictions on the dcp
parameter. The CP violation phase dcp is a potential source
of CP violation, which is new compared to the quark sector.
Some models [102, 103] directly relate CP violation caused by
the PMNS matrix and baryon asymmetry; for other theories
[104, 105], this phase is of no importance.

As noted, the yet unmeasured parameters of the SM
lepton sector are the neutrino mass hierarchy, the phase dcp,
and the uncertain value of the mixing angle 6,3. Sensitive to
the last two parameters, in particular, is the oscillation
channel v, — v¢ (V, — V¢), which is used for measurements
in current experiments. When a neutrino beam passes
through matter, sensitivity to the neutrino mass ordering is
involved, since the effect of neutrino interaction with matter is
different for the two hierarchies (see Eqn (3)).

Due to the complex dependence of the oscillation
probabilities v, — Ve (V, — V.) on these three parameters, it
is almost impossible to separate the discussion of the actual
status of the measurement of CP violation and the mass
hierarchy. These parameters are currently being measured by
the NOvA, T2K, and Super-Kamiokande experiments. In the
last experiment, sensitivity to the mass hierarchy appears due
to the registration of atmospheric neutrinos and the effect of
the interaction of neutrinos with matter on Earth. The
sensitivity to dcp of Super-Kamiokande in the case of
atmospheric neutrinos is low due to the low efficiency of
separation of electron neutrinos and antineutrinos [106].
After adding in [107] 14 tons of hydrated gadolinium sulfate
Gd,(S04);(8H,0) to the water of the Super-Kamiokande
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detector, the antineutrino detection efficiency will increase
due to an additional signal from neutron capture by
gadolinium [108], which will also affect positively Super-
Kamiokande’s oscillation program. At the moment, the
statistical significance of Super-Kamiokande’s result is the
highest among all experiments. In previous years, the
significance level, at which the inverted hierarchy was
rejected, was > 3¢ when globally fitting the data.

In recent years, the preference for the normal hierarchy
has been gradually decreasing to reach a significance level of
2.7¢ in 2020 according to the results of the NuFIT 5.0 global
analysis [109]. A significant role in reducing the preference for
the normal mass ordering is played by the disagreement
between the results of NOvA and T2K, which has persisted
for the past few years. Since both of these projects are
currently leaders in sensitivity to the neutrino mass hierarchy
and Jcp, the status of NOVA and T2K and the technique for
their measurements are presented below in more detail.

The setup of accelerator experiments for studying neu-
trino oscillations is similar. The T2K experiment began
collecting data four years earlier than NOvA, which allowed
it to enter the race for obtaining indications of a nonzero
mixing angle 63 [110, 111]. The proton synchrotron of the
J-PARC (Japan Proton Accelerator Research Complex), a
joint project of KEK (Japan’s High Energy Accelerator
Research Organization) and JAEA (Japanese Atomic
Energy Agency) [112], is used to form a neutrino/antineu-
trino beam in T2K. The accelerator complex, consisting of a
linear accelerator (in which the energy is boosted from several
keV to 400 MeV), a fast-cycling synchrotron (up to 3 GeV),
and the main synchrotron, allows accelerating protons to an
energy of 30 GeV and bringing them to a stationary graphite
target every 2.5 s. In 2020, a record high beam power of
515 kW was achieved [113] (the experiment facility operates
stably at this value), the intensity was 2.5 x 10'4 protons per
pulse, and the pulse duration was 5 ps.

The NOvVA experiment, based at the Fermi National
Accelerator Laboratory (FNAL) (Illinois, USA), is funded
by the US Department of Energy. As in the T2K project,
protons sequentially pass through a chain of accelerators. At
the final stage, in the Main Injector synchrotron, they are
accelerated to an energy of 120 GeV and also collide with a
carbon target. The record high beam power at the moment is
843 kW (average value is 750 kW); the intensity is 5.2 x 103
protons per pulse, and the beam is output onto the target
every 1.3 s.

An important characteristic of collecting statistics in
accelerator neutrino experiments is the beam power, which
is proportional to the proton beam energy and the number of
protons per pulse and inversely proportional to the accelera-
tion cycle time. The operation of accelerator complexes
producing neutrino beams, their comparison, and develop-
ment prospects are considered in detail in review [114]. By
shortening the cycle to 1.16 s and increasing the number of
protons per pulse to 4.3 x 1014, J-PARC is expected to reach a
beam power of 1.3 MW by 2028. In the FNAL accelerator
complex, the cycle time is planned to be reduced to 1.2's, and
the number of protons per pulse to be increased to 7.6 x 10'3
(later up to 15 x 10'3). As a consequence, the FNAL beam
power will reach 1.2 MW (2.4 MW) by 2026 (> 2030).

Both experiments use the already standard scheme of
two—near and far— detectors. The near detector measures
the neutrino spectrum when neutrino oscillations make a
negligible contribution. The far detector measures the effect

of these oscillations. In NOvA and T2K, the detectors are
located off the beam axis to obtain a quasi-monochromatic
spectrum and suppress high-energy events from the tail of the
spectrum, which form the background. The peak energy of
the T2K neutrino beam is 0.6 GeV; for NOvA, due to the
longer oscillation base, the value of 1.8 GeV was chosen for
the energy of the neutrino beam.

2.2.1 T2K experiment detectors. The T2K near detector
complex, located at a distance of 280 m from the target,
consists of the INGRID (Interactive Neutrino GRID) beam-
axis detector and the ND280 facility [20] located at an angle of
2.5° off-axis. INGRID [115] is a sandwich structure
assembled from cross-shaped modules. The modules consist
of iron planes and a segmented scintillator. Neutrino events
are identified by muon tracks, which set the beam direction
and profile. An additional module on the beam axis, called
the proton module, which only consists of a scintillator, is
used to register the quasi-elastic channel of neutrino interac-
tions and compare these data with simulation results.

The detector complex, which is essential for oscillation
physics, ND280, located in the same experimental hall but at
an angle to the beam, consists of several parts (Fig. 5a):

e POD detector [116] for measuring the cross section of
neutrino interaction with a water target in the neutral current
channel with i production;

e tracking detector based on TPC (Time-Projection
Chamber) [117];

e two highly segmented scintillation detectors, FGD
(Fine Grained Detector) [118];

e electromagnetic calorimeter, ECAL [119], supplement-
ing the internal detectors for complete reconstruction of all
events;

e SMRD (Side Muon Range Detector) [120] for detecting
muons with large angles of emission with respect to the beam
direction, which also operates as a veto system for cosmic
muons.

These devices are located inside the magnet of the former
UAI experiment [121], which creates a uniform magnetic field
of 0.2 T.

Since 2018, an additional experiment, WAGASCI/Baby-
MIND (WAter Grid And SClntillator detector)/Baby Mag-
netized Iron Neutrino Detector) [122], has been carried out in
the experimental hall of T2K’s near detector [122]. In addition
to its own physical program, it also fulfills an important task
of measuring the ratio of HyO:CH cross sections of neutrino
interactions with water and hydrocarbon targets. This data
will facilitate reducing the bias in extrapolating hydrocarbon
results to a water target, since the far detector uses water as
the active material.

The main task of the near detectors of the long-baseline
accelerator experiments is to measure the v, (V) and v (V)
fluxes, which will be used to predict the signal events of the
disappearance of v, — v, (V, — V,) and the appearance of
vy — Ve (V, — Ve) and the background v, — v (Ve — V) in
the far detector of the experiment. T2K’s near detector also
makes it possible to reliably measure other backgrounds, for
example, the interaction of neutrinos via neutral currents with
the production of n°.

T2K’s far detector is a Super-Kamiokande facility located
at a distance of 295 km from J-PARC. Some 20 years ago, the
Super-Kamiokande experiment, together with the SNO
experiment, discovered neutrino oscillations. Super-Kamio-
kande’s Cherenkov detector, which is a cylinder 39 m in
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Figure 5. Schematic representation of the ND280 detector complex of the T2K experiment: (a) in the current configuration and (b) upgrade planned for

the T2K-II and Hyper-Kamiokande experiments.

diameter and 42 m in height filled with 50 kt of pure water,
consists of two parts — internal and external. Events from the
internal detector (in which 40% of the surface are geome-
trically covered with photomultipliers) are used for the
physics program. The external detector provides back-
ground protection and operates as a veto system for atmo-
spheric muons. Super-Kamiokande can detect atmospheric,
accelerator, and solar neutrinos, owing to which its science
program is very rich.

2.2.2 NOvA experiment detectors. The near detector of the
NOVA experiment, located at an angle of 0.8° to the neutrino
beam axis, is a tracking calorimeter assembled from planes
consisting of polyvinyl-chloride cells filled with a liquid
scintillator. The near detector is located at a distance of 1 km
after the graphite target at a depth of 105 m, which protects it
from the background of cosmic muons. The size of the near
detector is 3.9 x 3.9 x 15.9 m. The far (downstream from the
beam) part of the detector contains a muon catcher consisting
of steel sheets alternating with scintillator planes.

The NOVA far detector is a liquid scintillation calorimeter
of the same design as the near detector, but with larger
dimensions, 15.5 x 15.5 x 59.6 m. Planes with alternating x
and y directions are located perpendicular to the beam. The
cross section of the individual cells, of which the planes are
assembled, is the same in the near and far detectors, 6 x 4 cm,
and the cell length is equal to the transverse size of the
detectors.

The oscillation base in NOVA is 810 km. The energy
resolution for peak energies is 10% for v, (v,) and 11% for v,
(Ve). A feature of the NOVA experiment is the almost
complete equivalence (except for the size) of the near and far
detectors, which, in the case of extrapolation, provides a
reduction in some of the systematic uncertainties.

2.2.3 Current NOvA and T2K results. Results of measuring the
parameters of neutrino oscillations, which were relevant at
the time of writing this review, were presented in 2020 at the
NEUTRINO 2020 conference [123]. The expected news was
the updated results for the mass hierarchy and d¢p. A curious
fact was the diminished statistical significance of the previous
result of the T2K experiment, published in Nature a few

months earlier [124]. The reasons were adjustments in Super-
Kamiokande calibrations and models of fluxes and cross
sections. However, the dcp value was affected most signifi-
cantly by the new data collected in 2019-2020, which once
again confirms the immense influence exerted on the result by
statistical fluctuations and the instability of the model
parameters extracted in low-statistic experiments.

The current results are as follows. T2K prefers the normal
neutrino mass ordering at the significance level > lo and
dcp = 1.3710:3n [78]. Super-Kamiokande favors the normal
hierarchy at the level of 71.4-90.3% obtained by the CLs
method [125] and d¢cp = 1.39f8ﬁ§n [65]. In the case of NOVA,
the preference for the normal hierarchy is at a significance
level of 1o and d¢p = 0.82f?:g4n [93]. Despite the seemingly
large differences among the results obtained, the disagree-
ment in terms of the determined d¢p value is not that great: it
does not exceed 2¢. This issue is discussed in more detail
below.

The current situation, when T2K and NOvVA prefer
different values of dcp, due to degeneracy, leads to the fact
that joint fitting to the data of both experiments favors the
inverted neutrino mass hierarchy [109, 126] (Fig. 6). Whether
this is actually due to a statistical fluctuation, an unknown
systematic error, or an exotic possibility — a manifestation of
new physics —is currently unknown. Due to the specifics of
the setups described above, the approaches to taking into
account systematic uncertainties and to oscillation analysis in
general in the two experiments are significantly different.

For ease of comparison of different components of the
analyses of the NOvA and T2K experiments, they are
presented below in the form of a step-by-step comparison.

Due to the detectors being identical, NOvVA uses the
procedure of extrapolation to the far detector of the
predictions tuned in the near detector, which are obtained
by the Monte Carlo method. It is precisely the components of
the predictions in the spectrum that are reweighted based on
the reconstructed energy. The impact of each systematic
uncertainty is evaluated in the same way: predictions shifted
by the amount of uncertainty are tuned in the near detector
and then extrapolated to the far one. In the case of NOVA,
this extrapolation does not result in a contribution to the
error due to different detector materials, a circumstance that
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Figure 6. Differences between the probabilities of P(v, — v.) and
P(V, — V) oscillations for NOVA (abscissa axis) and T2K (ordinate
axis) [126]. Solid lines correspond to the normal mass hierarchy; dashed
lines correspond to the inverted one. Red curves refer to T2K; blue, to
NOVA. If the results of these two experiments are combined, the inverted
hierarchy of neutrino masses, dcp = 31/2, turns out to be preferable. Best
fit result is shown with a black dot. Red dots correspond to dcp = 0.
Previous result is shown in gray.

makes it possible to significantly reduce the effect of
systematic uncertainties associated with the beam and
neutrino interaction cross sections: the total systematic
uncertainty of measurement when extrapolation is used is
approximately halved. The systematic uncertainties asso-
ciated with the detector are less controlled during extrapola-
tion. In fitting to far detector data, only adjusted predictions
are taken into account. Candidate events are divided into
several spectra according to the reconstructed energy: v, (Vy,),
divided into four spectra according to the fraction of the
hadron shower energy in the total energy; v, (Ve), divided into
two spectra depending on the value of the neutrino event
classifier. The data analysis itself can be characterized as a
frequentist analysis with profiled systematic uncertainties and
penalty terms.

Unlike NOvVA, T2K detectors are not identical; however,
several detector subsystems with water layers described above
are available for correct measurements on water. At the
moment [127], 18 event groups are used, categorized depend-
ing on the topologies registered in the FGD. Data in the near
detector are approximated in the space of the parameters (p,,
cos 0,), which are well reconstructed in this detector. The
~ 600 parameters associated with the ND280 detector,
~ 50 parameters associated with interaction cross sections,
and =~ 100 parameters associated with neutrino fluxes are also
varied. In T2K’s near detector, it is precisely the parameters
of the models used and their uncertainties that are adjusted,
due to which the total uncertainty is more than halved
compared to the theoretical error.

The updated parameters for the flux and cross section
models are used when fitting to far detector data. Margin-
alization and integration using Monte Carlo methods with
Markov chains are used to account for nuisance parameters
in the fit [128]. In the far detector, oscillation parameters and
about 50 nuisance parameters associated with the systematic

uncertainties of the Super-Kamiokande detector are fitted.
Five groups of events are used: spectra of candidate events v,
(Vu), Ve (Ve), and one new class of events introduced into the
analysis [129] in 2017, which is the ve-interaction via charged
currents with the production of one pion. The last class
provides a significant contribution to the significance level
of the maximum CP violation preference. However, the
disagreement between the simulation results and T2K data
for this class of events should be noted. An additional
artificial increase in the level of significance [130] appears,
because the model does not agree with the data even at the
best fit point.

The data analysis methods used in T2K are more
developed than those in NOvVA. This is partly due to the
earlier physical start of the experiment compared to that of
NOVA. Currently, there are three options for data approx-
imation in T2K: frequentist using the Feldman—Cousins
method [131], as in NOvVA, purely Bayesian, and hybrid.
The Bayesian approach alone uses the simultaneous fitting to
the data of both near and far detectors.

Event modeling plays an important role in oscillation
analysis. In the case of T2K, due to the lower beam energy, the
main class of neutrino interactions is the quasi-elastic
interaction, a smaller contribution is due to the resonance
channel with the production of one pion and the MEC (meson
exchange current) [132] (2p2h) interactions, and the smallest
fraction of events is the deep inelastic interaction. The main
software employed for modeling neutrino interactions is
NEUTI[133].

In NOvA, GENIE (Generates Events for Neutrino
Interaction Experiments) [134] is used as a generator of
neutrino interactions; furthermore, the weights for the cross
sections in it are additionally adjusted based on the near-
detector data [135]. As a result, due to different interaction
generators and different approaches to their tuning, both
experiments apply similar modeling of quasi-elastic and
resonance interactions, but a different approach to MEC
and deep inelastic interactions. However, despite some
similarity, the beam energies, selection of events, and energy
reconstruction methods in the experiments are different.
Therefore, the impact of systematic uncertainties in experi-
ments on the analysis of data is different.

As constraints for flux simulation using the FLUKA
software package, T2K uses external constraints from the
NAG61/SHINE experiment (SPS (Super Proton Synchrotron)
Heavy Ion and Neutrino Experiment) [136] at CERN. which
measures the hadron yield resulting from a collision of a
proton beam with a thin target and with a replica of the T2K
experiment target. In addition, the flux is registered in
INGRID and muon monitors along the beam path. In
NOVA, the neutrino flux is modeled using the GEANT4
software package and adjusted using the PPFX package [137]
developed at MINERvVA (Main Injector Neutrino Experi-
ment to study v—A interactions). The latter package uses
external data on the production of hadrons in the target from
the experiments of Barton et al. [138], NA61, NA49, and
MIPP (Main Injector Particle Production). An important
potential source of systematic uncertainty here is the adjust-
ment of the NA61 and NA49 systematic errors used by T2K
and NOVA, respectively.

Regarding the detectors of the NOvA and T2K experi-
ments themselves, they are different, so the systematic
uncertainties associated with them are different and are
assumed to be uncorrelated.
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Figure 7. Comparison of confidence contours obtained by NOvA [93] and T2K [78] experiments: (a) in separate analyses without NSI and (b) with NSI
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Although the difference between the NOvA and T2K
results is only ~ 2¢, an exotic possibility, nonstandard
interactions (NSIs) [139], has recently been proposed to
explain this discrepancy (Fig. 7a).

Nonstandard interactions were introduced to implement
massless neutrino oscillations in matter in the original work
by L Wolfenstein [45]. An additional term in the Hamiltonian
looks like the following:

I +éeee & et

1

H:ﬁ UMU+a| & &uw & ||, (5)
8:1 8::1- &1

where E is the neutrino energy, U is the mixing matrix, M is
the diagonal matrix of squared mass differences,
a = 2v/2GgN.E is the term responsible for the interaction of
neutrinos with matter, and N, is the electron density. The
terms &, are the parameters characterizing the magnitude of
the new interaction relative to the weak interaction, arising
from the effective Lagrangian. For the neutral current, they
are defined as

Lnst = —2V2GE Z So{ﬁ(va?“"ﬁ)(i}’yf) . (6)
o B, f

The NSI parameters in the Hamiltonian and Lagrangian are
related as follows: ¢g,3 = Zf(Nf/Ne)go{ﬁ’ where Ny is the
concentration of fermions. For matter on Earth, it can be
assumed that N, ~ N, = N, in this case Ny, >~ Ng ~ 3N,:
Eap = &5 + 36 + 363,

Studies [140, 141] explore the hypothesis of complex NSI
&xp = |esp| €Xp (i¢,) via neutral currents. NSIs may be a low-
energy manifestation of the high-energy physics of new heavy
states or may be associated with light mediators.

Since the NSI effect is directly related to the interaction of
neutrinos with matter, it is of interest to compare the results of
experiments with different bases or different types of matter,
and the differences among their results may be an indirect
indication of the presence of NSI. Coupling constants &, and
& are considered, potentially related to the oscillation
probabilities v, — V.. For the p—1-sector corresponding to
v, — Vv, strong restrictions are available, which follow from
atmospheric experiments [142, 143]. In the presence of NSI,
joint fitting to the T2K and NOvVA data results in a value of
leptonic d¢cp ~ 3n/2 and a preference for the normal
hierarchy (Fig. 7b). For phases ¢, and ¢, of new interac-

tions, the maximum CP violation is also preferred. In the case
of the inverted hierarchy, where NOvA and T2K are mutually
consistent, no signs of NSI are found. The best fit for NOvA
+ T2K in the presence of NSI |&,| = 0.19 [140], which is not
strongly rejected by the IceCube analysis |e.,| = 0.07 (Fig. 8)
given the accuracy of the analysis performed. The result of the
second group [141] for this parameter, || = 0.15, is within
90% of IceCube CL [144, 145].

Also, one of the possible explanations for the discrepancy
between the results of NOvA and T2K is the violation of
Lorentz invariance. It was shown in [146] that, if this
hypothesis is true, the discrepancy between the results of
NOvA and T2K is slightly reduced. In [147], possible
nonunitarity of the Pontecorvo—Maki—Nakagawa—Sakata
mixing matrix is considered. In [148], the running neutrino
masses and mixing parameters are hypothesized, which also
implies new physics manifesting itself in quantum corrections.
In the presence of these effects and taking into account the
limitations from short-baseline experiments, the discrepancy
between NOvVA and T2K is slightly smoothed out. It has also
been shown that sterile neutrinos cannot explain this
disagreement [149].
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Figure 8. Confidence contours on the NSI parameter plane ey — ¢, in a
joint fit to the data of NOvA and T2K experiments [140]. Orange contours
correspond to the step Ay? = 1. Gray areas are excluded by NOvA and
T2K results. Dotted curve shows the constraint on these parameters
obtained by the IceCube experiment.
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Figure 9. Expected sensitivity of ongoing and future experiments to the
neutrino mass hierarchy by years. Figures of different colors represent
areas of possible measurement, limited by combinations of oscillation
parameters, which lead to extreme sensitivity values for each experiment.
Triangles mark the beginning of data collection.

Despite interesting possible interpretations of the
obtained results, the statistical significance of the disagree-
ment is small. A number of improvements are expected in
NOVA and T2K in the coming years. The modernization of
the J-PARC and FNAL accelerator complexes for Hyper-
Kamiokande and DUNE involves staged improvements that
also affect currently running experiments. Owing to this, T2K
will gain 200 x 102 POT (Protons On Target) by ~ 2026,
which will increase sensitivity to maximum CP violation up to
30. The near detector will be upgraded to play an important
role in the future Hyper-Kamiokande experiment. These
changes will be discussed in Section 3.

The expected improvements in NOvA will mainly affect
the FNAL accelerator complex and data analysis. By the end
of data collection in ~ 2025, the beam power from the
accelerator will be 900 kW (the design power is 700 kW).
Currently, a prototype test-particle beam detector at Fermi-
lab [150] is collecting statistics, which will improve the
understanding of detectors and their response. Conse-
quently, the corresponding systematic uncertainties will
decrease.

Figure 9 shows the expected NOvA and T2K sensitivities
in measuring the neutrino mass hierarchy with a breakdown
by years. By the launch of Hyper-Kamiokande and DUNE,
the mass hierarchy will most likely be measured at a
significance level of 3—4¢. In the case of the maximum CP
violation phase, the sensitivity to rejection dcp = 0, is 30 at
best for the T2K experiment and ~ 2¢ for NOvVA.

Of interest is also the future first full-fledged joint analysis
of T2K and Super-Kamiokande data, similar to the analysis
of data with accelerator and atmospheric neutrinos following
the example of MINOS [151]. Study [152] showed a slight
improvement in the sensitivity of Super-Kamiokande if the
results published by T2K are used. A full-fledged joint
analysis of the NOvA and T2K experiments [153] is also
scheduled for 2022.

3. Prospects

3.1 Future accelerator experiments

The NOvVA and T2K experiments will collect data until 2025—
2026, until the accelerator facilities are stopped for the final
preparatory work for the Hyper-Kamiokande and DUNE
experiments.

3.1.1 Hyper-Kamiokande. By 2022, in the T2K experiment as
part of T2K-II program [154], it is planned to complete the
upgrade of the near detector, which will also be used in the
Hyper-Kamiokande project. The current design of the
ND280, as described in Section 2, is optimal for detecting
particles moving in the direction of the neutrino beam,
primarily charged leptons and neutral pions. The far Cher-
enkov detector features a good particle detection efficiency at
all lepton emission angles. Thus, the acceptance of the near
detector is much less than that of the far one. In addition, the
threshold for the detection of pions and protons in the near
detector is high, while neutrons are mostly not detected. The
design also has a number of restrictions on the efficiency of
reconstruction, energy and time resolution, and identification
of secondary particles moving in a plane perpendicular to the
direction of the primary neutrino or scattered in the opposite
direction.

Phase II upgrades consist in the replacement of the POD
with a high-precision, highly segmented SuperFGD scintilla-
tion detector [155] and the deployment of two horizontal
time-projection chambers [156] and a time-of-flight detector
[157] around this new tracker (Fig. 5b). The total mass of the
active part of the detector will almost double, up to 4 t, which
will lead to a significant increase in the number of detected
events.

The 2 x 2 x 0.6 m SuperFGD consists of approximately
two million 1 cm? polystyrene cubes isolated from each other
by reflective walls. The light signal is transmitted to the
photodetector via an optical fiber passing in three perpendi-
cular projections and through all the cubes to the side walls of
the detector. The three-side signal readout, combined with the
top and bottom surroundings of the two time-projection
chambers, allows high-resolution 3D reconstruction of
tracks and showers, while detailed segmentation also allows
reconstruction of fast neutron tracks for better reconstruction
of antineutrino energy. The efficiency of muon detection will
reach ~ 70% at emission angles of ~ 90°, while in the
previous version of the detector it was practically zero. The
proton detection efficiency is assumed to be ~ 90% for
momenta > 400 MeV/c. The expected efficiency of neutron
detection is 60%, and the energy resolution is 15-30%.
Temporal resolution of SuperFGD is 950 ps, and that of the
time-of-flight detector is 150 ps. The minimum requirement
for the new ND280 TPCs is to provide the same physical
capabilities as the current POD, but in a smaller volume. The
new chambers will use argon-based gas and Micromegas
resistive detectors.

Preliminary tests have shown an improvement in key
performance, especially in spatial resolution: it is now three
times better (< 200 pm at 10 cm drift) than in the current POD
detector. It is expected that, due to the modification of the
POD detector described above, the total systematic error will
decrease from 5-6% to 3-4%. For the T2K-II experiment,
the reduction in systematic uncertainty does not play a
significant role, since experiments of the current generation
are limited by statistical error. On the contrary, for the Hyper-
Kamiokande experiment, the modernization of the ND280
and the reduction in systematic uncertainty are of utmost
importance for solving primary physical problems.

Hyper-Kamiokande’s far detector [158], a water Cher-
enkov detector with a target mass of 258 kt, is a cylindrical
container 68 m in diameter and 71 m high; its fiducial volume
is 188 kt, eight times that of Super-Kamiokande. Hyper-
Kamiokande, like Super-Kamiokande, will use 20-inch
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photomultiplier tubes (PMTs) with 40% geometric coverage
as photodetectors. The detector will be located inside Mount
Nijugoyama in the Tochibora mine in Kamioka at a distance
of 295 km from the J-PARC accelerator complex (and about
8 km south of Super-Kamiokande). The neutrino flux will
be directed at an angle of 2.5° off the beam axis, as in the
T2K experiment. The research program of Hyper-Kamio-
kande is even more vast than that of Super-Kamiokande:
the detection of accelerator, atmospheric, solar, and
geoneutrinos, the exploration of proton decay and other
rare processes, the registration of a neutrino signal from
supernovae, etc.

In addition to the near and far detectors, it is planned to
install an intermediate water Cherenkov detector (IWCD)
[159] with a target mass of about 1 kt, located at a distance of
about | km from the target in J-PARC. The water tank will be
able to move vertically and scan the energy spectrum of the
neutrino beam with various values of the off-axis angle. The
IWCD target is completely identical to the Hyper-Kamio-
kande target, which, in turn, will enable taking into account
and reducing the systematic uncertainties of the oscillation
analysis associated with the neutrino interaction cross section
to a significant extent.

3.1.2 DUNE. Another megascience project is the interna-
tional DUNE experiment [160]. The concept of this experi-
ment for measuring neutrino oscillations is similar to that of
NOvVA: the muon neutrino flux is generated using the
accelerator complex based at Fermilab. This full-scale
project includes a number of improvements to the existing
infrastructure implemented at Fermilab. The LBNF (Long
Baseline Neutrino Facility) project [161] includes the creation
of a separate output of the proton beam from the Main
Injector Synchrotron in the direction of South Dakota, the
entire infrastructure for producing a neutrino beam, and
experimental halls for detectors located at Fermilab and the
Sanford Underground Research Facility (SURF) in Lead
(South Dakota, USA).

PIP-II [162] is a continuation of the PIP (Proton
Improvement Plan) [163] project to increase the intensity of
the proton beam of the accelerator complex at Fermilab,
which was launched in 2012. PIP and PIP-I + basically have
already been implemented [164] for NOvA, MINERVA, and
earlier for MINOS/MINOS +. This stage of improvement
only consisted in the optimization of existing accelerators
without any major upgrades. Due to the implementation of
PIP and PIP-1+, the NOvVA beam power will be able to reach
about 1 MW in the coming years. According to the PIP-11
plan for DUNE, the main improvement is the replacement of
the 400-MeV linear accelerator with a normal conductivity
with an 800-MeV superconducting accelerator, which will
make it possible to achieve a power of 1.2 MW with a beam
energy of 120 GeV. PIP-1I should be completed in 2025-2026;
a further increase in proton beam power for DUNE to
2.4 MW (intensity (1.1—1.9) x 102! POT yr~!), according to
the PIP-IIT plan [165], can be achieved by replacing the
booster and upgrading the new linear accelerator and Main
Injector Synchrotron. Since DUNE, unlike Hyper-Kamio-
kande, is planning a significant change in the design of the
experiment, its optimization to achieve the main goal is
ongoing, and a number of characteristics and parameters
are still being discussed. For example, the proton beam
energy has not yet been chosen; therefore, in all refereed
sources, a possible range of 60—120 GeV is reported. The final

Figure 10. Setup of DUNE’s near detectors at Fermilab.

choice will be based on increasing the sensitivity of the
experiment to the measurement of oscillation parameters.
The main characteristics of the beam line are also optimized
to solve the main physical problem of the experiment. Part of
the infrastructure under development, except for the target
and magnetic horns, cannot be changed in the future. For
example, the length of the decay channel for mesons affects
the resulting neutrino spectrum: with increasing length, the
number of high-energy neutrinos increases, while an increase
in diameter, on the contrary, yields more lower-energy
neutrinos. An excessively long channel will increase the
background of neutrinos with the wrong sign of the lepton
number? and the number of electron neutrinos/antineutrinos
initially present in the beam.

According to the LBNF project, the system of near
detectors DUNE-ND (Fig. 10) [166] will be located in
Fermilab in an experimental hall with dimensions of
30 x 17 m at a depth of =~ 60 m at a distance of 574 m from
the target. The multicomponent system of near detectors
includes a modular liquid argon time projection chamber
(LArTPC) called ND-LAr, an ND-GAr facility consisting
of a high-pressure gas time projection chamber (GArTPC),
and an electromagnetic calorimeter; it also contains a
neutrino beam detector-monitor (System for on-Axis
Neutrino Detection, SAND) and a mechanized mobile
platform that enables positioning these detectors at
various angles relative to the beam, the so-called DUNE-
PRISM (Precision Reaction-Independent Spectrum Mea-
surement) system.

The working substance of the main near detector for
oscillation physics, the liquid argon time projection cham-
ber, is identical to that of the modules of the experiment’s far
detector, which will reduce some of the systematic uncertain-
ties. The main task of this detector is to measure the spectra
from the interaction of neutrinos on argon prior to oscilla-
tions and to predict the spectra v, (V) and v, (V) in the far
detector. A common cryostat will house a modular structure
of 35 time-projection chambers with a system for detecting
the charge and scintillation light emerging in argon [167]. The
signal from this structure will be used as a time stamp to
reconstruct events in several modules and eliminate overlaps

3 Admixture of neutrinos in an antineutrino beam and vice versa.
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(so-called pile-ups) of events that occur during beam spill and
to improve energy resolution by registering the part of the
energy converted into light.

Efficient use of the DUNE-PRISM system requires the
same energy resolution of the near and far detectors, currently
expected at a level of 15-20% for the total neutrino energy,
depending on its flavor. The main contribution to this value
comes from the energy resolution of the hadron shower
(> 30%). The expected number of charged current v, events
in the detector per year reaches 10% on the beam axis.

The total dimensions of the ND-LAr detector, 7 x 3 m
across the beam and 5 m along it, make it possible to detect
muons with a momentum up to 0.7 GeV/c. To increase this
range, it is proposed to place downstream from the ND-LAr
the ND-GAr facility; the latter consists of a GArTPC
chamber in a magnetic field of 0.5 T with an Ar:CHy (9:1)
working gas at a pressure of 10 bar and an electromagnetic
calorimeter of alternating layers of scintillator and copper.
This setup will allow recording the momentum of muons
emitted from the LArTPC and distinguishing the charge of
leptons, which will make it possible to provide good control
over the background of neutrinos with the wrong sign of the
lepton number. The GArTPC design is largely inspired by the
time projection chamber of ALICE (A Large Ion Collider
Experiment), while the magnetic system reproduces that of
the NICA/MPD (Nuclotron-based Ion Collider fAcility/
Multi-Purpose Detector) experiment [168] at the Joint
Institute for Nuclear Research (Dubna).

Due to the complexity of the ND-GAr design, an option is
being discussed to place a temporary muon spectrometer
(TMYS) instead of it, to be replaced later by a GArTPC
detector.

Both detectors, with liquid and gaseous argon, will be
located on a mobile platform, which will make it possible to
carry out measurements both on the axis of the neutrino beam
and off the beam (the DUNE-PRISM concept). The plat-
form can be displaced to a distance of up to 33 m. A wide
energy spectrum on the beam axis ranging from 0.5 to 8§ GeV
with a maximum in the region of 2.5 GeV spans two
oscillation maxima. When shifted to the maximum off-axis
distance (angle ~ 2.5°), the peak occurs at a value of 0.5 GeV.
Such beam scanning makes it possible to significantly reduce
the systematic uncertainties associated with the neutrino
beam and the cross sections of neutrino interactions.

Another DUNE-ND detector at Fermilab, SAND, will be
fixed on the beam axis to monitor the neutrino flux, especially
when ND-LAr and ND-GAr are displaced off axis (up to
50% of full exposure). The detector design includes a
solenoidal superconducting magnet with a field of 0.6 T, an
electromagnetic calorimeter from KLOE (K LOng Experi-
ment) (Frascati, [taly), a new internal track detector based on
straw tubes (STT option (Straw Tube Tracker)), and a thin
liquid argon target. The option to place layers of polypropy-
lene and carbon between the STT system modules is being
considered, which will make it possible to separate neutrino
interactions on hydrogen using the CH,—C subtraction
method [169].

For a long time, the only measured cross sections of
neutrino interaction with hydrogen were provided by low-
statistics bubble chamber experiments. By comparing the
cross sections for hydrogen and argon, it is proposed to
reduce the uncertainties in calculations of neutrino interac-
tions associated with nuclear effects. SAND with the STT
tracker, in addition to studies of importance for oscillation

physics, will make it possible to carry out other measure-
ments.

The DUNE far detector will be located in the under-
ground SURF center at a depth of & 1.5 km and at a distance
of 1300 km from the target at Fermilab. The detector will
consist of four liquid argon time projection chambers
(LATrTPCs) with a mass of 10 kt. A decision has been made
on the first two modules, which will be single phase with
vertical and horizontal drift. The published sensitivity
estimates for the experiment assume a single-phase technol-
ogy for all four modules, which does not take full advantage
of modules with different detector technologies and, as a
result, different systematic uncertainties. Each module is a
structure measuring 13.3 x 12 x 58 m, divided longitudinally
into four drift volumes. The mass of the active part of the
detector is 13 kt; currently, the selection criteria cut out a
fiducial volume of 10 kt. The far detector, unlike NOvVA,
T2K, and Hyper-Kamiokande, will be used to conduct
research on the axis of the neutrino beam and thus increase
the number of statistics of events, measure a wide range of
neutrino energies, and be able to span two oscillation
maxima. Due to its design, DUNE can efficiently separate
the signal from backgrounds, especially from events with
interactions via neutral currents.

An interesting idea is the Theia project [170], which is
considered one of the modules of the DUNE far detector.
Theia is a water-based scintillation detector with a mass of
25 kt [171] that can detect both Cherenkov and scintillation
light. The components can differ in wavelength [172], time,
and angular distribution. The presence of a scintillator will
lower the threshold for detecting particles to ~ 1 MeV, which
is fundamentally important for detecting solar neutrinos and
the diffuse background of neutrinos from supernovae.

The potential of a long-baseline accelerator experiment is
already clear from the experimental setup (Fig. 11). In
accelerator beam measurements, DUNE’s oscillation base is
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Figure 11. Probabilities of P(v, — v.) and P(V, — V.) oscillations in
matter in NOvA, T2K (Hyper-Kamiokande), and DUNE accelerator
experiments for different values of d¢p and both types of neutrino mass
hierarchy. Overlapping of regions for the same experiment implies
degeneracy of the parameters.
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larger than that of Hyper-Kamiokande. As a consequence,
due to the greater effect of the interaction of neutrinos with
matter, sensitivity to the neutrino mass hierarchy is enhanced.
A potentially interesting option is the greater sensitivity to
NSI due to the larger baseline [173, 174]. Due to the
degeneracy of dcp with a mass hierarchy, a large base of
oscillations can confuse both measurements. However, it was
shown in [175] that these two parameters are distinguishable
for an oscillation base exceeding 1200 km.

Lately, the sensitivity of an experiment in which d¢p is
measured has been conventionally represented in terms of its
ability to reject the values 0, corresponding to CP-parity
conservation in the case of the maximum phase value (31/2)
(Fig. 12a,b). This sensitivity focuses on the single value of
dcp, which quite possibly is not implemented in nature. More
informative, in our opinion, is the accuracy with which d¢p is
measured, rather than the exclusion of individual points. The
expected resolution values of DUNE and Hyper-Kamio-
kande are presented in Fig. 12c,d. Figure 9 shows the
expected sensitivities for measuring the neutrino mass
hierarchy in Hyper-Kamiokande, DUNE, which are dis-
cussed.

The Hyper-Kamiokande detector, like DUNE, can detect
atmospheric, accelerator, and solar neutrinos. To measure the
mass hierarchy and phase d¢p in Hyper-Kamiokande, a joint

analysis of data on atmospheric and accelerator neutrinos will
be carried out. Atmospheric neutrinos are more sensitive to
the mass hierarchy, while accelerator ones are more sensitive
to dcp, and joint fitting of both data types improves the final
sensitivity. The major reported estimates of DUNE sensitivity
have been made exclusively for the accelerator neutrino beam.
The sensitivity to mass hierarchy with DUNE atmospheric
neutrino detection alone reaches 3¢ over seven years of data
collection. Based on the Hyper-Kamiokande example, it can
be expected that the use of atmospheric neutrinos will
improve the sensitivity of the experiment in the joint analysis
of data from different sources.

The Hyper-Kamiokande accelerator beam provides high
sensitivity to phase d¢p, but only provided the mass hierarchy
is known. It is quite possible that by the time DUNE and
Hyper-Kamiokande start operations, global data analysis
will reach the value of 5S¢ in favor of some mass ordering.
However, according to current expectations (see Fig. 9), the
measurement of the neutrino mass hierarchy is precisely a
task for the next generation of experiments. Therefore, it is
possible that DUNE and Hyper-Kamiokande will have to
concurrently measure both parameters: the mass hierarchy
and 5CP~

An interesting extension of the Hyper-Kamiokande
experiment was the proposal to place an additional detector
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in Korea [176], which would increase the oscillation base to
1000-1200 km, depending on the location. Theia was also
proposed as a detector. However, the status of this proposal is
currently unclear.

The approaches of the DUNE and Hyper-Kamiokande
experiments are complementary [177] due to different setups
and techniques. Their most important task will be to cross
check the results obtained.

Due to the registration of neutrinos from different
sources, both DUNE and Hyper-Kamiokande will be able
to refine ‘solar’ and ‘atmospheric’ parameters of oscillations
in addition to performing the main tasks: measuring dcp and
determining the hierarchy of neutrino masses. Owing to new
intense beams, accelerator experiments will become the
leaders in measuring the former in the coming years. For
example, over seven years, DUNE will be able to measure
sin® 023 with an accuracy of 1% and Am3, at 0.4%. The
sensitivities of future experiments are presented more clearly
and in detail in Figs 1, 3, and 4. Regarding the measurement
of sin®(2013) in accelerator experiments, the expected
sensitivity is currently known only for DUNE (see Fig. 2),
which over 15 years of data collection will reach the
measurement accuracy of Daya Bay.

3.1.3 ESSvSB. The future long-baseline accelerator neutrino
program is mainly concentrated at Fermilab (USA) and
J-PARC (Japan). The previous European long-baseline
experiment with a neutrino beam from CERN to the Gran
Sasso laboratory, OPERA (Oscillation Project with Emul-
sion-tRacking Apparatus) [178], was completed in 2012,
having experimentally registered for the first time v, — v,
oscillations at a level > 50 [179]. A new European accelerator
experiment, ESSVSB (European Spallation Source Neutrino
Super Beam) [180], may appear on the map of the oscillation
accelerator neutrino program, but plans for this project have
not yet been finalized.

The ESSvSB setting is similar to that of Hyper-Kamio-
kande, and its physical tasks are the same. The main
advantage of this experiment is a very intense neutrino flux
due to a proton beam with a power of 5 MW and an energy of
2 GeV from a linear accelerator [181] of a pulsed neutron

source (ESS, European Spallation Source) (Sweden), which
corresponds to 2.4 x 102 POT yr—!.

The near detector [182], like that of Hyper-Kamiokande,
will consist of several parts: a 1.7-kt water-Cherenkov detector
as the main part, a track detector (Super Fine-Grained
Tracker) with a magnetic field for studying the cross sections
of neutrino interactions, and an emulsion detector with layers
of water and iron, like NINJA (Neutrino Interaction research
with Nuclear emulsion and J-PARC Accelerator) [183], to
study the topology of events.

The far detector, based on the concept of MEMPHYS
(MEgaton Mass PHY Sics) [184], will have two modules with
a mass of 373 kt each, and its neutrino and antineutrino
energy resolution will be 10-20%.

Currently, two locations of the far detector are being
considered: at distances of 360 or 540 km [185]; the beam
energy will be chosen in a range of 200-600 MeV, depending
on the base, to cover the second oscillation maximum, where
the value of P(v, — ve)—P(V, — V) is three times greater
than in the first maximum. For the second oscillation
maximum, the influence of systematic errors weakens [186],
but the number of signal events also decreases due to the
larger base and smaller cross section. The probabilities of
neutrino and antineutrino oscillations for ESSvSB with a
360-km baseline, on which both the first and second
oscillation maxima* are partially covered, are shown in
Fig. 13.

In addition, the ESSvSB experiment setup will make it
possible to measure the ‘atmospheric’ parameters of neutrino
oscillations with high accuracy (see Figs 3 and 4). Data for the
determination of ‘solar’ parameters are not yet available. The
sensitivity of the ESSvVSB experiment is only reported for the
accelerator neutrino beam, but, by analogy with Hyper-
Kamiokande, physical results can be expected with both
solar and atmospheric neutrino fluxes.

All the above accelerator experiments are based on
obtaining a neutrino beam from the decay of mesons as a
result of a collision of a proton beam with a fixed target.

4 Due to a broad spectrum, DUNE can reliably detect both the first and
the second maximum.
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Features of this method are contamination of the beam with
other neutrino flavors and a wide range of energies. Interest-
ing alternative methods are neutrino factories [187], beta
beams [188], and DAR (Decay At Rest) experiments.
Experiments based on the first and last methods are currently
ongoing. Neutrino factories are based on the idea of
accumulating muons and using them to produce a beam of
neutrinos. Such a beam will consist of muon and electron
neutrinos in equal proportions and with different signs of the
lepton number. The main problem with this approach is the
need to accumulate a large number of muons. The vSTORM
(Neutrinos from STORed Muons) experiment [189] at CERN
is a prototype of this idea. The DAR technique, which was
used in the LSND (Liquid Scintillator Neutrino Detector)
[190] and KARMEN (KArlsruhe Rutherford Medium
Energy Neutrino experiment) [191] experiments, have been
recently tested in the MiniBooNE (Mini Booster Neutrino
Experiment) [192] with kaon decay at rest. The JSNS?
(J-PARC Sterile Neutrino Search at J-PARC Spallation
Neutron Source) [193, 194] and IsoDAR (Isotope Decay-At-
Rest experiment) [195] experiments with decays of muons and
ions at rest, respectively, are also planned.

Another CERN project that aims to explore alternative
methods for obtaining neutrino beams is ENUBET
(Enhanced NeUtrino BEams from kaon Tagging) [196]. The
idea is to label an electron or positron produced in the decay
of a kaon through the K3 channel, which is virtually the only
source of electron neutrinos in the beam (~ 97%). In this way,
the neutrino energy can be reconstructed from kinematics.
Due to the detection of leptons after passing through the
decay channel, the beam of muon neutrinos from pion decays
can also be accurately reconstructed. This option is currently
under consideration by the ENUBET collaboration. The
neutrino tagging technique was previously tested in the
KMN (Russian abbreviation for Tagged Neutrino Com-
plex) experiment [197] in Protvino (Russia) in the 1980s—
2000s and was recently proposed for the P20 project
(Protvino—-ORCA) [198].

3.2 Future reactor experiments

Detecting reactor electron antineutrinos in long-baseline
experiments is a completely independent way to determine
the neutrino mass hierarchy with its own advantages and
disadvantages. Currently, this class of experiments is only
represented by the JUNO (Jiangmen Underground Neutrino
Observatory) project with a baseline of 53 km, which is at the
stage of detector assembly; its completion is scheduled for
2023.

Reactor electron antineutrinos are produced in beta
decays of nuclear fission products, primarily U, 2*Pu,
28U, and *'Pu [199], and are detected in the inverse beta
decay V. +p — e" +n with an energy threshold of about
1.8 MeV. The characteristic energies of the observed electron
antineutrinos, which do not exceed 10 MeV, are insufficient
for the production of heavier leptons and, accordingly, for the
observation of other flavor states. Thus, reactor experiments
only observe the survival probability of electron antineutri-
nos given by Eqn (4).

The measured quantities are represented in the observed
spectrum in a nondegenerate way, and they can be extracted
from the data with little correlation with other oscillation
parameters. The hierarchy of neutrino masses manifests itself
in the interference of terms of Eqn (4) proportional to
sin® (20,3). The sensitivity to the neutrino mass hierarchy is
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Figure 14. Spectrum of reactor electron antineutrinos expected at JUNO
[200], which corresponds to six years of data collection, assuming a normal
(blue curve) and inverted (red curve) hierarchy. Spectrum of antineutrinos
without oscillations being taken into account (dark gray curve) is marked,
and the influence of each oscillation parameter is shown.

the highest for reactor antineutrinos at a distance of about
53 km. The corresponding spectrum of detected particles is
shown in Fig. 14.

The main detector of the JUNO experiment is an acrylic
sphere 35 m in diameter [201] filled with 20 kt of a liquid
scintillator (Fig. 15). Approximately 17,500 20-inch PMTs
[202] and 25,600 3-inch PMTs will be mounted on a steel
structure surrounding the acrylic sphere. The experiment will
observe the flux of antineutrinos from six nuclear reactors
operated at the Yangjiang nuclear power plant (NPP), with a
thermal power of 2.9 GW each, and two reactors of the
Taishan NPP, with a thermal power of 4.6 GW each [203]. All
these reactors are located at a distance of about 53 km from
the detector, and their total thermal power is 26.6 GW. The
experiment will observe about 45 antineutrino interactions?
per day at a background level of 8.6% [204, 205]. With
statistics of about 100,000 events collected over six years,
JUNO will be able to determine the hierarchy at a significance
level of 30 [205].

The JUNO experiment will measure the neutrino oscilla-
tion parameters Am3,, sin? (201,), and Am3, with an accuracy
0of 0.6% (see Figs 1b, 1a, and 3, respectively). The accuracy of
measuring the mixing angle sin® (260,3) will not reach the level
of accuracy of modern reactor experiments with an inter-
mediate baseline. It should be noted that the accuracy of
measuring the solar parameters Am3, and sin® (202) domi-
nant measurement. The measurement accuracy Am3, will
reach that of the best experiments.

Since the determination of the neutrino mass hierarchy in
JUNO is associated with the resolution of small oscillations in
the antineutrino spectrum, of critical importance is the ability
of the detector to reconstruct the positron energy, from which
the neutrino energy is approximately determined. To do so,
the energy resolution o g/ E should be no worse than 3% for a
released energy of 1 MeV [202], and the nonlinearity of the

S This estimate takes into account that only two reactors of the initially
planned four will be commissioned at the Taishan NPP [204].
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Figure 15. Schematic representation of the JUNO detector [200].

Top tracker and
calibration house

Water pool
h Y 7
B ¥ N i
o |t Earth magnetic field
A 1 [ ] compensation coils
. 2,
w B
P P
. 7 ARG ‘f. Photo-multiplier
W tubes
S\ '.*.h i
S I
- Oy & p .
(3R W Acrylic spherical vessel
S S, [~ filled with a liquid
: scintillator

iHR' Acrylic supporting
ol nodes

energy scale should be no worse than 1%. Such record-setting
characteristics are achieved by enhancing the light collection:
the geometric coverage of the PMT detector is ~ 75.2% [205],
the high quantum efficiency of the PMT is ~ 30% [202], and
of the light yield of a liquid scintillator is optimized [206].

Another challenge for the JUNO experiment is the
prediction of the reactor antineutrino spectrum. Currently
existing models of the antineutrino spectrum [207-209] are
known to be plagued with a significant systematic error,
conservatively estimated at 5% for conversion spectra and
20% for spectra determined by the summation method [210].
Due to the high uncertainty of the spectra obtained by the
summation method, now the antineutrino spectrum [207]
from 2°U, 2°Pu, and *'Pu fissions, which make the main
contribution to the antineutrino flux from the reactor, is used
as a reference. The reactor antineutrino spectrum [207] was
obtained from the conversion of beta spectra measured at
Institut Laue—Langevin (ILL) in the 1980s [211, 212].

For antineutrinos originating from 23U fission, for lack
of better data, the spectrum [208] determined by the
summation method is used. The spectrum estimated in this
way features deviations from the experimental one, which are
conventionally divided into two probably unrelated classes.
First, the antineutrino flux from the reactor shows a total
statistically significant deficit of about 5% [213], which is
called the ‘reactor antineutrino anomaly.” In 2021, measure-
ments of the ratio of the beta spectra of 2°U/>*Pu [215]
showed that the beta spectrum from 2**U measured at ILL is
overestimated by 5%. Taking into account the resulting
correction reduces the significance of the reactor anomaly
from two standard deviations to one [216]. The remaining
disagreement can also be explained by the transition of the
neutrino due to oscillations to a sterile state with a mass on the
order of 1 eV [217].

Second, a local excess is observed in the flux of reactor
antineutrinos in the energy range from 4.8 to 6.8 MeV in all
intermediate-baseline experiments [218-220]. This deviation,
called the 5-MeV ‘bump,’ is sometimes also referred to as the

five-MeV shoulder or excess. The reasons for the appearance
of the shoulder include incorrect prediction of the 2*'Pu
spectrum (summation method) [210], differences in the
energy spectra of thermal neutrons in ILL (conversion) and
reactors [210], and the shape of the spectrum of forbidden
decays in the conversion process not being taken into account
[214, 221].

Some studies [222, 223] predict the presence of a fine
structure in the reactor antineutrino spectrum. The fine
structure is related to the Fermi correction to the spectra of
individual electrons and antineutrinos produced in beta
decay, which leads to a sharp cutoff of the antineutrino
spectrum. When the spectra of a large number of beta decay
chains are added together, a sawtooth structure appears with
an amplitude of the order of several percent and a character-
istic scale of the order of several ten keV. Such a structure will
not be visible in modern reactor experiments, but may affect
the sensitivity of JUNO, as it will interfere with the observed
oscillations in the spectrum.

To date, the spectrum of reactor antineutrinos has been
measured with the best accuracy in the Daya Bay and RENO
experiments [219, 224], but their measurements are limited by
the energy resolution o/ E of the detectors, which is about 7—
8% at an energy of 1 MeV. Therefore, a satellite detector,
TAO (Taishan Antineutrino Observatory) [203], will be built
at JUNO to accurately measure the antineutrino spectrum.
The TAO detector will be installed at a distance of 30 m from
one of the Taishan NPP reactors. The TAO is intended to
measure the antineutrino spectrum with an energy resolution
o/ E of 2% per MeV. A spherical detector with a diameter of
1.7 m will be filled with 2.6 tons of a gadolinium-doped liquid
scintillator. Light will be collected by silicon PMTs covering
about 94% of the detector surface. To reduce dark noise from
the Si PMTs, the detector will be placed in a cryostat at an
operating temperature of —50°C. The TAO will be able to
observe about 2000 antineutrino interactions per day. Should
data be collected for at least three years, the detector will
collect statistics on about 2 million events and measure the
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spectrum of reactor antineutrinos with a statistical uncer-
tainty of 1%.

Thus, while in accelerator experiments the determination
of the hierarchy is complicated by the dependence on d¢p and
sin’ 0,3, the main challenge for JUNO is of an instrumental
nature and associated with the need to provide a sufficiently
high energy resolution. Like other projects that use large
detectors, JUNO is a multi-purpose experiment, the physics
program of which also includes the detection of solar
neutrinos of low [225] and high [226] energies, the detection
of geoneutrinos [205] and atmospheric neutrinos [225], the
possible detection of neutrinos from bursts of supernovae and
the diffuse neutrino flux from supernovae, and the search for
proton decay.

Measurements of oscillation parameters in JUNO are also
related to the possibility of detecting solar and atmospheric
neutrinos. The JUNO detector will observe daily about
17 electron neutrinos [226] produced in ®B decay in the Sun
with energies ranging from zero to ~ 14 MeV, detected via
elastic scattering on electrons. Solar neutrinos with similar
energies undergo the MSW effect when passing both the Sun’s
matter and through Earth when detected at nighttime.
Interaction with solar matter distorts the observed neutrino
spectrum. The influence of the terrestrial environment
manifests itself primarily as a flux variation within 2%,
depending on the zenith angle.

Within 10 years, JUNO will be able to detect day/night
asymmetries at a level of three standard deviations and to
measure the ‘solar’ mass squared difference Am3; with an
uncertainty of 20% (Fig. 1b). The measurement of Amj3, in
JUNO using neutrinos from two different sources will shed
light on the disagreement between the measurements of the
squared mass difference in the KamLAND and Super-
Kamiokande + SNO experiments mentioned above. The
value of sin® 61, will be measured at JUNO with an external
flux limit from the SNO data over the neutral current channel
and will achieve an accuracy of 8% (Fig. la). The main
challenge in this measurement is to achieve a signal-to-
background ratio of ~ 2. To this end, it is planned, first, to
develop efficient algorithms for suppressing the cosmogenic
background and, second, to achieve a high radiation purity of
the scintillator: the content of 23U and 2*>Th should not
exceed 10~!7 g g~! for each isotope. To monitor the radiation
purity at the JUNO filling stage, it is planned to use an
additional liquid scintillation detector, OSIRIS (Online
Scintillator Internal Radioactivity Investigation System)
with a weight of 17 tons. After making some modifications
to improve the energy resolution, reduce the radiation
background, and increase the accuracy with which the
location of a signal is reconstructed, the OSIRIS calibration
detector will be able to operate as a stand-alone experimental
facility (under the proposed name SERAPPIS (SEarch for
RAre PP-neutrinos In Scintillator) [227]) to detect solar
neutrinos from the pp reaction.

The JUNO experiment will detect v, /ve (V,/V.) oscilla-
tions of atmospheric neutrinos in the energy range from 0.1 to
10 GeV. Neutrinos are subject to the effect of interaction with
matter that depends on the path passed in Earth’s interior,
i.e., on the zenith angle. At present, the response of the
detector to atmospheric neutrinos has been little studied, so
the estimate of sensitivity to the mass hierarchy depends on
assumptions about JUNO’s ability to distinguish between
neutrino flavors, differentiate particle from antiparticle, and
reconstruct the direction of a neutrino. In the pessimistic case,

with an energy resolution of 5% /+/Eyis, an angular resolution
of 37.2°/\/E.is, and the ability to only differentiate events
with muon tracks from events with electromagnetic and
hadronic showers, JUNO will be able to achieve sensitivity
to the neutrino mass hierarchy at a level of one standard
deviation (lg) for 10 years [204]. If v, (V,) events can be
distinguished from v, (V.) by the detection of a Michel
electron, the sensitivity to the hierarchy can reach the level
of 1.8g. These estimates were obtained under the assumption
of sin? 6,3 = 0.5. JUNO’s sensitivity to the octant of 63 does
not exceed 1o (0.5¢) for the normal (inverted) hierarchy for
the range of 0,3 values from 40° to 50°. The sensitivity to CP
violation, dcp, does not exceed 0.15¢ when the neutrino mass
hierarchy is known.

It is worth noting that the combined analysis of the
neutrino mass hierarchy, including reactor, accelerator, and
atmospheric neutrinos, based on data from various sources,
provides a sensitivity higher than that resulting from naive
statistical summation, which does not take into account the
correlation of parameters [228]. The combined sensitivity of
JUNO, taking into account the results obtained from the
analysis of reactor and atmospheric neutrinos, has not yet
been evaluated, but it can be expected that the combined
sensitivity to the mass hierarchy will be no worse than
(4—4.5)0.

A combined analysis of data obtained by JUNO and
IceCube Upgrade enables determination of the neutrino mass
hierarchy at a level no worse than 5S¢ over a period of 3—
7 years [229], and should data from JUNO and PINGU
(Precision IceCube Next Generation Upgrade) be combined,
the same sensitivity can be achieved in one and a half (three)
years for normal (inverted) hierarchy. In the case of a JUNO
and ORCA combination, this accuracy can be achieved
within two (six) years for the normal (inverted) hierarchy [92].

A similar enhancement of sensitivity can also be expected
from a combined analysis of data from JUNO and accelerator
experiments. A simplified model [228], in which data from
accelerator experiments are added to the statistics by means
of a penalty term for the |Am3,| value, indicates that by
combining data from JUNO, T2K, and NOvVA a sensitivity of
So can be achieved within six years of data collection.

3.3 Future atmospheric experiments

3.3.1 IceCube. The IceCube neutrino observatory at the South
Pole has the opportunity to engage in oscillation physics in
addition to implementing an incredibly successful astrophys-
ical program [34, 35, 230, 231]. The interior of this cubic-
kilometer Cherenkov detector, DeepCore, is designed to
detect events with an energy lower than the rest of the setup
[94]. IceCube’s main detector, located in the ice at a depth of
1450-2450 m, consists of 78 strings with digital optical
modules attached to them with a step of 17 m. The distance
between the strings is 125 m. Due to this arrangement of the
detection modules, the detection threshold for IceCube is 50—
100 GeV, and particles with an energy of about 1 TeV are
optimally detected. To register atmospheric neutrinos in the
inner part of the detector at a depth below 2100 m, a volume
with a radius of 250 m and a length of 350 m, which is called
DeepCore, contains more densely spaced strings. Usual
IceCube strings alternate with a set of eight strings with a
higher density of optical modules (7 m); the distance between
the strings in this area is approximately 75 m. Six out of eight
strings have new optical modules with a photomultiplier
quantum efficiency of 35%. The distance between the strings
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in this part of the detector is 42 m. The detection threshold for
atmospheric neutrinos in DeepCore is ~ 5 GeV. The rest of
the detector operates as a veto system for oscillation physics
in DeepCore.

It is noteworthy that, despite the instrumental volume of
the IceCube detector of 1 km?, the confidence volume, taking
into account the veto and the efficiency of event selection, is
400 Mt [230], and, taking into account the ice density, the
effective volume is 0.44 km?3. The astrophysical experimental
facility Baikal-GVD (Baikal Gigaton Volume Detector) [232,
233], located in Russia, with similar tasks and setup, due to
the properties of water as a medium for the passage of
particles, can provide a larger effective volume than Ice-
Cube. If the veto system is not used in the experiment, as is
currently planned, the effective volume of the detector may
virtually coincide with the instrumental volume (this will also
depend on the particle selection efficiency for analysis). For
2021, the instrumental volume of Baikal-GVD, which
consists of eight clusters, is 0.45 km>. Until 2025, it is planned
to install 15 clusters, which will increase the total volume to
~ 0.8 km?. A similar neutrino telescope with a volume of
several cubic kilometers, P-ONE (Pacific Ocean Neutrino
Experiment) [234], is being deployed in Canada on the basis of
the ONC (Ocean Networks Canada) oceanographic observa-
tory. Baikal-GVD and P-ONE have not yet made public their
plans to study neutrino oscillations, so they are not con-
sidered in more detail here.

IceCube, as an oscillation experiment, is rather limited in
research due to the current setting. Since the threshold is high,
only a part of the atmospheric neutrino spectrum that is
sensitive to oscillations is recorded. The effect of interaction
with matter, which is sensitive in atmospheric experiments to
neutrino mass ordering, manifests itself in the energy range of
2-10 GeV, a significant part of which is cut out by the high
threshold of the detector. An oscillation-focused analysis of
IceCube data is carried out for two types of events — track
and cascade. The spectrum of the former primarily consists of
vy (V) events in the detector, while the spectrum of the latter
is a mixture of all flavors and types of interactions. The
detector cannot reliably identify a lepton in the final state.
Data are fitted in both spectra in the form of 2D histograms
(Ey, cos 0). Due to this formulation of the problem, the main
results of IceCube in terms of oscillation parameters are the
measurement of 03 and |Am3,|. The IceCube sensitivity to
measuring the neutrino mass hierarchy is low. Nevertheless,
research in this area is conducted to obtain important
evidence that such a measurement is possible at subsequent
stages of the experiment [235].

An interesting result of IceCube is the measurement of the
atmospheric v; flux with a search for its possible excess over
the expected one [236] within the three-flavor paradigm.
Previous measurements of this quantity in the Super-
Kamiokande and OPERA experiments (at a level of 1.47¢
[237] and 0.250 [179], respectively) were discussed in connec-
tion with possible uncertainty in the v, interaction cross
section. Exotic mechanisms have also been proposed, includ-
ing the nonunitarity of the neutrino mixing matrix due to
nonstandard interactions and the existence of sterile neutri-
nos. It should be noted that, in contrast, IceCube observed a
deficit of v..

Currently, preparations are underway for a new phase of
the experiment, IceCube-Gen2 [238, 239]. The installation of
new parts of the detector will begin in 2024; throughout the
entire modernization, the facility will collect data also using

newly commissioned units. Basically, the changes concern the
astrophysical program of the experiment. In addition to
78 strings with a distance of 125 m between each pair,
120 new strings will be added with a distance between them
of 240 m and new optical modules located every 16 m. As a
result, the instrumental volume will increase to 7.9 km?. On
the surface above each string, a station [240] with an antenna
and Cherenkov and scintillation detectors will be deployed,
forming a ground array to detect cosmic rays similar to that in
IceTop. The Cherenkov detector will be complemented by an
adjacent radio telescope spanning an area of 500 km?. Radio
emission arises in a medium during the passage of particles
with near-light velocities (the Askar’yan effect [241]). Each of
the 200 separate stations of which the detector consists will
comprise a ground part and underground antennas located at
a depth of 100 m. The described modification will enable the
event statistics to be increased by an order of magnitude and
the angular resolution to be enhanced by a factor of three. As
a result, the sensitivity to the source of astrophysical
neutrinos will increase fivefold compared to the current one.
An additional radio telescope will extend the accessible
energy range from a few GeV to about 1 EeV.

An intermediate phase between IceCube and IceCube-
Gen2 will be IceCube Upgrade [242], whose strings will also
be a prototype for the Gen2 stage. Seven new strings will be
added to the DeepCore area with a distance between modules
along a string of 3 m, and the final horizontal gap will be 20 m.
The facility will be commissioned approximately in 2022—
2023. The main improvement consists of increasing the
number of statistics of neutrino events in the energy range
sensitive to oscillations up to 10 GeV and lowering the event
detection threshold to ~ 1 GeV. It is assumed that it will be
possible to reconstruct v, events with an electromagnetic
cascade, which will provide additional sensitivity to the
neutrino mass hierarchy. All oscillation channels in the
(Ey,cos0) plot differ for the two types of mass hierarchy,
the effect of which is exhibited in a suppression or enhance-
ment of transitions for various energies and angles. However,
some of these differences are too subtle to be seen by a
detector with a realistic energy resolution. The improvement
in event reconstruction in IceCube Upgrade is an important
step in solving this problem.

An improvement in IceCube-Gen2 essential for oscilla-
tion physics was supposed to be PINGU [243], another
DeepCore segment equipped with even denser strings, with
26 strings in total. As is currently known, the PINGU most
likely will not be implemented [244], so it is not discussed here
in detail.

3.3.2 ORCA. The oscillation program is an interesting
addition to and extension of the astrophysical program of
another experiment, KM3NeT (Km? Neutrino Telescope)
[245]. The KM3NeT project is conceptually a successor of the
ANTARES experiment (Astronomy with a Neutrino Tele-
scope and Abyss environmental RESearch) [246], which is
also located in the Mediterranean Sea and measures atmos-
pheric and astrophysical neutrinos. KM3NeT will consist of
two clusters intended for different tasks: ARCA (Astro-
particle Research with Cosmics in the Abyss) [247] and
ORCA (Oscillation Research with Cosmics in the Abyss)
[245]. The ARCA detector is designed to study high-energy
neutrino astrophysics on a TeV-PeV scale, offshore Capo
Passero (Italy). Part of KM3NeT, called ORCA, located in
the Mediterranean Sea, offshore Toulon (France), will
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measure oscillation parameters for atmospheric neutrinos.
Both installations are water Cherenkov detectors, very
similar to IceCube and Baikal-GVD.

ARCA will consist of two clusters of 115 strings each with
optical modules spaced every 36 m. The average distance
between the strings is ~ 90 m. Both clusters add up to an
instrumental volume of 1 km?3.

ORCA will consist of a single block containing 115 strings
with a distance of 20 m between them and a distance of 9 m
between PMTs. The experiment is optimized for measuring
atmospheric neutrino oscillations in the energy range of 3—
30 GeV. The instrumental volume of the detector is 7 Mt of
sea water (a cylinder with a radius of 106 m and a height of
200 m). The angular resolution of ORCA is less than 8° for
neutrinos with energies above 5 GeV. The energy resolution is
about 20%.

Another interesting development of the ORCA program
could be the accelerator neutrino beam originating from
Protvino [248], which is produced using the U-70 proton
synchrotron. The oscillation baseline in this case will be
2595 km. The beam features a wide spectrum with an average
energy of 5 GeV. In this case, the experiment will operate at
the first oscillation maximum and be more sensitive to the
neutrino mass hierarchy than to d¢p. The beam intensity can
be increased from 90 to 450 kW, which is directly related to
the planned exposure. Due to the large volume of ORCA, the
number of statistics can reach 4000 events per year with a
power of 450 kW. The neutrino mass hierarchy can be
determined at the (4—8)o significance level after a year of
operation with a power of 450 kW or five years of operation
with a power of 90 kW. After three years of operation with a
450-kW beam power, the sensitivity to the absence of CP
violation being excluded can reach 2g. A challenge is that the
flavors of neutrino events cannot be reliably determined,
except for v, (V,), which is well identified due to the long
track. No plan for implementation of the project is currently
available. Another improvement in the ORCA detector under
discussion, which is called Super-ORCA [249], is the addition
of strings, which will result in their denser (by a factor of 10)
arrangement. This will improve the detector’s ability to
identify the neutrino flavor and lower the detection threshold
to values < 1 GeV. With ORCA and a 450-kW accelerator
beam from Protvino, the resolution for dcp measurements
can be 10° (16°) for dcp =0 (n/2) after 10 years of data
collection.

3.3.3 ICAL to INO. Another experiment planned to explore
atmospheric neutrinos is ICAL (Iron CALorimeter) [250]
based at the INO (Indian Neutrino Observatory) under-
ground observatory (India). It is located at a depth of
1300 m, where the background level from atmospheric
muons is similar to that in the underground laboratory
Gran Sasso (Italy). The status of the construction of the
INO laboratory, however, is unclear, as the project has
slowed down since the decision to establish it was made in
2014.

The structure of the ICAL detector is similar to that
proposed in the early 2000s for the MONOLITH (Massive
Observatory for Neutrino Oscillation or Limits on THeir
existence) experiment [251] at Gran Sasso. It is proposed to
use a detector with a total mass of 50 kt, consisting of layers of
magnetized iron and a resistive plate chamber (RPC) with a
time resolution of 1 ns, which makes it possible to distinguish
particle directions. Due to the detector’s magnetic field of

1.5 T, it is possible to separate particles and antiparticles,
which will make it possible to measure the effect of interaction
with matter for neutrinos and antineutrinos and to check the
CPTinvariance. The operating energy range of the detector is
1-10 GeV, while the muon momentum resolution is 10-20%,
and the accuracy of determining the zenith angle is on the
order of 1°. With these parameters, the experiment is sensitive
to oscillations v, — v, V, — V., Ve — Vv, and V, — V,,, and
the main task of the experiment is to determine the neutrino
mass hierarchy, measure atmospheric oscillation parameters,
and study the effect of interaction with matter, including
testing the NSI hypothesis. The detector is virtually insensi-
tive to dcp and thus helps to avoid degeneracy in combined
analysis with experiments sensitive to this parameter.

The sensitivities to the measurement of the neutrino mass
hierarchy in accelerator, reactor, and atmospheric experi-
ments are compared in Fig. 9. The abundance of projects in
atmospheric oscillation physics is due to the wide possibilities
for carrying out measurements with intense natural fluxes of
atmospheric neutrinos of different flavors and large variable
distances and energies. However, some purely atmospheric
neutrino experiments are inferior in terms of sensitivity and
implementation time to experiments with artificial sources.

4. Conclusion

Over the past 20 years of experimental studies of the physics
of neutrino oscillations, as a result of a number of unique
projects, the understanding of this phenomenon has
advanced fairly far. Pontecorvo’s idea, which turns 65 in
2022, has provided an excellent insight for studying the
properties of the neutrino as an elementary particle and
exploring the limits of applicability of the Standard Model.

The development of detector technologies provides an
opportunity to implement even more ambitious projects,
which should definitely clarify the remaining unresolved
issues in measuring the oscillation parameters of three types
of neutrinos. Due to the immense volume, innovative
techniques, the ability to work with several neutrino sources,
and the employment of high-intensity artificial beams, next-
generation facilities will feature unprecedented sensitivity to
measuring neutrino mass ordering (see Fig. 9), the CP-parity
violation phase in the lepton sector dcp (see Fig. 12), and the
refinement of other parameters. Concurrent measurement
with multiple sources will also provide an opportunity to
check the unitarity of the mixing matrix.

In this review, we made an attempt to present the current
status of the measurement of neutrino oscillation parameters
and the prospects related to future projects with a long
baseline of oscillations that are sensitive to the last unmeas-
ured parameters: neutrino mass ordering and the phase of CP
violation Jcp. Joint efforts of completed and ongoing
experiments made it possible to increase the accuracy of
measuring mixing angles 0;,, 0,3, and 03 to 4%, 3%, and
3%, respectively, and the squared mass differences, Amf1 and
Am3,, t0 3% and 1%. It is expected that the future accelerator
experiments DUNE and Hyper-Kamiokande will measure
dcp at a high level of accuracy and, together with the JUNO
reactor experiment and atmospheric IceCube and KM3NeT
experiments, will finally determine the neutrino mass order-
ing.
In more detail, by 20302035, the accuracy of measuring
the ‘solar’ and ‘atmospheric’ parameters will reach a sub-
percentage level. JUNO, which will have high sensitivity to
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01, and Amzzl, will enable the disagreement between Kam-
LAND and Super-Kamiokande + SNO measurements to be
eventually resolved. The long-baseline accelerator experi-
ments DUNE and Hyper-Kamiokande have the highest
predicted sensitivity to 03 and Am3,. It is expected that in
the next few years the mass-squared difference Am3, will also
be measured in the JUNO experiment with an accuracy that is
superior to that of current experiments. After the launch of
the DUNE accelerator experiment, the neutrino mass
hierarchy will be measured in this experiment at a signifi-
cance level > 5¢ within 2-3 years. The JUNO, ORCA,
IceCube-Upgrade, and Hyper-Kamiokande experiments are
also highly sensitive to the neutrino mass hierarchy. The
parameter most difficult to measure, the phase of CP
violation in the lepton sector, will be the goal of the DUNE
and Hyper-Kamiokande experiments. The expected sensitiv-
ities for this parameter are highly dependent on the value of
ocp implemented in nature and on the accuracy with which all
other parameters will be measured. For individual points, the
expected resolution of the experiments to measure dcp is less
than 10°.

Addition at proofreading

After the review had been written and accepted for publica-
tion, some results were updated. Nevertheless, it is worth
noting that the conclusions drawn in this review remain valid
even with new measurements taken into account. The NOvA
collaboration published a paper [252], also presenting the
result of a reanalysis of the same data using the Bayesian
approach [253]. The physical conclusions, however, have not
changed. The T2K experiment reported a result [254] which
agrees with that presented in this review. A possible explana-
tion of the disagreement between the results of NOvA and
T2K due to very light sterile neutrinos was proposed [255].
Updated sensitivities of JUNO [256, 257] and ESSvSB [258]
have been published. At the Neutrino-2022 conference [259],
a number of updated experimental results were presented,
including those of IceCube [260], Super-Kamiokande [261],
and RENO [262]. A comparison of actual results and
experimental sensitivities can be found at the website [64].
Report [263] presents the project of the European Super-
Chooz reactor experiment aimed at studying the same
physics as the Daya Bay experiment. Among the interest-
ing papers published in 2022, it is worth noting the final
oscillation analysis of Daya Bay data with complete
statistics [264], the first measurement of reactor neutrinos
with £ > 9 MeV [265], and the calculation of the oscillation
probabilities using a quantum computer [266]. A represen-
tative selection of papers [31, 267, 268] appeared, in which
neutrino studies are discussed in the context of other
physical phenomena.
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