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This review demonstrates the unique role of the neutrino by discussing in detail the
physics of and with neutrinos. We deal with neutrino sources, neutrino oscillations,
absolute masses, interactions, the possible existence of sterile neutrinos, and theoretical
implications. In addition, synergies of neutrino physics with other research fields are
found, and requirements to continue successful neutrino physics in the future, in terms
of technological developments and adequate infrastructures, are stressed.
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Preamble: This review of the field of neutrino physics emerged from a report written by a panel on the request
of IUPAP (International Union of Pure and Applied Physics). The mandate, the panel members and the report can
be found on the web page of the panel at https://www.iupapneutrinopanel.org. The report is available at https:
//www.iupapneutrinopanel.org/wp-content/uploads/2021/10/IUPAP_Neutrino_Panel_Report.pdf and at https://iupap.org/
who-we-are/internal-organization/commissions/c11-particles-and-fields/c11-reports/ on the web pages of IUPAP.

For completeness, the Executive Summary of the IUPAP report can be found at the end of this document.

1. Introduction

Neutrinos are very special particles which have led again and again to surprising and important discoveries, a number
of which were recognized with Noble prizes. Neutrinos were theoretically invented in 1930 by Pauli to preserve energy–
momentum conservation and their first experimental detection in 1956 by a team lead by Reines and Cowan at the
Savannah River reactor was another landmark. Later it was found that three versions (flavors) exist, which was again a
major discovery. Next, solar neutrinos showed oscillations on their way to Earth, which is a quantum mechanical effect,
something usually only relevant on atomic scales. Neutrinos were found to have very tiny masses, which is so far the
only solid evidence for particle physics beyond the Standard Model and has important consequences for structures in the
Universe. There are numerous other topics where it is already known that neutrinos play an important role, but there are
also very good reasons and maybe even indications that more surprising results may show up in the future.

Starting from what we know so far, namely three massive neutrinos which mix, one can organize neutrino research
topics into two main directions: First, all known neutrino sources, artificial or natural, can be used to learn about the
properties of neutrinos and their interactions. This leads to numerous unique and very important insights into the Standard
Model of Particle Physics (SM) and into completely new physics Beyond the Standard Model (BSM). Second, neutrinos
allow unique and important insights into the sources of neutrinos. Neutrinos from the Sun allow one, for example, to better
understand in detail how stars work and evolve. The explosion of supernovae is another topic to which neutrinos can
provide important contributions. Both of these main directions have various inter-dependencies and further connections
to other fields. Neutrino physics unites thus a remarkably wide set of scientific communities. Besides astroparticle physics,
particle physics, astronomy and cosmology, neutrino physics also has strong connections to nuclear physics, geology and
even material science.

These two main directions might also be called the physics of and the physics with neutrinos. Regarding the physics
f neutrinos, it is useful to summarize the parameters that govern neutrino physics. As all SM fermions, neutrinos come
n three generations, that is, there are three flavor states νe, νµ and ντ , which live together with their charged lepton
ounterparts e−, µ− and τ− in weak interaction doublets. The neutrinos have well-defined quantum numbers under the
M gauge symmetries, which fix their interactions with the W and Z bosons of the electroweak interactions. Diagonalizing
he mass matrices of leptons and neutrinos yields the three known charged lepton masses. In addition to those, three
eutrino masses m1,2,3 are present, corresponding to the mass states ν1,2,3. Another consequence of diagonalization is
he existence of the PMNS matrix denoted here by U , which is the analogue of the CKM matrix in the quark sector; U
implies, for instance, that the electron–neutrino is a linear combination of the three mass states, νe = Ueiνi. For vanishing
neutrino masses the PMNS matrix would be the identity matrix, because one can identify their interaction eigenstates
with the corresponding mass eigenstates up to phase redefinition. The PMNS matrix contains three mixing angles, θ12, θ13
and θ23, plus a phase δCP responsible for CP violation. In case neutrinos are their own antiparticles, i.e. if they are Majorana
fermions, two additional phases exist (denoted for instance by α and β), which only appear in lepton-number violating
processes, and in particular do not influence neutrino oscillations.

These standard parameters are summarized in Table 1.1, together with the main methods and neutrino sources to
determine them. One subtlety exists here, namely it is not clear whether the mass state that is mostly composed of the
first-generation electron neutrino state is the heaviest or the lightest one. This is the question of the mass ordering, which
can be normal or inverted. In the established notation of the field the normal mass ordering corresponds tom3 > m2 > m1,
or ∆m2

31 > 0, while the inverted mass ordering corresponds to m2 > m1 > m3, or ∆m2
31 < 0. Here the notation

normal and inverted compares the situation to the quark sector, in which the mass state which is mostly composed of
the first-generation up-quark is the lightest one.

Apart from this standard paradigm of three massive (Majorana) neutrinos mixing with each other, more neutrino
states may exist, which must be sterile, i.e. not participating in SM interactions except for via mixing with the active
states. Additional parameters such as magnetic moments may exist, or neutrinos may participate in new interactions
4

https://www.iupapneutrinopanel.org
https://www.iupapneutrinopanel.org/wp-content/uploads/2021/10/IUPAP_Neutrino_Panel_Report.pdf
https://www.iupapneutrinopanel.org/wp-content/uploads/2021/10/IUPAP_Neutrino_Panel_Report.pdf
https://www.iupapneutrinopanel.org/wp-content/uploads/2021/10/IUPAP_Neutrino_Panel_Report.pdf
https://iupap.org/who-we-are/internal-organization/commissions/c11-particles-and-fields/c11-reports/
https://iupap.org/who-we-are/internal-organization/commissions/c11-particles-and-fields/c11-reports/
https://iupap.org/who-we-are/internal-organization/commissions/c11-particles-and-fields/c11-reports/


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947

b

Glossary

AGN Active Galactic Nucleus
BBN Big Bang Nucleosynthesis
BSM Beyond the Standard Model
CKM Cabibbo–Kobayashi–Maskawa matrix (quark mixing matrix)
CMB Cosmic Microwave Background
CEνNS Coherent Elastic Neutrino-Nucleus Scattering
CC Charged Current
C.L. Confidence Level
CNO Carbon–Nitrogen–Oxygen
CP Charge Parity
DM Dark Matter
DSNB Diffuse Supernova Neutrino Background
eV electron Volt
GRB Gamma Ray Burst
IBD Inverse Beta Decay
IO Inverted Mass Ordering
LMA Large Mixing Angle
LBL long baseline
LHC Large Hadron Collider
LS Liquid Scintillator
LFV Lepton Flavor Violation
MO Neutrino Mass Ordering
MSW Mikheyev–Smirnov–Wolfenstein effect
NC Neutral Current
NSI Non-Standard Interactions
NO Normal Mass Ordering
PMNS Pontecorvo–Maki–Nakagawa–Saki matrix (lepton mixing matrix)
PMT Photo Multiplier Tube
QE Quasi-Elastic
RAA Reactor Antineutrino Anomaly
R&D Research and Development
SBL very long baseline
SM Standard Model
SN Supernova
t metric ton (tonne)
TPC Time Projection Chamber
VSBL Very Short Baseline
W Watt
P(να → νβ ) Neutrino oscillation probability
Uαi PMNS matrix element, α = e, µ, τ , i = 1, 2, 3
θ12 Mixing angle mainly for solar and LBL reactor neutrinos
θ13 Mixing angle mainly for SBL reactor and LBL accelerator neutrinos
θ23 Mixing angle mainly for atmospheric and LBL accelerator neutrinos
∆m2

21 Mass-squared difference mainly for solar and LBL reactor neutrinos
∆m2

31/2 Mass-squared difference mainly for accelerator, atmospheric and SBL reactor neutrinos
δCP (Dirac) CP Phase in neutrino oscillations

beyond the SM. Furthermore, the mechanism that generates neutrino mass may come with new particles, energy states

and parameters, whose main methods of determination need to be discussed for each model individually.

Thus, the main questions of the physics of neutrinos relate to particle physics and address topics which can roughly

e grouped as follows:
5
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α, β (Majorana) CP phases in neutrinoless double beta decay
m1,2,3 Active neutrino mass eigenstates
νe Electron neutrino, SU(2)-partner of electron
νµ Muon neutrino, SU(2)-partner of muon
ντ tauon neutrino, SU(2)-partner of tauon
νs Hypothetical sterile neutrino
m4 Mass of hypothetical sterile neutrino
∆m2

41 Mass-squared difference involving sterile neutrino
Neff Effective number of neutrino families in cosmology
0νββ Neutrinoless double beta decay (A, Z) → (A, Z + 2) + 2e−

Table 1.1
Standard neutrino parameters, the main method(s) to determine them, the most important source(s) for the determination and the current status.
Except the phases α and β (for the case of Majorana neutrinos), all unknown parameters are expected to be determined within the next 10 years.
Parameter Main method(s) Source(s) Status

θ12 Oscillations solar, reactor known
θ23 Oscillations atmospheric, accelerator known
θ13 Oscillations reactor, accelerator known

δCP Oscillations accelerator hints
α, β Rare processes double beta decay unknown

∆m2
21 Oscillations reactor, solar known

|∆m2
31| Oscillations reactor, accelerator, atmospheric known

Ordering (sgn ∆m2
31) Oscillations reactor, accelerator, atmospheric hints

m1,2,3 Kinematics β decay, cosmology limits

• What are the properties of the neutrinos? This includes ‘‘expected’’ properties, such as neutrino masses and
mixings, the pattern and scale of the neutrino masses, the origin and nature of the neutrino mass terms, as well as
BSM properties, such as possible magnetic moments. For example, the flavor structure of the SM leptons seems to be
very distinct from that of quarks, which indicates fundamental differences which cannot be captured by the SM. A key
question is if there is leptonic CP violation, as this may be an indicator for neutrinos playing a role in generating the
observed baryon asymmetry of the Universe (baryo/leptogenesis). Another and possibly related question is whether
neutrinos are Dirac or Majorana fermions, i.e., if lepton number is a conserved or violated symmetry of nature.

• How do neutrinos interact? On the SM side, the impact of nuclear physics is the main challenge here. Often
the uncertainties of cross sections of neutrinos with the target material influence the precise determination of
neutrino parameters. In turn, neutrino interactions can help to refine nuclear models. There are also possible new
BSM interactions of neutrinos which are frequently described by effective four-fermion interactions (so-called ‘‘non-
standard interactions’’), which need to be tested and which may have phenomenological impact on the extraction
of neutrino properties. Neutrino interactions can be also tested at extremely high (PeV to EeV) energies, where BSM
effects may most naturally contribute, using astrophysical neutrinos.

• How many neutrino generations are there? Sterile neutrinos (neutrinos which are not participating in weak
interactions), may exist at different energy scales with implications in cosmology (eV scales), as warm dark matter
candidates (keV scales) or even in baryogenesis (GeV scales and beyond). Since there have been experimental
indications for neutrinos at eV mass-scale in short-baseline experiments, and the existence of sterile neutrinos has
profound implications for our understanding of particle physics, sterile neutrinos need to be further tested. It is also
an interesting theoretical question if neutrinos can solve the remaining puzzles in particle physics, such as the dark
matter problem.

The use of neutrinos with neutrinos, i.e., as probe of sources, can roughly be grouped as being sensitive to various
extreme properties.

• Extreme distances: The role of neutrinos as messengers is probably most evident in astrophysics; examples are
the detection of neutrinos from supernova 1987 A and of solar neutrinos, including the very recent confirmation
of the existence of the carbon–nitrogen–oxygen fusion cycle in the Sun. Neutrinos can, however, see the Universe
beyond our local environment, and are, in fact, the only known high-energy messengers which can directly penetrate
through the whole Universe. In contrast, gamma-rays interact with the cosmic background radiation and charged
cosmic rays are deflected by extragalactic magnetic fields. They are an indicator for the origin of the cosmic rays
because they are produced in the interaction of cosmic rays with matter and radiation. While so far most of the
electromagnetic signatures detected in astrophysics have been described by accelerated electrons and their radiation
6
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processes, the origin of cosmic rays remains a mystery. Recent indications for neutrinos from jets in Active Galactic
Nuclei and from the astrophysical phenomena accompanying the tidal disruption of massive stars approaching a
black hole can be therefore interpreted as the first direct evidence for the origin of cosmic rays at PeV energies.
Since ultra-high-energy cosmic rays interact with the cosmic background radiation, secondary neutrinos originating
from such processes (frequently called ‘‘cosmogenic neutrinos’’) are an indicator for the composition of cosmic rays
as well.

• Extreme environments: Apart from their role as messengers to study their sources, neutrinos and their properties
govern the physics of astrophysical objects and even the whole Universe in a wide range of processes: they control
the explosions of core-collapse supernovae, drive the winds from neutron star merger accretion disks, determine the
ratio between protons and neutrons in astrophysical outflows which generate heavy elements, re-distribute energy
in the formation of large-scale structure in the early Universe and are a key player in the primordial plasma and the
formation of light elements. Because of the importance of neutrinos in such extreme environments, it is also natural
to expect that astrophysical environments constrain potential BSM properties of neutrinos; prominent examples are
cosmological constraints on neutrino mass and on the effective number of neutrinos constraining models with sterile
neutrinos.

• Extreme past: The detection of primordial neutrinos (neutrinos that have decoupled from the primordial plasma in
the early Universe), sometimes also referred to as ‘‘big bang neutrinos’’ or cosmic neutrino background), is therefore
often perceived as the Holy Grail of neutrino (detection) physics. Detecting the effects of massive neutrinos in
cosmological data sets is also probing physics at early times in the cosmological evolution.

The above attempt to classify the vast set of topics of neutrino physics unavoidably leaves some interesting topics
out. For instance, by detecting neutrinos produced in radioactive decay chains of heavy elements found inside our planet,
one can study the Earth’s interior. The isotopes 238U and 232Th are especially interesting because they produce neutrinos
eyond the inverse beta decay threshold. This information can be used to learn about the magnitude and distribution
f the Earth’s radioactivity — and may even be used for an independent determination of the Earth’s age. On the other
and, neutrinos interact with Earth matter by coherent forward scattering affecting oscillations (MeV to GeV energies)
nd by increasing cross sections (beyond TeV energies), which can be used to study the interior of the Earth in terms of
omposition, density and structure. Another example is the use of neutrinos for nuclear non-proliferation, as the burning
aterial of nuclear reactors can be tested via measurements of the neutrinos they emit.
This rough overview shows that neutrino physics is a very wide field which connects very different scientific

ommunities with vastly different scientific techniques and methods. This includes a huge range of energies spanning
ver 30 orders of magnitude, distance scales ranging from thousands of Megaparsec down to 10−20 meters or even below,
xperiments with high event rates and a small number of events in huge experiments. Theoretical physics is here very
mportant since it helps to combine results from completely different experiments, including non-neutrino experiments,
nto one coherent overall physics picture. The combination leads to very important tests of the SM and to very powerful
earches for new BSM physics which often cannot be done by the individual experiments. Theory is also important in
uiding experiments by calculating the expected signals of BSM scenarios and to point out detection strategies within
ne experiment or by the combination of different experiments.
Neutrino physics evolves in an exciting and promising way, but with a wide spectrum of technologies, growing detector

izes and time scales. In order to fully exploit the unique potential of neutrinos, coordination is needed. This review
ketches the status quo of neutrino physics, points out future directions and recommendations on the need to balance
ifferent types and sizes of experiments and to make best use of resources by looking for synergies in R&D efforts and in
arge-scale experiments.

The structure of this document follows therefore an experiment-driven approach: We first discuss the sources of the
eutrinos, along with their physics aspects, then we discuss neutrino oscillations and absolute neutrino masses, which are
he main particle physics-oriented targets. We then come back to SM physics and discuss neutrino interactions including
heir nuclear physics aspects. The possible existence of light sterile neutrinos and their potential consequences is also
iscussed. The document includes also a discussion on new technologies and cross-over topics to other fields. In the
nd of the document we outline the physics implications of present and future results and their connection to various
eyond-the-SM theories.

. Physics of neutrino sources

Contributing additional authors: Stephen T. Dye (Hawaii Pacific U.), Livia Ludhova (RWTH Aachen and Forschungszen-
rum Jülich), Irene Tamborra (NBI), Christopher G. Tully (Princeton U.)

.1. Introduction

Neutrinos are the 2nd most abundant particles after photons in the visible Universe, yet very hard to work with
ecause they only interact very weakly. Reactors are in addition a very intense man-made source of electron antineutrinos
∼2 × 1020 ν̄ per Giga-Watt thermal power, GW ). The Earth can also be considered as a ‘‘natural’’ reactor emitting
e th
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Fig. 2.1. Neutrino sources and corresponding energies and fluxes on Earth, taken from Ref. [1]. The abbreviations are Big Bang Nucleosynthesis
(BBN), Cosmic Neutrino Background (CNB) and DSNB (Diffuse Supernova Neutrino Background). Nuclear solar neutrinos are produced by pp and
CNO cycles, thermal solar neutrinos are produced from processes like bremsstrahlung or plasmon decay. See later sections for more on the various
neutrino sources.

electron antineutrinos from beta decay of radioactive elements present in the mantle and core of the Earth. Electron
neutrinos are produced in the core of the Sun through nuclear fusion processes and reach us in enormous numbers
(∼7 × 1010 νe/cm2/s). Detecting these neutrinos has allowed us to study the core of the Sun in real time together
with photons produced in the past. Neutrinos play important roles in supernova (SN) bursts and can give an early
warning to optical observations of SNe because the weakness of their interaction with matter allows them to escape
the stellar envelope faster than photons. Even earlier alerts preceding both SN burst neutrinos and gravitational waves,
may be possible for nearby SNe by detecting neutrinos from the Si-burning stage. Neutrinos from the diffuse supernova
background (DSNB) have not yet been observed, but once detected with sufficient statistics could shed light on the cosmic
evolution and the star formation rate in the Universe. Neutrinos produced in the early Universe can be also detected but
are very challenging due to their very low energy.

Neutrinos are also produced in the upper atmosphere when cosmic rays interact with the atoms forming the Earth’s
atmosphere. The first observation of neutrino oscillation was achieved in 1998 by Super-Kamiokande using atmospheric
neutrinos. Atmospheric neutrinos up to ∼10 TeV act as background to neutrinos from astrophysical origin such as
AGNs (Active Galactic Nuclei) and GRBs (Gamma Ray Burst). Such astrophysical neutrinos are produced in violent
environments and provide a unique source of information on the acceleration mechanisms and origin of cosmic rays.
So-called cosmogenic neutrinos are produced in the interaction of cosmic rays with the cosmic microwave background.
Accelerator neutrinos are produced in similar processes as atmospheric neutrinos, and are nowadays the workhorse for
the determination of unknown neutrino parameters. These artificial neutrino beams are targeted over up to 1000 km to
huge detectors located underground.

Fig. 2.1 shows the sources of neutrinos and their fluxes vs. energies, demonstrating the vast amount of sources that
can be probed by neutrino physics. In this chapter, the current status and future prospects on the physics of neutrino
sources are discussed along with the relevant experiments.

2.2. Reactor neutrinos

2.2.1. Introduction
Reactor antineutrinos (ν̄e)1 were used to discover neutrinos in 1956. However, the reactor neutrino flux itself is still

not fully understood, due to the well known anomalies observed in both its absolute flux and spectral shape.
In commercial light-water reactors, where low-enriched (3–5%) 235U is used as fuel, there are four main isotopes, 235U,

239Pu, 238U, and 241Pu, which contribute to the production of more than 99% ν̄e from beta decays in the decay chain of
these isotopes’ fission products. On average, each fission releases about 200 MeV energy [2,3] and produces six ν̄e with
energy up to about 10 MeV.

1 In this section, reactor antineutrinos will be called reactor neutrinos for brevity.
8
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Fig. 2.2. Reactor neutrino fluxes for the four main isotopes (black, violet, green and orange), IBD cross section (blue) and corresponding measurable
neutrino spectrum (red) from Ref. [6].

The reactor neutrino flux is calculated or simulated by using the following equation:

Φ(Eν) =
Pth∑isotopes

i fi × Ei

isotopes∑
i

fi × φi(Eν), (2.1)

here Pth, fi, Ei, and φi(Eν) represent, respectively, reactor thermal power, fission fraction of each isotope determined
y reactor core simulation, energy released per fission, and neutrino spectrum of each fission isotope [4,5]. The fission
raction, fi, changes as a function of time while the reactor thermal power Pth is usually kept constant unless they are
urned off for fuel exchange or maintenance.

Fig. 2.2 illustrates reactor neutrino fluxes, the relevant cross section of inverse beta decay (IBD), and the corresponding
eactor neutrino spectrum. Reactor neutrinos are usually detected through an IBD process, ν̄e + p → e+

+ n, and only
eutrinos with energy larger than 1.8 MeV can participate in the IBD process. Once the IBD process occurs the positron
arries away most of the original neutrino energy and the neutron scatters around until it is thermalized and then captured
y a nucleus. Loading liquid scintillators with gadolinium (Gd) or other metals such as Li or Cd, significantly improves the
eutron capture efficiency. The positron annihilates immediately producing a prompt signal, and the neutron captured by
H (Gd) nucleus produces a delayed signal of 2.2 MeV (∼8 MeV). Depending on whether H or Gd capture the neutron,

he average time of the delayed signal is different, ∼200 µsec or ∼28 µsec (for 0.1% Gd by weight), respectively.
The historical development of reactor neutrino experiments is found in Ref. [7]. Modern reactor neutrino experiments,

ouble Chooz, Daya Bay and RENO, in the mid 2000 started building two or more identical detectors at near and far sites
o reduce systematic uncertainties, which was required to measure the at the time unknown smallest neutrino mixing
ngle θ13. In 2012 the first discovery of non-zero θ13 was made by Daya Bay [8] and RENO [9], independently, with earlier
ndications from T2K [10], MINOS [11] and Double Chooz [12].

.2.2. Current status and open questions
Neutrino oscillations have been very well understood by measuring so far the neutrino mixing parameters θ12, θ23, θ13,

m2
21 and |∆m2

31| (see Section 3.1 for more details). Especially the measurement of a not too small θ13 using reactor
eutrinos in 2012 has opened the possibility to measure CP violation in the lepton sector using the next generation
f neutrino detectors currently being constructed. Detailed measurements of flux and shape of the emitted neutrino
pectrum from reactors showed a discrepancy from the expected spectra. These discrepancies will be called here ‘‘reactor
¯e flux anomaly’’ and ‘‘shape anomaly’’ (or ‘‘5 MeV excess’’). In the following subsections these two well known anomalies
re discussed. Understanding these two anomalies would lead to a better understanding of reactor neutrinos.

bsolute reactor flux anomaly. Until 2011, there had been a 3% deficit of the measured reactor neutrino flux compared
o the predicted one in very short baseline (VSBL), i.e. <100 m, reactor neutrino experiments. In 2011 Mueller et al. [5]
e-evaluated the prediction of reactor neutrino spectrum for the four main isotopes and found that the deficit has further
ncreased to about 6%. Huber’s independent re-evaluation also confirmed the result of [5] for 235U, 239Pu and 241Pu isotopes,
or averaged antineutrino energy spectra. Short-baseline, O(1 km), reactor neutrino experiments Daya Bay, Double Chooz
nd RENO have measured the absolute reactor neutrino flux using their near detectors and observed a flux deficit of
9



M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947

i
T
t
s
V
n

f
f
s
d
t
w
r
R

Fig. 2.3. The ratio of measured reactor antineutrino yield to the Huber–Mueller theoretical prediction as a function of the distance from reactor to
detector. The blue shaded region represents the global average and its 1σ uncertainty.

Fig. 2.4. IBD yield per fission from 235U vs. 239Pu by Daya Bay (left) and RENO (right) from Refs. [16,17], respectively.

0.952 ± 0.014 (exp) [13], 0.925±0.002 (stat) ± 0.010 (exp) [14] and 0.940 ± 0.001 (stat) ± 0.020 (syst) [15], respectively,
n comparison with the Huber–Mueller model. All measurements share the same additional model uncertainty of ±0.023.
his 6% deficit is called the reactor antineutrino anomaly (RAA), and one of the immediately suggested explanations was
hat it is caused by neutrino oscillations from active to eV-scale sterile neutrinos. The various hints and aspects of such
terile neutrinos are separately discussed in Section 6. A summary of measurements can be found in Fig. 2.3. Unlike past
SBL experiments, most of modern VSBL experiments use relative spectral shape distortion to search for eV-scale sterile
eutrinos rather than absolute flux measurements.
Towards solving the flux anomaly, Daya Bay and RENO independently observed that the predicted IBD yield per fission

rom 235U is higher than the measured ones at 3σ levels (see Fig. 2.4). More precise measurements on the IBD yield per
ission from 235U and 239Pu would be necessary to fully clarify the situation, even though the two independent experiments
howed very similar results. In parallel, two new reactor neutrino flux calculations [18,19] were performed. However, the
isagreement with measurement has not been resolved, as one model predicts more [18] and the other less [19] flux than
hat of H-M model. Recently a new measurement of the ratio of beta-spectra from 235U and 239Pu was presented [20],
hich is (1.054 ± 0.0002) times smaller than the ILL result used for predictions of the reactor antineutrino flux. This
educes the predicted antineutrino flux very close to the experimental results [20], and would mean that the basis of the
AA is in question.
10
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Fig. 2.5. The 5 MeV excess measurements in 2014 by RENO [21], Double Chooz [22] and Daya Bay [24] (from top to bottom).

hape anomaly. The shape anomaly, or so-called the ‘‘5 MeV excess’’, was first reported by in 2014 [21–23]. Later in 2014
aya Bay [24] also confirmed the 5 MeV excess compared to Huber–Mueller model (see Fig. 2.5). The origin of the excess,
owever, has not been fully identified yet. In 2014 it was also shown that the excess is correlated to the reactor thermal
ower [21–23], implying that this is very likely caused by reactor neutrinos unpredicted by the model. Recently, RENO
nd Daya Bay showed 3.2σ [15] and 4σ [25] evidences of the correlation between the 5 MeV excess and the 235U flux.
Most of the VSBL reactor neutrino experiments (see Section 6.3) use research reactors, in which 235U is highly enriched.

hey are expected to nail down the correlation between the excess and 235U. Among the VSBL experiments, NEOS using
commercial reactor has clearly observed the excess for the first time in 2017, thanks to high statistics and good energy
esolution. Recently, PROSPECT also showed the 5 MeV excess with increased data (total of 96 calendar days of reactor-ON
ata) and disfavored it being from only (no) 235U at 2.4 (2.2)σ CL [26]. STEREO has released the first measurement [27]
f the antineutrino energy spectrum from 235U at the ILL reactor and found an excess of 12.1 ±3.4% (3.5σ ) at 5.3 MeV

neutrino energy, which is a little bit lower in energy (0.5 MeV) than other experiments.
There have been many efforts to understand the ‘‘5 MeV excess’’ in the nuclear theory community by re-evaluating

reactor neutrino flux and energy spectrum in two different methods: summation (or ab-initio) and conversion methods.
A summation method is based on nuclear databases and sums up beta decay spectra from all possible fission products in
the databases to obtain neutrino spectra [19,28]. A conversion method is based on the measured beta spectra from 235U,
39Pu, and 241Pu fission at ILL in Grenoble, France in the 1980s and converts the beta spectra to neutrino spectra [4,5].
11
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Fig. 2.6. The NuMI beamline at Fermilab as described in [30].

Fig. 2.7. Composition of the low energy T2K [31] (left) and high energy (800 GeV protons) TeV II neutrino beam [32] at Fermilab (right, the relative
contribution to the flux is indicated).

The conversion method is known to be more precise but there is only a single measurement of the beta spectra at ILL.
The Huber–Mueller model is also based on the conversion method for 235U, 239Pu, and 241Pu isotopes.

Along with the other theoretical and experimental studies being performed by various groups, the International Atomic
nergy Agency (IAEA) is also interested in understanding both the 5 MeV excess and the deficit of the absolute neutrino
lux, and within 5 to 10 year-time scale better understanding of these anomalies is to be expected.

.2.3. Future outlook
Double Chooz and Daya Bay have shut down in 2018 and December 2020, respectively, and RENO is taking data

hrough 2021. More data and upcoming improved analyses of existing data will be useful to understand the two anomalies
iscussed in the previous section. The JUNO collaboration plans to install a 3 ton Gadolinium liquid scintillator (GdLS)
etector with 4π photo-coverage of Silicon Photomultipliers (SiPMs) operating at −50o C at a very short baseline (30 m)
rom a reactor (4.6 GWth) in the Taishan Nuclear Power Plant. This project is called JUNO-TAO (Taishan Antineutrino
bservatory) or TAO, and its main goal is to measure the reactor neutrino spectrum very precisely with very good energy
esolution, to understand the fundamental physics of the very complex beta decay processes in reactors, clarify the origin
f the 5 MeV excess, as well as sterile neutrino search [29]. The energy resolution goal is <2% at 1 MeV, and its operation
s expected to start in 2022.

Neutrino detectors can be also used for a non-proliferation purpose by detecting neutrinos from remote (un-)known
eactors. Unlike other traditional nuclear monitoring methods, neutrino detectors provide no interference with reactors,
nd therefore monitoring can be done anytime, 24-hour year round. More details on the nuclear monitoring is described
n Section 7.2.

.3. Accelerator neutrinos

.3.1. Conventional beams
Accelerator-based neutrino sources had their start in the early 1960s [33] and led to the discovery that the electron

nd muon neutrino are distinct particles. Most modern neutrino sources use the same basic concepts as those original
xperiments.2 A beam of protons is aimed at a target and produces charged pions and kaons that are focused to create

2 For a historical review please see Ref. [34].
12



M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
Fig. 2.8. Dependence of neutrino energy on pion energy and angle relative to the secondary beam axis for the NuMI beamline [35] (left). Energy
spectra for the off-axis T2K [36] beamline (right). The on-axis spectrum is shown, along with the optimized off-axis distribution.

a collimated sign-selected beam which then enters a decay region where they decay to neutrinos and the appropriate
lepton species. The remaining hadrons hit an absorber, while the muons are ranged out in rock or other material leaving
a neutrino beam. Positive pion decays are dominated by 2-body decays to muon neutrinos (νµ) and antimuons (µ+),
while negative pions produce antineutrinos (ν̄µ) and muons (µ−). Kaon and muon decays produce a small contamination
of electron neutrinos. Fig. 2.6 shows the NuMI [30] beamline at Fermilab. Fig. 2.7 illustrates the composition of the
pion-dominated low-energy T2K [31] antineutrino and the high-energy TeV II [32] neutrino beams created, respectively,
by 30 and 800 GeV protons at J-PARC and Fermilab. In the TeV II beam a lower energy peak around 70 GeV due to pion
decay is present. Kaons in the secondary beam produce a second peak in the muon neutrino distribution around 200 GeV
as well as high energy electron neutrinos.

Most accelerator-based neutrino beams follow this same basic design and produce neutrino beams with energies
between 0.5 GeV (J-PARC) and 500 GeV (TeV II). A maximum integrated flux is achieved by using the broad energy
spectrum on-axis beam, while a narrower neutrino energy spectrum can be achieved by using an off-axis configuration
that takes advantage of the Jacobian peak (see Fig. 2.8) in neutrino energy from decays transverse to the direction of
motion.

An important variant is neutrino beams generated by stopping pions and kaons, often referred to as Decay At Rest
(DAR), which produce a well-defined neutrino energy spectrum. This technique with low energy pion beams has been
used to generate 30 MeV muon neutrinos by the LSND experiment at Los Alamos (LANSCE), KARMEN at ISIS (RAL) and
at the SNS at Oakridge. Kaon DAR production of neutrinos was recently demonstrated [37] by parasitic use of the NuMI
beam dump and the MiniBooNE detector located on the surface above the dump.

2.3.2. Novel neutrino beams
The conventional beams described above rely on the decay of pions and kaons, but other beta decay processes can

produce neutrino beams as well. Muon storage rings, in principle, can produce intense and very well defined neutrino
beams from the 3-body decay µ−

→ ν̄ee−νµ. Decays of a monochromatic muon beam generated in the straight section
of a muon storage ring result in very well defined neutrino spectra, see Fig. 2.9. Using this principle, high flux ‘‘neutrino
factories’’ have been proposed [38–40] but await the development of cooled muon beams to be practical. A first step is
the νSTORM [41,42] experiment recently proposed at CERN [42].

Radioactive ion storage rings have been proposed as a source of electron neutrino ‘‘beta-beams’’ [43,44], stopped ions
have been proposed for an ‘‘IsoDAR’’ beam [45,46]. See also the end of Section 3.5.4 and Section 7.2 for a discussion.

2.4. Solar neutrinos

Solar neutrinos are emitted during the fusion of protons to helium nuclei taking place in the solar core. This fusion,

4p + 2e−
→

4 He + 2νe + 26.73MeV,

is the energy source of our star. The dominant fusion process is the pp-chain, while a small, order-1% fraction of solar
energy is produced in the so-called CNO cycle.3 In the latter process, expected to be the dominant energy source for

3 Less important are neutrinos in the keV energy range produced from thermal processes such as bremsstrahlung, plasmon decay or pair emission,
see Ref. [47].
13
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Fig. 2.9. Neutrino spectra from a 20 GeV muon storage ring. For a given muon polarization, P , the muon and electron neutrino spectra are fixed by
he beam energy.
ource: Taken from [38].

Table 2.1
Solar neutrino fluxes predicted by the Standard Solar Models B16-GS98 (High Metallicity) and B16-AGSS09met (Low Metallicity) [49] and as measured
by various experiments in units of cm−2 s−1 (with the exponential factor given in the last column). For the measured fluxes, the first error is statistical
and the second error systematical.
Solar ν B16-GS98 (HZ) B16-AGSS09met (LZ) Measurement Exp

pp-cycle

pp 5.98(1.0 ± 0.006) 6.03(1.0 ± 0.005) 6.1 ± 0.5+0.3
−0.5 [50] 1010

7Be 4.93(1.0 ± 0.06) 4.50(1.0 ± 0.06) 4.99 ± 0.11+0.06
−0.08 [50] 109

5.82 ± 0.98 [51] 109

pep 1.44(1.0 ± 0.01) 1.46(1.0 ± 0.009) 1.27 ± 0.19+0.08
−0.12 [50] 108

8B 5.46(1.0 ± 0.12) 4.50(1.0 ± 0.12) 5.4 ±0.02± 0.1 [52] 106

5.25 ± 0.16+0.11
−0.13 [53] 106

5.68+0.39
−0.41

+0.03
−0.03 [50] 106

5.95+0.75
−0.71

+0.28
−0.30 [54] 106

hep 7.98(1.0 ± 0.30) 8.25(1.0 ± 0.12) <23 (90% C.L.) [55] 103

<150 (90% C.L.) [56] 103

<180 (90% C.L.) [57] 103

CNO 4.88(1.0 ± 0.11) 3.51(1.0 ± 0.11) 7.0+3.0
−2.0 [58] 108

stars at least 1.3 times heavier than the Sun, the fusion is catalyzed by the presence of heavier elements, namely carbon,
oxygen, and nitrogen. Fig. 2.10 shows in its top part the schemes of the pp-chain and of the CNO cycle, while its lower
art shows the energy spectrum of solar neutrinos. The flux of solar neutrinos is dominated by pp neutrinos (order of
010 s−1 cm−2) having a continuous energy spectrum with a 420 keV endpoint. In the pp-chain, also mono-energetic 7Be
0.384 MeV and 0.862 MeV) and pep (1.44 MeV) neutrinos are produced, as well as 8B neutrinos characterized by lower
lux (order of 106 s−1 cm−2) and a continuous energy spectrum extending up to about 15 MeV. Measurements of solar
eutrinos interaction rates, with energy-dependent deficits with respect to solar model calculations, were the first hint
f neutrino oscillations. For the history of solar neutrinos, see Ref. [48]. The determination of the relevant solar neutrino
arameters is discussed in Section 3.3.
Solar neutrinos were first detected by radiochemical detection methods [59–61] revealing information about integral

luxes above a certain threshold. The technologies using water Cherenkov and liquid-scintillator detectors provide an
pportunity to perform real-time precision spectroscopy of solar neutrinos. Table 2.1 summarizes solar neutrino fluxes
s predicted by the Standard Solar Model (SSM) [49] compared to the existing measurements.
The most precise measurements of the pp, 7Be, and pep neutrinos are provided by Borexino (LNGS, Italy) [50]

haracterized by unprecedented levels of radiopurity of its liquid scintillator. High precision measurements of 8B neutrinos
ome from water Cherenkov detectors SNO (Sudbury, Canada) [53] and Super-Kamiokande (Kamioka, Japan) [52,62]. For
he hep neutrinos with a very low expected flux only upper limits exist: the most stringent from SNO [55] is still about a
actor of three higher than the expected SSM flux. Detection of neutrinos from the CNO fusion cycle is complicated due
o the degeneracy of its spectral shape with those of 210Bi contaminating the liquid scintillator and of pep solar neutrinos.
14
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Fig. 2.10. Top: Nuclear fusion sequences occurring in the core of the Sun: schematic view of the pp-chain and the CNO cycle. Bottom: Solar
eutrino energy spectrum with fluxes from [49]. The flux (vertical scale) is given in cm−2 s−1 MeV−1 for continuous sources and in cm−2 s−1 for

mono-energetic ones.
Source: Taken from [50].

Additionally, the cosmogenic 11C background from muon spallation further complicates the CNO solar neutrino detection.
Borexino has recently observed for the first time CNO solar neutrinos with 5σ C.L. [58], as shown in Fig. 2.11. This was
chieved through the upper-limit constraint on the 210Bi contamination of the liquid scintillator, made possible thanks to
n exceptional thermal stabilization of the detector achieved over five years.
Measurements of solar neutrinos are a source of information about the neutrino properties. They also provide a direct

nsight about the core of the Sun. The implications of solar neutrino measurements towards our understanding of neutrino
scillations are discussed in Section 3.3. These include determination of the θ12 mixing angle, ∆m2

21 mass splitting, study
f the matter effects in the Sun (energy dependence of the survival probability) and during their journey while traversing
hrough the Earth (day–night effect). Concerning solar physics, in the first place, neutrinos are the only direct evidence
hat indeed nuclear fusion is powering our closest star. In addition, by comparing the luminosity of photons and neutrinos
mitted from the Sun, one may study the thermal equilibrium of the Sun on a time scale of 105 years. This is the time it
akes photons to escape from the solar core, while neutrinos can freely traverse the dense solar matter. Special attention
s needed to understand the so-called ‘‘metallicity problem’’ in solar physics, where by metallicity we mean the solar
bundances of elements heavier than hydrogen — an important input to the Standard Solar Models. The fact is that
ewer, more precise spectroscopy measurements of the solar photosphere yielded lower abundances of these elements,
hich spoiled the earlier agreement between the helioseismology measurements and the SSM predictions of the radial
ependency of the speed of sound waves across the Sun. This argument is discussed in detail in [49], where also the SSM
redictions for solar neutrino fluxes are given separately for low (LZ) and high (HZ) metallicity (see also Table 2.1). The
etallicity influences the opacity of the Sun and consequently also the temperature in the core and the fusion rates. There

s a sizeable difference of 9% and 19% between the HZ and LZ SSM predictions of 7Be and 8B fluxes, respectively. This fact is
15
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Fig. 2.11. Spectral fit of the Borexino Phase-III data that lead to the observation of solar neutrinos from the CNO cycle shown in red.
Source: Taken from [58].

at the base of a slight preference toward HZ SSM reported by Borexino [50] (based on its measurement of both 7Be and 8B
eutrinos, see Table 2.1), that weakens if global fits of all solar neutrino data are considered. The largest difference between
he fluxes predicted by the LZ and HZ SSM results for the CNO cycle, which is directly catalyzed by heavy elements and
mounts to about 32%. Thus, the Borexino observation of CNO solar neutrinos [58] paves the way towards the solution
f this problem. Borexino might increase the precision of its CNO measurement, which is also among the scientific goals
f SNO+ [63], currently filling its detector with liquid scintillator at SNOLAB in Sudbury, Canada. The future Jinping solar
eutrino experiment [64] aims to perform precision spectroscopy of CNO neutrinos, taking advantage of its shielding
gainst cosmic muons in the world’s deepest laboratory located at Jinping in China. Detection of low flux hep neutrinos and

collection of a high statistics low energy 8B neutrinos are the goals of next generation large volume detectors. JUNO [65],
the 20 kton liquid scintillator detector under construction in south China, might be able to measure 8B neutrinos down
o 2.5MeV [66]. The future water-Cherenkov Hyper-Kamiokande detector plans 187kton fiducial volume for detection
f 8B neutrino and hep neutrinos [67]. Next generation experiments with novel techniques also aim at measuring solar
eutrinos. THEIA [68] considers a few-tens-of-kton-scale detector filled with water-based liquid scintillator, combining
he advantages of water (directional Cherenkov light) and liquid scintillator (high light yield) detectors. The two-phase
iquid argon time projection chambers under development for direct Dark Matter WIMP searches (DarkSide-20k [69] and
ts long time-scale successor Argo) are also considered for solar neutrino spectroscopy [70]. The DARWIN [71] project aims
t the realization of a future astroparticle observatory in Europe. While its main goal is the direct detection of dark matter
n a sensitive time projection chamber using a multi-ton target of liquid xenon, it would also be capable of a precision
pectroscopy of low-energy neutrinos, especially pp neutrinos [72] (see Section 3.3.3).

.5. Supernova neutrinos

Core-collapse supernovae originate from the death of massive stars and are among the most powerful sources of
eutrinos: about 1058 neutrinos are emitted during the burst. This brilliant burst of neutrinos has been observed just once,
n 1987 A. This core collapse of a blue supergiant in the Large Magellanic Cloud, about 55 kpc away from us resulted in
supernova and a ∼10-second long burst of few-tens-of-MeV neutrinos observed in water Cherenkov and scintillator
etectors [73–75]. The number of neutrino interactions seen was small, and the recorded neutrino events were primarily

¯e seen via inverse beta decay; nevertheless the observation was sufficient to confirm our understanding of the general
echanism of core collapse.
Neutrinos play a fundamental role in supernovae, transporting energy and lepton number. According to our current

nderstanding, the supernova explosion occurs through the delayed neutrino-driven explosion mechanism [76], i.e.
eutrinos revive the stalled shockwave, triggering the explosion. Hydrodynamical simulations of supernovae have recently
chieved the three-dimensional frontier [77]. However, despite the level of sophistication reached by neutrino transport,
eutrino flavor mixing is not included in hydrodynamical simulations. In addition, magneto-hydrodynamical effects are
et to be explored.
Stellar core collapses are expected to happen a few times a century in the Milky Way, and perhaps twice as often

ithin a MPc radius, including Andromeda and the Local Group. The next observed burst of neutrinos from a core collapse
ill bring a wealth of information about the astrophysics of core collapse. Because neutrinos carry information from
eep inside the supernova thanks to the weakness of their interactions, we will learn about the explosion processes. The
eutrino fluxes will track accretion-related phenomena and asymmetries, as well as the sloshing of material, the so-called
‘standing accretion shock instability’’ [78]. Neutrinos will also tell us about non-explosions — an unknown fraction of core
16
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Fig. 2.12. Approximate predicted event counts for each flavor for several current and future detectors for an observed core-collapse burst at 10 kpc.

collapses fail to result in spectacular fireworks. Neutrinos will be emitted in similar numbers whether or not there is an
eventual fizzle, with a sharp neutrino flux cutoff signaling the formation of a black hole [79].

Particle physics is in play also during the core collapse — neutrinos oscillate, which will modulate the flavor content
mitted from the supernova. Furthermore, the neutrino density may be so high that neutrino–neutrino interactions come
nto play, resulting in complex, exotic non-linear effects on the flavor content. Our understanding of neutrino mixing in
he source is preliminary [80–83] and subject of an active field of research. Neutrino–neutrino interactions are responsible
or making the flavor evolution non-linear and, contrary to common intuition, neutrinos of different energies collectively
scillate to another flavor. In addition, the flavor evolution is crucially affected by the neutrino angular divergence. A
ecent development in the field concerns the possible occurrence of flavor conversions triggered by pairwise scattering
f neutrinos among themselves [82,83]. If this should be the case, then it would be necessary to include neutrino flavor
onversions in hydrodynamical simulations. The observed fluxes may depend strongly on the neutrino mass ordering [84],
hough currently the believe is that answering this question independently from terrestrial oscillation experiments is
nlikely. The effects are also important for nucleosynthesis in the neutrino-driven supernova wind.
Beyond-the-SM particle physics can imprint itself on the signal. The existence of new particles would result in some

raction of energy emission into new degrees of freedom, which would modify the energy emission scale of the neutrino
urst; the observed burst of 1987 A has resulted in a number of limits on exotic physics [85], and a future high-statistics
bservation will enable yet more stringent limits or possibly point the way to new physics. The observables that will give
s a window on both core-collapse and particle physics associated with the event are the neutrino flavors and energy
pectra as a function of time [80].
While gravitational-energy-powered core collapses are known signals a few times a century, other types of astrophys-

cal events, such as Type I (thermonuclear) supernovae will emit neutrinos as well, although will need to be relatively
ear to be in range for neutrino detection [86,87].
Many detectors worldwide, most with an array of other physics goals, are sensitive to a core-collapse burst within at

east a few tens of kpc range [88]. Fig. 2.12 shows a summary of approximate event counts expected in current and future
arge detectors. Current detectors are primarily sensitive to the ν̄e component of the burst, via inverse beta decay (IBD)
on free protons as the dominant interaction channel. These include liquid scintillator detectors, such as KamLAND [89],
LVD [90], Borexino [91], and Daya Bay [92]. Water Cherenkov detectors, like Super-Kamiokande, also have dominant
sensitivity to ν̄e via IBD on free protons [93,94]. ‘‘Long-string’’ water Cherenkov detectors such as IceCube also have
primary sensitivity to ν̄e, but detect an integrated Cherenkov glow as a coincident single-photoelectron count rate increase,
rather than detecting interactions as fully reconstructed events [95,96]. HALO observes supernova neutrino interactions
via ejected final-state neutrons from charged-current ν̄e interactions on lead [97]. All of these detectors have subdominant
neutrino interaction channels as well. Neutrino–electron elastic scattering is notable as a highly anisotropic interaction;
detectors able to exploit the anisotropy (e.g., Cherenkov ring-imaging detectors) can use this interaction to point back to
17
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a supernova. The future large-scale detectors planned for the next decade will enhance statistics and have richer flavor
sensitivity. JUNO [65], at 20-kton scale, will increase the scintillator signal by a factor of ∼20. The 374-kton Hyper-K
etector [98] will provide vast statistics. Upgrades to IceCube, as well as KM3NeT [99], will also improve the time profile
nformation. Notably, DUNE [100] in its 40 kton of LArTPCs (Liquid Argon Time Projection Chambers), will provide unique
ensitivity to the νe flavor, thanks to a relatively high charged-current cross section on argon nuclei. Smaller LArTPC
etectors such as MicroBooNE [101] will have sensitivity as well. Furthermore, there are opportunities for more NC
ensitivity, to the entire flavor profile, via elastic scattering (ES) interactions: scintillator detectors are sensitive to ES
n protons, whereas a new generation of DM detectors (for example the 40-ton DARWIN [71,102]) will observe a burst of
oherent elastic neutrino-nucleus scattering events (see Section 5.4.7). Neutral-current elastic scattering channels are not
ffected by uncertainties related to flavor conversion physics; therefore detectors sensitive to these channels will offer a
omplementary view with respect to other detection technologies. The observed energy distribution of recoils also gives
nformation on the all-flavor neutrino spectrum as a function of time.

Nearly all supernova-neutrino detectors are located underground, in order to reduce the cosmic-ray backgrounds.
owever, some detectors on the surface will have sensitivity as well, e.g. NOvA [103].
The supernova neutrino burst is emitted promptly after core collapse, and therefore enables a potential early warning

or the impending supernova, given that the first electromagnetic observations may not be possible for hours or longer.
he Supernova Early Warning System (SNEWS) [104,105] is a world-wide network of neutrino detectors which will
rovide a fast warning to astronomers for a reported neutrino burst. Some pointing information may be available from
he observed neutrino signal. The highest-quality pointing will likely be from anisotropic interactions; elastic scattering
n electrons is the most promising [106], although other channels have some potential anisotropies as well [107–109].
riangulation holds some promise for fast information, as well [110–112]. The prospects for multi-messenger astronomy
ith supernova neutrinos are excellent, too. Notably, the gravitational wave signal from a core-collapse signal will be
rompt, and coincident detection with neutrinos should be possible [113] (and see Section 4.2.3 for a discussion on
eutrino mass limits from supernova observations). An upgrade to SNEWS, SNEWS 2.0 [114] is currently underway, which
ill enhance multimessenger capabilities. High joint up-time and long-timescale running of large future supernova-burst-
ensitive detectors will be of importance to increase the likelihood of capturing maximum information from a supernova
urst.
Up to two or three supernovae may occur in our Galaxy per century, however, a supernova explodes every second

omewhere in the Universe. Hence, another possible observable is the flux of all past explosions, the Diffuse Supernova
ackground (DSNB). Measuring the DSNB is challenging, but may give valuable information on the star formation rate in
he Universe and on fundamental physics [115,116]. Recent developments point towards possible important effects on the
SNB signal coming from the presence of binaries and large theoretical uncertainties are currently linked to the supernova
ate [117–119]. The Super-Kamiokande experiment has been enriched with gadolinium [120] and is expected to observe
he DSNB flux [121]. Also, future experiments like DUNE, JUNO or Hyper-Kamiokande have interesting prospects for DSNB
bservation [119].

.6. Atmospheric neutrinos

Atmospheric neutrinos provide a natural beam of high-energy neutrinos that can be used to probe neutrino properties.
hey are produced when primary cosmic ray protons and heavier nuclei interact with atoms from Earth’s atmosphere,
esulting in atmospheric air showers. These air showers contain large numbers of energetic charged pions and kaons, as
ell as heavier mesons, which produce neutrinos in their decay (for a review see e.g. [122]).
The pioneering experiments to observe atmospheric neutrinos were started in the mid-1960s. These experiments were

arried out in the Kolar Gold Field mines in India and the East Rand Proprietary mine in South Africa. They were performed
n extremely deep underground laboratories at the depth of about 8000 meters water equivalent to shield the experiments
rom the background of atmospheric muons. The next generation of atmospheric neutrino experiments began in the mid-
980s in Europe (NUSEX [123] and Frejus [124] detectors), USA (IMB-3 detector [125]), and Japan (Kamiokande [126] and
ater in 1990s Super-Kamiokande [127])

The so-called conventional atmospheric neutrinos arise from pion and kaon decay. The atmospheric neutrino spectrum
eaks around a GeV, and at higher energies can be described by a power-law, which is steeper by 1/Eν than that of
he primary cosmic ray spectrum (this is because above the critical energies of 115 (850) GeV, the pions (kaons) more
ikely interact before they decay). Current uncertainties arise from the less well constrained pion-to-kaon ratio, as well
s uncertainties in the primary cosmic ray spectrum and composition. The flux of conventional atmospheric neutrinos
as been observed over a large energy range, from sub-GeV to ∼100 TeV [128,129], above which cosmic neutrinos start
ominating the flux [130].
Neutrinos resulting from the decay of heavier mesons, containing charm or heavier quarks are called prompt neutrinos,

s they originate from a prompt decay, and as a result the flux follows the primary cosmic ray spectrum more closely. The
nset of the prompt component depends on the poorly constrained cross-section for forward charm production, which is
eing constrained from above by observing the high-energy part of the spectrum [130]. Interestingly, these uncertainties
an be reduced through future accelerator experiments (see e.g. [131]).
Today, atmospheric neutrinos are being observed in large quantities, e.g. Super-Kamiokande has observed 40,000
tmospheric neutrino events above 100 MeV [129]. Above several tens of GeV, ANTARES and IceCube have also detected

18



M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947

w
n
o
n
c
i

2

r
t
F
—
i

2

t
r
m
o
∆

T

w
d

Fig. 2.13. Distance horizon at which the Universe becomes intransparent to electromagnetic radiation [139].

both the muon and electron atmospheric neutrino components [132], e.g. IceCube at the South Pole has already detected
800,000 muon-neutrino events [133] (with a contamination from cosmic neutrinos of not more than 1%).

Because the flux of atmospheric neutrinos is observable over five orders of magnitude in energy, and over a range of
baselines, it provides an essential probe for the study of standard and non-standard neutrino properties. A milestone for
neutrino physics was the detection of atmospheric neutrino mixing by Super-Kamiokande in 1998 [134], while today the
mixing parameters θ23 and ∆m2

32 are being constrained also by neutrino beam experiments. In addition, tau neutrinos,
hich are not directly produced in the atmosphere in significant amounts, appear due to oscillations of atmospheric muon
eutrinos. They have been recently observed by Super-Kamiokande [135] and IceCube-DeepCore [136]. The neutrino mass
rdering also has an imprint on the atmospheric neutrino flux (most notable around 10 GeV for vertical directions). A
ew generation of atmospheric neutrino detectors, Hyper-Kamiokande [98], ORCA [137] and IceCube-Upgrade [138] is
apable to observe mixing parameters, as well as the unique signature of the neutrino mass-ordering, due to significantly
mproved sensitivity.

.7. High-energy astrophysical neutrinos

High-energy neutrinos escape energetic and dense astrophysical environments that are opaque to electromagnetic
adiation. In addition, at PeV (1015 eV) energies, extragalactic space becomes opaque to electromagnetic radiation due
o the scattering of high-energy photons (γ rays) on the cosmic microwave background and other radiation fields (see
ig. 2.13). This leaves neutrinos as the only messengers to search for the most extreme particle accelerators in the cosmos
the sources of the ultra-high-energy cosmic rays (UHECRs). These UHECRs reach energies of more than 1020 eV, which

s a factor of 107 times higher than the most powerful man-made particle accelerators.

.7.1. Introduction
Astrophysical neutrinos are produced from the interactions between cosmic rays and matter or radiation; they

herefore trace the origin of cosmic rays. The dominant neutrino production modes are pp and pγ interactions, where
elativistic protons (or nuclei) interact with gas and radiation, respectively. The relative importance of these production
odes depends on the gas or radiation (target) density, as well as the energy spectrum of the radiation. For pp interactions,
ne roughly obtains π+, π− and π0 in equal fractions, whereas pγ interactions are at threshold dominated by the
(1232)-resonance

p + γ → ∆+
→

{
n + π+ 1

3 of all cases
p + π0 2

3 of all cases
. (2.2)

he pions decay via the usual weak decay chains such as

π+
→ µ+

+ νµ ,

µ+
→ e+

+ νe + ν̄µ , (2.3)

here in this standard picture νe : νµ : ντ are produced in the ratio 1:2:0 if neutrinos and antineutrinos are not
istinguished. Flavor mixing (averaged neutrino oscillations), described by P =

∑
|U |

2
|U |

2, then is widely believed
αβ i αi βi
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to lead to a flavor composition close to 1:1:1 at detection; see [140] for a critical discussion. Unlike the charged cosmic
rays, neutrinos are not deflected by magnetic fields on the way from the source to the Earth, but point back to their origin,
thus providing for a smoking-gun signature of cosmic-ray acceleration. The physics implications regarding the relationship
to multiple messengers are discussed in Section 8.2.

The scientific potential of using high-energy neutrinos for astronomy has been obvious for many decades, and yet,
he path towards discovery was a stony one [141]. However, the technical problems were overcome and by now, the
oncept of open water/ice neutrino telescopes, that are sensitive from tens of GeV to beyond PeV energies, has been
uccessfully demonstrated in several places world-wide: the Baikal collaboration deployed a first functional detector in
ake-water [142], the ANTARES collaboration deployed the first successful undersea detector [143] and the AMANDA
ollaboration installed the first in-ice neutrino detector [144]. The detection principle is similar for all detectors:
herenkov-light produced by charged particles – either background muons produced in air showers above the detector, or
articles produced in a neutrino interaction – is recorded by a three-dimensional array of photomultiplier tubes (PMTs)
ontained in appropriate pressure-resisting glass housings. The arrival time allows reconstructing the direction of the
articles (to better than a degree for muons), while the total number of photons recorded is used to reconstruct its energy.
rrival direction, energy and topology allows to distinguish background from neutrino-induced events. A more refined
nalysis is then needed to distinguish astrophysical neutrinos from atmospheric neutrinos.
In addition, the energy range accessible with neutrino observatories is being expanded into the EHE (Extremely

igh Energy) region (1018 eV) through a diverse range of technologies. Particle showers developing in the ice or the
atmosphere produce a coherent signal at radio frequencies, that because of the longer attenuation length, can be detected
over large distances. Through instrumenting natural ice with radio antennas, larger detection volumes compared to the
optical regime are achievable, providing sensitivity beyond tens of PeV. Monitoring the atmosphere for Earth skimming
atmospheric air showers using a range of giant air shower detection techniques, including radio but also Cherenkov
radiation in the optical, is another cost effective method to expand the sensitivity at EHE energies.

Key scientific goals for current and future projects include:

1. Resolving the high-energy sky from TeV to EeV energies: What are the sources of high energy neutrinos detected
by IceCube?

2. Understanding cosmic particle acceleration through multimessenger observation: This implies studying particle
acceleration and neutrino emission from a range of multimessenger sources (e.g. AGN, GRBs, TDEs, SNe or kilonovae,
see below and Section 8.2 for explanations). Constraints on the physics within these sources can also come from
measurements of spectrum and flavor composition of the astrophysical neutrino flux.

3. Revealing the sources and propagation of the highest energy particles in the Universe: This includes extragalactic
cosmic ray sources and their neutrino emission, as well as the propagation of cosmic rays through the measurement
of cosmogenic neutrinos, extending well into the EHE range.

4. Identifying hadronic sources of cosmic rays in our galaxy, as well as detecting the high energy emission from
hadronic cosmic rays propagation in our galaxy.

5. Probing fundamental physics with high-energy neutrinos: This entails the measurement of neutrino cross sections
at high energies, searching for new physics affecting neutrino flavor mixing on cosmic baselines, and searches for
heavy dark matter.

2.7.2. Current status
The South Pole is home to the currently largest operating neutrino detector. The IceCube detector, which was deployed

between 2005 and 2010, consists of 86 strings with 5160 PMTs in total. The instrumented volume comprises a cubic
kilometer and it is deployed between 1450 and 2450 m depth. It has collected neutrino induced events with up to 10 PeV
in energy, corresponding to the highest energy elementary particles ever observed and opening new scientific avenues
not just for astronomy but also for probing physics beyond the Standard Model of particle physics (see, e.g., [145]).

With the first detection of high-energy neutrinos of extraterrestrial origin in 2013 by the IceCube Neutrino Observa-
tory [146], a new window to some of the most extreme parts of our Universe was opened. In the Northern Hemisphere,
ANTARES, has been taking data since 2006. Despite its modest size (12 strings of 75 PMTs), and thanks to its excellent
angular accuracy, it provides constraints on the origin of the high-energy cosmic neutrino flux measured by IceCube. Due
to its location, ANTARES has also good visibility over a large part of the Galactic plane, e.g. see [147] for a joint search for
point-like sources in the Southern sky.

The most compelling evidence for a neutrino point source to date is the detection of one neutrino event (IC-170922 A)
in spatial and temporal coincidence with an enhanced γ -ray emission state of the blazar TXS 0506+056 [148]. Evidence
for another period of enhanced neutrino emission from this source, in 2014/15, was revealed in a dedicated search in
the IceCube archival data [149]. The individual chance probabilities of the blazar-neutrino association and the observed
excess in the IceCube data alone are each at a significance level of 3 – 3.5σ .

Additional events of a similar nature are required to provide definitive statements about the production mechanism of
neutrinos in blazars. At the same time, it is becoming increasingly clear that γ -ray blazars cannot explain the majority of
astrophysical neutrinos observed by IceCube: the number of observed coincidences is smaller than expected if compared

to the total number of cosmic neutrino events [148,150]. Further, a comparison of the full set of IceCube neutrinos with
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a catalog of γ -ray blazars does not produce evidence of a correlation and results in an upper bound of ∼30% as the
aximum contribution from these blazars to the diffuse astrophysical neutrino flux below 100 TeV [151]. Accordingly, a
lazar population responsible for the whole astrophysical neutrino flux would have to be appropriately dim in gamma-rays
see, e.g. [152–154]). Empirical correlations between some astrophysical neutrinos and specific blazar populations have,
or example, been proposed for radio-bright blazars [155,156] and intermediate/high frequency-peaked BL Lacs [157].

Apart from the association with a γ -ray blazar, a neutrino from the Tidal Disruption Event (TDE) AT2019dsg has
been observed very recently [158], which points towards another (probably sub-dominant) source population producing
astrophysical neutrinos; it is therefore likely that several source populations contribute to the diffuse astrophysical
neutrino flux. Another widely considered candidate source of extragalactic neutrinos are γ -ray bursts (GRBs); because
of their short duration atmospheric backgrounds can be efficiently reduced for this transient population, yielding perhaps
the best sensitivity in IceCube. Similar to blazars, the non-detection of neutrinos in spatial and temporal coincidence
with GRBs over many years has placed a strict upper bound of 1% for the maximum contribution from observed GRBs
to the diffuse flux observed by IceCube [159]. In spite of individual source associations, the distribution of astrophysical
neutrinos in the sky is largely consistent with isotropy to date (see Fig. 2.14), implying that the dominant contribution
to the astrophysical neutrino flux is of extragalactic origin. However, a contribution of neutrinos from Galactic sources,
such as supernova remnants, or a diffuse component from interactions between Galactic cosmic rays and gas will lead to
anisotropies as interesting targets for instruments more sensitive to the Southern hemisphere.

Independent evidence for astrophysical neutrinos comes from different detection channels, including shower-like
events [160], events that start inside the instrumented volume [161], through-going events [162], as well as first
candidates for ‘‘double-bang’’ tau-neutrino events [163] that are not expected to be produced in the atmosphere through
conventional channels. The ANTARES Collaboration also has reported a mild excess of high-energy neutrinos that is not
significant by its own [164].

While the collective significance for the cosmic origin of the neutrinos has reached a level that is beyond any
doubt, a decade of IceCube data taking has demonstrated the rarity of the measurements; e.g., only two tau neutrino
candidates [165] and one electron antineutrino candidate at the Glashow resonance of 6.3 PeV [166] have been observed
to date. Clearly, much larger statistics are needed to exploit the full potential of all-flavor neutrino astronomy.

At EeV-energies, a number of experiments has been searching for neutrinos from cosmic sources and neutrinos
produced in the propagation of cosmic rays through the Universe. So far, only upper-limits have been reported. The
experiments include the ground based cosmic air shower observatory AUGER [167], the balloon borne experiment
ANITA [168] (which has, however, observed interesting anomalous events [169]), or experiments operating on the surface
or at shallow depth of the Antarctic ice sheet (ARA [170] and ARIANNA [171]). IceCube has also set limits in the energy
range [172]. Besides their scientific value in limiting the flux of highest-energy neutrinos, the experiments serve as
important technology path-finder missions for a series of next generation detectors.

2.7.3. Future outlook
Given the limited statistics that IceCube collects at the very highest energies, the identification of counterparts requires

very long integration time. Furthermore, the moderate angular resolution of ∼ 0.5◦ for muon neutrinos and ∼10◦ for
electron and tau neutrinos (so-called cascade-like events) make identification of neutrino point sources currently very
challenging. Consequently, the initial association of cosmic neutrinos with the first extragalactic objects has been an
essential step, however, the sources for the bulk of the cosmic neutrino flux observed by IceCube remain to be resolved
using instruments with much higher size and improved properties. The list of well motivated candidates is long: transient
sources such as Gamma Ray Bursts (GRBs), TDEs, or steady sources, such as Active Galactic Nuclei (AGN) or Starburst
galaxies, for example.

Furthermore, more elaborate multi-messenger studies which combine information from various observatories, ranging
from γ rays, via X-rays to the UV, optical and radio bands, and including gravitational waves, are pointing the way for
more associations of high-energy neutrinos with their sources; see Section 8.2 for a more theoretical perspective.

To reach the goals mentioned above and in Section 2.7.1, work for a new generation of instruments is ongoing. In the
PeV energy range, the KM3NeT and Baikal-GVD detectors, under construction in the Mediterranean sea and in Lake Baikal
respectively, target a similar size as the one from IceCube and will complement IceCube in terms of sky coverage [99,173],
and will provide for comparable numbers of astrophysical neutrinos. Construction of KM3NeT has started. The effort is
distributed over two sites, one on the French coast named KM3NeT-ORCA, focusing on lower energy neutrinos (10 GeV)
and the other one called KM3NeT-ARCA focusing on the energy regime of IceCube. As of today (summer 2021), 6 strings
of ORCA and further 6 strings of ARCA have been deployed and are operational. Completion of KM3NeT is expected for
2026.

The construction of the Baikal-GVD detector was started in 2016. The current (summer 2021) effective volume of the
detector for cascade events in the energy range 100 TeV – 10 PeV is about 0.4 km3. In this energy range, first cascade-
events, candidates for neutrino events of astrophysical origin, have been detected already [174]. By 2024, the effective
volume of the detector that is already funded is expected to reach about 0.7 km3. The plan is to further extend the effective
volume in the years after, reaching a volume of up to 1.5 km3.

Another site in the northeast Pacific Ocean, 200 kilometers off the Canadian coast, was recently optically qualified [175].
The 2.6 kilometers deep site is being explored to host the Pacific Ocean Neutrino Experiment (P-ONE) [176], a neutrino
telescope that will be based at an existing underwater facility (Ocean Network Canada).
21
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Fig. 2.14. The current sky map of highly energetic neutrino events detected by IceCube. Shown are upgoing track events [130,187], the high-energy
tarting events (HESE) and cascades [161,188,189], and additional track events published as public alerts [190]. The distribution of the events is
argely isotropic. The location of the first compelling neutrino source, blazar TXS 0506+056, is marked with a star. Shown in the inset are the related
ermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056 from September 2017 [148]. The uncertainty ellipses of the
ceCube neutrino event IC-170922 A are shown for reference.

A number of projects are also being developed targeting the EeV-energy range. These include the detection of neutrino
nteractions in the ice using their radio signature (ARIANA200 [177], RNO-G [178]), or the search for tau neutrinos which
re just skimming the Earth, interacting near the surface, so that the tau lepton can escape the dense environment to decay
n the atmosphere. Such upgoing air shower events can be observed using air Cherenkov and fluorescence telescopes
POEMMA [179], TRINITY [180]) or using again their radio signature (GRAND [181], BEACOM [182]). These project will
ave the sensitivity to probe the leading models. Finally, entirely new detection methods are being developed, such as
he detection of EeV neutrinos via the radio echo signature [183].

IceCube-Gen2, a proposed wide-band neutrino observatory (MeV–EeV) that employs two complementary detection
echnologies for neutrinos — optical and radio, will provide order of magnitude improved event rates of astrophysical
eutrinos in the PeV range and five times the sensitivity to point sources compared to IceCube and for the first time
rovide a comparative sensitivity in the EHE range [184]. Construction of its low-energy core has already started as part
f the IceCube Upgrade project [185] that is a smaller realization of the PINGU concept [186]. The completion of the
ceCube-Gen2 construction is foreseen for 2032.

.8. Geoneutrinos

.8.1. Introduction
Geoneutrinos are antineutrinos produced by natural radioactivity in the Earth [191]. Most geoneutrinos come from

he decay of 40K and relatively smaller contributions come from the decays of 232Th and 238U. Together these three
uclear isotopes account for more than 99% of the heat generated by Earth’s radioactivity. The distribution of radiogenic
eating between the crust, mantle, and core gives unique insights about the formation and evolution of Earth. The
irect connection between geoneutrinos and radiogenic heating makes antineutrino detectors important instruments for
eophysical research.
The geoneutrino generating elements (K, Th, U) are lithophilic, according to the Goldschmidt classification. They exhibit

eochemical affinity for the Earth’s outer rocky crust and mantle layers but not for the metallic core. Their distributions,
hich are not fully known, throughout these silicate layers smooths over the effect of neutrino oscillations on the
eoneutrino fluxes. An average oscillation probability provides an accuracy at the level of a few percent [192], which is
omparable to the uncertainties in the oscillation parameters. For comparison, these uncertainties are small compared
ith those introduced by the geological modeling. Assessments of the concentrations of K, Th, and U in the largely

naccessible rocky layers of the Earth typically come with non-Gaussian uncertainties at the level of tens of percent. These
ncertainties carry through to the predicted geoneutrino fluxes. Geoneutrino flux measurements, with their statistical and
ystematic uncertainties presently at the level exceeding 10%, fail to inform on neutrino oscillations and other neutrino
roperties.
Predictions of the fluxes of geoneutrinos, originating from terrestrial 40K, 232Th, 238U, along with other less important

uclear isotopes, began to appear in the scientific literature about a decade after the discovery of the neutrino [193].
uccessive refinements [194–196], including geothermal, seismic, and geochemical constraints, converged on a reference
odel [197,198]. The general conclusion is that geoneutrino fluxes are largest over continents and smallest over ocean
asins. A less prominent result is a slightly softer energy spectrum over continents than over ocean basins. This is due
o a higher ratio of Th to U in continental crust than in the mantle. Interestingly, the difference could be the imprint of
22
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Table 2.2
Geoneutrino measurements at Japan [204] and Italy [205] compared with a model prediction [198].

Japan Italy

φU ± 1σ φTh ± 1σ Th/U ± 1σ φU ± 1σ φTh ± 1σ Th/U ± 1σ

Measurements 1.79+0.60
−0.57 2.00+1.19

−1.19 5.3+6.0
−3.6 1.9+1.1

−0.8 4.7+2.2
−2.0 –

Model prediction 3.47+0.65
−0.53 3.03+0.67

−0.43 4.11+1.19
−0.86 4.34+0.96

−0.75 4.23+1.26
−0.80 4.59+1.45

−1.17

biological activity [199]. Estimates of the geoneutrino fluxes from the crust take inputs from physics for decay rates, from
seismology for mapping the densities and locations of the various Earth layers [200], and from geochemistry for assessing
the concentrations of the nuclear isotopes in these Earth layers. The uncertainties are largest (∼ 20%) on the concentrations
and smallest on the decay rates (∼ 1%). Typically, there are separate estimates of the fluxes from the near-field and the
far-field crust. Improving the accuracy and uncertainty of these estimates is an area of active research [201].

The energy spectra of geoneutrinos emitted from K, Th, and U [202] are known at the level of ∼ 1%. These spectra
clearly show the endpoint energies of the many contributing nuclear beta decays. Only four of these decays, two each in
the 232Th (228Ac, 212Bi) and 238U (234mPa, 214Bi) series, have endpoint energy above the 1.806 MeV threshold for inverse
beta decay of the free proton. Antineutrinos from 40K and the 235U series, with the exception of a very rare decay (215Bi),
have maximum energy below this threshold. The cross sections for inverse beta decay of free protons [203] and elastic
scattering off atomic electrons, are known at the percent level or better, see Section 5. Electron elastic scattering has no
threshold energy, providing sensitivity to geoneutrinos from 40K. Sensitivity through inverse beta decay of nuclear targets
other than hydrogen is possible [194] but requires further detector development.

Information from geoneutrinos on the amounts and spatial distributions of K, Th, and U in Earth comes from comparing
measurements at various locations. Comparisons of measured rates, spectral shapes, and directions of observed signals are
possible. Time variation of geoneutrino measurements at a given location is discounted due to the constancy of decay rates
and the exceedingly slow relative motion between Earth reservoirs. The challenges for geoneutrino observations include
reducing measurement errors, detecting K, and developing sensitivity to the directions of the geoneutrinos, all of which
contribute in constraining the geological models. Missing tests include measuring surface variation of the magnitudes
(rate) and the relative contributions (spectral shape) of the geoneutrino fluxes, as well as assessing the roles of K, Th, and
U in radiogenic heating in the mantle and the core.

2.8.2. Current status
There are measurements of the geoneutrino fluxes from Th and U at Japan by KamLAND [204] and at Italy by

Borexino [205]. Both detectors efficiently (∼ 80%) record geoneutrino interactions by inverse beta decay on free protons
in scintillating liquid. After subtraction of well studied sources of background, measurements resolve the energies, but
not the directions, of the interacting geoneutrinos. The KamLAND measurement, which results from an exposure of
7.2× 1032 proton-years, rejects the zero signal hypothesis from Th and U at 1.68σ and 3.15σ , respectively. The Borexino
easurement, which results from an exposure of 1.3×1032 proton-years, rejects the zero signal hypothesis from Th as well
s U at ∼2.4σ . The measurements of KamLAND and Borexino, which clearly demonstrate the detection of geoneutrinos
rom Th and U, are compared with predictions from a reference model in Table 2.2. Although differences in the relative
trengths of the fluxes from continental crust and the mantle at different locations lead to predicted surface variations in
he geoneutrino fluxes, the measurements from KamLAND and Borexino agree within uncertainties.

Resolution of the geoneutrino fluxes from the mantle, leading to estimates of global heating due to radioactivity, follow
rom further analysis of the measurements [206]. Due to the lithophilic nature of K, Th, and U, the reference model specifies
hat the geoneutrino fluxes originate in the crust and mantle only. The standard analysis respects this guidance, making the
antle contributions simply the differences between the calculated total fluxes and the estimated fluxes from the crust.
t underground locations the reference model predicts larger geoneutrino fluxes from the crust than from the mantle.
or the present measurements the mantle fluxes are the differences of two larger fluxes with uncertainties that impede
esolution. The standard analysis constrains the shape of the measured energy spectrum to conform to the cosmochemical
alue of Th/U = 3.9 [207]. This constraint, which is due to the limited statistics of the measurements, reduces the reported
ncertainties and brings the calculated fluxes of the observed Th and U geoneutrinos into agreement with the reference
odel.
The present observations of the geoneutrino fluxes from Th and U by KamLAND and Borexino are outstanding scientific

chievements. They represent decades-long efforts to build and operate detectors capable of real-time monitoring of
he heat generated by global radioactivity. The initial assessments of radiogenic heating benefit from reference model
onstraints. Resolving the geoneutrino fluxes from the mantle with more model-independent analyses requires greater
xposures and more favorable detector locations than afforded by the existing measurements. The challenges remaining
or future geoneutrino observations include detecting the flux from K and gaining more direct sensitivity to fluxes from
he mantle and possibly the core. Each of these may be met by measuring the directions of the geoneutrino fluxes [208].
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2.8.3. Future prospects
The existing geoneutrino measurements come from detectors with an impressive record of advancing knowledge

f neutrino oscillations and solar fusion. Several upcoming neutrino detectors, which are motivated by fundamental
uestions in physics and astrophysics, forecast sensitivity to geoneutrinos. The sitting of these neutrino detectors is
otivated by access to overburden to reduce background due to cosmic rays and often by proximity to nuclear power

eactors for an intense source of antineutrinos. These underground locations optimize the ability to perform the physics
nd astrophysics experiments rather than those enabled by geoneutrino measurements. The deep mines and tunnels
eneath high mountains are typically in geologically complex regions with corresponding challenges in estimating
he geoneutrino fluxes from the crust. Nonetheless, the upcoming detectors are planning to perform geoneutrino
easurements.
One detector nearing operation with reported sensitivity to geoneutrinos is SNO+ [209]. This is the former Solar

eutrino Observatory in Sudbury, Canada, reconfigured to search for neutrinoless double beta decay, see Section 4.3. The
etector site is one of the deepest in the world, greatly reducing cosmogenic sources of background. Unlike KamLAND
nd Borexino, it is located well inside a continent with the prediction of strong geoneutrino fluxes from the crust. Using
target mass of 780 tons of scintillating liquid, the expected rate of recorded geoneutrino interactions is about 20 per
ear, assuming 80% detection efficiency. Using these values, it would take about eight years of detector operation to
ccumulate the measurement precision afforded by the 165 recorded interactions already reported by KamLAND [204].
t is not clear if the precision of the SNO+ geoneutrino flux measurements over this period would provide evidence of
urface variation. The error bars of the projected SNO+ measurements could still overlap with those of the KamLAND and
orexino measurements. There is certainty that the geoneutrino Th/U measurement from SNO+ over this period finds no
isparity with those from KamLAND and Borexino.
Another detector, which plans to begin operation within the next several years and with reported sensitivity to

eoneutrinos, is JUNO [65]. This is a new detector, carefully situated about 53 km from several nuclear reactor complexes
o maximize sensitivity to the neutrino mass ordering. The detector site in South China is near the continental shelf
nd offers an overburden of ∼2000 meters of water equivalent (m.w.e.), making it similar in shielding to the KamLAND
ite. The distinguishing characteristics of JUNO are its size and sensitivity. At 20 kton of scintillating liquid it is about 25
imes larger than SNO+ and the projected detector resolutions are unprecedented. Without question, the world sample of
ecorded geoneutrino interactions more than doubles after one year of operation of the JUNO detector. The main obstacle
n measuring the geoneutrino fluxes is accurate knowledge of the reactor antineutrino rate and spectrum. Even with
erfect subtraction of the reactor antineutrinos and with the superb precision projected by the unprecedented size and
ensitivity of JUNO, the site location may be geologically too similar to Japan to provide evidence of surface or spectral
ariation of the geoneutrino fluxes compared alongside the measurements of KamLAND, Borexino, and SNO+.
There are several detectors under consideration that hold promise of measuring geoneutrino fluxes significantly (>1σ )

different from the KamLAND and the high statistics future JUNO measurements. This promise stems from the proposed
multi-kton target masses for the needed exposures and the deep continental locations for the predicted strong crust
fluxes. It appears less likely that measurements of Th/U by these detectors would be significantly different from the
JUNO measurement. A detector with 10 kton of scintillating liquid is planned at Baksan, which is a very deep site (4760
m.w.e.) beneath the Caucasus mountains [210]. The proponents predict a 10% measurement of Th/U. A detector with 3
kton of scintillating liquid is planned at Jinping, which is an extremely deep site (6720 m.w.e.) in central China [211]. The
proponents predict a ∼25% measurement of Th/U with an exposure of ∼12 kton-y. A detector with 50 kton of water-
ased scintillating liquid is suggested for the Homestake Mine, which is a deep site, 4300 m.w.e., in the Black Hills of
outh Dakota [68]. Assessment of the subdominant mantle fluxes expected at the Baksan, Jinping, and Homestake sites
ntails subtracting the model-dependent estimates of the larger crust fluxes from the measured total fluxes.
Resolving geoneutrino fluxes with different values of Th/U to study any variation across the planet requires very large

etector exposures at distinct locations. Measurements with a precision of about 5% are desirable to constrain model
redictions. Comparing measurements made near thick continental crust with those made over thin oceanic crust in the
eep ocean would be a very favorable scenario [212]. A high statistics assessment of the mantle fluxes at an oceanic
ite would be relieved of model dependencies associated with existing assessments at continental sites. While there are
uggestions for deploying antineutrino observatories in the deep ocean, underwater locations do not offer compelling
dvantages to foreseeable physics and astrophysics experiments with sensitivity to geoneutrino fluxes.
Geoneutrino research anticipates benefits from advances in detector technology. The capability of resolving the

eoneutrino fluxes through their directions is emerging from the joint physics and astrophysics quest to measure CNO
olar neutrinos [213]. Adding direction information reduces sources of isotropic background, gaining sensitivity to signal
rom the source. Several efforts are underway for selectively collecting the directional Cherenkov light in scintillating
iquid [211,214]. The potential for improving the identification of inverse beta decay and reducing background is apparent
ith a novel detector using a dense array of optical fibers immersed in opaque scintillating liquid [215].
There are excellent prospects for continued development of geoneutrino research, leading to greater understanding of

he magnitude and distribution of Earth’s radioactivity. New detectors in Canada and China are expected to soon begin
ugmenting the ongoing flux measurements from Japan and Italy. Proposed multi-kton detectors in central China and the
aucasus mountains hopefully move forward. They would contribute substantially to demonstrating surface variation of
he geoneutrino fluxes from Th and U. Advanced detection techniques are poised to enable measurement of geoneutrino
ource directions, leading to the rich reward of resolving geoneutrino fluxes from K and the mantle.
24
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2.9. Cosmological neutrinos

2.9.1. Introduction
At a red-shift of roughly 10 billion, nearly half of the total energy density of the Universe was in the form of neutrino

inetic energy, according to the Standard Cosmology Model. After decoupling from the thermal bath of the hot Big Bang at
nder 1 s, Big Bang neutrinos, also known as the Cosmic Neutrino Background (CνB) or relic neutrinos, have continued to
nfluence the Hubble expansion and rates of large-scale structure formation during over 13.7 billion years to the present
ay. Due to the finite mass splittings measured through flavor oscillations, an important transition from relativistic to
on-relativistic energies is believed to have already transpired for at least two massive states of the neutrinos. As a result,
he CνB is the largest known source of non-relativistic neutrinos.

Despite the unequivocal importance of neutrinos in shaping the expansion of the Universe, there is no present-day
vidence that the CνB neutrinos continue to pervade all of space with a predicted average number density of 336 particles
er cubic centimeter, assuming three flavors of light neutrinos and making no assumptions on whether the neutrino is
istinct from the antineutrino. Indirect hints of its existence are discussed in Section 8.1.4. The experimental effort on
etecting the CνB is being advanced on two fronts. One is through a new generation of precision cosmology measurements
o detect the sub-percent fraction of the critical energy density from massive neutrinos, and the second is through the
evelopment of direct detection methods based on neutrino capture on β-decaying nuclei.

.9.2. Direct detection experiments
Several methods to detect relic neutrinos have been proposed. Most of them have estimated sensitivities many orders

f magnitude too low to detect relic neutrinos. However, one of them — neutrino capture on β-decaying nuclei, looks
conceivable with major improvements in the detection techniques. The idea was suggested byWeinberg [216] for massless
neutrinos. Cocco et al. [217] have noticed that for massive neutrinos the energy of the electrons from the neutrino capture
process exceeds the maximum energy in the β-decay by about two neutrino masses. Therefore, the separation of the
neutrino capture process from the overwhelming background from usual β-decays would be feasible with an extremely
good energy resolution of about 50 meV or even better. Effects of zero-point motion of tritium atoms absorbed to graphene
or other materials were recently discussed in Refs. [218,219], they may challenge the observation of light relic neutrinos.

The capture rate of Majorana neutrinos is twice as large as for Dirac neutrinos [220], but this effect is degenerate
with potential relic neutrino clustering, which however would enhance the rate [221]. To illustrate the challenging
nature of an observation, note that in the currently world-leading neutrino mass experiment KATRIN the rate of capture
of relic neutrinos on tritium is of order 10−6 yr−1. Nevertheless, the PTOLEMY collaboration [222] performs active
R&D [223] in order to demonstrate the feasibility of such a goal. The possibility to detect the neutrino capture on β-
decaying nuclei using correlations between the neutrino direction and the spin of the β-decaying nucleus was discussed
recently [224,225]. Results of the relic neutrino searches could also be sensitive to physics beyond the SM, like sterile
neutrinos or neutrino decays [220].

2.10. Neutrino sources: Summary

There are many natural sources of neutrinos: the early Universe, Earth, the Sun, the atmosphere, supernovae, or other
astrophysical sources as violent and as far away as Active Galactic Nuclei. Weak interactions imply that neutrinos can
travel long distances and large densities, giving access to environments which cannot be tested otherwise. If other probes
are accessible, neutrinos provide valuable complementary information. One particular field where this clearly shows
is high-energy astrophysics where a combination of various cosmic ray messengers including neutrinos and recently
gravitational waves as well allows to identify the sources where particles are accelerated to energies exceeding any
terrestrial source.

Using those sources we have also learned how our star and others produce energy. Still many open issues remain, like
the role of neutrinos in cosmological structure formation or in supernova explosions, the amount of metallicity of the
Sun, or the distribution of radioactive heat production within the Earth. Such studies are accompanied by human-made
sources like nuclear reactors and accelerators. Neutrinos from such artificial sources have been, are, and will be used to
unveil fundamental properties of the neutrino, but also for more mundane applications like understanding nuclear fission,
including safe-guarding.

While over more than 70 years great progress has been made in neutrino physics, from the discovery of the neutrinos
from a reactor over understanding the basic of lepton mixing to the discovery of astrophysical neutrino sources, we have
not still fully understood physics behind all these sources. Many fundamental properties of neutrinos remain unclear, too.
Some guaranteed sources of neutrinos such as relic neutrinos from the early Universe or past supernovae have never been
detected mainly due to technical challenges. Recent R&D developments make us confident that those will be overcome,
and the resulting discovery of additional neutrino sources will further complement our understanding of the Universe on
various scales, and in the future may be used to learn further about fundamental physics.

3. Neutrino oscillations

Contributing additional authors: Silvia Pascoli (Durham U.), Raymond R. Volkas (ARC, CoEPP), Roger A. Wendell (Kyoto

U. and Kavli IPMU)
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3.1. Introduction

If neutrinos have mass it is conceivable that their flavor changes periodically with distance over energy while they
ropagate. The huge mass differences of charged fermions and quarks (which in addition almost immediately hadronize)
akes neutrinos the only elementary fermions where such oscillations can be observed. Such neutrino-flavor oscillations
re triggered by non-zero masses as well as by a non-trivial Pontecorvo–Maki–Nakagawa–Sakata (PMNS) lepton mixing
atrix [226–228], which is the analogue of the Cabibbo–Kobayashi–Maskawa (CKM) matrix of the quark sector [229–231].
eutrino oscillations were discovered by the Super-Kamiokande collaboration in 1998 [134] and by the SNO collaboration
n 2001 [232]. Thus, the existence of neutrino oscillations reveals that neutrinos have mass and that lepton flavors mix.

Oscillations among the three Standard Model neutrino flavors are readily described in terms of the mixing of three
ass eigenstates, νi, i = 1, 2, 3. The probability, P(να → νβ ), that a neutrino created in an eigenstate of flavor α and
hich travels through a vacuum is detected in flavor state β is given by [233]:

P(να → νβ ) =

∑
i,j

UαiU∗

βiU
∗

αjUβj exp

[
−i

∆m2
ji

2
L
E

]
. (3.1)

ere E is the neutrino energy, L is the distance between source and detector, and ∆m2
ji = m2

j −m2
i . The first observations

f neutrino oscillations exploited muon neutrinos produced in the cosmic-ray bombardment of the Earth’s atmosphere
nd the electron neutrinos produced in nuclear processes in the Sun. These observations, subsequently confirmed using
eutrinos produced in nuclear reactors and at accelerator facilities, established that the three-flavor oscillations of Eq.
3.1) can be described to a good approximation by two, decoupled oscillations. The first, describing the oscillations of
tmospheric muon neutrinos, is characterized by a large mass-squared difference and a mixing angle that is approximately
5◦. The second, describing the oscillations of solar electron neutrinos, is characterized by a small mass-squared splitting
nd a large (∼35◦) mixing angle. These observations allow the unitary PMNS matrix, U , to be parameterized in terms of

three mixing angles, θij and one phase parameter δCP:

U =

( 1 0 0
0 c23 s23
0 −s23 c23

)⎛⎝ c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

⎞⎠( c12 s12 0
−s12 c12 0
0 0 1

)
. (3.2)

ere cij = cos θij and sij = sin θij; θ23 is referred to as the ‘‘atmospheric mixing angle’’ as it determines at leading order
he oscillations of atmospheric muon neutrinos while θ12 is referred to as the solar mixing angle as it is used, at leading
rder, to describe the oscillations of solar electron neutrinos. The mixing angle θ13 is small, accounting for the approximate
ecoupling of the atmospheric and solar oscillations. For Majorana neutrinos there are two additional phases (‘‘Majorana
hases’’), which can be put in a diagonal phase matrix to the right4 of Eq. (3.2). See Section 4.3 for a discussion.
The evaluation of the oscillation probabilities requires that the product of U with its Hermitian conjugate be evaluated.

uch a calculation yields terms in the expression for the oscillation formulæthat depend on sin δCP and for which the sign
iffers depending on whether the expression is for the oscillation of neutrinos or antineutrinos. Therefore, if sin δCP ̸= 0,
P invariance is violated in neutrino oscillations. Two additional phases that might arise if neutrinos are Majorana
articles cannot be measured in neutrino-oscillation experiments and are omitted from Eq. (3.2). We will discuss them
n Section 4.3. Since a hierarchy in the mass-squared splittings ∆m2

21 ≪ |∆m2
31| is present, which neutrino oscillation

bservations have revealed, the two-flavor case is in many cases a reasonable approximation and nicely illustrates the
eatures of oscillations. That probability reads for flavor changes

P(να → νβ ̸=α) = sin2 2θ sin2 ∆m2L
4E

, (3.3)

here θ and ∆m2
= m2

2 − m2
1 are the only mixing angle and mass-squared difference, respectively, in this case.

Neutrinos that pass through matter may interact with its constituents. The probability for incoherent inelastic
cattering is very small. However, coherent scattering is dominated by events in which very little energy is transferred
etween the incident neutrino and the target particle. As a result, the coherent-scattering amplitude is strongly peaked
or neutrinos that continue to propagate in the forward direction. Since the scatter is coherent, i.e. the quantum numbers
f the final state are the same as those of the initial state, the scattered neutrino wave can interfere with the unscattered
ave. The effect of this interference may be expressed in the form of an effective matter potential that causes observable
ariations in the rate of neutrino oscillations. The oscillation probabilities for neutrinos passing through matter are
herefore modified from the vacuum probabilities given by Eqs. (3.1), (3.3). In the two-flavor limit from Eq. (3.3) the
robability takes the same form, but with parameters θ and ∆m2 changed to θm and ∆m2

m, taking into account the matter
ffects. In particular, for constant matter density one finds

sin2 2θm =
sin2 2θ

(A/∆m2 − cos 2θ )2 + sin2 2θ
, (3.4)

4 The original ‘‘symmetrical’’ parametrization gives each individual rotation a phase [234] and provides slightly more insight when discussing
lepton number violating processes [235].
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where A = 2
√
2GFNeE with Ne the electron number density. The size of the matter effect depends on the density

nd composition of the medium and on the oscillation parameters. In particular, the matter effect may be exploited
o determine the octant of the mixing angles and the sign of the mass-squared differences. Moreover, the matter effect
s different for neutrinos and antineutrinos because for the latter A changes sign. The difference between the oscillation
robabilities of neutrinos and antineutrinos that arises from the matter effect must be taken into account in searches for
P-invariance violation.
Neutrino oscillations are studied using both terrestrial and astrophysical sources of neutrinos. The oscillation channels

hat can be studied using a particular source are determined by the neutrino-energy spectrum. Atmospheric neutrinos are
roduced in the decay of mesons created when cosmic rays strike the upper atmosphere, see Section 2.6. The atmospheric-
eutrino flux contains

(−)
ν µ and

(−)
ν e in a ratio of approximately 2 : 1, which decreases with energy as the muons do not

ecay. The effective baseline at which the effect of oscillation is observed is a function of the zenith angle of the neutrino-
roduction point. The atmospheric neutrino energy spectrum falls with energy, providing a measurable flux at energies in
xcess of 10GeV. As a result, atmospheric neutrinos allow oscillation effects to be studied over a wide range of energies
nd baselines. The dominant oscillation channel, νµ → ντ – indirectly tested by the disappearance of muon neutrinos –
as key to the discovery of neutrino oscillations. This channel constrains the parameters θ23 and |∆m2

31|.
Solar neutrinos are produced through fusion processes in the core of the Sun, see Section 2.4. A variety of fusion

nd decay processes result in an electron–neutrino energy spectrum that drops sharply for energies above ∼20MeV.
he measurement of the solar neutrino flux and its energy dependence has been critical for the establishment of the
hree-neutrino mixing paradigm, where the adiabatic neutrino flavor conversions between the Sun’s core and ‘‘surface’’
re governed by the so-called MSW-effect [236,237]. The parameters that are constrained are mainly θ12 and ∆m2

21, where
or the latter the sign was established to be positive.

The decay of unstable fission products produced in the core of a nuclear reactor, see Section 2.2, produces an intense
lux of reactor antineutrinos with an energy spectrum that runs from a few keV to several MeV. A detector placed at an
ppropriate baseline (from ∼1 km to ∼100 km) from the core is able to make precise measurements of the oscillation
arameters θ13, θ12 and |∆m2

31|. Reactor neutrino experiments provide the most precise measurement of the smallest
ixing angle, θ13.
Accelerator neutrino beams are produced from the decay of mesons generated when high-energy proton beams strike

uclear targets, see Section 2.3. Magnetic focusing at the target is used to select the sign of the secondary meson beam
nd to direct it to a decay channel. If negative mesons are selected a neutrino beam dominated by muon neutrinos is
roduced; a beam dominated by muon antineutrinos is produced if positive mesons are selected. Such beams have been
sed to constrain a variety of the parameters that determine the mixing matrix U .
Three-flavor mixing allows neutrino oscillations to be described using six parameters: three mixing angles (θ12, θ13

nd θ23), two independent mass splittings (∆m2
21 and ∆m2

32, or ∆m2
31), and one CP phase (δCP). The measurements made

sing astrophysical and terrestrial sources have been combined in global fits (see Section 3.6) to determine the values for
ll the mixing angles and ∆m2

21 as well as the magnitude of ∆m2
32. The value of the CP-invariance violating phase, δCP,

nd the sign of ∆m2
32 are not known, though first hints have emerged.

The formalism outlined above is able to describe the majority of data on neutrino oscillations. Looking beyond the
etermination of the parameters, it will be important to establish whether the model is correct as a description of nature.
o do this requires redundant and precise measurements of θ23, the degree to which it differs from π/4, θ13, and θ12.
deally, the precision of these measurements will approach that with which the CKM matrix elements are known. Such
easurements will be important to establish deviations from the three-neutrino-mixing paradigm, test the unitarity of

he neutrino-mixing matrix and other new physics effects, and to seek relationships between the parameters that govern
eutrino oscillations and those that govern quark mixing.
The quantum mechanical treatment of neutrino oscillations induces correction terms to the standard probability

ormula (3.1), see e.g. [238]. This is associated to the separation of the wave packets associated to the mass eigenstates.
n the correct treatment (reviews on the subtle quantum mechanical issues are [239,240]), one takes into account that a
roduced flavor neutrino is described by neutrinos having different masses, thus their corresponding wave packets move
ith different speed. If those two packets do not overlap anymore, the oscillation pattern is lost. The correction term

s given by exp{−(L∆m2/(4
√
2 E2σ ))2}, where σ is the width of the wave packets, defined by properties of the source

and detector. The correction term suppresses the oscillatory pattern. For reactor neutrinos with E ∼ MeV, the relevant
leading mass-squared difference is 2 ·10−3 eV2. Assuming a wave packet uncertainty governed by the size of the decaying
nucleus of 10 fm, implies that ∆m2/(4

√
2 E2σ ) ≃ 30 m, which is very close to the distance in actual reactor neutrino

experiments. Therefore, current experiments are close to observing effects caused by decoherence, and therefore test
fundamental quantum mechanics with neutrinos, or test our understanding of neutrino oscillations [241,242].

3.2. Atmospheric neutrino experiments

3.2.1. Introduction
The wide variety of both energies and baselines available in the atmospheric neutrino data enables sensitivity to a

variety of oscillation effects. This variability was key to the discovery of oscillations with this source, which was best
described by two-neutrino mixing (ν → ν ) at L/E ≈ 450 km/GeV. Indeed, atmospheric neutrinos provided the first
µ τ
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Table 3.1
Summary of atmospheric neutrino mixing measurements from atmospheric neutrino experiments.
Experiment sin2θ23 |∆m2

32| [10
−3eV2

]

Antares [244] 0.50+0.2
−0.19 2.0+0.4

−0.3

IceCube [245] 0.51+0.07
−0.09 2.31+0.11

−0.13

Super-Kamiokande (Super-K) [246] 0.588+0.031
−0.064 2.50+0.13

−0.20

Fig. 3.1. Neutrino mixing parameter measurements from both atmospheric (Super-Kamiokande [246] and IceCube [245]) and accelerator (T2K [247],
NOvA [248], and MINOS [30]) neutrino experiments.

indication of disappearance consistent with the L/E dependence characteristic of neutrino oscillations [134,243]. With
the subsequent discovery of mixing between all active neutrino flavors it is now clear that atmospheric neutrinos are
also sensitive to the neutrino mass ordering via matter effects at low energies and to a lesser extent to δCP. Furthermore,
the large range of L/E available to atmospheric neutrinos has made them a useful probe of exotic scenarios (classified by
a different oscillatory behavior, e.g. LEn dependence) and the ability to observe oscillation-induced ντ in their flux gives
unique access to deviations from unitarity in the mixing matrix. The status of each of these topics is reviewed in the
following pages.

3.2.2. Measurement of θ23 and ∆m2
32

Atmospheric neutrino oscillations are dominated by transitions driven by a phase and amplitude governed by ∆m2
32 and

θ23, respectively. The signal manifests as the disappearance of upward-going muon-like interactions and the subsequent
appearance of tau-like interactions when the latter can be reconstructed. Fig. 3.1 shows current constraints on these
mixing parameters for both atmospheric and long-baseline accelerator neutrino measurements. Since atmospheric mea-
surements have no a priori knowledge of the incoming neutrino direction, one must infer it using an event’s interaction
products. The parameters extracted from atmospheric data are consistent with accelerator neutrino measurements which
nowadays provide better precision. A summary of oscillation parameter measurements from atmospheric neutrinos is
shown in Table 3.1.

Two important points should be noted. First, atmospheric neutrino oscillations have been observed at the neutrino
telescopes Antares and IceCube. Not only does this provide additional constraints on mixing with a higher energy threshold
than Super-K and beam experiments, but it also serves as a proof-of-concept for oscillation studies proposed at upgrades
of these facilities. Second, due to enhanced oscillation effects for neutrinos traversing the Earth, atmospheric neutrino
measurements bring additional sensitivity to the θ23 octant. At present all measurements are consistent with maximal
mixing, though Super-K has a weak (≈ 1σ ) preference for the second octant.

3.2.3. Measurement of the mass ordering
At energies between two and ten GeV, upward-going neutrinos that traverse the Earth’s core and mantle experience

enhanced oscillation effects due to their interaction with matter along their trajectory. However, the enhancement is
present only for neutrinos if the mass ordering is normal and only for antineutrinos if the ordering is inverted. Assuming
normal ordering, an increase in the νµ → νe appearance probability and a suppression of the νµ → νµ survival probability
are expected for these neutrinos.

Since there are both neutrinos and antineutrinos in the atmospheric flux, experiments are sensitive to the ordering
via modulations in the rate of both upward-going electron-like and muon-like events. For Super-K, although its energy
threshold is sufficiently small (≈ 100 MeV) and it has a 22.5 kton fiducial volume, it suffers for statistics at O(1) GeV
energies and above. Indeed, the flux at these higher energies is nearly three orders of magnitude smaller than that at
28
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Table 3.2
Summary of sensitivity to the neutrino mass ordering (MO) with atmospheric neutrino experiments. Here values
assuming sin2 θ23 is close to 0.5 are used for all experiments other than ORCA (ICAL-INO), which assumes 0.56
(marginalized over its 3σ range). The number of years of operation to achieve the listed sensitivity is presented in the
column headed ‘‘Years’’.
Experiment MO Sensitivity (σ ) Years

DUNE [109] 4.0 10
Hyper-Kamiokande [98] 3.0 10
ICAL-INO [252] 3.0 10
KM3NeT/ORCA [137] 4.4 NO (2.3 IO) 3
IceCube Upgrade [138] 3.8 NO (1.8 IO) 6

600 MeV. IceCube, in contrast, has a considerably larger volume, but a higher threshold (5 GeV in DeepCore [249]) that cuts
into the region between two and 10 GeV, where mass ordering-sensitive matter effects are largest. There are additional
challenges in separating νe charged current interactions from νx neutral current interactions, meaning there are larger
backgrounds in its appearance sample. Both experiments suffer from an inability to cleanly distinguish neutrinos from
antineutrinos, though Super-K has demonstrated some ability to do so statistically [246].

In spite of these challenges both experiments have attempted measurements of the mass ordering. Super-K data
indicate a weak preference for the normal ordering, rejecting the inverted ordering by between 81.2% and 96.7%,
depending upon assumptions about the other oscillation parameters [246], with an expected sensitivity of between
1 ∼ 1.8σ . On the other hand, IceCube measurements with three years of DeepCore data showed a similarly mild
preference (53.3%) for the normal ordering. Though its sensitivity is only 0.45−0.65σ [249], this represents an important
roof-of-principle for IceCube’s future physics searches. Due to weak degeneracies between θ23 and the mass ordering,

the sensitivity of these experiments is expected to improve with stronger constraints on the mixing angle, in particular.
Measurements of atmospheric νµ disappearance serve this purpose, though accelerator neutrino experiments place tighter
bounds on the range of θ23. Indeed, the Super-K sensitivity was shown to improve by 0.2σ when constrained with only
a fraction of the currently-available T2K data [246].

3.2.4. Projected oscillation measurements with atmospheric neutrinos
Though each of the measurements presented above will continue at existing facilities, they will likely be superseded

by next-generation experiments. In the following only constraints from atmospheric neutrinos are presented. Several
experiments are anticipating combined measurements with beam or reactor data to improve sensitivity overall, but they
are not considered here.

In terms of atmospheric neutrino mixing, IceCube Upgrade is expected to achieve roughly 20% precision on the value of
∆m2

31 [250], making it comparable to current long-baseline experiments. After three years of operation the KM3NeT/ORCA
project can determine this parameter to better than 4% and distinguish the θ23 octant at 2σ if |sin2θ23 − 0.5| > 0.06.
Hyper-Kamiokande (Hyper-K), the next-generation water Cherenkov experiment in Kamioka, will be able to resolve the
θ23 octant at the same level within 10 years for |sin2θ23 − 0.5| > 0.07 [98]. Both Super-K [135] and IceCube [136] have
observed oscillation-induced ντ events and these measurements will be extended at their successor experiments. In terms
of the normalization of the ντ cross section, Hyper-K expects better than 15% [98] sensitivity and IceCube Upgrade better
than 10% [250] after one year of operation. KM3NeT/ORCA can place a 7% constraint on the normalization with three years
of data [137].

Atmospheric neutrino measurements will a have strong impact on our understanding of the neutrino mass ordering.
These measurements are expected to include both muon-like and electron-like interactions and are summarized in
Table 3.2. In the table sin2 θ23 is mostly assumed to be near 0.5 for comparison purposes, though the sensitivity of these
experiments typically improves (degrades) for larger (smaller) values. Combining atmospheric measurements with other
approaches to the mass ordering such as JUNO are expected to improve the situation further [138,251].

3.2.5. Possibilities with atmospheric neutrinos
Atmospheric neutrinos have been used successfully to test a variety of oscillation scenarios and have placed stringent

limits on several types of mixing beyond the standard PMNS framework. Indeed, ANTARES [244], IceCube [253], and
Super-Kamiokande [254], have all searched for sterile neutrinos with this source and the latter two have placed tight
constraints on Lorentz-violating oscillations (cf. [255,256], respectively). These searches are expected to be continued and
expanded upon with the next-generation of experiments.

Besides observations of oscillation effects from known neutrinos, the large span of energies and distances (thus a
varying matter profile) of atmospheric neutrinos make them ideal probes of non-standard neutrino physics, such as sterile
neutrinos or non-standard neutrino interactions, see Sections 8.6 and 6.4.3. Often their effects are mostly independent
from those expected from the mass ordering and CP-violation. These measurements (e.g. [257–259]) are therefore
complimentary to the future long-baseline neutrino program where these effects can be largely degenerate [260,261].
29
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Fig. 3.2. Allowed regions for the neutrino oscillation parameters from all solar neutrino data (green), KamLAND (Kamioka, Japan) reactor antineutrino
ata (blue), and the combined result (red). The filled regions give the 3σ C.L. results, the other contours shown are at the 1 and 2σ C.L. (for the
olar analyses also 4 and 5σ C.L.). (a) Allowed regions for ∆m2

21 vs sin2 θ12 [52]. (b) Allowed contours of sin2 θ13 vs sin2 θ12 [62]. The yellow band
s the sin2 θ13 measurement from reactor neutrino data [263].

.3. Solar neutrino experiments

Solar neutrinos are powerful probes of both the Sun and the properties of the neutrino. The energy spectra and fluxes
f solar neutrinos, as predicted by the Standard Solar Model (SSM) as well as measured by neutrino experiments, are
iscussed in Section 2.4. In this section we present the solar neutrino measurements from the point of view of oscillation
hysics. These measurements have the best sensitivity to constrain the so-called solar mixing angle θ12 and, to a lesser
egree, the ∆m2

21 mass splitting, as it is shown in Section 3.3.1. Assuming the validity of the SSM predictions for solar
eutrino fluxes, the electron–neutrino survival probability (Pee) of solar neutrinos can be measured for different solar
eutrino species and energy ranges from below 1 MeV up to about 15 MeV. In the dense solar matter, solar neutrinos
ndergo the process of adiabatic flavor conversion described by the MSW mechanism [237,262] predicting a strong energy
ependence for Pee and a transition from the so-called vacuum to the matter-dominated region. Deviations from this
odel, especially in the transition region at around 3 MeV, could indicate the presence of new physics beyond the Standard
odel. The current status of measurements of Pee for solar neutrinos as well as direct observation of the Earth’s matter
ffects will be discussed in Section 3.3.2. The latter effect leads to the regeneration of the electron flavor during the passage
f neutrinos through the Earth during the night. This effect has a particular sensitivity to ∆m2

21.

.3.1. Measurement of θ12 and ∆m2
21

The currently allowed regions for the oscillation parameters based on the solar-neutrino data compared to that
ased on the KamLAND reactor antineutrino data, as well as the respective combined result, are shown in Fig. 3.2.
he high-precision measurements of 8B solar neutrinos by Super-K [52,62] and SNO [54] dominate the combined fit
o all solar neutrino data. In part (a), the figure shows the parameter space for ∆m2

21 versus sin2 θ12. Some tension at
he level of 2σ between the solar neutrino and reactor antineutrino measurements of the solar mass splitting ∆m2

21
as previously reported [62], stemming from the Super-Kamiokande measurement of the day/night asymmetry for 8B
eutrinos (Section 3.3.2). This tension has recently strongly reduced (Fig. 3.2(a)) thanks to the updated Super-Kamiokande
nalysis, as it was reported at the Neutrino 2020 conference [52]. Solar neutrinos have only a very mild sensitivity to the
13 mixing angle, as it is shown in Fig. 3.2(b).

.3.2. Matter effects in solar neutrino oscillations
The measured interaction rates of pp, 7Be, pep, and 8B solar neutrinos (see Section 2.4) can be used to infer the electron

eutrino survival probability at different energies. Assuming the high-metallicity5 SSM fluxes (see [49] and Table 2.1),
orexino obtained the electron–neutrino survival probabilities for each solar-neutrino component, as it is shown in
ig. 3.3(a) [50]. Borexino provides the most precise measurement of Pee in the low energy region, below 1.5 MeV, where
lavor conversion is vacuum-dominated. At higher energies above 5 MeV, where flavor conversion is dominated by the
atter effects in the Sun, the Borexino results are in agreement with the high-precision measurements performed by

5 We recall that metallicity means the relative abundance of heavy elements to that of hydrogen in the Sun.
30



M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947

i
p
T
o
e

S
c
a
m

t
l
v
o
a
e
(
m
r
p
f
B
(

3

g
T
o
p
o
t
3
t
o
p
r
a

d

Fig. 3.3. Electron neutrino survival probability Pee as a function of their energy. (a) Data points represent the Borexino results, in which the error
bars include experimental and theoretical uncertainties. The pink band is the ±1σ prediction of the MSW mechanism in matter, while the gray band
s the case of vacuum-only oscillation. LMA label in the figure stands for the Large Mixing Angle, the current best-fit solution for solar oscillation
arameters. From [50]. (b) Allowed survival probability 1σ band from the combined 8B solar neutrino data of Super-Kamiokande and SNO (red).
he pastel colored bands are the separate Super-Kamiokande (green) and SNO (blue) fits. The solid lines are the MSW predictions using particular
scillation parameters resulting from the fit: to all solar data (green), all solar + KamLAND data (blue), to Super-Kamiokande and SNO data (robin
gg blue). Taken from [52].

uper-Kamiokande [52,62] and SNO [53]. Borexino is the only experiment that can simultaneously test neutrino flavor
onversion both in the vacuum and in the matter-dominated regime and disfavors the vacuum only oscillation hypothesis
t 98.2% C.L. Fig. 3.3(b) shows the recently updated [52] survival probability above 3 MeV for 8B solar neutrinos as
easured by Super-Kamiokande and SNO.
During the night, while the Sun is below the horizon, solar neutrinos are crossing the Earth on their passage towards

he detector. Thus the matter density of the Earth affects solar neutrino oscillations through the MSW mechanism and
eads to an enhancement of the νe flavor content during the nighttime. As a consequence, the rate of events measured
ia the neutrino elastic scattering off an electron, predominantly sensitive to electron flavor, increases at night. This is
ften called a ‘‘day/night effect’’ resulting in an asymmetry between the experimental rates observed during the day
nd at night. This effect is energy dependent and according to the current knowledge of the oscillation parameters,
xpected to be of some importance only for the high energy part of 8B solar neutrinos. Defining ΦD (ΦN ) as the day
night) flux with zenith angle cos θz < 0 (> 0), the asymmetry is defined as (ΦD − ΦN )/ 1

2 (ΦD + ΦN ). An extended
aximum likelihood fit to the amplitude of the solar zenith angle variation of the neutrino–electron elastic scattering

ate in Super-Kamiokande results in a day/night asymmetry of (−3.3 ± 1.0 (stat) ± 0.5 (syst))% [62], where the SK-IV
hase contributes (−3.6± 1.6 (stat) ± 0.6 (syst))% [62]. At Neutrino 2020, Super-Kamiokande reported an updated value
or SK-IV of (−2.1 ± 1.1 (stat))% [52], with the systematic error and combination with other SK phases still ongoing.
orexino excluded the day–night asymmetry for 0.867 MeV 7Be solar neutrinos [264] (A = 0.001 ± 0.012 (stat) ± 0.007
syst)), in agreement with the prediction of the MSW solution for neutrino oscillations.

.3.3. Projected oscillation measurements with solar neutrinos
Solar neutrinos have a well established position among the scientific goals of the running, future, as well as next

eneration experiments. Borexino has recently reported the first observation of neutrinos from the CNO fusion cycle [58].
his experimentally confirms the existence of this process in nature, which is extremely important for our understanding
f stellar physics. Super-Kamiokande is working on the final analysis of all SK-IV phase data, that could improve the
recision concerning the observed day–night asymmetry and the low-energy part of the 8B spectrum. SNO+, a successor
f the SNO experiment in Sudbury, Canada, has the main goal to measure neutrinoless double beta (0νββ) decay using
he liquid scintillator loaded with 130Te. Thanks to its depth (nearly 6000 m.w.e.) and a relatively big volume (780 ton,
times more than Borexino), it has a large potential in solar neutrino physics [63]. The experiment is currently filling

he detector with liquid scintillator, after a phase with pure water during which 8B neutrinos above 5 MeV have been
bserved [54]. Before loading the scintillator with 130Te, a period of several months of data taking has the potential to
rovide precise low-energy solar neutrino spectroscopy, the extent of which will be dictated by the final levels of the
adiopurity reached. During the several years long 130Te phase, only the 8B neutrinos will be measured, possibly down to
bout 2.5 MeV. Coming back to low-energy solar neutrino physics after the 0νββ phase, is among the open possibilities.
JUNO is the next generation liquid scintillator detector under construction in Jiangmen, China that has its main goal

etermination of the neutrino mass ordering with reactor antineutrinos (Section 3.4.3). In spite of its relatively shallow
31



M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947

e
t
t
w
p
n
s
w
h
T
e
s
t
t
t
i
1
p
a
w
d

3

i
i
r
1
t

w
t
a

i
F
o
o
n

3

m
d
m
w

R
a
s
∆

∆

b

depth of about 700 m, thanks to a huge mass of 20 kton and extremely high energy resolution of 3% at 1 MeV, it has also
a potential in solar neutrino physics [65]. In particular, measurement of 8B neutrinos down to a unprecedented 2 MeV
nergy threshold might be feasible [66]. Combined with high achievable statistics, JUNO will be able to perform precision
ests of the transition region of Pee, a measurement of the day–night asymmetry, and consequently, determination of
he θ12 and ∆m2

21 parameters. JUNO will be the only experiment able to determine these parameters both with solar as
ell as reactor neutrinos (Section 3.4). The future Jinping neutrino experiment [64] plans to deploy a 2 kton target for
recision solar neutrino physics in the world’s deepest underground laboratory located in China. The project aims to use
ew detection techniques, for example the slow liquid scintillator. This could enable a separation of the Cherenkov and
cintillation light, what would significantly help in background suppression utilizing directionality of the Cherenkov light,
hile keeping the high light yield of about 500 photoelectrons per MeV. Further tests of the Pee transition region with
igh statistics would however require a larger target mass, possibly using multi-modular neutrino detectors. The proposed
HEIA [68] detector collaboration also plans to exploit Cherenkov light to observe particle direction while having excellent
nergy resolution and low threshold with a next generation, few-tens-of-kton-scale detector using water-based liquid
cintillator. Additional improvement might be possible by loading the scintillator with, for example 7Li, that would enable
he measurement of solar neutrinos in addition to elastic scattering using charged current interactions. Another possible
echnique for precision solar spectroscopy could be based on two-phase liquid argon time projection chambers [70]. This
echnique is under development for direct Dark Matter WIMP searches within the DarkSide-20k [69] collaboration at LNGS
n Italy. Argo, its long-time scale successor planned to be located at SNOLAB, is conceived to accumulate an exposure of
000 ton·yr, free of backgrounds other than that induced by coherent scattering of neutrinos. Thus, Argo would also enable
recision measurements of solar neutrino fluxes, representing the ‘‘neutrino floor’’ for the Dark Matter searches. DARWIN
s a two-phase xenon detector will also observe neutrinos from the Sun [71]. Precise observations of pp and 7Be neutrinos
ill be possible, allowing the measurement of the νe survival oscillation probability at low energies and contributing to
istinguishing the low and high metallicity scenarios [72].

.4. Reactor neutrino experiments

The flux and spectrum of reactor antineutrinos have been extensively studied, and are described in Section 2.2. The
nverse β-decay (IBD) reaction, νe + p → n + e+, which has the largest cross section in the few-MeV range and
ncomparable power to reject backgrounds with coincidence of prompt-delayed signals, is the classical channel to detect
eactor antineutrinos with liquid scintillator (LS). Roughly, the event rate without oscillation is ∼1 (ton·GWth·day)−1 at
km distance from the reactor, where ton is the unit of the target mass of the liquid scintillator and GWth is the unit of
he thermal power of the reactors. The reactor antineutrino survival probability in vacuum can be written as [265]

Pν̄e→ν̄e = 1 − sin2 2θ13
(
cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32

)
− cos4 θ13 sin2 2θ12 sin2 ∆21, (3.5)

here ∆ij = ∆m2
ijL/(4E) = (m2

i − m2
j )L/(4E), in which L is the baseline and E is the antineutrino energy. Note that from

his expression one can define a mass splitting |∆m2
ee|, which can be safely approximated as cos2 θ12∆m2

31 + sin2 θ12∆m2
32

t baselines of O(1 km).
Due to the low energy, the oscillation effect can only be observed via the disappearance of electron antineutrinos. CP-

nvariance violation, which is only present in the appearance channel, cannot be measured directly with reactor neutrinos.
or the same reason, it does not rely on unknown parameters thus has advantages in precision measurements of relevant
scillation parameters. Therefore, reactor experiments are complementary to accelerator, atmospheric and solar neutrino
scillation experiments. The combination of these measurements can significantly improve our knowledge of physics of
eutrino oscillation.

.4.1. Measurement of θ12 and ∆m2
21

KamLAND observed neutrino oscillation with reactors for the first time in 2002 [89]. It detects antineutrinos from
ore than 50 reactors at an average baseline of ∼180 km with a 1-kton LS detector. The measurement allowed the
etermination of the Large Mixing Angle (LMA) MSW solution of the solar neutrino problem. In particular, the solar
ass-splitting ∆m2

21 was determined to high precision. The latest results from three-flavor neutrino oscillation analyses
ith constraints from solar and short-baseline reactor neutrino experiments are [266]

tan2 θ12 = 0.436+0.029
−0.025 , ∆m2

21 = 7.53 ± 0.18 × 10−5 eV2.

eactor neutrino flux and spectrum models have been found to deviate in recent measurements, i.e. the rate deficit
nd the shape anomalies discussed in Section 2.2. However, the impact to the above measurements is found to be very
mall. The value of θ12 is consistent with the solar neutrino results, while ∆m2

21 differs from the Super-K measurement
m2

21 = 4.8+1.5
−0.8 × 10−5 eV2 [62] and the SNO measurement ∆m2

21 = 5.6+1.9
−1.4 × 10−5 eV2 [53] by about 2σ . The tension on

m2
21 between solar and reactor measurements is an interesting topic for future oscillation experiments and could in fact

e explained by new physics. Recent Super-Kamiokande data seems however to weaken this tension considerably [52].
32
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Table 3.3
Measurements and projected ultimate precision on sin2 2θ13 and |∆m2

ee|. Data are taken from Refs. [270–272]. The
ultimate precision is estimated with current systematics and increased statistics to the end of the operation.

sin2 2θ13 |∆m2
ee| [×10−3 eV2]

Current Ultimate Current Ultimate

Daya Bay 0.0856 ± 0.0029 ∼ 2.7% 2.522+0.068
−0.070 ∼ 2.1%

Double Chooz 0.102 ± 0.012 ∼10% NA NA
RENO 0.0892 ± 0.0063 ∼6.9% 2.74 ± 0.12 ∼ 4.5%

Fig. 3.4. Expected energy spectrum of reactor antineutrinos in JUNO. The black curve shows the un-oscillated spectrum. The dashed curve shows
he spectrum assuming θ13 = 0. The blue and red curves correspond to expected spectra for normal and inverted mass ordering, respectively. The
features in the spectrum reflecting the sensitivity in oscillation parameters are demonstrated.
Source: Taken from Ref. [273].

3.4.2. Measurement of θ13 and ∆m2
ee

The negative results of the CHOOZ [267] and Palo Verde [268] experiments, at a baseline of ∼ 1 km from reactors,
emonstrated that atmospheric neutrino oscillations do not involve electron neutrinos and set an upper limit of
in2 2θ13 < 0.12 at 90% C.L. Proposed in the early 2000s, Daya Bay [8], Double Chooz [269], and RENO [9] determined
hat θ13 is non-zero in 2012. All three experiments detect reactor antineutrinos with LS detectors of fiducial masses of
ens of tons by near-far relative measurements, with the far detector(s) at a baseline of ∼ 1 km. The measurements of
13 and |∆m2

ee| (see comment after Eq. (3.5)) by Daya Bay, Double Chooz, and RENO are listed in Table 3.3. The fit results
n ∆m2

32 are also reported by Daya Bay and RENO for normal and inverted mass ordering.
Thanks to the near-far relative measurement, the deviation of reactor neutrino flux and spectrum model has negligible

mpact on the θ13 and |∆m2
ee| measurements.

.4.3. Projected oscillation measurements with reactors
The JUNO experiment [273] is located in Jiangmen in southern China, at equal distance of ∼53 km to the Yangjiang

ower plant (six 2.9 GWth cores) and Taishan power plant (two 4.6 GWth cores and another two to be built). The detector
s located at 700 m underground and consists of 20 kton liquid scintillator viewed by 17,612 20-inch photomultiplier
ubes (PMTs) and 25,600 3-inch PMTs. The energy resolution is designed to be <3% at 1 MeV, driven by its main physics
oal to determine the neutrino mass ordering [274,275].
The neutrino mass ordering can be revealed using the oscillation interplay between ∆m2

31 and ∆m2
32 [265]. As shown

n Fig. 3.4, see also Eq. (3.5), the difference in the multiple oscillation cycles in the oscillated spectra can be used to
etermine the neutrino mass ordering, with a sensitivity of 3 − 4σ in 6 years by JUNO [65]. Note that the mass ordering
s measured with vacuum oscillation with reactor neutrinos, while accelerator and atmospheric experiments measure it
y matter effects. When combining the measurements from the reactor, accelerator, and atmospheric experiments, the
nterplay in the vacuum oscillation, the matter effects, and the difference in the ∆m2 measurements will provide a robust
etermination and a significantly boosted sensitivity [251,276,277]. JUNO will also measure 3 out of 6 neutrino mixing
arameters to a precision of better than 1% and a 4th to 10%, as demonstrated in Fig. 3.4, while its science endeavor will
xtend beyond particle physics, covering astrophysics, Earth science, and cosmology. JUNO started the civil construction
n 2015 and expects to start data-taking in 2023.

JUNO is anticipated to operate for more than 20 years. The relative precision of sin2 θ12, |∆m2
32| and |∆m2

21| is shown

n Fig. 3.5, where the vertical orange, black, and blue dashed lines correspond to 100 days, 6 years, and 20 years of JUNO
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Fig. 3.5. Sensitivity of oscillation parameters by JUNO. The vertical orange, black, and blue dashed lines correspond to 100 days, 6 years, and 20 years
of JUNO data taking, respectively. The dotted curves show the statistics-only sensitivities and the solid lines show the sensitivities with projected
JUNO systematics and backgrounds.
Source: Taken from [279].

Table 3.4
Projected relative precision of oscillation parameter measurements by JUNO [279].

Mass Ordering |∆m2
32| ∆m2

21 sin2 θ12 sin2 θ13

6 years of data 3 − 4σ ∼0.2% ∼0.3% ∼0.5% ∼12%
PDG2020 1.4% 2.4% 4.2% 3.2%

data taking, respectively. The dotted curves show the statistics-only sensitivities and the solid lines show the sensitivities
with projected JUNO systematics and backgrounds. At 53 km baseline, JUNO also has certain sensitivity to sin2 θ13, as
hown in Fig. 3.5. The projected relative precision of oscillation parameters is also listed in Table 3.4, comparing with
he current knowledge [278]. Inputs from JUNO-TAO [29] have been considered in these evaluations to avoid the model
ependence due to the reactor antineutrino flux and spectrum anomalies and lack of knowledge on the fine structure in
he spectrum (see Section 2.2).

Strong motivation might emerge to further improve the precision of oscillation parameters, e.g. if hints of broken
nitarity are found by future experiments. Reactor neutrino experiments could continue playing important roles. In a
UNO-like detector, statistics dominates the precision of |∆m2

32| since the sensitivity comes from the multi-cycle oscillation
attern in the observed spectrum. The precision can be improved to below 0.1% with a moderate increase of exposure.
easurement of the solar oscillation parameters sin2 θ12 and |∆m2

21| relies on precise understanding of the reactor
eutrino flux and spectrum shape, in addition to the statistics. A better model prediction of the spectrum including the
pent fuel and non-equilibrium contributions, or implementing dedicated near detector(s), could significantly improve
he precision. Precision of these 3 parameters can be improved by a factor of 2–3 to below 0.1% with current technology.
aya Bay has a target mass of 80 ton at the oscillation maximum. At larger exposure, shape distortion will dominate the
in2 θ13 sensitivity. The precision could be improved by a factor of 3 or more with a kton-scale detector. The precision
oreseen by JUNO will allow unitarity tests on the first row of the PMNS matrix on the percent-level [280]. Since the upper
imit on the half-life of neutrinoless double beta decay for the inverted mass ordering depends strongly on θ12 [281], the
xperiment will have ramifications for this process as well, see Section 4.3.

.5. Accelerator neutrino experiments

Neutrino oscillations cause the flavor-composition of a neutrino beam to evolve as it travels from source to detector.
uon neutrinos dominate the flux of neutrino beams produced from meson decay at proton-accelerator facilities, see
ection 2.3. The evolution of the flavor composition of the flux may therefore be described in terms of the ‘‘survival’’
robability, Pνµ→νµ , that a muon-neutrino produced at the source is detected as a muon-neutrino, and the ‘‘appearance’’
robability, Pνµ→νX that a neutrino undergoes the transition νµ → νX . The ‘‘atmospheric parameters’’, θ23 and ∆m2

32,
ay be extracted from measurements of the disappearance channel. The search for CP-invariance violation and the
etermination of the mixing angle θ13 requires the measurement of the νe appearance channel.
Important contributions to the measurement of the atmospheric parameters have been made by the MINOS experi-

ent. The MINOS experiment was a magnetized iron-scintillator tracking calorimeter placed on the axis of the neutrino
eam produced by the 120 GeV Main Injector at Fermilab. The ‘‘NuMI’’ beam line is able to produce neutrino beams over
wide range of energies. Most of the MINOS data were taken in a low-energy configuration which delivered a relatively
34
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Fig. 3.6. Neutrino energy spectrum measured using the Super-K detector (top). The data (solid points) are compared to the expected distribution
in the absence of oscillations (black histogram) and the distribution that results when the best-fit values for θ23 and ∆m2

32 are used. The ratio of
he measured spectrum to the unoscillated spectrum is shown in the lower panel. The blue line shows the expectations of the best-fit spectrum.
ource: Taken from Ref. [278].

road neutrino spectrum peaked at 3 GeV. Today, the accelerator-based experiments most sensitive to the parameters θ23
nd ∆m2

32 are NOvA and T2K. The T2K experiment exploits the 30 GeV proton beam from the J-PARC Main Ring to create
(−)
ν µ beam that illuminates the SK water-Cherenkov detector. The distance from the source of the J-PARC neutrino beam

o SK is 295 km. The beam is directed such that the SK detector samples the flux at an angle of 2.5◦ from the beam axis.
This arrangement was chosen to position the peak of the neutrino-energy spectrum at 0.6 GeV, which corresponds to the
position of the first oscillation maximum at the 295 km baseline. The NOvA experiment operates at a distance of 810 km
from the source of the NuMI beam. The NuMI beamline is configured such that the NOvA detector samples the beam at
an angle of 0.84◦ from the beam axis. This produces a peak in the neutrino-energy spectrum at approximately 2 GeV,
which corresponds to the first oscillation maximum at 810 km. Each long-baseline (LBL) neutrino-oscillation experiment
exploits a detector placed close enough to the source to measure the neutrino flux before the flavor composition of the
beam has been affected by oscillations. The near detector is required to measure the neutrino energy spectrum and to
constrain the flavor composition of the beam since the (anti)muon-neutrino beam produced from meson decay contains
a small contamination of other neutrino flavors, mostly (anti)electron neutrinos.

3.5.1. Measurement of θ23 and ∆m2
32

The parameters θ23 and ∆m2
32 may be extracted from the shape of the neutrino energy spectrum measured at the far

detector in LBL experiments for which the baseline exceeds ∼250km. An example of such a spectrum, taken from the
2K experiment, is shown in Fig. 3.6. The position of the oscillation minimum on the ‘‘Reconstructed neutrino energy’’
xis is sensitive to |∆m2

32|, while the depth of the minimum is sensitive to θ23. The parameters θ23 and ∆m2
32 extracted

from fits to the data obtained by the T2K and NOvA collaborations are compared with those obtained by Super-K and
IceCube in Fig. 3.1. The various determinations are broadly consistent.

3.5.2. Measurement of mass ordering and δCP
The determination of the parameters θ13 and δCP requires the measurement of electron–neutrino appearance in a

uon-neutrino beam. The CP-invariance violation arising from δCP must be distinguished from that which arises due
to the matter effect. This can be accomplished by exploiting the differences in the modulations of the four oscillation
probabilities: Pνµ→νe , Pν̄µ→ν̄e , Pνe→νµ and Pν̄e→ν̄µ . Both the NOvA and T2K collaborations exploit the particle-identification
apabilities of their detectors to partition their data into four samples enriched in events corresponding to the four
isappearance and appearance channels. The oscillation parameters θ13 and δCP are determined in a likelihood fit that takes
nto account the constraints imposed by near-detector measurements, the far-detector simulation, and matter effects.
wo fits are performed; one assuming normal mass ordering; the second assuming inverted ordering. The values of the
scillation parameters extracted in this way are summarized in Fig. 3.7. Both the T2K and the NOvA collaborations present
heir results as allowed regions in the sin2 θ23 − δCP plane. The T2K collaboration presents its results for δCP in the range
π ≤ δCP < π while the NOvA collaboration presents its data over the range 0 ≤ δCP < 2π . When the inverted ordering

s assumed, neither collaboration finds allowed solutions inside the 1σ confidence level; at the 2σ and 3σ confidence
evels, the regions allowed by the two collaborations overlap.6 When normal ordering is assumed, both collaborations
ind solutions within the 1σ confidence level. The T2K data show a clear preference for δCP ≈ −

π
2 (maximal CP-invariance

violation); CP-conserving values of δCP = 0, π being ruled out at the 95% confidence level [247].

6 Also new data by NOvA with a 50% increase in neutrino data does not show any significant difference to T2K [282].
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Fig. 3.7. Left panel: The top plot shows 68.27% confidence-level allowed regions in the sin2 θ13 − δCP plane assuming normal ordering. The result
sing T2K data only is shown using the solid light blue line. When the T2K data are combined with the reactor-neutrino constraint on θ13 (shown
s the light-blue shaded band) the allowed region is delineated by the solid dark blue line and the best-fit point is shown as the dark-blue star.
he middle plot shows the 68.27% (dashed white line) and 99.73% (solid white line) confidence-level allowed regions in the sin2 θ23 − δCP plane
ssuming normal ordering for T2K data combined with the reactor-neutrino constraint on θ13 . The bottom plot shows 68.27% (dark-blue shaded
egion) and 99.73% (horizontal error bar) δCP confidence intervals using T2K data combined with the reactor θ13 constraint for both normal and
nverted ordering. Taken from Ref. [247] Right panel: The top plot shows the 1σ , 2σ , and 3σ allowed regions in the sin2 θ23 − δCP plane assuming
ormal ordering using NOvA data. The best-fit point is shown by the black markers lying on the δCP = 0, 2π axes. The bottom plot shows the 2σ
nd 3σ allowed regions in the sin2 θ23 − δCP plane assuming inverted ordering. Taken from Ref. [248]..

.5.3. Projected oscillation measurements with accelerators
Data taking at T2K will benefit from the incremental upgrades of the J-PARC Main Ring. The upgrade of the main

agnet power supply will reduce the cycle time by almost a factor of two by 2022. Second harmonic RF will also be
nstalled so that the beam power on target will increase above 700 kW in 2022. Incremental upgrades to the RF system
ill bring the power on target to 1 MW by 2025 and 1.3 MW by 2028. Improvements to the beam will be complemented
y upgrades to the near detectors designed to reduce the systematic uncertainties in the oscillation analysis below 4%.
adolinium salts will be added to the water in the Super-K detector to enhance its neutron-detection capability. A second
hase of the experiment (T2K-II) will exploit the upgraded beam and detectors until 2027 to search for CP-invariance
iolation with a sensitivity of 3σ in case of maximal CP-invariance violation.
NOvA will continue to take data until 2026. Improvements to the NuMI beam will allow the accumulation of equal

roton-on-target exposures using neutrino and antineutrino beams. The results of test beam measurements will be
ombined with improved analysis techniques at the near and far detectors to enhance the oscillation analysis. In the
bsence of CP-invariance violation, NOvA data alone will provide sensitivity to the mass ordering at the 2−3σ confidence
evel by 2025. If the present preference for maximal CP-invariance violation with δCP ≃ −

π
2 is confirmed, NOvA data will

llow the mass ordering to be determined at the 4 − 5σ level. The sensitivity to the mass ordering is below the 1σ level
f δCP ∼

π
2 .

To take the program beyond the reach of the T2K and NOvA experiments requires large, high-precision data sets. Two
xperiments have been initiated to deliver such measurements: the Deep Underground Neutrino Experiment (DUNE)
erved by the Fermilab Long Baseline Neutrino Facility (LBNF) and the Hyper-K experiment served by the J-PARC
eutrino beam. The primary oscillation-physics goals and projected timescales for the two experiments are similar. The
omplementary of the two experiments [283] rests on key differences in their specification. Hyper-K will be sited 295
m from J-PARC, while DUNE will be located 1300 km from Fermilab. With these baselines, the energy at which the first
36
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oscillation maximum occurs is different: ∼600 MeV for Hyper-K and ∼3 GeV for DUNE. Hyper-K will be located at an
ff-axis angle of 2.5◦, yielding a narrow neutrino-energy spectrum peaked at ∼600 MeV with a high signal-to-background
atio in the critical νµ → νe channel. DUNE will be located on-axis so that the beam with which it will be illuminated
ill have a broad energy spectrum, peaked at ∼3 GeV, which will allow the second oscillation maximum to be studied.
The Hyper-K and DUNE detectors are each designed to achieve optimal performance given their beams. Hyper-K will

se a water Cherenkov detector since the technique is proven for the detection of neutrino interactions up to ∼1 GeV
here low multiplicity channels such as quasi-elastic and resonant single-pion production dominate. Thanks to scalability
nd cost effectiveness of the water Cherenkov technique, Hyper-K will feature a far detector of 260 ktons, more than 8
imes larger than its predecessor, SuperKamiokande. DUNE will exploit the high granularity and fine tracking capabilities
f the liquid-argon time-projection chamber (LAr-TPC) technology, which allows the reconstruction of the more complex
vents resulting from neutrino interactions at energies ≳ 2 GeV. The fully exclusive reconstruction of the final state will
nable enhanced resolution on neutrino energy. DUNE will deploy four LAr-TPCs of 10 ktons each.
Matter effects in the long-baseline program at Hyper-K will be small and neutrino-oscillation effects such as asymme-

ries in the neutrino and antineutrino oscillations will be dominated by ‘‘vacuum’’ effects such as CP-invariance violation.
ndeed, Hyper-K features very large sensitivity to CP-asymmetry thanks to the huge mass of the far detector, enabling
ery large statistics for the electron-(anti)neutrino appearance. Matter effects will be instead significant for DUNE, allowing
detailed study of related phenomena and the resolution of the mass ordering at 5σ for all possible values of δCP after
years of running. The deep underground location of both experiments permits detailed studies of atmospheric neutrinos
o be made over a large range of energies and baselines. The study of the atmospheric-neutrino sample is a complementary
robe of the oscillation physics, as discussed in Section 3.2.4.
The sensitivity to CP-invariance violation of the DUNE and Hyper-K experiments is summarized in Fig. 3.8, assuming

nown mass ordering (and normal ordering). The evolution of DUNE sensitivity takes into account the staging in three
ears of the installation of the far detector modules and an initial beam of 1.2 MW, upgraded to 2.4 MW after 6 years of
ata-taking. A combined uptime and efficiency of the accelerator complex and beamline of 56% is assumed. The evolution
f Hyper-K sensitivity considers a beam of 1.3 MW as a function of ’Snowmass years’, corresponding to 32% availability
f the beam.
In case of maximal CP-asymmetry (δCP = −

π
2 ) Hyper-K can establish CP-invariance violation at the 3σ (5σ ) confidence

evel after less than 1 (3) years of operation. In case of non-maximal violation, Hyper-K reaches in 5 years 5σ sensitivity
o CP-invariance violation for 50% of all values of δCP and 3σ sensitivity to CP-invariance violation for 70% of all values of
CP. In case of maximal CP-asymmetry DUNE can establish CP-invariance violation at the 3σ (5σ ) confidence level after 4
8) years of operation. In case of non-maximal violation, 5σ sensitivity to CP-invariance violation is obtained with DUNE
or 50% of δCP values after approximately 10-years of running; after 13 years 3σ sensitivity is reached over 70% of all
alues of δCP.
Beyond the establishment of mass ordering and CP-invariance violation, DUNE and Hyper-K feature a long-term

hysics program of precision measurements of oscillation parameters, inside and beyond the standard PMNS paradigm. An
nprecedented control of systematic uncertainties, due to detector effects and modeling of neutrino-nucleus interactions,
ill be needed. For instance, in case of maximal CP-invariance violation, in order to meet the target precision on δCP of
etter than 20 degrees, a control of about 1% on the scale of neutrino energy reconstruction is needed. The comparison
nd, eventually, combination of DUNE and Hyper-K will be crucial to meet this challenge and to have a robust cross-
heck of possible biases due to systematic effects. This is made possible by the different detector technology, energy
econstruction technique and nuclear effects at play in the two experiments. Finally, it is worth mentioning that the
tandard parametrization of neutrino oscillations assumes minimal three-flavor scenario, standard matter effects and
tandard neutrino production and detection. Establishing the fundamental properties of neutrino oscillation in a more
eneral (model-independent) paradigm, will require measurements on a large range of the ratio baseline over energy
L/E), as can be provided only by the combination of multiple experiments.

.5.4. Possibilities with accelerators
An upgrade of the 2 GeV ESS linac has been proposed to deliver an average power of 10 MW to be shared between

eutrino and neutron production [284,285]. A neutrino beam with a mean energy of 0.4 GeV could be produced
o illuminate a megaton-scale underground water-Cherenkov detector located 540 km from the ESS at the second
scillation maximum where the effect of CP-invariance violation is approximately three times larger than at the first
scillation maximum. The low neutrino-beam energy reduces the background from inelastic scattering. Assuming a ten-
ear exposure with five years running time in neutrino mode and five years in antineutrino mode, CP-invariance violation
ould be established with a significance of 5σ over more than 70% of all values of δCP and with an error in the measurement
f the phase of less than 8 degrees for all values of δCP.
The next generation of accelerator-based neutrino-oscillation experiments, DUNE and Hyper-K, will demonstrate

etection techniques that are at once extremely precise and capable of instrumenting enormous sensitive volumes. These
echniques represent the culmination of many years of innovation and development. By contrast, the neutrino-beam
roduction techniques that will serve DUNE and Hyper-K are incremental developments of that pioneered at CERN in the
960s. Each exploits a Van der Meer horn which was first used to focus pions produced using protons extracted from the
roton Synchroton. Such horn-focused beams have been used at CERN, ANL, BNL, FNAL, IHEP, KEK, and J-PARC, first to
37
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Fig. 3.8. Left panel: DUNE sensitivity to CP-invariance violation (i.e. δCP ̸= 0 or π ) for the case when δCP = −
π
2 and for 50% and 75% of all possible

rue δCP values, as a function of time. The normal mass ordering is assumed. The width of the band shows the impact of applying an external
onstraint on sin2 2θ13 . Taken from Ref. [109]. Right panel: Hyper-K sensitivity to CP-invariance violation for δCP = −

π
2 and δCP = −

π
4 as a function

f time. The normal mass ordering is assumed. The width of the band show the impact of systematic uncertainties.

stablish the quark-parton model and the Standard Model, and then to study neutrino oscillations and to search for new
henomena such as the existence of sterile neutrinos.
The neutrino flux produced by conventional, horn-focused, meson-decay beams is contaminated with neutrino flavors

ther than the dominant
(−)
ν µ contribution. The presence of such contamination produces systematic uncertainties and

ystematic biases in the extraction of the oscillation parameters. LBL experiments manage these systematic effects using
ophisticated near detectors to constrain the unoscillated neutrino flux and detailed measurements of the particle spectra
roduced in the proton–target interaction.
To reach the precision required to determine whether the three-neutrino-mixing model is a good description of nature

nd to study the unitarity of the neutrino-mixing matrix is likely to require novel neutrino beams in which the composition
f the neutrino flux and its energy spectrum are both precisely known. Two possible routes to the production of such
eams are presently under study. The first exploits intense muon beams of low emittance to produce neutrino beams
ith equal fluxes of electron- and muon-neutrinos. The charge-to-mass ratio of the muon makes it possible to optimize
uch a ‘‘neutrino factory’’ so that the neutrino-beam energy is matched to a particular choice of detector technology and
ource–detector distance. The feasibility of the implementation of the ‘‘Neutrinos from Stored Muons’’, νSTORM, facility
t CERN has been established in the context of the Physics Beyond Colliders study group [42]. νSTORM has the potential
o provide definitive, %-level measurements of neutrino-nucleus scattering, exquisitely sensitive searches for light sterile
eutrinos, and to provide a test bed for the development of the technologies required to deliver a multi-TeV muon collider.
n alternative approach, being studied by the ENUBET collaboration, is to tag the electron or positron produced in kaon
ecay to produce a tagged electron–neutrino beam in which the decay kinematics is used to estimate the energy of each

νe. ENUBET is the subject of an EU-funded design study.
An interesting proposal is the use of tagged neutrino beams, where the muon from the meson decay is detected in

oincidence with the distant neutrino interaction. This technique has been explored many times but has historically run
nto the technical challenge of detecting the right meson decay out of the billions needed to produce a single neutrino
nteraction. A letter of interest has been submitted for the P2O experiment [286] which would use a tagged neutrino
eam originating at Protvino at the KM3Net/ORCA detector. The extremely large size of the KM3Net detector would allow
lower beam intensity, which combined with advances in tracking technology could allow efficient tagging of the initial
ecays.

.6. Global fits

The combination of data from different experiments plays a crucial role in constraining the oscillation parameters. Solar
eutrino experiments, namely radio-chemical ones, Super-Kamiokande, SNO and Borexino, and the long-baseline reactor
eutrino experiment KamLAND probe the νe → νe disappearance channel, whose oscillation probability is controlled

by ∆m2
21, θ12 and θ13. In particular, they provide the most precise determination of ∆m2

21 and θ12. Reactor neutrino
experiments, Daya Bay and at sub-leading level RENO and Double CHOOZ, test the electron antineutrino disappearance
38
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Table 3.5
Oscillation parameters from a fit of the global data as of July 2020, version NuFit-5.0. The results in the lower (upper) sections are obtained (without)
including atmospheric neutrino data from Super-Kamiokande. Note that ∆m2

3ℓ = ∆m2
31 > 0 for NO and ∆m2

3ℓ = ∆m2
32 < 0 for IO.

ource: Taken from Refs. [287,288].
Normal Ordering (best fit) Inverted Ordering (∆χ2

= 2.7)

bfp ±1σ 3σ range bfp ±1σ 3σ range

without SK atmospheric data

sin2 θ12 0.304+0.013
−0.012 0.269 → 0.343 0.304+0.013

−0.012 0.269 → 0.343

θ12/
◦ 33.44+0.78

−0.75 31.27 → 35.86 33.45+0.78
−0.75 31.27 → 35.87

sin2 θ23 0.570+0.018
−0.024 0.407 → 0.618 0.575+0.017

−0.021 0.411 → 0.621

θ23/
◦ 49.0+1.1

−1.4 39.6 → 51.8 49.3+1.0
−1.2 39.9 → 52.0

sin2 θ13 0.02221+0.00068
−0.00062 0.02034 → 0.02430 0.02240+0.00062

−0.00062 0.02053 → 0.02436

θ13/
◦ 8.57+0.13

−0.12 8.20 → 8.97 8.61+0.12
−0.12 8.24 → 8.98

δCP/
◦ 195+51

−25 107 → 403 286+27
−32 192 → 360

∆m2
21

10−5 eV2 7.42+0.21
−0.20 6.82 → 8.04 7.42+0.21

−0.20 6.82 → 8.04

∆m2
3ℓ

10−3 eV2 +2.514+0.028
−0.027 +2.431 → +2.598 −2.497+0.028

−0.028 −2.583 → −2.412

Normal Ordering (best fit) Inverted Ordering (∆χ2
= 7.1)

bfp ±1σ 3σ range bfp ±1σ 3σ range

with SK atmospheric data

sin2 θ12 0.304+0.012
−0.012 0.269 → 0.343 0.304+0.013

−0.012 0.269 → 0.343

θ12/
◦ 33.44+0.77

−0.74 31.27 → 35.86 33.45+0.78
−0.75 31.27 → 35.87

sin2 θ23 0.573+0.016
−0.020 0.415 → 0.616 0.575+0.016

−0.019 0.419 → 0.617

θ23/
◦ 49.2+0.9

−1.2 40.1 → 51.7 49.3+0.9
−1.1 40.3 → 51.8

sin2 θ13 0.02219+0.00062
−0.00063 0.02032 → 0.02410 0.02238+0.00063

−0.00062 0.02052 → 0.02428

θ13/
◦ 8.57+0.12

−0.12 8.20 → 8.93 8.60+0.12
−0.12 8.24 → 8.96

δCP/
◦ 197+27

−24 120 → 369 282+26
−30 193 → 352

∆m2
21

10−5 eV2 7.42+0.21
−0.20 6.82 → 8.04 7.42+0.21

−0.20 6.82 → 8.04

∆m2
3ℓ

10−3 eV2 +2.517+0.026
−0.028 +2.435 → +2.598 −2.498+0.028

−0.028 −2.581 → −2.414

channel with a probability dependent on ∆m2
31, and, sub-dominantly, on ∆m2

21. These experiments also give the best
measurements of θ13. Long baseline accelerator neutrino experiments, mainly T2K, NOvA and MINOS, measure both the
νµ → νµ disappearance and the νµ → νe appearance oscillation probabilities in the neutrino and antineutrino modes.
These oscillations are driven by ∆m2

31, θ32 and θ13, with sub-leading but important effects due to the mass ordering (normal
r inverted, NO or IO) and δCP. This is the main source of information on the mass ordering (MO) and on the violation of
he leptonic CP symmetry, especially when combined with the reactor-neutrino constraint on θ13. Atmospheric neutrino
data is sensitive to the same parameters but in different combinations, providing a synergy in extracting their values.
Super-Kamiokande and IceCube-DeepCore are the most important sources of information, with some contribution by
ANTARES.

The main results on the oscillation parameters are reported in Table 3.5 and Fig. 3.9, taken from [287,288]. Two
independent analyses by Refs. [289,290] and Refs. [291,292] find similar results, using data available up to May 2020. In
the solar sector, the mass-squared difference ∆m2

21 is known at better than 3% (at 1σ ) mainly thanks to KamLAND reactor
antineutrino data. θ12 is also precisely determined at around 2%. As discussed in Section 3.3.1, a mild tension between the
value of ∆m2

21 obtained by KamLAND and other solar-neutrino experiments has been reduced with the inclusion of the
latest Super-Kamiokande Phase IV results [52,287,288]. Overall, the data show a very good consistency and allow a very
precise determination of the oscillation parameters in the solar sector.

The best-known angle is θ13 whose 1σ error is smaller than 2%, thanks to the reactor data and in particular Daya Bay.
The angle θ23 is the least known. Its value is constrained to be very close to maximal (see Table 3.5) but the octant is not
yet determined at high significance. There is a mild preference for the second octant, arising from some tension in the
values of θ13 between accelerator and reactor neutrino data, that is reduced for relatively large θ23.

The value of ∆m2
31 (∆m2

32) for NO (IO) is known to better than 2% (at 1σ ) but its sign remains undetermined. All
experiments, both using accelerator and atmospheric neutrinos, provide consistent results for the value of the mass-
squared difference. The preference for NO, which was around the ∼3σ level prior to the summer 2020 NOvA and T2K
data, has significantly decreased to around ∼1.6σ (without Super-Kamiokande atmospheric neutrino results) [287,288].
Exploiting matter effects in long-baseline neutrino oscillations, T2K is better compatible with NO and δCP ∼ 3π/2 while
NOvA data is better fitted with NO and δCP ∼ π/2 or IO and δCP close to 3π/2. The combination of the two would point
towards IO and δ ∼ 3π/2. Once reactor neutrino experiments are included, using the complementarity between the
CP
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Fig. 3.9. Allowed values of the oscillation parameters at 1σ , 90%, 2σ , 99%, 3σ C.L. (2 dof). Each panel shows the two dimensional projection after
marginalization with respect to the undisplayed parameters. In the lower 4 panels, the results are minimized with respect to the mass ordering.
Colored regions (black contour curves) do not (do) include Super-Kamiokande atmospheric neutrino data.
Source: Taken from [287,288], version NuFit-5.0.

electron and muon neutrino disappearance channels, a preference for NO arises. It is expected that atmospheric neutrino
data can somewhat strengthen this conclusions, but the latest Super-Kamiokande results have not been included yet in
a global fit [287,288].

Data also show some hints in favor of leptonic CP violation with δCP > 180◦. The key information comes from the T2K
and NOvA appearance channels combined with the precise measurement of θ13 from reactors. Global analyses disfavor
CP conservation for δCP = 0 at above 2σ for both mass orderings and for δCP = π at a smaller significance for NO. In
particular, recent T2K results have provided further hints in favor of CP violation, with both CP conserving values δCP = 0
and δCP = π excluded at 95% C.L. [247]. For IO, both T2K and NOvA point towards maximal CP violation at δCP ∼ 3π/2.
For NO, which is mildly preferred as discussed above, the tension between these two experiments broadens the allowed
40
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range of δCP and shifts its best-fit value towards δCP ∼ π , weakening the previous hints of CP-violation. These conclusions
are evolving as new data from accelerator neutrino experiments becomes available.

It should be noted that new physics beyond the 3-neutrino mixing scheme, e.g. non-standard interactions and non-
unitarity of the mixing matrix, could affect the results discussed above, see Section 8.6. Future even more precise data
will be able to shed further light on these issues.

3.7. Neutrino oscillations: Summary

Neutrinos oscillate which implies that leptons mix in analogy to quarks. This means that neutrinos have non-vanishing
rest masses, which requires at least one new particle species beyond the ones in the standard model.

The large mixing angles and the tiny mass-squared differences made it possible that neutrino oscillations were
observed. At the same time, these properties are surprising from a theoretical point of view, as the charged leptons and the
quarks have huge mass differences, and quarks mix with small to tiny angles. While the leading aspects of lepton mixing
are clear by now, one close-to-maximal, one large, one small mixing angles, there is much to do. The mass ordering and
the CP phase remain to be determined, though first interesting hints have emerged. Experimentally, large scale facilities
are required to determine unknown and precisely measure known neutrino parameters. The physics potential of these
large experiments reaches beyond pure neutrino physics.

The fact that the different neutrino experiments, ranging from measurements of solar or atmospheric neutrinos to
reactor or accelerator neutrinos, and spanning many orders of magnitude in energy and distance, can be combined in a
common framework, is far from trivial. Further checking whether the three-neutrino paradigm can indeed describe all
available and future data, or of new physics modifies the parameters at some level, is crucial. This requires in particular
different and complementary approaches using different energies and baselines. Answering those open questions has
many ramifications in neutrino physics, particle physics, and beyond. It will contribute to understanding what is beyond
the standard model.

4. Absolute masses

Contributing additional author: Kathrin Valerius (KIT)

4.1. Introduction

Neutrinos are massless particles in the Standard Model. The straightforward extension of the SM to introduce neutrino
masses similar to the charged lepton masses is the addition of right-handed (SM singlet) neutrino fields; Yukawa
interactions will then lead to Dirac neutrino masses after electroweak symmetry breaking (EWSB). This ansatz is, however,
perceived to be unsatisfactory by the neutrino theory community for two reasons: a) it does not explain why the absolute
neutrino mass scale is at least a factor one million smaller than that of the other SM fermion masses, and b) the SM
symmetries do not forbid other, so-called Majorana mass terms for the newly introduced right–handed neutrino fields.
These masses are not bounded from above by the Higgs vacuum expectation value and thus expected to take values
much larger than the top quark mass. Taking the Majorana mass terms into account, leads (after integrating out the heavy
masses) to effective light Majorana neutrino masses at an absolute neutrino mass scale mν ≃ m2

D/MR; here mD is the scale
of the electroweak symmetry breaking andMR ≳ 1014 GeV the scale of the heavy Majorana neutrinos (where the constraint
on MR is inferred from the current bounds on the absolute neutrino mass scale). This mechanism is established as the
see-saw mechanism (type I) [293–296]; it is attractive because it describes the smallness of neutrino mass, has a potential
connection to leptogenesis (cf. Section 8.4.3), and may even imply a relationship to a scale unifying the electroweak and
strong forces. Light neutrino masses then emerge as the mass eigenstates of the effective light Majorana mass matrix, and
the PMNS matrix U is obtained as the relative rotation between the left-handed charged lepton and neutrino fields (which
the charged current couples to); see Section 8.3.3 for theoretical implications of the PMNS matrix. In the meanwhile, many
different versions of the see-saw mechanism have been studied which include one or more new fields; the simplest
alternatives are the type-II [234,297–301] and type-III [302] see-saw mechanism including a triplet scalar and a triplet
fermion, respectively; most of these lead to effective light Majorana neutrino masses. There are however many more
mechanisms, Section 8.3.1 and Section 8.3.2 discuss general aspects and implications.

Recall that the absolute neutrino masses emerge from the theory as mass eigenstates of the effective light neutrino
mass matrix. While neutrino oscillation experiments can measure the mass-squared splittings among these and even
the ordering of the masses, they cannot access the absolute neutrino mass scale, which corresponds to the overall
normalization of that mass matrix. Neutrino oscillations imply lower bounds for the sum of the neutrino masses of 0.06 eV
and 0.10 eV for the normal and inverted orderings, respectively, while the current upper bounds are ≲ 1 eV using different
methods. If the sum of the neutrino masses is close to the lower bound, we speak of a hierarchical mass scheme with
the lightest neutrino mass closer to (or equal to) zero compared to both mass splittings. If it is close to the upper bound,
we speak of degenerate neutrino masses, because the splittings |∆m2

| ≪ m2 are small compared to the masses. Neutrino
mass ordering and mass scale are important indicators for theoretical models, because the underlying structure of flavor
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Fig. 4.1. Experimentally observable combinations of neutrino mass in neutrinoless double beta decay (0νββ), beta decay, and cosmology (panels)
s a function of the lightest neutrino mass. Dark-colored shadings refer to the uncertainties of the Majorana phases only, whereas light colored
hadings include the current oscillation parameter uncertainties (parameters varied within their 3σ regions taken from Ref. [287], NuFit 5.0). Current
ounds (upper gray-shaded regions) are taken from KamLAND-Zen [303] (90% CL, conservative nuclear matrix element), KATRIN [304] (90% CL), and
lanck [305] (95% C.L., CMB lensing and galaxy clustering, incl. BAO) for 0νββ , beta decay, and cosmology, respectively. The right gray-shaded areas
re indirect bounds from cosmology, derived from the direct bound in the right panel (for the normal ordering).

n the Lagrangian describing neutrino mass will be very different in the normal hierarchical, inverted hierarchical, and
egenerate cases, see Section 8.3.3.
If the neutrino mixing matrix, mass ordering and mass-squared splittings are fixed, the absolute neutrino mass scale

an be parameterized by one remaining free parameter. A frequent choice is the lightest neutrino mass m, which can be
ither m1 (normal ordering) or m3 (inverted ordering). This parameter is, however, not directly accessible to experiments
r observations, as discussed in detail in this section. Focusing on three active neutrinos, the three most prominent
xperimentally accessible combinations of neutrino mass are described as follows:

osmological tests of neutrino mass are sensitive to the sum of the neutrino masses∑
mν = m1 + m2 + m3 . (4.1)

eta decay experiments sensitive to the endpoint probe the incoherent sum of the neutrino masses coupling to the
electron flavor

mβ ≡

√
|Ue1|

2m2
1 + |Ue2|

2m2
2 + |Ue3|

2m2
3 . (4.2)

eutrinoless double beta decay experiments test the combination

mββ ≡
⏐⏐U2

e1m1 + U2
e2m2 + U2

e3m3
⏐⏐ (4.3)

if the light neutrinos have Majorana masses. Note that for Majorana neutrinos, the mixing matrix carries two
additional phases, the so-called Majorana phases often denoted by φ1 and φ2 (or α1 and α2). They do not influence
neutrino oscillations [306,307], and can for instance be included by writing U2

e2 = |Ue2|
2eiφ1 and U2

e3 = |Ue3|
2eiφ2 ,

where |Ue2,3|
2 can be parameterized as in Eq. (3.2). They can have a strong impact on the prediction of mββ .

If the existing information on masses and mixings from neutrino oscillations is applied to Eqs. (4.1) to (4.3), these
combinations can be expressed in terms of the lightest neutrino massm. We therefore show the experimentally observable
combinations of neutrino mass in 0νββ , beta decay, and cosmology as a function of the lightest neutrino mass in Fig. 4.1.
The current oscillation parameter uncertainties (denoted by the light-colored shadings) are already so small that extremely
good predictions for the observables as a function of m can be made. Only for 0νββ the uncertainties are much larger
and come from the (unknown) Majorana phases (dark colors).

The results depend in all cases on the mass ordering, as is most obvious in the right panel for m = 0, where the
limits discussed earlier are recovered. The most complicated case is 0νββ , where cancellations are possible for the
normal ordering in the appropriate range of m. Note that the horizontal gray-shaded regions in Fig. 4.1 are current direct
experimental bounds on the observables on the vertical axes, while the vertical bound on m is indirectly derived from
the right panel from the bound on

∑
mν (where the gray-shaded areas meet); it will obviously depend somewhat on the

mass ordering. From any panel, it can be read off that m ≫ 0.1 eV corresponds to the degenerate regime in which the
observable is proportional to m and the impact of the mass ordering is negligible. For m < 0.1 eV, there are substantial
differences in the observables; we will discuss the direct correlations between the observables at the end of this section
after explaining in detail the various approaches to gain insight into the mass of neutrinos.
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Table 4.1
Overview of current and upcoming experimental approaches in direct kinematic mass measurements using β−-
decay of molecular and atomic tritium or electron capture in163Ho. Most experiments are taking a phased approach
towards improving sensitivity on the neutrino mass. — *) The PTOLEMY project is intended to become a tritium-based
observatory for cosmic relic neutrinos. Its potential to probe neutrino masses is currently being investigated.
Decay type Project Staged goals and projected timelines

β−-decay of 3H2 KATRIN First 2 science runs (2019), mβ < 0.8 eV (90% C.L.) [304]
Data-taking for 0.2 eV sensitivity (2019–2024)
R&D on differential read-out and novel source concepts
Detector upgrade for keV-sterile ν search (>2025)

IC of83mKr Project 8 Phase I: demonstration of CRES technique (2014–2016) [308]
β−-decay of3H2 Phase II: tritium demonstrator (2015–2020)
β−-decay of3H2 Phase III: large-volume CRES demonstrator, atomic source develop.

(R&D ongoing, starting 2023 for 3–5 eV sensitivity)
β−-decay of3H Phase IV: atomic source

(R&D ongoing, starting 2024 for 40 meV sensitivity)

νe capture on3H PTOLEMY R&D stage, target mβ sensitivity <100 meV*

EC of163Ho ECHo ECHo-1k: Medium-sized array (∼100 detectors)
First science run (2018), mβ < 150 eV (95% C.L.) [309]
Data-taking for 10–20 eV sensitivity (2019–2020)
ECHo-100k: Large array (∼12000 detectors)
Production phase, starting 2021 for 1–2 eV sensitivity

EC of163Ho HOLMES Short-term (2020–2021): Medium-sized array (∼100 channels)
for 10–20 eV sensitivity
Medium-term (2021–2023): Increase number of deployed
arrays (∼1000 channels) for 1–2 eV sensitivity

4.2. Kinematic measurements of neutrino mass

4.2.1. Direct mass measurements with νe
A largely model-independent way to access the absolute neutrino mass scale in a laboratory measurement is offered

by precision kinematics measurements of weak decays. The imprint of the effective electron-based neutrino mass mβ , see
q. (4.2), consists both of a reduction of the kinematic endpoint (E0 − mβ ) and of a spectral shape modification close to
he endpoint. The latter is the signature more readily exploited by experiments.

Current experimental efforts are focused on two nuclides which are particularly suitable in terms of their half-life
accessible event rate), spectral range (low kinematic endpoint), and isotopic availability: the β− emitter tritium (3H)
nd the electron capture isotope 163Ho (see Table 4.1). The two approaches are highly complementary due to the widely
ifferent experimental techniques they rely on. Interestingly, they allow to address mβ (νe) and mβ (νe) independently,
hich are expected to be identical in the case of CPT conservation. Since both methods are based on relativistic energy–
omentum conservation, the experimentally accessible observable in either case is the squared massm2

β , which illustrates
he difficulty in gaining an extra order of magnitude in sensitivity on the neutrino mass. We note here that in principle,
uch kinematic experiments can also be used for a lab-based direct search for sterile neutrinos (essentially by expanding
q. (4.2) to a fourth neutrino mass state and its corresponding mixing matrix entry). This will be discussed in Section 6.4.2.

ritium beta-decay. For tritium-based experiments, the spectroscopic method utilizing an electrostatic retardation spec-
rometer with magnetic adiabatic collimation to maximize angular acceptance (MAC-E filter) [310,311] has yielded the
ost stringent bounds obtained thus far (see [312–315] for a comprehensive review). The KATRIN experiment exploits

he full reach of this technology both in terms of its high-luminosity gaseous tritium source (1011 decays per second)
nd dimensions of the high-resolution spectrometer (10 m diameter), which allows a highly precise measurement of the
-decay spectrum with low systematic uncertainties. In its four-week first neutrino-mass run, KATRIN has achieved an
pper limit of 1.1 eV (90% C.L.) [316], followed by a second measurement campaign that was the first ever to have sub-eV
ensitivity. The limit of 0.9 eV was combined with the first neutrino-mass run to achieve an upper limit of 0.8 eV (90%
.L.) [304]. KATRIN will continue data-taking for a total of ∼1000 measurement days to reach its design sensitivity of
.2 eV (90% C.L.) [317]. Because of its unprecedented statistics measuring a super-allowed decay, the KATRIN experiment
s also sensitive to eV-scale light sterile neutrinos [318] (see Section 6.4.2) and other BSM physics. A program to search
or keV-scale sterile neutrinos with the TRISTAN detector upgrade [319] is in the R&D phase. The option of turning the
ntegral spectrum measurement of the high-pass MAC-E filter into a differential measurement by adding time-of-flight
nformation is also being investigated [320,321]. Another possible improvement is related to the fact that a MAC-E filter
ollects low-energy electrons, released by several background processes within its large volume, and accelerates them to
he focal-plane detector. Such low-energy electrons, which cannot be differentiated energy-wise by the detector, typically
ave much smaller transverse energies or incident angles. R&D on developing a novel ‘‘active transverse energy filter’’
aTEF) detector for KATRIN is on-going.
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The technology used in KATRIN cannot easily be pushed further since the windowless gaseous tritium source is already
early opaque to electrons. This limitation is circumvented by a new approach proposed in [322] which employs the
yclotron radiation emitted by electrons stored in a magnetic trap for a non-destructive measurement of the β-decay
pectrum via radiofrequency detection. A successful proof-of-principle of the cyclotron radiation emission spectroscopy
CRES) technique has been performed by Project 8 using monoenergetic internal conversion (IC) electrons from83mKr [308],
nd, subsequently, spectroscopic information was acquired for first β-electrons from a small volume containing gaseous
ritium. In future project phases, an open receiver array encompassing a large source volume is foreseen in order to
btain neutrino-mass sensitivity at the 3–5 eV scale [323]. Moreover, R&D work has started towards the development of
n atomic tritium source which holds the promise to surpass the fundamental sensitivity limitation (around 100 meV)
ue to the population of excited molecular final states. An effort to combine a large-scale CRES detector with an atomic
ritium source to reach eV neutrino mass sensitivity is under investigation. Explorative studies of techniques to approach
he hierarchical mass scale are under way, either using trapped tritium atoms (as proposed by Project 8) or quasi-atomic
ources on substrates (as discussed, for instance, for the PTOLEMY study [324]). A sensitivity of ∼ 40 meV, as envisioned
or Project 8, would cover the inverted mass ordering range (see Fig. 4.1), and a null result of mβ at that level would point
owards the normal hierarchy.

lectron capture in 163 ho. An alternative path towards kinematic neutrino-mass determination through electron capture
EC) in 163Ho was opened in the 1980s [325]. More recently, substantial progress in the development of cryogenic
icrocalorimeters has kindled major incentives leading to a new generation of holmium-based neutrino-mass experi-
ents: ECHo [326] and HOLMES [327]. The required amount of 163Ho nuclei is produced through neutron irradiation
nd subsequent purification of the source material. In the two experiments, the source nuclei are implanted into two
ifferent types of cryogenic detectors: ECHo has already successfully demonstrated the acquisition of high-resolution
C spectra with arrays of holmium-implanted Metallic Magnetic Calorimeters (MMC) [328,329], whereas the HOLMES
echnology is based on Transition Edge Sensors (TES) [330] which have been shown to exhibit excellent detector properties
n characterization measurements prior to implantation with holmium. Among the challenges in setting up a large-scale
eutrino-mass experiment of eV- to sub-eV sensitivity are the control of the pile-up fraction, key detector characteristics
uch as energy resolution and signal rise time of implanted calorimeters, and the operation and multiplexed read-out of
arge detector arrays on the order of tens of thousands of individual detectors to acquire sufficient event statistics. These
hallenges are being addressed by current experiments, with near-term goals targeting a sensitivity around 10–20 eV.
owards the medium-term goal of approaching the 1–2 eV benchmark, the two collaborations have developed different
oncepts for leveraging array size (i.e., number of channels) against activity load of individual detectors. New ideas with
he aim of reaching sub-eV sensitivities of 200 meV or even beyond are being investigated for future stages of calorimetric
rrays. Next to further developments on the experimental methods, obtaining an improved model of the calorimetric EC
pectrum, including both the theoretical spectral shape [309,331,332] and the detector response, is of vital importance
or inference of the neutrino mass.

utlook. With several experiments now operational and more projects in preparation (cf. Table 4.1), direct neutrino mass
earch is entering a decisive phase. The next years are about to bring the scientific return of long-standing development
ork. The reach of current, proven technologies extending present-day sensitivity by a factor of 5 down to ∼200
eV forms the foundation for progressive, novel ideas which promise even further improvement by another order of
agnitude.

.2.2. Direct mass measurements with νµ and ντ

Direct mass measurements of νµ and ντ are performed using π → µ + νµ and τ → nπ + ντ decays. These decays are
sensitive to the incoherent sum of the neutrino masses coupling to the muon and tau flavors like in Eq. (4.2). The best
limits on the masses of νµ and ντ are 0.19 MeV [278] and 18.2 MeV [333], respectively. In the case of νµ, a near surface
muon beam was used in order to reduce the energy losses in the target material and to determine very precisely the µ+

momentum in the π+ decay. The limit on the νµ mass was obtained using the measured value of the muon momentum
and known masses of π+ and µ+. In the case of ντ , the 5 and 6 pion τ decays with large invariant masses of the multi-pion
system provided the strongest limits on the ντ mass. Considerable improvements on the ντ mass accuracy can be made
by the Belle II and BES III experiments mainly because of larger statistics, better multi-pion invariant mass resolution
especially in case of BES III, and good energy-scale determination. It should be noted that in all known scenarios those
masses are very close to the electron neutrino mass from beta-decay.

4.2.3. Neutrino mass from supernova neutrino detection
Another possible kinematic method for learning about the neutrino absolute mass scale is via detection of a burst

of neutrinos from a core-collapse supernova. More detailed information about supernova neutrinos can be found in
Section 2.5; in short, the core collapse of a massive star will yield an intense flash of neutrinos of all flavors with energies
from a few to a few tens of MeV, over a few tens of seconds. The detectable range for current large neutrino detectors is
approximately the Milky Way (tens of kpc); next-generation detectors such as Hyper-K will observe a handful of neutrino
events from Andromeda, ∼700 kpc away. The idea for constraining neutrino mass is that neutrino propagation over the

very long distance from a supernova will result in an energy-dependent time delay with respect to propagation at c
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according to ∆t [s] = 0.515 (mν [eV]/Eν [MeV])2 D [kpc] for distance to the supernova D. Over Galactic distances, given
current experimental limits on the absolute neutrino mass scale, the expected kinematic delay is much smaller than the
spread of emission times from the supernova, making it a challenge to extract information about neutrino mass. The time
spread of the observed ν̄e burst from SN1987 A 55 kpc away, about 13 s, enabled some of the best mass limits of the era,

ν < 20 eV [85] (improved with updated analysis to around 6 eV [334,335]). Although it will be hard to compete with
ATRIN’s final expected sensitivity, nevertheless some information may be extracted with high-statistics and low energy
hresholds of the next core-collapse supernova burst, with expected sensitivity down to around the eV scale [336–338].
ossible improvements to this measurement could result from a sharp emission cutoff of neutrino luminosity due to
ormation of a black hole [339] or the coincident observation of a gravitational wave burst [340]; both of these would
elp set a t0 for relative delay and would improve the constraints.

4.3. Neutrinoless double beta decay

One of the most interesting questions in neutrino physics concerns the character of the neutrinos, i.e. whether
hese fermions are Majorana or Dirac particles. The necessity of performing sophisticated experiments to determine the
ajorana nature of neutrinos lies in the V − A structure of weak interactions. This implies that the difference of Dirac

and Majorana neutrinos is of order mν/E on the amplitude level, where mν is the neutrino mass and E the energy scale
of the process. Indeed, all other processes in principle sensitive to the Majorana nature of light neutrinos, like Z decays
in neutrino pairs or neutrino–antineutrino oscillations, are not suited to probe the Majorana nature. Another difference is
given by the fact that for Dirac neutrinos the right-handed neutrinos are independent particles (in contrast to Majorana
neutrinos, where they are related). Hence, these species would contribute to the relativistic number of degrees of freedom,
see Section 4.4.1. However, the smallness of neutrino mass implies that they do not thermalize in the early Universe and
thus contribute in negligible amounts.

4.3.1. General aspects
Neutrinoless double beta decay (0νββ) is one of the most sensitive probes for physics beyond the Standard Model of

Particle Physics. In this decay mode, two beta particles are emitted in the final state but no neutrino,

(Z, A) → (Z + 2, A) + 2e− . (4.4)

Here, the atomic number Z changes by two units while the mass number A remains unchanged. Such a decay violates
lepton number conservation, which is an accidental symmetry in the SM, by two units and would imply that the neutrino
is a Majorana particle [341]. Equivalent decay modes in neutron-deficient nuclei are 0νβ+β+, 0νEC EC (double Electron
Capture), and 0νβ+EC . However, in β+β+ and β+ EC decays the Q -value is reduced by 4me and 2me, respectively, which
esults in slower decay rates. The reduced Q -value, i.e., emitted energy, further limits the sensitivity of experiments since
he background rate typically increases for decreasing energies (see, e.g., [342] for a review of EC EC , including the resonant
ption). Therefore, the decay mode presented in Eq. (4.4) is generally preferred in searches for lepton number violation.
An observation of 0νββ would have far-reaching implications for our understanding of the Universe: it would be

he first observation of a fundamental particle with properties that are completely different from all other known
ermions. Lepton number violation in weak decays could help explain the observed matter–antimatter imbalance in our
niverse [343], as most ideas to suppress neutrino mass or explain the matter–antimatter asymmetry of the Universe
redict lepton number violation, see Sections 8.3.1, 8.3.2 and 8.4.3. Furthermore, an observation of 0νββ could, depending
n the underlying physics, allow the extraction of the effective neutrino mass mββ (see Eq. (4.3)) and has ramifications
n particle physics and possibly cosmology.
Neutrinoless double beta decay can only occur in isotopes that undergo Standard-Model allowed 2νββ decay. This is

second-order weak process that can only occur if single-β decay is energetically forbidden or highly suppressed as in
8Ca. Thirty-five ββ decay isotopes have been identified [346], of which ≈ 10 are considered for 0νββ searches due to
heir availability and ββ endpoint energies above 2 MeV. The latter is essential for a potential signal-of-interest to lie
bove most naturally occurring backgrounds.
The arguably best-motivated scenario studied in the literature is the light-Majorana exchange mechanism (see,

.g., [344] and references therein). In this theoretical model the effective Majorana neutrino mass mββ can be extracted
rom the decay rate of the transition

Γ 0ν
= g4

A G0ν |M0ν |
2 (mββ

)2
, (4.5)

here G0ν is the phase-space factor which is calculated using Dirac wave functions [347,348] and gA is the axial–vector
oupling for free nucleons. The crucial nuclear matrix element (NME) is given by M0ν ; it is calculated in various theoretical
rameworks. Reviews of such frameworks and calculations of the associated NMEs are presented, e.g., in [345,349,350].
owever, when comparing NMEs calculated in different frameworks their values vary by factors of a few depending on
sotope and method. The situation is illustrated in Fig. 4.2 and discussed in detail in, e.g., [345]. The relatively large spread
n values suggests that underlying models are incomplete and missing certain features. The discrepancy between different
MEs directly translates into a spread in limits on the effective neutrino mass extracted from experimental half-life limits
aking a direct comparison between experiments based on their reached mass limits problematic. Furthermore, following
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Fig. 4.2. Nuclear Matrix Elements (NMEs) calculated in different theoretical models for 0νββ isotopes under investigation by current experiments.
or these calculations an unquenched gA = 1.27 has been used. Figure reproduced from [344], original figure and references can be found in [345].
bbreviations: EDF – energy-density functional; IBM – interacting boson model; QRPA – quasi-particle random-phase approximation; SM – Shell
odel.

n observation of 0νββ , the uncertainties in NMEs will limit the precision at which mββ can be known. However, with the
ncrease in computational power and progress in nuclear theory, the situation is expected to improve. Especially recent
rogress in first-principle calculations in light- and medium-mass nuclei [351] offers an interesting novel approach to
alculating 0νββ decay NMEs for all isotopes of interest. Increasingly helpful are also the approaches undertaken by the
attice community [352].

Another open question in nuclear theories describing ββ is whether the weak axial–vector coupling strength gA is
uenched as has been observed in β decays, or not. In the description of β and 2νββ decays, gA is quenched by a factor

q to calculate an effective value of gA as geff
A = q g free

A in order to reproduce experimental values, with g free
A = 1.27 being

the free-nucleon axial–vector coupling measured in neutron beta decay. The quenching factor q significantly impacts the
reach of experimental 0νββ searches as gA enters Eq. (4.3) at the fourth power. The situation is discussed in detail in [353]
and references therein. There are arguments that the quenching factor in 0νββ , which has a larger momentum scale as
β and 2νββ decays, is closer to 1.

4.3.2. Experimental aspects
In direct 0νββ searches, the energy of the emitted electrons is measured in calorimeter-type detectors. No neutrinos

are emitted in the process and all energy is carried away by the two electrons. A positive 0νββ signal will manifest itself as
a peak in the energy spectrum at the ββ decay endpoint energy Qββ . The region of interest (ROI) where experiments search
for an excess of events is chosen based on the detector energy resolution ∆E at Qββ . The sensitivity of an experiment
depends on the actual number of 0νββ events detected in this ROI. Background events in the ROI limit a detector
sensitivity, which scales according to

T 0ν
1/2 ∝

{
aM ϵ t with no background,

a ϵ

√
M t
B∆E with background.

(4.6)

ere M is the mass of source deployed, a is the abundance of the ββ decaying isotope, t is the measuring time, ϵ is the
etection efficiency, and B is the background index, which is typically quoted in events/keV/kg/yr in the ROI. The sensitivity
n conventional counting experiments scales linearly with observation time t in an experiment with no background in
he ROI, while it improves with

√
t/B in experiments with background events in the ROI. However, in large monolithic

detectors the spectrum is extracted by a simultaneous fit of the data in energy, event multiplicity, and event location
within the detector volume. This approach studies the signal as a function of the depth within the detector [354]. As a
result the background index is no longer a good measure of sensitivity in these detectors.

A worldwide search for 0νββ is ongoing in several isotopes. Groups are pursuing different detector technologies which
are influenced by the isotope under investigation and its availability. Natural abundance and the ability to enrich an
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Table 4.2
Comparison of current experimental limits of 0νββ searches in different isotopes. Limits are given at the 90% C.L. Fields with (−) indicate where
alues are not provided in the listed reference. ⋄ is the natTeO2 exposure and † lists the complete xenon dissolved in scintillator. For comparison,
he limit from the direct measurement of mβ is shown as well.

Exposure Sensitivity T 0ν
1/2 mββ Experiment

(kg × yr) (×1025 yr) (×1025 yr) (eV)
48Ca 13.5 1.8 × 10−3 >5.8 × 10−3 <3.5–22 ELEGANT VI [360]

76Ge
127.2 18 >18 <0.08–0.18 GERDA [355]

26.0 4.8 >2.7 <0.20–0.43 Majorana
Demonstrator [361]

82Se 5.29 5.0 × 10−1 >3.5 × 10−1 <0.31–0.64 CUPID-0 [362]
96Zr (−) (−) >9.2 × 10−4 <7.2–19.5 NEMO-3 [363]
100Mo 1.17 (−) >1.5 × 10−1 <0.31–0.54 CUPID-Mo [364]
116Cd (−) (−) >2.2 × 10−2 <1.0–1.7 Aurora [365]
128Te (−) (−) >1.1 × 10−2 (−) Arnaboldi et al. [366]
130Te 1038.4⋄ 2.8 >2.2 <0.09–0.31 CUORE [367]

136Xe 504† 5.6 >10.7 <0.06–0.17 KamLAND-Zen [303]
234.1 5.0 >3.5 <0.09–0.29 EXO-200 [368]

150Nd 0.19 (−) >2.0 × 10−3 <1.6–5.3 NEMO-3 [369]
3H β-endpoint measurement mβ < 0.8 KATRIN [304]

isotope are crucial factors in the selection of the target isotope, along with achievable background levels and energy
resolution. While there is no obvious isotope of choice to search for 0νββ , experiments aim to maximize their discovery
otential by optimizing the parameters in Eq. (4.6). Current experiments typically reach half-life sensitivities on the order
f 1025

− 1026 years depending on the isotope under investigation as well as the detection technology (see Table 4.2).
he most stringent limits on T 0ν

1/2 are 1.8 × 1026 years [355] and 1.1 × 1026 years [303] in 76Ge and 136Xe, respectively,
ranslating into limits on the effective Majorana neutrino mass of 0.07–0.16 eV (76Ge) and 0.06–0.17 eV (136Xe). The global
imit as well as parameter space disfavored by ββ experiments is shown in Fig. 4.1. In the parametrization of mββ versus
ightest mass m, current experiments exclude the degenerate region. Planned upgrades to current experiments, such as
NO+ Phase I, SuperNEMO, LEGEND-200 and KamLAND-Zen800, aim to probe into the horizontal parameter band of the
nverted ordering in Fig. 4.1. However, in order to completely probe the parameter space allowed in the inverted ordering,
ext-generation detectors with sensitivities close to or exceeding 1028 years are required. Several experiments are being
repared in order to probe the parameter space allowed in the inverted ordering including LEGEND-1000 (76Ge), CUPID
100Mo), AMoRE (100Mo), SNO+ Phase II (130Te), JUNO (136Xe), KamLAND2-Zen (136Xe), nEXO (136Xe), NEXT HD (136Xe), and
ANDAX 1k (136Xe).
Future multi-ton dark matter direct detection experiments using xenon as target material automatically contain a

onsiderable amount of 136Xe (natural isotopic abundance ≈ 8.9%), which allows for 0νββ searches with predicted
ensitivities on the order of 1026 years (LUX [356] and PandaX [357]) to 1027 years (DARWIN [358]). This is one of
he interesting connections of dark matter and neutrino experiments. However, it should be pointed out that the latter
xperiments are designed to maximize the sensitivity to dark matter interactions. These experiments focus on reducing
ackgrounds that would mimic dark matter interactions. Thus, the predicted 0νββ half life sensitivity is less than that
f next-generation ββ decay experiments, e.g., DARWIN deploying 50 tons of natural xenon has a predicted sensitivity
f 2.4 × 1027 years [358], while the projected sensitivity of nEXO deploying 5 tons of xenon enriched in 136Xe is
.2×1027 years (90% C.L.) [354]. In addition, the timescale to deploy DARWIN is different from next-generation ββ decay
xperiments, which are anticipated to start construction within the next years. While the most sensitive next-generation
xperiments will probe the complete parameter space allowed in the inverted mass ordering, they will also explore a
arge fraction of the parameter space in a normal mass ordering scenario. In [359] the discovery probabilities of several
xperiments are calculated for both mass orderings. The authors predict a discovery probability of more than 50–60%
or normal ordering and searches in the isotopes 76Ge (LEGEND-1000), 130Te, and 136Xe (nEXO). The predicted discovery
otential for inverted ordering is more than 80% in the aforementioned isotopes.
Neutrinoless double beta decay experiments are inherently difficult. Backgrounds must be reduced as much as possible

nd irreducible backgrounds must be thoroughly studied and understood. While the sensitivity of an experiment improves
ith increased energy resolution, energy alone will not be sufficient in next-generation experiments to claim a discovery.

t will be crucial to also demonstrate that the observed signal at Qββ is inconsistent with observed backgrounds.
t least two experiments are required to unambiguously demonstrate observation of 0νββ and several technological
evelopments should be pursued in parallel by the global community. While current and next-generation experiments
re focusing on maximizing their discovery potential, tracking calorimeters are required to study the underlying physical
rinciples driving 0νββ once an observation has been made.
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The purity and low background rates of double beta decay experiments also allow to search for a variety of exotic
rocesses, including axions, Majorons, low mass dark matter, exotic nuclear decay or electron decay [370]. Also precision
tudies of 2νββ are sensitive to new physics [371–373].
The projected final sensitivity of next generation experiments is 1027

− 1028 years. Depending on isotope and selected
ME this sensitivity calculates to effective Majorana neutrino masses ranging from mββ ≈ 5− 20 meV. Experiments will
each their final sensitivity in the second half of the decade 2030 − 2040. However, despite the discovery potential of
ext generation experiments, even larger multi-tonnes detectors and technological breakthroughs (see Section 7.2) may
e required to observe 0νββ in less favorable scenarios. These experiments should aim for sensitivities of mββ ≈ 1 meV,
s discussed, e.g., in [374,375].

.4. Cosmology

Cosmology provides one of the most promising avenues to constrain the sum of the neutrino masses in the next
ecade, thanks to the impact of neutrinos on cosmological observables. Massive neutrinos alter the expansion history
f the Universe in a peculiar way. At early times, they are relativistic and contribute as a radiation term. They later
ecome non-relativistic, at a redshift that depends on their mass, and they contribute to the Universe expansion as a
ot dark matter component. The most notable feature of massive neutrinos, however, is the imprint they leave on the
volution of matter perturbation at late times. On scales smaller than their free-streaming length, a size comparable to
he particle horizon at the epoch when the neutrinos become non-relativistic, the large thermal velocities of neutrinos
revent them from falling into the gravitational potential wells of overdensities. The growth of matter perturbations
s therefore suppressed and matter clustering exhibits a step-like power suppression proportionally to the sum of the
eutrino masses. On larger scales, in contrast, neutrinos cluster just like cold dark matter would. This distinctive imprint
llows cosmological probes to constrain the sum of the neutrino masses, in particular when combining information from
arge and small scales. Hence, cosmic microwave background (CMB) data used jointly with large-scale structure (LSS) data
ffer a unique approach on the sum of the neutrino masses. Current cosmological observations already provide the tightest
ounds on

∑
mν and next-generation surveys are aiming at moving from upper bounds to the first clear measurement

f
∑

mν .
As the upper bounds are now approaching the 0.1 eV mass range, thus strongly disfavoring quasi-degenerate neutri-

os [376], it could seem relevant to account for neutrino mass hierarchies allowed by neutrino oscillation results [291]. As
entioned in Section 4.1, three different mass hierarchy scenarios can be considered: the normal hierarchy, the inverted
ierarchy, and the degenerate case where the three neutrino species equally share the total mass

∑
mν . It has been

hown that the amplitude of the matter power spectrum shifts by 0.2% at most between these three cases [377], below
he level of sensitivity of current and next-generation experiments. Massive neutrinos have a larger impact on smaller
cales. These are probed with Lyman-α forest flux power-spectrum measurements, where the various mass-hierarchy
scenarios produce even smaller differences [378]. Neutrino hierarchy can therefore be neglected in cosmological studies,
and assuming that cosmology only constraints

∑
mν is a good approximation.

4.4.1. Main experimental approaches to constrain
∑

mν

Promising experimental approaches to a detection of
∑

mν in the next decade are summarized below (from [379,380]).
Most current bounds are obtained by allowing for massive neutrinos on top of the six-parameter ΛCDM model
arameterized by the densities in baryons ωb and in cold dark matter ωc , the angular scale of the sound horizon at
lectron–proton recombination θs, the amplitude As and scalar index ns of primordial fluctuations, and the redshift of
eionization zreio. We discuss more general models in Section 4.4.2.

CMB alone: CMB alone is not an ideal probe of neutrino masses since all three neutrino flavors are still relativistic at
he time of neutrino decoupling. Including polarization information, notably on small scales, in addition to temperature
elps in tightening the constraints. Current 95% C.L. upper bounds on

∑
mν are in the 0.26–0.54 eV range depending on

he actual choice of CMB data set [305].
CMB lensing: CMB photons are deflected by intervening structures. The deflection angle is proportional to the

ntegrated distribution of matter along the line of sight. CMB lensing is thus probing scales in the quasi-linear regime,
here structure growth is still linear and easier to model than for smaller scales where one needs to resort to higher-
rder perturbation theory or numerical simulations. Crucial information lies in large angular scale E-mode polarization
ata, which today constraint the sum of the neutrino masses at the level of

∑
mν < 0.24 eV [305].

Galaxy clustering: Galaxies reside in massive halos and can therefore probe the scale-dependent impact of neutrinos
n structure formation [381]. Galaxy surveys measure clustering at smaller redshifts than achievable with CMB lensing,
aking these two approaches highly complementary. Combined, CMB lensing and galaxy clustering tighten the limit

o
∑

mν < 0.12 eV [305]. A complementary approach is to consider the combination of galaxy clustering, type IA
upernaovae and CMB temperature and polarization data, which pushes the limit to

∑
mν < 0.09 eV [382]. To fully benefit

rom next-generation LSS spectroscopic surveys, however, we must improve our modeling of the effect of neutrinos on
on-linear scales with dedicated N-body simulations.
Cluster counts: Massive neutrinos impact the abundance and properties of dark matter halos, well correlated with

assive clusters. Cluster counts as a function of mass and redshift can therefore constrain
∑

m [383]. The main drawback
ν
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of this approach is due to the complex nature of clusters. The uncertain halo mass function prevents this method from
being competitive today. If systematics can be reduced, however, it provides an independent handle on neutrino mass.

Lyman-α forest: The absorption of the light from background quasars by intervening hydrogen produces a character-
istic absorption feature in quasar spectra, dubbed Lyman-α forest. It carries unique information on small scales, where the
matter power spectrum is maximally suppressed by massive neutrinos. Combined with CMB temperature and polarization
data, this method currently provides one of the most stringent upper bounds,

∑
mν < 0.11 eV [384], although tightening

it further with similar data is a challenge because of the extensive hydrodynamical simulations that are required for a
proper modeling of the intergalactic medium. The tightest limit to date,

∑
mν < 0.09 eV, is obtained when considering

n addition CMB lensing and galaxy clustering data [384].

.4.2. Parameter degeneracies
The sum of the neutrino masses has non-trivial correlations with several of the parameters describing the cosmological

odel, even in the simple ΛCDM scenario. The main correlation is between
∑

mν and the optical depth of reionization
(or equivalently the redshift of reionization, assuming quasi-instantaneous reionization). It affects all results derived

rom a combination of CMB and LSS data, since the constraint relies upon a measurement of the primordial fluctuation
mplitude As in order to infer the power suppression induced by massive neutrinos. Because CMB surveys constrain Ase−2τ ,
he improved determination of τ that next-generation surveys will provide, thanks to a better measurement of large-scale
-modes, is crucial. Given current sensitivity on the optical depth σ (τ ) = 0.007 from the Planck CMB data [305], an
ptimal combination of next-generation CMB and LSS measurements can potentially reach a 4σ detection of neutrino
ass, assuming minimal normal mass ordering, with σ (

∑
mν) ∼ 15 meV.

Another source of uncertainty is the degeneracy between
∑

mν and parameters that govern the evolution of the
niverse. The best example is the dark energy equation-of-state parameter w. Except for early dark-energy models, most
xtensions to ΛCDM can be parameterized as w = w0 + (1 − a)wa, where a is the scale factor, related to redshift by
= 1/(1+z). Because most of the effect of dark energy occurs at small redshift, LSS data and tomographic measurements,
oth relevant in the 0 < z < 3 redshift range in particular, will help in disentangling the effects of

∑
mν and w(z). Varying

ark energy is expected to loosen the determination of
∑

mν by a factor about 1.5 to 2.0. For exotic modifications of
osmology or general relativity it is often not known yet how the neutrino mass limits would change.
The degeneracy between

∑
mν and the effective number of relativistic species Neff has long been a source of concern.

ith the advent of the Planck survey, however, this issue is now solved [305]. With Planck data alone, Neff is constrained
o Neff = 2.92±0.37, in agreement with the standard model prediction Neff = 3.044 [385–387]. Including lensing and BAO
easurements only slightly modifies the limit to Neff = 2.99±0.34. Allowing for Neff to float at the same time as the sum
f the neutrino masses does not alter the determination of

∑
mν by more than a few percent, and the combined result is

ery close to the one on either Neff or
∑

mν alone. Big Bang Nucleosynthesis (BBN), the generation of light elements in the
arly Universe, is also sensitive to the number of relativistic species [388]. Current constraints from are in the Neff = 3−4
ange, and thus consistent with values obtained from late-Universe observables.

We should note that besides degeneracies, also new physics related in particular to neutrinos can modify limits on
heir mass. Examples are neutrino decay [389,390] or exotic scenarios in which neutrino mass varies with time [391].

.4.3. Upcoming and proposed experiments
The next decade is rich in surveys aiming at unveiling the nature of dark energy. These same projects will provide the

ngredients to obtain a detection of
∑

mν at a 3 to 4σ level.
On the LSS side, we highlight three main surveys. The Dark Energy Spectroscopic Instrument (DESI) will measure BAO

ver at sub-percent-level precision out to z = 1.85, providing unique data on galaxy clustering at low redshift [392,393].
ESI began operations in December 2020 and is expected to run its main survey from mid 2021 to mid 2026. It is the
irst survey running that should reach this precision. The Euclid satellite, with a launch scheduled for 2022, is designed
o provide 1% accuracy on galaxy clustering and weak shear observables.

On the CMB side, the LiteBIRD experiment, currently in phase A, will provide large-scale polarization information [394].
he ground-based CMB-S4 project, with a smaller sky coverage but a much better resolution than LiteBIRD, should reach
n unprecedented sensitivity to CMB lensing [395]. Other projects, more ambitious but less advanced in the approval
rocess, are already under discussion. This is the case for projects like the CORE-M5 satellite project that would reach
oth goals (polarization and lensing) at once [396]. None of those projects has been approved yet.

.5. Theoretical interpretation and complementarity of approaches

A direct comparison of the experimental observables is shown in Fig. 4.3 together with the corresponding bounds on
he respective quantities (gray-shaded regions). If a signal is found, it will lead to a fit region in this parameter space which
an be directly inferred from the observables. In the standard picture (effective light Majorana neutrino masses and self-
onsistent measurements) the fit has to lie within the colored regions; see discussion below. Currently the strongest bound
n neutrino mass comes from cosmology, with a sensitivity close to be able to rule out the inverted mass ordering. Here we
ighlight the complementarity of the different approaches, especially pointing out that the cosmological measurements
eed to be confirmed by direct tests of neutrino mass.
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Fig. 4.3. Correlations between experimentally observable combinations of neutrino mass in 0νββ |mee|, beta decay mβ , and cosmology
∑

mν . Dark–
colored shadings refer to the uncertainties of the Majorana phases only, whereas light colored shadings include the current oscillation parameter
uncertainties; see Fig. 4.1 for references and descriptions of bounds. Future projected exemplary bounds are indicated with arrows and taken from
nEXO [354] (90% C.L., one middle case of nuclear matrix element, 10 years), Project 8 [323] (90% C.L., phase IV), and an optimal combination of
next-generation CMB and LSS surveys [379] (95% C.L.) for 0νββ , beta decay, and cosmology, respectively. The different scenarios corresponding to
the marked disks are discussed in the main text.

Fig. 4.4. Left panel: Black box theorem, illustrated. The existence of a (lepton number) effective operator leading to 0νββ implies loop-generated
Majorana neutrino masses from this diagram. Right panel: the standard mass mechanism for Majorana neutrino masses leads to 0νββ decay; it is
one possible decomposition of the effective operator in Eq. (4.7).
Source: Figures taken from Refs. [397,398].

As far as neutrinoless double beta decay is concerned, its measurement is mainly driven by the question about the
nature of neutrino mass and whether lepton number is violated, see Section 8.3.1 for a detailed discussion. In this respect,
the interpretation of the decay in terms of neutrino mass is less straightforward than suggested so far. The observation
of 0νββ decay can be interpreted in terms of an effective lepton-number-violating operator of dimension nine

O ∝ ūū dd ēē , (4.7)

hose completion (fundamental theory) at high energies is a priori unknown.
It has been demonstrated that this operator always implies Majorana neutrino masses (‘‘black box theorem’’ [341]),

enerated by the diagram shown in the left panel of Fig. 4.4 by inserting Eq. (4.7) into the box. However, as discussed
n Ref. [399], this four-loop black-box diagram itself generates radiatively only mass terms which are many orders of
agnitude too small to explain neutrino masses, which means that translating an observed rate of neutrinoless double
eta decay into neutrino mass would then be potentially misleading.
On the other hand, if the neutrinos are Majorana particles, the diagram in the right panel of Fig. 4.4 will inevitably

ead to 0νββ decay (if there are no cancellations from the Majorana phases). The standard interpretations of 0νββ decay
in terms of neutrino mass typically rely on the assumption of its exclusiveness driving it, meaning that this diagram is the
leading contribution to Eq. (4.7).

So what other mechanisms could lead to 0νββ decay, i.e., the operator in Eq. (4.7)? For example, a systematic analysis
has been performed in Ref. [397], where all tree-level decompositions (fundamental theories) leading to Eq. (4.7) have
been identified.7 While more than ten options have been discussed in well-motivated models in the literature before
(such as R-parity violating SUSY, left–right-symmetric, and leptoquark models), even more possibilities exist; some of
these may be tested at the LHC [400]. The fact that lepton-number-violating TeV-scale physics is currently testable can

7 Note that BSM loop contributions may also have a larger contribution to 0νββ decay than Fig. 4.4, left panel.
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be understood by the simple estimate of the 0νββ amplitude being ∝ G2
Fmββ/q2, with q2 ≃ (100 MeV)2 the energy scale

of the process (virtual neutrino momentum). For heavy particle exchange at energy scales Λ much higher, the amplitude
of the d = 9 operator-induced transition must be proportional to G2

Fv
4/Λ5. This numerically corresponds to the 0νββ

amplitude order of magnitude-wise for Λ = O(TeV), which is in the range currently getting testable by the LHC. Note
that realistic extensions of the Standard Model typically have several possible diagrams for 0νββ , left–right symmetric
theories being one example [398]. In this sense, searches for 0νββ provide constraints on a large number of models
and parameters. Moreover, TeV-scale lepton number violation has dramatic consequences for leptogenesis, as any lepton
asymmetry generated at high energies is washed out by such interactions in the early Universe [401,402].

All possibilities (including the standard mass mechanism) leading to 0νββ decay have in common that they require
new fields and lepton number violation, i.e., physics beyond the Standard Model. As a consequence, while the discovery
of 0νββ decay will imply the discovery of physics beyond the Standard Model, the interpretation in terms of neutrino
mass is only one (arguably the best-motivated) possibility. Only the combination with other direct and indirect mass
measurements will reveal a self-consistent picture, which means that the detected neutrino mass is compatible with the
colored regions in Fig. 4.3 to establish credibility in the Majorana mass mechanism.

We highlight the importance of different complementary approaches to measure neutrino mass in Fig. 4.3, where also
selected experimental bounds of future potential experiments are shown for illustration (arrows), and we assume for this
discussion that the discovery reach is similar. In all cases, in principle, the inverted mass ordering can be excluded with a
high enough sensitivity in the future. Several exemplary scenarios are depicted, see marked disks in the different panels:

1. Majorana neutrinos with normal hierarchy and small 0νββ mass. Neutrino mass is probably found by cosmology;
the 0νββ lifetime is too long to be measured because of cancellations from the Majorana phases.

2. Non-standard 0νββ signal, normal ordering. Will lead to an inconsistency between cosmological neutrino mass
measurement and 0νββ (middle panel), whereas the scenario is consistent with the colored region in the right
panel (beta decay-cosmology). Points towards discovery of new physics driving 0νββ .

3. Dirac neutrino masses with inverted hierarchy. No signal in 0νββ , consistent measurement between cosmology
and beta decay (right panel). Here the Dirac nature of neutrino mass can be inferred, as Majorana neutrinos would
be seen in 0νββ .

4. Majorana neutrinos, unknown systematics in cosmology, normal ordering. Here the scenario leads to a
consistent result between 0νββ and beta decay (left panel), whereas the cosmology result does not match (other
panels). This would point to non-standard cosmology beyond ΛCDM.

rom these examples it is clear that different complementary techniques are needed to probe the absolute mass scale of
he neutrinos and the nature of neutrino mass, as the most important discoveries will be made by inconsistencies in these
easurements. In most of the above chosen examples (except for example 1) two of the techniques produce a consistent

esult, whereas one measurement is in contradiction. Without a ‘‘tie-breaker’’, it will not be possible to identify the origin
f such an inconsistency. While cosmological tests of neutrino mass appear to have extremely good sensitivity, the direct
est of neutrino mass and 0νββ decay provide a straightforward path to neutrino mass and its nature. Finally, note that
he case of one massless neutrino can be falsified by future experiments.

In summary, the determination of neutrino mass from neutrinoless double beta decay relies on the assumption of
ajorana neutrinos and the dominance of the diagram in which those are mediating the decay. The neutrino mass from
osmology depends on the validity of the underlying model. Direct searches are the most model-independent way to
etermine neutrino mass. All methods need to be pursued. Consistency of different measurements would be a spectacular
onfirmation of the standard neutrino paradigm, whereas inconsistencies may have dramatic consequences for particle
hysics or cosmology.

.6. Neutrino mass: Summary

Tests of the absolute neutrino mass scale and the nature of neutrino mass are currently being pursued by three
venues: kinematic measurements, neutrinoless double beta decay experiments, and cosmological measurements. These
pproaches are complementary in the sense of testing different combinations of neutrino mass eigenstates depending on
he parameter space they can access. Kinematic measurements are the most direct test of neutrino mass regardless of
ts nature; however, testing very small mass scales is challenging and requires detectors with sub-eV energy resolution.
eutrinoless double beta decay experiments are searching for lepton-number violation in weak interactions to determine
hether neutrinos are so-called Majorana particles, i.e., their own antiparticles. An observation of this decay may test the
bsolute scale of the neutrino masses and the nature of the neutrino mass term. Nuclear matrix element uncertainties
ffect the translation of lifetime into neutrino mass, which implies that measurements with different isotopes are required.
osmological tests of neutrino mass currently provide the most stringent bounds on neutrino mass; the extraction depends
n astrophysical and cosmological models and is sensitive to different types of systematics and parameter degeneracies.
stablishing a self-consistent picture of neutrino mass will therefore require all three techniques.
Significant progress has been achieved in improving current experiments and the development of next generation

xperiments. Kinematic measurements are at the verge of pushing the sensitivity below 1 eV with the goal of achieving
ub-100-meV sensitivities. Current neutrinoless double beta decay experiments reach halflife limits of 1025

− 1026 years
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which convert to limits on the effective Majorana neutrino mass on the order of 100s meV, depending on isotope
and nuclear matrix element. Next generation experiments are being developed with the goal of reaching sensitivities of
1028 years or down to the few-meV level in mass space. Neutrinoless double beta decay and kinematic measurements
re extremely challenging experiments. However, the community has been developing technological solutions to push
ensitivities beyond the 100-meV level. Over the next 10–15 years experiments will probe the complete parameter space
f the inverted mass ordering and a large fraction of the parameter space in a normal ordering scenario. On a similar
ime scale, limits from cosmology are expected to improve with the availability of larger observation times and new
elescopes coming online, so that they are expected to reach sensitivities in which a measurement is guaranteed, if our
tandard theories on neutrinos and cosmology are correct.

. Neutrino interactions

.1. Introduction

Neutrino interactions span a very wide energy range, from elastic scattering of very low energy neutrinos off electrons,
ucleons, and nuclei, which can become a significant background for dark matter searches, to ultra-high energy neutrinos
hich can scatter off cosmic microwave background neutrinos. It is a very rich field of study and there are several distinct
inematic regions, defined by energy thresholds and resolving power. Based on this, the various processes are classified
s:

• Coherent elastic neutrino-nucleus scattering: This process was recently observed experimentally and can occur at
any energy but dominates at lower energies. Its hallmark is the detection of a very low energy nuclear recoil. See
Section 5.4.7.

• Elastic scattering from atomic electrons: Such processes have a much smaller but more well-known cross section
than that for scattering off nucleons or nuclei, hence are commonly used as a standard candle for neutrino flux
determinations and/or BSM searches. See Section 5.2.

• Scattering from individual nucleons: Neutrinos can also scatter off individual nucleons, either elastically, quasi-
elastically, or leading to the production of a resonant state. There are multiple processes possible with numerous
final state topologies. See Section 5.3.

• Scattering from partons: Such deep inelastic scattering (DIS) processes begin to dominate when the momentum
transfer Q reaches the strong interaction scale λ ≃ 300 MeV.

These neutrino cross sections generally scale with lab energy as:

σ (Eν) ∝
sCM

(M2
W/Z ± Q 2)2

, (5.1)

here sCM is the center-of-mass energy squared (∼2 mEν if the target mass is neglected, where m the mass of the target,
ν is the neutrino energy), MW/Z is the mass of the exchanged boson, and Q 2 is the momentum-transfer squared. The ±

corresponds to t-channel scattering and s-channel annihilation. For |Q | ≪ MW , the cross section grows with energy but
at very high energies it falls as |Q 2

| grows. Fig. 5.1 illustrates the charged current (CC) inclusive neutrino cross section
(σCC/Eν) as a function of neutrino energy Eν [278]. It should be noted that at the very highest energies (not shown),
neutrino absorption by the cosmic neutrino background via the process ν + ν → Z is possible. See [403] for a discussion
of the relevant energy scale ∼1012 GeV (depending on the neutrino masses), where these effects become important.

5.1.1. Electron, muon and tau neutrinos
Electron-type neutrinos are mainly produced in nuclear beta decay in reactors, in the Earth’s core, and in fusion

reactions in the Sun, while most accelerator neutrino beams originate from light meson decays and are produced as
muon neutrinos. Neutrino mixing effects lead to transformations between species but our ability to tag flavor depends on
the presence of a charged-current neutrino interaction where the charged lepton in the final state can be identified. This
leads to limitations on detectability due to leptonic mass thresholds. For the simplest charged current scattering process
νℓ + n → ℓ−

+ p, the requirement that the center-of-mass energy squared accommodate the final state particles,

s = (mℓ + mp)2 (5.2)

Eν ≥
(m2

p − m2
n) + m2

ℓ + 2mpmℓ

2mn
, (5.3)

eads to an energy threshold of ∼100 MeV for muon-neutrino interactions and ∼3.5 GeV for tau neutrinos. Due to these
hresholds, only electron–neutrino appearance can be detected in solar and reactor experiments. Appropriate oscillation
engths for detecting the transformations of muon and tau neutrinos are therefore higher, with L ≥ 50−100 km necessary
to reach an oscillation minimum. Despite the difficulties imposed by the high energy threshold, DONUT was the first
experiment to observe tau neutrinos [404] and more recently, the OPERA collaboration [405] reported their final results
on the appearance of 10 tau neutrinos in a muon-neutrino beam with energies ranging from 5 to 30 GeV in 2018. Very
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Fig. 5.1. Neutrino inclusive cross sections scaled by neutrino energy from [278]. Quasi-elastic processes dominate at very low energies while partonic
rocesses take over at higher energies.

Fig. 5.2. Feynman diagrams for neutrino electron scattering. The top row shows diagrams that are possible (although possibly kinematically not
allowed) for all neutrino species while the bottom row shows the different diagrams for electron neutrinos and antineutrinos that lead to differential
matter effects.

high-energy astrophysical tau-neutrino interactions are detectable in the IceCube experiment [136] as extended cascade
from the neutrino scatter and subsequent decay of the tau lepton. Tau-neutrino interactions and oscillations remain,
however, a largely unexplored topic for future experiments.

We begin our discussion of neutrino cross sections with the cross sections for scattering off free electrons (Section 5.2),
hen free nucleons (Section 5.3), followed by the complications that arise due to nuclear effects (Section 5.4).

.2. Scattering from atomic electrons

All flavors of neutrinos can interact with atomic electrons via neutral current interactions, while electron neutrinos
ave additional charged current diagrams (shown in Fig. 5.2) which lead to matter effects when neutrinos traverse dense
edia. This leads to the matter effects observed in neutrino mixing as discussed in Section 3.
With the advent of high intensity neutrino beams such as the Fermilab NuMI beam, event rates for the process

µ + e−
→ νµ + e− are now high enough to provide a statistically significant standard candle based solely on this

ure electroweak process. As an example, the MINERνA experiment recently reported a measurement of this process in
he 1–20 GeV region which resulted in a cross section measurement with 3% accuracy and considerable improvement in
he neutrino flux prediction for the experiment [406].
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Fig. 5.3. Feynman diagrams representing (from left to right) (a) QE, (b) CC meson, (c) CC pion and kaon production, and (d) DIS processes. In the
case of NC-induced processes, the final state lepton ℓ−(ℓ+) and exchange boson W± are replaced by νℓ(ν̄ℓ) and Z , respectively.

.3. Neutrino interactions with nucleons

Due to the need for higher event statistics, modern neutrino experiments use heavier nuclear targets (C, O, Ar, Fe),
lthough there are historical low-statistics data on hydrogen and deuterium [278] that provide information on single
ucleon interactions. Interactions on heavy nuclei then combine the physics of single nucleon interactions with nuclear
ffects that will be discussed in Section 5.4.
Neutrinos and antineutrinos interact with free nucleons through the following processes induced by charged currents

CC) and neutral currents (NC):

• Quasi-elastic (QE) and elastic scattering: Neutrinos and antineutrinos (where ℓ = e, µ, τ ), interact with a nucleon
through:

νℓ/ν̄ℓ(k) + N(p) −→ ℓ−/ℓ+(k′) + N ′(p′), N,N ′
= n, p (CC), (5.4)

and νℓ/ν̄ℓ(k) + N(p) −→ νℓ/ν̄ℓ(k′) + N(p′) (NC), (5.5)

leading to a nucleon final state in the ∆S = 0 sector (see Fig. 5.3a). In the strangeness sector, meson final states are
possible. Such reactions are constrained by the ∆S = ∆Q and flavor-changing neutral current rules leading to CC
reactions induced by antineutrinos (Fig. 5.3b), i.e.:

ν̄ℓ(k) + N(p) −→ ℓ+(k′) + Y (p′), Y = Λ, Σ0, Σ−. (5.6)

In each case, the quantities in parentheses represent the four momenta of the corresponding particles.
• Inelastic scattering (IE): In CC and NC inelastic processes, single (Fig. 5.3c) and multiple mesons are produced in the

reactions subject to the absence of flavor-changing neutral currents. A list of such reactions is given in Table 5.1.
• Deep inelastic scattering (DIS): CC and NC DIS processes (Fig. 5.3d) are represented by the same reactions as in Eq.

(5.6) except with the replacement that N,N ′ are now instead a jet of hadrons rather than a single nucleon in the
final state.

We will next go into more detail on each of these possible nucleon-level scattering processes.

.3.1. Quasi-elastic scattering
Quasi-elastic scattering events are commonly used in the analysis of accelerator-based and atmospheric neutrino

scillation measurements. The transition matrix element for such processes as given in Eqs. (5.4)–(5.6), can be simply
ritten as

M = a
GF
√
2

[
ū(k′)γµ(1 ± γ5)u(k)

] [
ū(p′) (Vµ

− Aµ) u(p)
]
, (5.7)

here the Cabibbo angle θC enters through factors a = cos θC (sin θC ) in the strangeness conserving (changing) processes,
nd

ū(p′)Vµu(p) = ū(p′)
[
γ µf NB1 (Q 2) + iσµν qν

M + MB
f NB2 (Q 2)

+
2 qµ

M + MB
f NB3 (Q 2)

]
u(p),

ū(p′)Aµu(p) = ū(p′)
[
γ µγ5gNB

1 (Q 2) + iσµν qν

M + MB
γ5gNB

2 (Q 2)

+
2 qµ

gNB
3 (Q 2)γ5

]
u(p), (5.8)
M + MB

54



M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947

w

G
p

i
d
t
r
c
o
ν

c
b

5

b
p
d

Table 5.1
Charged- and neutral-current-induced inelastic processes. Here N,N ′ represent proton and neutron, Y = Λ, Σ

represents the hyperons, K = K+, K 0 represents the kaons, K̄ = K−, K̄ 0 represents the antikaons and ℓ = e, µ represents
the leptons.
S. No. CC induced ν(ν̄) reactions NC induced ν(ν̄) reactions

1. νℓ(ν̄ℓ) + N −→ ℓ−(ℓ+) + N ′
+ π νℓ(ν̄ℓ) + N −→ νℓ(ν̄ℓ) + N ′

+ π

2. νℓ(ν̄ℓ) + N −→ ℓ−(ℓ+) + N ′
+ nπ νℓ(ν̄ℓ) + N −→ νℓ(ν̄ℓ) + N ′

+ nπ
3. νℓ(ν̄ℓ) + N −→ ℓ−(ℓ+) + N ′

+ η νℓ(ν̄ℓ) + N −→ νℓ(ν̄ℓ) + N ′
+ η

4. νℓ(ν̄ℓ) + N −→ ℓ−(ℓ+) + Y + K νl(ν̄ℓ) + N −→ νℓ(ν̄ℓ) + Y + K
5. νℓ(ν̄ℓ) + N −→ ℓ−(ℓ+) + N ′

+ K (K̄ ) ν̄l + N −→ l+ + Y + π

where B represents a nucleon N or a hyperon Y , M and MB are the masses of the initial nucleon and final baryon; qµ is
the four-momentum transfer with Q 2(= −q2) ≥ 0, while f NB1 (Q 2), f NB2 (Q 2) and f NB3 (Q 2) are the weak vector, magnetic and
induced scalar form factors and gNB

1 (Q 2), gNB
2 (Q 2) and gNB

3 (Q 2) are the axial vector, induced tensor (also known as weak
electric) and pseudoscalar form factors, respectively [407]. T invariance implies that f1−3(Q 2) and g1−3(Q 2) are real. In the
absence of second class currents, i.e., assuming T - and G-invariance, f NB3 (Q 2) = 0 and gNB

2 (Q 2) = 0. The hypothesis of a
conserved vector current (CVC), which follows from the assumption that weak vector currents along with the EM current
form an isotriplet, implies that f np1,2(Q

2) = f p1,2(Q
2) − f n1,2(Q

2). The vector form factors for the nucleons f1,2 are given in
terms of EM form factors f p1,2(Q

2) and f n1,2(Q
2) which in turn are expressed in terms of the Sachs electric (Gp,n

E (Q 2)) and
magnetic (Gp,n

M (Q 2)) form factors of the nucleons. Information from charged lepton scattering can be used to constrain
the vector form factors while the axial form factors are more easily accessible in neutrino data. For details, please see
Refs. [408,409].

Historically, the axial vector form factor g1(q2) has been parameterized as a dipole given by

gnp
1 (Q 2) =

gA(0)(
1 +

Q 2

M2
A

)2 , (5.9)

here the axial charge gA(0) = 1.267 ± 0.003 and the axial dipole mass MA = 1.026 ± 0.021 GeV is the world average
value [410]. Even if its asymptotic behavior at high Q 2 is the one predicted by perturbative QCD, the dipole ansatz is
not theoretically well founded. Alternative representations have been therefore developed such as the z-expansion, based
on the analytic properties of strong interactions [411]. The partially conserved axial current (PCAC) assumes that the
divergence of the axial current is given in terms of a pion field, i.e. ∂µAµ(x) = Cπφπ (x) implying that g3(Q 2) =

2Mg1(Q 2)
m2

π +Q 2 .

5.3.2. Cross sections and polarization observables in quasi-elastic processes
The cross sections associated with quasi-elastic scattering are calculated using the matrix element given in Eq. (5.7).

There are many resulting observations made: total cross sections (σ ), the energy and angular distributions of the final
state particles, as well as the double differential cross sections for the charged lepton and the nucleon in the final state.
If the processes given in Eq. (5.4) take place with a nucleon bound inside a nucleus, note that nuclear medium effects are
then very important. These nuclear medium effects play an important role in the final state composition, in interpreting
the experimental results, and in the determination of MA in nuclear target data. It has been also observed that the quasi-
elastic hyperon production induced by antineutrino scattering can give significant contribution to the pion production
arising due to the hyperon decay and is comparable to the pions arising due to ∆ decay in nuclear targets in the sub-
eV energy region relevant for atmospheric and accelerator experiments being performed to study neutrino oscillation
henomenon [408,412–414].
It has also been suggested [408,409] that polarization measurements of the baryon in the final state can give important

nformation about the various form factors as has been found in the case of electron–proton scattering. Moreover, a
etermination of all the form factors including f3(q2) and g2(q2) would also help to study the status of G and T -invariance in
he weak interaction. Notwithstanding the experimental difficulties in measuring the nucleon polarization in quasi-elastic
eactions as it would involve a double scattering experiment, it is possible to make such polarization measurements in the
ase of ν̄ + N → e+

+ Y , Y → Nπ reactions. Those are self analyzing by performing measurements on the polarization
bservables and asymmetries in the angular distribution of final nucleons and pions. The taus produced in charged current
τ (ν̄τ ) interactions are polarized and this tau polarization affects the distributions of its decay products used in identifying
harged current and neutral current events. Theoretical estimates and the feasibility of measuring these observables have
een recently discussed in the literature along with the implications in determining the various form factors [408,409].

.3.3. Inelastic scattering
Above the QE scattering region the region of inelastic scattering starts with the excitation of the ∆ resonance followed

y excitation of increasingly higher mass resonant states. These resonances sit atop a continuum of non-resonant π

roduction that starts at hadronic system mass-squared W 2
= p′

·p′
= (M+mπ )2 (Fig. 5.4). The generic Feynman diagrams

escribing these reactions are shown in Fig. 5.5, where one vertex is the weak vertex describing the weak interactions of
55



M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947

T
y

m
a
t
y
s

a
r

l
t
s
s

Fig. 5.4. Allowed kinematical region for neutrino–nucleon scattering in the (Q 2, ν) plane for Eν = 3 GeV (left panel) and Eν = 7 GeV (right panel).
he square of the invariant mass is defined as W 2

= M2
N + 2MNν − Q 2 with nucleon mass MN and energy transfer ν. The inelasticity is defined as

=
ν
Eν

=
(Eν−El)

Eν
and the forbidden region in terms of x and y is then defined as x, y /∈ [0, 1]. The elastic limit is x =

Q 2

2MN ν
= 1 and the shallow

inelastic scattering (SIS) region is defined as the region for which MN + Mπ ≤ W ≤ 2 GeV and Q 2
≥ 0 covering both non-resonant and resonant

eson production. The DIS region is defined as the region for which Q 2
≥ 1 GeV2 and W ≥ 2 GeV, and the soft DIS region is defined as Q 2 < 1 GeV2

nd W ≥ 2 GeV. Notice the yellow band (MN < W < MN + Mπ ), where we do not expect anything from neutrino–nucleon scattering. However,
his region becomes important when the scattering takes place with a nucleon within a nucleus due to the multi-nucleon correlation effect. In the
ellow band process like photon emission is possible. Soft DIS region is also nothing but the SIS region. The boundaries between regions are not
harply established and are indicative only.

Fig. 5.5. Feynman diagrams contributing to the hadronic current corresponding to W iN → N ′(N ′′)π±,0 , where (i = ±) for charged-current processes
nd (W i

≡ Z ; i = 0) for neutral current processes with N,N ′,N ′′
= p or n. The first row (left to right) represents s- and u-channel diagrams for the

esonance production, and the nucleon pole terms and the second row shows the contact, pion pole and pion-in-flight term.

eptons with W±(Z) bosons, while the second vertex is a mixed vertex describing the weak interaction of nucleons and
he strong interactions of the meson–baryon system described by a phenomenological Lagrangian consistent with the
ymmetries of the strong interaction or by an effective Lagrangian motivated by the symmetries of QCD like the chiral
ymmetry. This resonant plus non-resonant π production region transitions leads directly into the DIS region (Fig. 5.4),
where the interactions occur on quarks, at a kinematically defined regions for most experiments as W ≥ 2.0 GeV and
Q 2

≥ 1 GeV2 and this kinematical cut is adhoc and in most of the experimental analyses the region W ≥ 2.0 GeV and
Q 2

≥ 1 GeV2 are considered to be the safe DIS region. The non-resonant pion production region as well as the region
with W ≥ 2.0 GeV and Q 2

≤ 1 GeV2 is the intriguing kinematic region now referred to as the shallow-inelastic scattering
(SIS) region. In this transition region, the principle of quark–hadron duality can be very effectively used to connect the
DIS cross section to the cross section in the resonance region, which states that the nucleon structure functions at low
Q 2, averaged over a certain energy are similar to the structure functions of DIS processes at higher Q 2 averaged over the
same energy. Thus, for a given energy, the structure functions in the transition region can be equivalently described either
by the inelastic or DIS structure functions with appropriate evolution from low to high Q 2 [415].
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Fig. 5.6. Diagrammatic representation of resonance excitations for the charged current induced νℓ(ν̄ℓ)+N → ℓ−(ℓ+)+R process, where R represents
the different resonances contributing to the hadronic current.

The nucleon resonances which are excited in the inelastic reactions (shown in Fig. 5.6) are characterized by their mass,
parity, spin and isospin and are represented by the symbol RIJ (MR), where R is the name of the resonance given on the
basis of its orbital angular momentum, i.e., L = 0, 1, 2 and named S, P, D, etc., showing its parity, MR is the mass while I
and J specify their isospin and spin quantum numbers. Near the threshold region of single pion production, the P33(1232)
resonance is dominant while at higher energies the resonances such as the P11(1440), S11(1535), D13(1520) and P13(1720),
lying in the second and third resonance regions, become increasingly important [415–417].

Weak pion production has been studied for a long time and the various calculations are based on (i) dynamical models
with dispersion theory, (ii) quark models with higher symmetry such as SU(6), and (iii) phenomenological Lagrangians
for the interaction of mesons with nucleons and higher resonances. In most of the models, the vector form factors in
the resonance sector are determined in terms of the helicity amplitudes, which are extracted from real and/or virtual
photon scattering experiments. Information on the axial vector form factors is scarce, therefore, the PCAC hypothesis is
generally used to obtain this contribution. The strong coupling at the meson–baryon-resonance vertex is obtained using
the branching ratio and the partial decay width of the resonance decaying into the meson–baryon mode.

In recent times, many calculations have been performed in the isobar model with or without explicitly taking into
account the final state interaction of the pion–nucleon state. The existing experimental data on the single pion production
process from (almost) free nucleons are available only from the bubble chamber experiments performed almost 40 years
ago at ANL and BNL with deuteron and hydrogen targets. The ANL and BNL results differ with each other by about 30–
40%. Reanalysis of these data has resulted a better agreement between these two data sets [418]. Nevertheless, it has been
strongly felt that it is important to have a good understanding of the basic inelastic processes on nucleon targets as current
and future neutrino oscillation experiments are being performed using medium to heavy nuclear targets and neutrino-
nucleon scattering cross sections serve as an important input in all the Monte Carlo generators. The (anti)neutrino induced
single kaon production [419,420], eta production [421] and associated particle production [422,423] have also been
studied recently.

In recent times, many calculations have been performed in the isobar model with or without taking into account
non-resonant contributions. Unitarity, which is absent in tree level amplitudes, can be accounted for perturbatively using
chiral perturbation theory [424] but this approach is applicable only close to threshold. It can also be approximately
restored by imposing Watson’s theorem [425]. Ultimately, it can be implemented dynamically by solving the Lippmann–
Schwinger equation in coupled channels for the meson–baryon system. This is the approach followed by the dynamically
coupled channel (DCC) model to achieve a unified description of weak production of Nπ , Nππ , Nη and YK final states
with invariant masses W ≲ 2 GeV [426].

5.3.4. Deep inelastic scattering
For inclusive neutrino and antineutrino induced deep inelastic scattering (DIS) processes on free nucleons (Fig. 5.3),

the differential cross section is calculated in a quark parton model using the assumption of approximate Bjorken scaling.
The differential scattering cross section in terms of the Bjorken scaling variables x and y is given by:

d2σN

dxdy
=

G2
FMEν

π

[
y
(
xy +

m2
ℓ

2EνM

)
F1 +

(
1 − y −

Mxy
2Eν

−
m2

ℓ

4E2
ν

)
F2 ±(

xy(1 −
y
2
) − y

m2
ℓ

4MEν

)
F3 +

(
xy

m2
ℓ

2MEν

+
m4

ℓ

4M2E2
ν

)
F4 −

m2
ℓ

2MEν

F5

]
, (5.10)

where +(−) corresponds to neutrino (antineutrino)-nucleon scattering. In the limit that the lepton mass mℓ → 0, only
he F1−3 structure functions contribute. In the limit of high Q 2 and energy transfer ν, such that the Bjorken variable
=

Q 2

2Mν
→ constant, the nucleon structure functions become a function of the dimensionless variable x only, and F1(x) and

2(x) satisfy the Callan–Gross relation F2(x) = 2xF1(x). Through the explicit evaluation of the nucleon structure functions,
one may write them in terms of the parton distribution functions (PDFs) viz. u(x), d(x), etc., which provide information
bout the momentum distribution of the partons within the nucleon, and are given by:

FCC(νp) = 2x[d + s + ū + c̄]; xFCC(νp) = 2x[d + s − ū − c̄] ,
2 3
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FCC
2 (ν̄p) = 2x[u + c + d̄ + s̄]; xFCC

3 (ν̄p) = 2x[u + c − d̄ − s̄] . (5.11)

f one assumes isospin symmetry, u and d quark distributions are swapped for a neutron target and expressions of the
ross section for neutrino and antineutrino DIS are obtained. The effect of various perturbative and nonperturbative
CD corrections on the free nucleon structure functions Fi=1−3 have been studied in the literature such as target mass
orrections, higher twist effects, etc. and emphasis has been made to understand their implications in the determination
f nuclear structure functions [427]. Historically, thanks to the ability to separate quark and antiquark flavors, neutrino
nteractions on nuclear targets played an important role in the early development of parton distributions. Limitations
ue to the presence of nuclear effects at the 10–20% level have led to neutrino data being deemphasized in modern fits
ntended for proton–proton scattering experiments; pA data sets from the LHC at CERN have led to renewed interest in
hese nuclear parton distributions. See Ref. [428] for a recent comparison of pA and neutrino data.

An important feature is that through neutrino (antineutrino) scattering on nucleons, quarks and antiquarks can be
irectly probed which is not possible in the case of electromagnetic interactions. In this case, the cross sections for neutrino
nd antineutrino scattering off free protons in the four flavor scheme are obtained as:

d2σ νp

dxdy
=

G2
F sx
π

(d(x) + s(x) + (1 − y2)(ū(x) + c̄(x))) , (5.12)

d2σ ν̄p

dxdy
=

G2
F sx
π

(d̄(x) + s̄(x) + (1 − y2)(u(x) + c(x))) (5.13)

whereby neutrino data can be used, for example, to extract the strange and charm quark PDFs.

.4. Neutrino interactions with nuclei

Most neutrino oscillation experiments rely on massive detectors to achieve the target mass necessary to detect sizeable
tatistics of neutrino interactions over large distances. Although there is some data from hydrogen bubble chambers [429],
ost detectors use heavier materials such as scintillator (CH), water (H2O), iron (Fe) or noble liquids (Ar). As a result,

he nucleon phenomenology described above must be expanded to include the effects of interactions within a complex
ucleus. To perform precision neutrino oscillation measurements, we must also understand the flavor (e, µ, τ ) and
eak-charge (ν, ν) dependence of neutrino interaction rates and how the determination of the neutrino energy and the

measured scattering rates depends on those parameters.

5.4.1. Neutrino energy determination
For neutrino oscillation measurements, a good understanding of the initial neutrino energy in charged current

interactions is required. This can be estimated in two ways: first by summing the total energy (leptonic and hadronic)
exciting the nucleus and second, in the special case of quasi-elastic scattering, by using the final state lepton kinematics
to estimate the incoming lepton energy via two-body kinematics. This presumes that the initial nucleon is at rest.

In the first case, most of the final state hadrons need to be detected and a good physics model is needed to correct for
any missed particle (in particular neutrons and KL) and additional intrinsic differences between neutrino and antineutrino
scattering, where the final state has differing fractions of easily detected particles such as protons and charged pions and
harder to detect particles such as KL and neutrons. At low energies, where final state multiplicities are low, these effects
can be very large, while at very high energies, most of these differences in the final state can be expected to cancel.

For a subset of events, namely those with a quasi-elastic signature (ν + n → ℓ + p or ν + p → ℓ + n) with no recoil
nergy aside from a proton or neutron, a kinematic estimate of the neutrino energy can be made, namely

EQE
ν(ν) ≃

M2
n(p) − (Mp(n) − Eb)2 − M2

ℓ + 2(Mp(n) − Eb)Eℓ

2(Mp(n) − Eb − Eµ + Pℓ cos θℓ)
, (5.14)

here EQE
ν is the estimated neutrino energy, Mn and Mp are the neutron and proton masses, Mℓ, pℓ, Eℓ and θℓ represent the

final state lepton kinematics and Eb is a binding energy of order 10’s of MeV. Both of these methods of neutrino energy
estimation rely on detailed nuclear models to obtain the precise predictions needed for modern oscillation experiments,
as detailed below.

5.4.2. Neutrino interaction rate determination
In order to determine neutrino oscillation parameters, the final state neutrino flavor must be identified. In theory,

this relies only on detecting the final state charged lepton, but for each target nucleus, detector technology and neutrino
flavor, the final state signatures require unique selection criteria which depend on a large number of model parameters.
Ref. [430] lists some of the factors that must be considered in optimizing experimental sensitivity to oscillations. They
include nuclear corrections to quasi-elastic scattering (1p1 h), the presence of correlated nucleon effects (2p2h), resonance
production of final state pions, high-W inelastic scatters in which the nucleon breaks up, and final state interactions
(FSI) in which the outgoing hadronic particles interact in the nucleus and have their type or kinematics altered. For
recent summaries of the impact of nuclear effects on neutrino interaction predictions and hence neutrino oscillation
measurements, please see [431,432].
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Fig. 5.7. Ratio of reconstructed to true antineutrino energy in quasi-elastic interactions, illustrating the effects of resonance production and 2p2h
ffects. Pure quasi-elastic scattering is spread out by Fermi motion while most other effects decrease the reconstructed energy. The solid regions
epresent interactions where the final state contains no additional pions while the hatched regions contain additional low energy pions that were
elow detection threshold. This shows the extent to which such effects need to be accounted for in order to obtain an accurate neutrino energy
stimate. The effects can be sizeable.

Over the past two decades, improvements in detector technology and increased statistical power have been accompa-
ied by neutrino-nucleus interaction event generators of increasing sophistication and accuracy, including GENIE [433],
uWro [434], NEUT [435], and GiBUU [436]. These models now incorporate a wide range of nuclear effects, including
hort range interactions, long range screening effects, and final state interactions. The simplest models start with a
elativistic Fermi Gas (RFG) treatment where the nucleus is modeled as a simple potential well populated by neutrons and
rotons [437]. RFG models predict a velocity distribution for the nucleons inside the nucleus and hence an intrinsic spread
QE
ν around the true Eν . Fig. 5.7 shows a GENIE [433] prediction at particle level for the ratio of the kinematic estimate

to true neutrino energy EQE
ν /Eν in antineutrino events in the 2–6 GeV region. Pure quasi-elastic events are smeared by

Fermi motion but centered on the correct value of Eν . Almost all other nuclear effects result in an underestimate of the
neutrino energy if EQE is used to estimate the energy for candidate quasi-elastic scattering events.

Continued improvement in the underlying interaction models, for both nuclei and nucleons, and in event generators
which implement those models will remain an extremely important component of all neutrino measurements, from
oscillations to astrophysics.

5.4.3. Multi-nucleon correlation effects
There is now substantial evidence from both elastic electron scattering [438] and quasi-elastic neutrino scattering

[439–442] that a significant proportion of neutrino interactions involve scattering from correlated nucleon pairs. This
process is alternately described as a 2p2h (2-particle 2-hole) or MEC (Meson Exchange Current) process. Fig. 5.8 illustrates
this process schematically while Fig. 5.9 shows contributing diagrams. In Fig. 5.7 events from this process are shown to
give an underestimate of the true neutrino energy due to the failure of the 2-body scattering assumption. A significant
body of theoretical work in recent years has led to improved calculations of such multi-nucleon effects [431,443–451].

5.4.4. Final state interactions
In nuclei, the products of the initial scatter must traverse the nuclear material. This can lead to rescattering, production,

or absorption of final state hadrons, and results in a final state that differs from the one that would be expected from
the initial neutrino-nucleon interaction. As one example, Fig. 5.10 illustrates the way in which final state interactions of
pions from neutrino-induced resonance production can mimic the 2-body signature of quasi-elastic scattering if a pion
is absorbed in the target nucleus. In addition, Fig. 5.11 shows a comparison of charged pion production data from the
MINERνA experiment [452] with modern models [433,434,436] that highlights the need to include final state interaction
effects.

5.4.5. Random phase approximation and spectral functions
Other effects include screening effects at low momentum transfer squared, where the neutrino probe fails to fully

resolve the individual nuclei. These can be modeled using a Random Phase Approximation (RPA) [453,454] which provides
a more accurate prediction of accelerator and atmospheric neutrino scattering at low Q 2 and is also of importance in
double beta-decay matrix element calculations [455].
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Fig. 5.8. Illustration of a standard charged current process where an antineutrino interacts with a single proton and produces a recoil neutron (top)
nd a 2p2h process where the antineutrino interacts quasi-elastically with an np pair in the nucleus producing a two nucleon final state (bottom).
redit C. Patrick.

Fig. 5.9. Correlated exchange processes.

Fig. 5.10. Illustration of the effects of final state interactions. In this case, a neutrino interaction has produced a heavy resonance, which decays to
a nucleon and pion, the pion is absorbed within the nucleus, mimicking a quasi-elastic interaction signature.

5.4.6. Neutrino interactions in the few tens of MeV range
The neutrino energy regime from a few MeV up to around 100 MeV is relevant for detection of solar and supernova

burst neutrinos and for the low-energy tail of the atmospheric neutrino flux. Reactor neutrinos and neutrinos from pion
decay at rest fall in this range as well. In this regime, neutrinos will interact with nuclei via charged and neutral current
interactions, perhaps changing Z but not leading to a nuclear breakup. Below 100 MeV, only charged current interactions
f νe and ν̄e flavors are kinematically accessible. The final-state e± are observable for CC interactions, and if the final-state
ucleus is left in an excited state, then there is potentially observable de-excitation debris (e.g., gamma rays or ejected
ucleons) for both CC and NC interactions. The inverse beta decay CC interaction on the simplest nucleus, a free proton
ν̄e + p → n + e+), is very well understood theoretically. However, for other nuclei, the interaction cross sections and
ifferential final-state distributions tend to be highly dependent on the nuclear structure of initial and final states; there
re considerable theoretical uncertainties. There are very few measurements of cross sections in this energy range in
he literature. There are existing measurements of CC interactions of νe on 12C [456,457], 127I [458] and Fe [459], and
easurement of CC and NC d breakup (reviewed in [460]) and NC excitation of 12C [461] in this energy regime, but little
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Fig. 5.11. Differential cross sections of charged pions from the MINERνA experiment at neutrino energies ∼4 GeV. The plot on the left compares
he data (solid points) to predictions from GENIE, NuWro, and GiBUU. The plot on the right shows the components in the GENIE model compared
o the data. The difference between the red-dashed (no-FSI) and solid red (MINERνA) curves suggests a substantial FSI effect.
ource: Taken from Ref. [452].

lse. A program of measurements on nuclei relevant for supernova neutrino detectors – in particular, 16O, 12C, 40Ar, and
b – is needed. Knowledge of neutrino interaction cross sections on other nuclei is also of value for understanding of
uclear structure and BSM searches.
Neutrinos from pion decay at rest are well suited to measurements of these cross sections. If positive pions produced

y proton collisions on a nuclear target are stopped in a dense material, they decay at rest, producing, per pion, a νµ, a ν̄µ

nd a νe with a well understood energy spectrum extending to about 50 MeV (half the mass of the muon). If the pions are
roduced by a pulsed beam, the time distribution can also be well known. The stopped-pion neutrino spectrum overlaps
ignificantly with the expected neutrino spectrum from a supernova burst. Existing and future sources have excellent
otential for improved understanding of neutrino interactions in the few tens of MeV range. Current stopped-pion sources
n use for neutrino physics include the SNS [462], JSNS [463], and Lujan [464]; possible sources in future are the ESS [465],
SNS [466] and DAEδALUS [467].
Neutrino cross sections in the energy range from about 50 MeV to a few hundred MeV are perhaps even more poorly

nderstood than those for few-tens-of-MeV interactions. There are few near-term prospects for well-understood neutrino
ources. Beta beams are a possibility, although the necessary technology does not currently exist.

.4.7. Coherent elastic neutrino-nucleus scattering
Coherent elastic neutrino-nucleus scattering (CEνNS) is a process in which a neutrino scatters elastically with an

ntire nucleus, leaving it intact; the only significant observable from this process is the tiny recoil energy imparted to
he nucleus [468–470]. The differential cross section with respect to nuclear recoil T is

dσ
dT

=
G2
FM
4π

(
1 −

MT
2E2

ν

) (
(1 − 4 sin2 θW )Z − N

)2
, (5.15)

here M is the nuclear mass. If the coherence condition is not fulfilled, both Z and N are modified with nuclear form
actors. For reactor neutrinos, coherency is near-exact and those are ∼ 1. The cross section is relatively large, scaling as
he square of the weak charge of the nucleus, which is proportional to (N − 4 sin2 θWZ)2. Because the weak mixing angle
s ∼1/4, the proton contribution Z to the weak coupling is small, and so the interaction rate scales as N2, where N is
he number of neutrons in the nucleus. A nuclear form factor F 2(Q ), which is a function of the 4-momentum transfer
, modulates the rate, suppressing it for Q ≫ 1/R, where R is the nuclear radius. For neutrino energies less than about
0–100 MeV for medium-size nuclei, this low-Q CEνNS process dominates. The maximum recoil energy of the nucleus is
∼ 2E2

ν /M , where M is the nuclear mass; this translates to keV-scale recoils for reactor neutrino energies, and to tens
f keV scale recoils for stopped-pion neutrino energies. Detecting these tiny recoils is a technical challenge.
Studies of CEνNS offer a window into (beyond-the)-Standard-Model physics. If high enough precision can be reached

percent level), the Weinberg angle could be determined at low momentum transfer [471], or the nuclear neutron
istribution and neutron rms radius could be measured [472]. The difference of the latter to the proton rms radius is
alled neutron skin and influences for instance the neutron star equation of state, which links CEνNS to gravitational
aves. Because the uncertainties on the nuclear form factor are small (at the few percent level), any deviation from the
tandard Model expectation in the expected observables (rate, recoil spectrum and angular distribution as a function of
and Z) could point to new interactions, mediators, or new particles in the final state [473–476]. An anomalous neutrino
agnetic moment could turn up in the spectrum as an upturn at low nuclear recoil energy [471,477]. The low energy scale
f the process allows to distinguish several new physics scenarios which give the same effect in higher-energy oscillation

xperiments. Furthermore, it offers a new probe of sterile neutrino oscillations [478].
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Fig. 5.12. CEνNS cross section as a function of the number of neutrons in a nucleus, averaged over the stopped-pion neutrino spectrum (green,
above), the solar 8B spectrum (magenta) and the reactor spectrum >0.1 MeV (red, below). The black line represents the flux-averaged cross section
for unity form factor; colored lines include the effect of the nuclear form factor. Indicated also by black dots are several isotopes for which there are
existing experiments. The blue points with error bars indicate measurements by COHERENT [479,480]. The magenta arrow shows the upper limit
from XENON1T [491] and the red arrows show the upper limits from CONNIE [484] and CONUS [483].

CEνNS is also a new flavor-blind tool for observations of natural neutrinos – the Sun, supernovae, geoneutrinos. It is
a background for searches for both natural and accelerator-produced dark matter, so understanding of its cross section
matters for these searches. Finally, thanks to its relatively large cross section, CEνNS is conceivably useful for nuclear
reactor monitoring.

In 2017, the COHERENT experiment made the first measurement of the CEνNS process in Na-doped CsI crystals using
he neutrinos from the Spallation Neutron Source [479]. In 2020, COHERENT made the first CEνNS measurement in
r [480]. COHERENT plans measurements of CEνNS on Ge and NaI in the near future, and possibly additional targets.
he Coherent Captain Mills experiment is planning to make use of the Los Alamos Lujan facility [481], and the European
pallation Source [465] offers high power but less sharply pulsed beam. Fig. 5.12 summarizes measurements.
The frontier for future CEνNS experiments is at low recoil energy. For the ∼30 MeV neutrinos from stopped-pion decay,

ens-of-keV nuclear recoils are relatively accessible. However for reactor neutrinos, the required thresholds are less than
keV, and in that experimental regime, achieving good signal to background is technically very challenging in spite of
igh reactor fluxes. Nevertheless, a number of experimental collaborations deploying diverse low-thresholds technologies
re taking on this challenge. These include CONUS [482,483], CONNIE [484], Ricochet [485], RED [486], MINER [487], Nu-
leus [488], NuGEN [489], and NEON [490]. As for dark matter experiments, precise knowledge of the detector response
or nuclear recoils is important.

.4.8. Ultra high energy neutrino cross sections
At energies above ∼1 TeV, neutrino interactions are dominated by the DIS contribution and thew Q 2 dependence

f both the weak boson propagator and the structure functions come into play yielding a decrease in the neutrino cross
ection σCC/Eν as Eν increases. Predictions of the neutrino cross section above 10 GeV rely on structure functions evaluated
sing global fits to parton distribution functions. While there are no direct measurements of the neutrino-nucleon cross
ection above Eν ∼ 350 GeV, the parton distribution functions in the relevant (x,Q 2) ranges are well constrained and there
s widespread agreement in predictions of the cross section for Eν ≲ 107–108 GeV [492–500]. At even higher neutrino
nergies, small-x extrapolations of the parton distribution functions are less constrained. For example, with Standard
odel perturbative QCD evolution of the parton distribution functions and Eν = 1011 GeV, the neutrino–nucleon scattering
ross section is uncertain by a factor of ∼4 [496,497]. Allowing non-perturbative QCD evolution [501] can increase the
ange of predictions at the same neutrino energy to a factor of ∼10, as shown in Ref. [502], for example.

What are the prospects for measurements of ultra high energy neutrino cross sections? The angular-dependent
tmospheric and astrophysical neutrino-induced event rates in the IceCube Neutrino Observatory [503] depend on the
ross section through neutrino flux attenuation in the Earth and neutrino interactions in or near the detector [504]. These
ata allow an extraction of the neutrino–nucleon cross section [145,505] and inelasticity distribution [506] in the TeV-PeV
eutrino energy range. Cosmic sources of ultra high energy neutrinos potentially provide fluxes of neutrinos with energies
p to Eν = 1012 GeV, where neutrino-induced horizontal air showers and tau-neutrino-induced upward air showers may
llow for neutrino cross section measurements [507,508]. A first Glashow resonance electron-antineutrino candidate at

.3 PeV has been reported by IceCube [509]. A summary of current and proposed ground-based and space-based neutrino
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Table 5.2
Recent neutrino cross section experiments, their beam energies, and nuclear targets.
Experiment Neutrino Energies Neutrino Target Websites

ArgoNeuT 1–20 GeV Ar t962.fnal.gov
COHERENT < 50 MeV Na, Ar, Ge, Cs, I COHERENT
K2K 0.2–3 GeV water, scintillator K2K
MiniBooNE 0.2-3 GeV liquid scintillator MiniBooNE
MicroBooNE 0.2–3 GeV Ar MicroBooNE
MINERνA 1.5–20 GeV scintillator, He, C, Fe, Pb MINERvA
MINOS 3–50 GeV Fe MINOS
NOvA 0.8–4 GeV liquid scintillator NOvA
SciBooNE 0.2–3 GeV liquid scintillator SciBooNE
T2K INGRID 0.2–10 GeV scintillator T2K
T2K ND280 0.2–10 GeV water and scintillator T2K

detectors for ultra high energy neutrinos appears in Ref. [502]. At the LHC, experiments proposed to be positioned along
the beam line for BSM searches will intercept large numbers of muon and electron neutrinos and antineutrinos from pions
and kaons [510–512], and all three neutrino flavors from charm hadron decays [510,513]. The FASERν experiment [514],
or example, would produce neutrino cross section measurements that bridge the energy gap between accelerator-based
eutrino and IceCube measurements.

.4.9. Present and future experiments
Neutrino cross section on protons (and deuterium) were historically measured in bubble chamber experiments prior to

990 [278,460]. These measurements have been highly influential on understanding the basic physics of neutrino–nucleon
cattering due to their ability to fully reconstruct most of the final state. Since 1990, most neutrino experiments have
mphasized cross section measurements relevant to neutrino oscillations; concentrating on high statistics, energies in the
.2–10 GeV energy range and on target nuclei best suited for short and long-distance neutrino oscillation experiments.
able 5.2 summarizes the cross section experiments that have been published recently. Modern neutrino cross section
xperiments such as ArgoNeuT, MicroBooNE, MINERνA, MiniBooNE, NOvA, and T2K now have data samples with hundreds
f thousands of neutrino interactions in quasi-elastic and meson final state channels. These high statistics measurements
ave led to increasing refinement of model parameters. In the future, additional high statistics neutrino-nucleus scattering
ata on argon is expected from ICARUS, SBND, and the DUNE near detector. Precise determination of the cross sections of
eutrinos with target material are absolutely necessary to precisely determine neutrino parameters, and to probe physics
eyond the standard neutrino picture.

.5. Neutrino interactions: Summary

Predictions for the rates and topologies of neutrino interactions with matter are a crucial component in many current
nvestigations within nuclear and astroparticle physics. Ultimately, we need to precisely understand neutrino–matter
nteractions to enable progress in high priority physics including neutrino oscillations, supernova dynamics, and BSM
earches. Such improved understanding must in tandem include theoretical calculations of neutrino processes within
nuclear environment as well as dedicated experimental measurements to verify such predictions across wide energy
anges and varying nuclei.

Over the past decade, notable advances have been made on both the theoretical calculations and experimental
easurements of neutrino-nucleus scattering. However, neutrino-nucleus interaction uncertainties remain a limiting

actor in many neutrino oscillation searches at both short and long distances. Experiments using heavier nuclear targets to
ncrease their signal yields have to contend with the presence of significant nuclear effects impacting neutrino interaction
ates, particle kinematics, and observed final states. Uncertainties in both the neutrino interaction cross sections and
ssociated nuclear effects must be understood to maximize the sensitivity of an experiment to neutrino oscillations,
nterpret a supernova neutrino burst observation, and to uncover possible BSM physics in neutrinos. Continued progress
n both the theoretical and experimental fronts is crucial for the success of our endeavors in all of these areas. The future
s bright with such efforts underway using electron and neutrino scattering probes, encompassing multiple theoretical
pproaches, and spanning a wide kinematic range with a variety of nuclear targets.

. The number of neutrinos

.1. Introduction

Sterile neutrinos are singlets of the SM gauge group. Since they do not couple directly to the gauge bosons they can
nly participate in weak interactions through mixing with active neutrinos. The mass and number of these hypothetical

articles are unconstrained by theory, so in spite of any theoretical prejudice, they can be fairly light.
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The quest for light sterile neutrinos, in the sub-eV–eV mass scale range, has been motivated by a series of low energy
nomalies which cannot be accounted for by the standard three-neutrino framework. These involve SBL experiments with
eutrinos from accelerators, nuclear reactors and radioactive sources.
The LSND anomaly, is the 3.8σ excess of events compatible to ν̄e appearance in a ν̄µ beam observed by the LSND

xperiment [515], the MiniBooNE anomaly, is the 4.8σ excess of electron-like events in the MiniBooNE experiment
observed in both νµ and ν̄µ beams [516], the reactor antineutrino anomaly, is the ∼6% deficit (a 3σ effect) of ν̄e in reactor
BL (<100 m) experiments resulting from the re-evaluation of the reactor antineutrino flux [4,517] (although there are
ome doubts about the validity of this hint, see Section 2.2) and, finally, the gallium anomaly, is the deficit of about 15% (a
.5σ effect) in the observed neutrino count rate in the calibration runs with radioactive sources of the Ga solar neutrino
xperiments GALLEX/GNO and SAGE [518]. Very recently BEST [519] confirmed the gallium anomaly. The deficit becomes
arger (20 ± 5%) and has a larger significance.

Regardless of the different sources, baselines and energy ranges of these experiments, all of the above results can be
nderstood individually via short-baseline neutrino oscillations driven by ∆m2

SBL ∼ 1 eV2, a substantially higher scale
han the solar (∆m2

21) and atmospheric (|∆m2
32|) ones. So the oscillation interpretation requires a fourth neutrino mass

igenstate to account for this new (higher) mass-squared difference.
On the other hand, the Large Electron–Positron collider result on the Z invisible decay width established that there

re only three light neutrinos, with masses lower than mZ/2 and SM couplings to this particle [520]. This implies that if
here is a fourth light neutrino, it must be sterile in nature having no direct couplings to the SM bosons.

The simplest implementation of this idea of adding an extra massive state to the neutrino mass spectrum to solve the
BL anomalies and still provide a good flavor oscillation solution to the solar and atmospheric data. The PMNS matrix
s now a 4 × 4 matrix, new parameters of interest are a new mass denoted m4, and PMNS matrix elements Uα4, with

= e, µ, τ . In the usual parametrization, in particular, |Ue4| = sin θ14. It comes down to two basic schemes: the (2+2)
and the (3+1) schemes. The (2+2) scheme, where two groups of mass eigenstates, one accounting for the solar and one for
the atmospheric mass-squared difference, are separated by a gap, has been since long discarded by global fits of solar and
atmospheric neutrino data [521]. The (3+1) scheme, however, remains a viable possibility. In the (3+1) scheme there are
four possible mass spectra, depending on the mass ordering. Here the three (mostly) active mass eigenstates can account
for the solar and atmospheric neutrino data in the usual way and the (mostly) sterile mass eigenstate can be used to
explain the anomalies. It turns out that due to the dominance of the large ∆m2

SBL ≈ ∆m2
41 ≫ ∆m2

21, |∆m2
32| the survival

nd the oscillation probabilities for SBL experiments become effectively two-neutrino highly correlated probabilities,
hich in particular implies that νµ → νe appearance will result in both νe → νe and νµ → νµ disappearance, making it

non-trivial to both satisfy the SBL anomalies and the negative results from disappearance experiments; see Section 6.6.
That is why different global analyses including the available data, while they may differ on the conclusions about the
degree of disagreement, seem to indicate tension between appearance and disappearance SBL data in this scenario.

Non-oscillation experiments that aim to determine the absolute neutrino mass scale [318] and whether neutrinos are
Dirac or Majorana particles [398], can also independently help to constrain the parameter space spanned by ∆m2

41 and
Ue4.

Neutrino properties leave also observable imprints in cosmological observations. Cosmological data can be comple-
mentary to laboratory experiments by placing limits on the sum of neutrino masses and the number of relativistic light
degrees of freedom. Both seem to currently challenge the sterile neutrino needed to solve the anomalies. Non-standard
effects [522,523] may, nevertheless, reduce sterile neutrino production in the early Universe evading some of these limits.

The existence of light sterile neutrinos is still an open question and some of the aforementioned SBL anomalies may
have some other physical origin,8 thus they must continue to be vigorously scrutinized by experiments.

6.2. Sterile neutrinos and accelerators

6.2.1. Current status
Across history, there have been multiple searches for the existence of sterile neutrinos using accelerator-based neutrino

sources and studying both νe appearance and νµ disappearance oscillation signatures (see Table 6.1). Two experiments
have observed anomalous signals. The first is the LSND experiment which searched for neutrino oscillations using
neutrinos from a stopped pion source at Los Alamos National Laboratory in the mid to late 1990s. Using the inverse beta
decay process, LSND observed a 3.8σ excess of νe events that to this day remains unexplained [515]. One should note
that the KARMEN experiment, using a similar setup, found no evidence for νe appearance [526], though a combination
ith LSND still allows parameter space [527].
More recently, the MiniBooNE experiment has likewise reported 4.7σ νe and 2.7σ νe event excesses after analyzing its

complete data set after ∼ 15 years of operations [516,528]. The MicroBooNE [529] experiment at Fermilab uses the same
neutrino source as MiniBooNE, but a different and more capable detector technology, a liquid argon TPC, will be probing
the source of the excess of events seen in MiniBooNE. Results from MicroBooNE using a variety of analysis strategies and
multiple neutrino interaction modes are expected soon.

8 Moreover, statistical issues may lead to an over-interpretation of the results [524,525].
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Table 6.1
Past and currently operating accelerator-based short-baseline neutrino experiments. In this list, LSND and MiniBooNE are the two accelerator-based
neutrino experiments which have observed signals, both in appearance mode.
Experiment Baseline [m] Target Material Mode

CCFR 715, 1116 iron, scintillator νµ , νµ disappearance
CDHS 130 solid scintillator νµ disappearance
KARMEN 17.7 liquid scintillator νe appearance
LSND 30 liquid scintillator νe appearance
MicroBooNE 470 liquid argon νe appearance
MiniBooNE 541 mineral oil νe , νe appearance
MiniBooNE/SciBooNE 100, 540 solid scintillator, mineral oil νµ , νµ disappearance
MINOS, MINOS+ 1040, 734 k solid scintillator νµ , νµ disappearance
NOMAD 625 solid scintillator νe appearance
NOvA 1000, 809 k solid scintillator NC disappearance
T2K 280, multiple sub-detectors, NC disappearance,

295 k water Cherenkov νe&νµ disappearance

Table 6.2
Future planned and proposed accelerator-based short-baseline neutrino experiments that will search for sterile neutrinos.
Experiment Baseline [m] Target Material Mode

IsoDAR 16 liquid scintillator νe interactions
JSNS2 24 liquid scintillator νe appearance
νSTORM TBD TBD νe , νe appearance & νµ , νµ appearance
SBN 110, 470, 600 liquid argon νe appearance, νµ disappearance

Both the LSND and MiniBooNE observations were made in the appearance mode. Interestingly, none of the accelerator-
based short-baseline neutrino experiments (including MiniBooNE itself [530]) have observed the νµ disappearance
ignature that one would expect to observe as the muon neutrinos oscillate to electron neutrinos through a sterile neutrino
tate. This includes the non-observation of νµ disappearance from CCFR, CDHS, MiniBooNE, MINOS, MINOS+, NOvA, and
2K (see Table 6.1). Recently, there has been a large body of theoretical work that attempts to collectively explain the
xperimental measurements by invoking additional BSM physics including heavy sterile neutrinos, dark portals, new scalar
osons, and hidden sector physics [531,532]. Such mechanisms tend to lead to more complex final states (for example,
+e− pairs as opposed to a single electron or positron), some of which could be observed in current and future liquid
rgon-based neutrino experiments.

.2.2. Future prospects
There is more to come on the accelerator-based sterile neutrino front, as summarized in Table 6.2. While MicroBooNE is

urrently operating, it will soon be accompanied by two additional liquid argon detectors (SBND and ICARUS) as part of the
hort-Baseline Neutrino (SBN) program at Fermilab [533]. This is the first time that a series of liquid argon TPCs will have
een positioned on the same beamline to study neutrino oscillations. The ICARUS detector is currently being commissioned
t Fermilab following an extensive refurbishment at CERN. The SBND detector is currently under construction and will sit
losest to the Fermilab Booster neutrino source. Data from the SBND near detector to constrain the un-oscillated neutrino
lux, MicroBooNE (with its head start), and ICARUS (with its large mass and longer baseline) will work together to fully
ddress the sterile neutrino phase space suggested by the LSND and MiniBooNE anomalies.
In addition, the JSNS2 [534] experiment, which is aiming to provide a direct test of LSND, is about to start operations

t J-PARC in Japan using a detector filled with gadolinium loaded liquid scintillator exposed to a beam of neutrinos
rom muon decay at rest. Future probes of sterile neutrinos will also be possible in the DUNE [535] and Hyper-K [536]
ear detectors with extremely high statistics given the intensities of their planned neutrino beams. Next-generation
terile neutrino searches are also in the planning and include concepts using a high intensity 8Li beta-decay-at-rest
ntineutrino source (IsoDAR [45,46]) and neutrinos uniquely created from the decay of muons confined within a storage
ing (νSTORM [41]).

.3. Sterile neutrinos and reactors

As discussed in Section 2.2, the 6% flux deficit compared to the new prediction in 2011 [5] is called reactor antineutrino
nomaly (RAA), and was suggested to be due to active-to-sterile neutrino oscillation at an eV-scale with best-fit values
f ∆m2

41 = 2.4 eV2 and sin2 2θ14 = 0.14 [517]. Recent developments of this particular hint and the current discussion on
ts validity can be found in Section 2.2.2. As discussed in previous sections, evidence of the eV-scale sterile neutrinos was
lso observed in accelerator-based (LSND [537], MiniBooNE [538]) experiments and also in calibration measurements of

adio-chemical solar neutrino experiments (GALLEX, SAGE).
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Table 6.3
Comparison of the current VSBL reactor neutrino experiments [541]. — *) The main purpose of NuLat, CHANDLER and iDREAM is to monitor reactors
by observing neutrinos from the reactors.
Experiment Power Baseline Target mass Target Segmentation

[MWth] [m] or volume material

NEOS 2800 24 ∼1 m3 GdLS No
DANSS 3100 11–13 1 m3 PS (Gd layer) quasi-3D
Neutrino-4 100 6–12 1.8 ton GdLS 2D
PROSPECT 85 7–12 4 ton 6LiLS 2D
SoLid 72 6–9 1.6 ton PS (6Li layer) 3D
STEREO 57 9–11 2.4 m3 GdLS 2D
NuLat* any any 0.9 ton 6LiPS 3D
CHANDLER* any any ∼1 ton PS (6Li layer) 3D
iDREAM* 3100 20 1 m3 GdLS No

6.3.1. Current status
Uncertainties from each VSBL experiment from the ’80s and the ’90s were large. To reduce these uncertainties in

easurements and to have better understanding of the unexpected ‘‘5 MeV excess’’, many VSBL experiments have been
reated to take data. Table 6.3 summarizes the VSBL experiments currently operating or being prepared. NuLat and
HANDLER [539,540] are mainly for nuclear non-proliferation and currently in R&D. Among these VSBL reactor neutrino
xperiments, NEOS, STEREO, Neutrino-4 and PROSPECT are based on liquid scintillators while the others on plastic
cintillator. NEOS and DANSS detect neutrinos from commercial reactors while the others from research reactors, i.e.
hey use a 235U enriched neutrino source. PROSPECT and NEOS have the best energy resolution, 4.5% and 5%, respectively
hile the others have values larger than 10%. Only NEOS has a homogeneous detector while the others are segmented
2D or 3D), i.e. better for background rejection.

All the VSBL experiments perform model-independent analyses, and so far no significant evidence for eV-scale sterile
eutrino was observed from these experiments. NEOS’ [542] spectral shape divided by Daya Bay’s showed an oscillation
attern indicating possibly a sterile neutrino at 2.5σ but further reduction of systematic uncertainty is needed to claim
t.

Neutrino-4 [543] claimed observation of sterile neutrinos with best-fit values of ∆m2
41 ≃ 7 eV2 and sin2 2θ14 ≃ 0.4.

owever, the statistical significance of the result was only 2.8σ . Moreover, the Neutrino-4 analysis method was questioned
n Refs. [544–547]. Neutrino-4 replied to these critical comments on their analysis [548,549] and addressed recently two of
hem [550]. A more accurate treatment of energy resolution resulted in the reduction of the significance from 2.8σ to 2.5σ .
ith increased data sample the significance of the signal reached 2.9σ . The MC-based statistical analysis employed now
y Neutrino-4 reduced the significance of the signal from 2.9σ to 2.7σ . The obtained fit results of ∆m2

41 = 7.3±1.17 eV2

nd sin2 2θ14 = 0.36±0.12stat are in tension with limits obtained by Daya Bay, Bugey-3 and RENO (see for example [551]),
here the limits are obtained by taking into account the large uncertainties of the predictions for the antineutrino flux

rom reactors. However, the very recent BEST results [519] favor large ∆m2
41 and large sin2 2θ14 in agreement with

he Neutrino-4 best-fit values, see Section 6.4.1. The Neutrino-4 results are also in tension with limits obtained by
ROSPECT [26]. A comparison of the Neutrino-4 result with other experiments was done in Ref. [552]. The Neutrino-4
laim can be tested by upgraded DANSS [553] and PROSPECT [554]. Currently Neutrino-4 is constructing a new detector
ith 3 times better sensitivity in comparison with the existing one [550]. Therefore, the situation with the Neutrino-4
laim will be clarified in 3–4 years.
Both DANSS [555,556] and NEOS excluded the RAA best-fit values at 5σ and 4.6σ , respectively. Recent PROSPECT

esults using 96 calendar days of reactor-ON data [26] showed no evidence of sterile neutrinos and also disfavored the
AA best-fit at 2.5σ . Recent STEREO [557] result using 179-day reactor-ON data rejects the RAA at more than 99.9% C.L.

.3.2. Future prospects
Recently, NEOS has finished its phase-II data-taking in October 2020, and their new results would be available in

021 or 2022 with 500-day reactor-ON data, covering a full fuel cycle, with two sets of reactor-OFF data (before and
fter the reactor-ON period) for background subtraction. Neutrino-4 will upgrade their detector (Neutrino-6) with a pulse
hape discrimination capability. DANSS will continue to take data until Spring 2022 to cover one more reactor-OFF period
nd will upgrade the spectrometer in 2022 in order to improve the energy resolution. PROSPECT plans to de-construct,
epair and upgrade their detector because of an unacceptable number of non-functioning PMTs. PROSPECT is expected
o redeploy the detector after its upgrade (PROSPECT-II) for additional years of data taking. STEREO collected 334-days
eactor-ON data and finished data taking. SoLid has collected 196 (146)-day reactor-ON (OFF) data since 2018 and is
xpected to release new results hopefully soon.

.4. Sterile neutrinos and other experiments

.4.1. Radioactive sources
Radioactive 51Cr and 37Ar neutrino sources have been used for the calibration of the Ga-Ge solar neutrino experiments

ALLEX [558,559] and SAGE [560,561]. Using 71Ge production by neutrinos from the sources through the charged current
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reaction 71Ga(νe, e−)71Ge, the observed event rate was only 0.88± 0.05 of the expected one [561]. This so-called gallium
nomaly could be explained by oscillations of electron neutrinos into sterile ones with mass-squared difference around
V2 [562]. In order to test this hypothesis, the BEST experiment used recently a 51Cr source of a huge activity of 3 MCi
laced inside a 50-ton liquid Ga target split into two nested volumes [563,564]. The ratios of the measured and expected
ate were Rin = 0.791± 0.05 and Rout = 0.766± 0.05 for the inner and outer detector volumes, respectively [519]. These
esults are consistent with the gallium anomaly, and fitting all source experiments gives R = 0.80 ± 0.05, which can
be estimated to be a 4 to 5σ excess [519,565]. This could be interpreted as oscillation of electron neutrinos into sterile
ones with large mixing and ∆m2

41 > 1 eV2 (the BEST best-fit values are ∆m2
41 = 3.3 eV2 and sin2 2θ14 = 0.42). A large

fraction of sterile neutrino parameter space preferred by BEST including the best-fit point is already excluded by the
DANSS, NEOS, PROSPECT and STEREO experiments. The BEST results are also in tension with the Daya Bay, Bugey-3 and
RENO limits [551] even at large ∆m2

41. On the other hand, the BEST results are in a perfect agreement with the Neutrino-4
best-fit point [550], see Section 6.3.1.

A 65Zn source was proposed for the next round of sterile neutrino searches at the BEST-2 experiment [566]. A
144Ce source [567,568] was considered for sterile neutrino searches at the CeLAND [569] and SOX [570] experiments.
Unfortunately both experiments have not been performed. However the technology of the source production was
developed and can be used in the future. For instance, a possibility to use a 144Ce source for sterile neutrino searches at
Jinping laboratory is considered [571]. Radioactive sources can be used not only for the sterile neutrino searches but also
for other goals. For example a 5 MCi 51Cr source was proposed [572] for studies of the coherent elastic neutrino–nucleus
scattering that can be sensitive to new physics, see Section 5.4.7. Another proposal was to put a 51Cr source in a liquid
xenon dark matter detector in order to test for new physics in neutrino–electron scattering [573]. Several experiments
study the electron capture process for measurements of the electron neutrino mass and the search for sterile neutrinos
in the keV range using 163Ho, 131Cs, and 7Be isotopes [326,574–576].

6.4.2. Neutrino mass experiments
Sterile neutrinos of eV-scale also influence observables related to neutrino mass. The interplay with cosmological

neutrino mass determinations is discussed in Section 6.5. For direct mass experiments, the relevant quantity is now a
sum of four terms

m2
β =

4∑
i=1

|Uei|
2m2

i , (6.1)

that is, a sterile neutrino mixing with the electron neutrino would manifest itself as a distortion of the spectrum of
the β-decay electrons, leading to a kink-like signature. It is important that the same sterile neutrino mixing as the
one responsible for the reactor and gallium anomalies is probed here. The KATRIN experiment has used the same
data set that lead to the groundbreaking neutrino mass limit of 1.1 eV [316] to look for this feature [318] (see
also [577] for a phenomenological study). The result is seen in Fig. 6.1, which compares the 95% C.L. limits with various
other sterile neutrino probes. KATRIN improves the exclusion of DANSS, PROSPECT, and STEREO reactor spectral ratio
measurements for mass-squared differences larger than 10 eV2; reactor and gallium anomalies are constrained for
100 < ∆m2

41 < 1000 eV2. The Neutrino-4 hint of large active–sterile mixing is at the edge of the current exclusion.
Also shown in the figure is the expected 5-year sensitivity, which will improve the global sensitivity further. Assuming
the smallest neutrino mass to be close to zero, a comparison with neutrinoless double beta decay is also made in the
figure. Indeed, if neutrinos are Majorana particles, sterile neutrinos modify the effective mass (see Section 4.3) to

mββ =

⏐⏐⏐⏐⏐
4∑

i=1

U2
eimi

⏐⏐⏐⏐⏐ . (6.2)

The limit of about 0.2 eV on the effective mass in the three-neutrino picture applies directly to the case of eV-scale sterile
neutrinos. Both approaches, direct neutrino mass searches and neutrinoless double beta decay, are again testing quite
similar parameter ranges.

Interestingly, the ‘‘sterile contribution’’ m4|Ue4|
2 to the effective mass is about the same order as the one of the active

neutrinos in the inverted hierarchy case. Therefore, both terms could cancel each other due to the presence of various
Majorana phases [398]. This could imply that for the inverted hierarchy the effective mass can be very small, while for
the normal hierarchy it is large. This is the opposite situation compared to the standard 3-neutrino interpretation.

These considerations and limits assume of course that the sterile neutrino is heavier than the active ones. The opposite
case, a very light sterile neutrinos separated from three eV-scale active neutrinos is in principle also possible, but highly
unlikely given the cosmological and terrestrial limits.

6.4.3. Solar and atmospheric neutrinos
The (2+2) scheme can explain the SBL anomalies and does not suffer from the appearance–disappearance tension

present in the (3+1), but it is incompatible with the solar and atmospheric neutrino data [521], so it has been discarded.

The (3+1) scheme can be easily made compatible with the solar and atmospheric data, as long as ν4 is essentially sterile
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Fig. 6.1. KATRIN’s 95% C.L. constraints on sterile neutrino parameters in comparison with fits to the reactor and gallium anomalies, as well as with
dedicated reactor neutrino experiments looking for sterile neutrinos. A comparison to neutrinoless double beta decay is also made.
Source: Taken from Ref. [318].

and the other three mass eigenstates behave like in the standard three neutrino framework and are essentially active, i.e.
|Uα4|

2
≪ 1, α = e, µ, τ .

Solar neutrino experiments may, however, be sensitive to an even lighter sterile state. Although the standard LMA-
MSW [236,237] has been believed to be for almost 20 years the solution to the solar neutrino problem, some tensions
remain. The best-fit value of ∆m2

21 preferred by KamLAND [578], which controls the value of the global fits for this
parameter, has been consistently somewhat higher than the one preferred by all the solar neutrino oscillation experiments
combined [287]. The LMA-MSW solution for the value of ∆m2

21 indicated by KamLAND predicts a low energy upturn in
the 8B energy spectrum not observed by SNO [53], Borexino [579] or Super-Kamiokande [62], as well as a slightly smaller
day–night asymmetry than observed by Super-Kamiokande. This tension has decreased the level of significance from 2.2σ
to 1.14σ , after the latest Super-Kamiokande solar neutrino result, which indicates a smaller day–night asymmetry and a
slightly more pronounced upturn [580]. This problem is still, however, not completely settled yet. It has been suggested
that a super-light sterile neutrino at the ∆m2 scale of O(10−5) eV2 could explain the suppression of the upturn [581,582].
A precise measurement of the solar neutrino spectrum in the transition region could help to address this problem. The
JUNO experiment, which will soon measure ∆m2

21 with a precision of a few per mill, can also search for sterile neutrinos
at this ∆m2 scale using reactor neutrinos [65].

The search for sterile neutrinos with eV-scale mass splittings can be effectively carried out using atmospheric neutrinos
in the GeV to TeV range. The power to constrain sterile mixing parameter space comes from the large amount of
matter that neutrinos traverse when propagating through the Earth. Resonant disappearance of muon antineutrinos
targets primarily ∆m2

41 (position of resonance) vs. θ24 (depth of deficit). Recent results by ANTARES, IceCube and
Super-Kaomikande have provided constraints on a large range of parameters utilizing both GeV [244,583,584] and TeV
energies [253,585]. There is also limited sensitivity to one of the three CP violating phases that are present if one sterile
neutrino exists [244].

Studying atmospheric neutrinos does not just allow for a sensitive probe of the parameter space, it also comes with
very different systematic uncertainties compared to other probes. The signature of sterile neutrinos in atmospheric
neutrinos is generally at higher energies, reducing the impact of uncertainties due to the cross-sections and other nuclear
effects/backgrounds. Therefore, for a convincing sterile neutrino discovery one would really want to see it in multiple
probes, including atmospheric neutrinos (in a similar way as the historic solar neutrino deficit was not sufficient to
establish neutrino oscillations).
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6.5. eV-scale sterile neutrinos and cosmology

Cosmology data is sensitive to a possible existence of sterile neutrinos through the effective number of neutrino families
eff. In the standard case of three species only, corresponding to the three active left-handed neutrinos, Neff = 3.044

[385–387], where the excess from a value of 3 comes from a small reheating of the cosmic neutrino background by the
e+e− annihilations that occur sufficiently close in time to neutrino decoupling to slightly affect the neutrino temperature.
The neutrino temperature Tν is commonly defined relative to the photon temperature Tγ by the relation

Tν =

(
4
11

)1/3

Tγ . (6.3)

he extra energy density is instead absorbed into the definition of Neff, via

ρν = Neff
7π2

120
T 4
ν . (6.4)

here ρν is the total neutrino energy density in the radiation-dominated era. Any value of Neff in excess of the standard
odel value would indicate the contribution of additional relativistic relics such as sterile neutrinos.
The total energy density ρtot of the Universe at any given time dictates the expansion rate H(t) through H2(t) =

πGNρtot/3, where GN is the Newton constant. In the radiation-dominated era, this translates into

H2(t) =
8πGN

3
(ργ + ρν) . (6.5)

hus any observation that is affected by the expansion rate at early times will directly constrain Neff. The main two
osmological epochs that are sensitive to sterile neutrinos are therefore Big-Bang Nucleosynthesis (BBN) and the emission
f the cosmic microwave background (CMB).
At later epochs, the exact timing of which depends on the particle mass, sterile neutrinos eventually become non-

elativistic. They will then contribute to the expansion rate of the Universe but not to the clustering on small scales
ince they will have free-streamed out of gravitational potential wells during the fraction of the Universe history when
hey were relativistic. The existence of sterile neutrinos can therefore also be constrained at late times by studying the
lustering properties of the Universe on small scales. These constraints, however, are mostly relevant in the case of
eV-sterile neutrinos, that we discuss in Section 8.4.2 on neutrinos as dark matter.
To contribute as ∆Neff = 1 to the effective number of neutrinos, the additional species would have to be thermally

roduced in the early Universe through oscillations with active neutrinos, such that both active and sterile neutrinos
nd up with the same temperature Tν , although with a different normalization of the phase-space distribution [586]. The
scillation production is enhanced with larger mixing angles or shorter oscillation periods due to larger ∆m2. Additional
adiation does not need to be fully thermalized, however, in which case it could contribute with ∆Neff < 1.

Given the current best estimates of their mass (∼1 eV) and mixing angle between the active and the sterile neutrino
tates (sin2 2θ ≳ 10−3), sterile neutrinos associated with the SBL anomalies would be fully thermalized, hence contributing
Neff = 1. The expansion rate of the Universe prior to BBN would thus be increased (cf. Eqs. (6.4) and (6.5)), enhancing

he neutron-to-proton ratio at the onset of BBN. Since this ratio fixes the abundances of the light elements, the
easurement in particular of the abundances of 4He and deuterium impose interesting constraints on the effective number
f neutrino families. Because BBN predictions for fixed Neff depend on a single parameter, the baryon-to-photon ratio, the
etermination of Neff from BBN exhibits some degeneracy with the baryon density. Current constraints from BBN are in
he Neff = 3 − 4 range, and thus cannot rule out fully thermalized sterile neutrinos.

The speed-up of the expansion rate of the Universe caused by additional radiation also impacts CMB measurements
ia the determination of the sound horizon at recombination. The data from Planck therefore also constrain Neff. Using its
ost conservative choice of priors, the Planck collaboration obtained the following bounds, Neff < 3.3 and meff < 0.65 eV

95% C.L.), using the ‘‘TT,TE,EE+lowE’’ Planck data combined with lensing and BAO [305]. Here, meff is an effective sterile
eutrino mass defined as meff = 94.1Ωsterile h2 eV, with Ωsterile the contribution to the energy density relative to the

critical one and h = H0/100 km s−1 Mpc−1 the re-scaled Hubble parameter. In the case of a thermally-distributed sterile
neutrino, this parameter is related to the true mass by meff = (∆Neff)3/4 m4.

The tightest result comes from the combination of BBN and CMB that provides a constraint on Neff in the 2.9–3.0 range
with an uncertainty σ (Neff) ∼ 0.3 (see the white paper [587] for a detailed review on the cosmological impact of eV sterile
neutrinos). Such a constraint on Neff is incompatible with a fully thermalized light sterile neutrino as currently favored
by the best-fit parameters of short-baseline experiments. In addition, a thermalized light sterile neutrino in the eV mass
range is too heavy to be compatible with the CMB constraint. These cosmological constraints can be alleviated in some
BSM models in which, for instance, the sterile neutrino couples to a new light pseudoscalar degree of freedom [588]. Such
models provide a good fit to BBN and CMB temperature data, even reducing the tension on the value of the expansion rate
H0 between early and late-time measurements. The inclusion of CMB polarization data, however, constrains the sterile
neutrino mass to be less than 1 eV in this scenario. A global fit to cosmology data and short-baseline experiments only
allows for a narrow window around 1 eV.
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Fig. 6.2. Appearance versus disappearance data for the relevant mixing parameters sin2 2θeµ = 4|Ue4Uµ4| and ∆m2
41 at 99.73% C.L. for 2 dof.

isappearance data using free reactor fluxes (solid) or fixed reactor fluxes (dashed) are used. The allowed parameters are to the left of the dark and
ight blue lines. The shaded contours in red (pink hatched) are the allowed parameters from appearance data including (excluding) decay-in-flight
SND results.
ource: Taken from Ref. [590].

.6. Global fits

We have seen in the previous sections that a variety of hints towards the existence of light eV-scale sterile neutrinos
xists. All those hints need to be incorporated in a global fit, in analogy to the standard three-flavor pattern discussed in
ection 3.6. The fits by different groups largely agree with each other [589–591].
With a fourth neutrino, the PMNS matrix is a 4 × 4 matrix that contains six mixing angles and three CP phases relevant

or oscillations (three additional phases appear for Majorana neutrinos). Obviously, determining all those parameters
ould be a huge undertaking which would require a large number of different experiments.
The main hints stem from νe → νe disappearance and νµ → νe appearance, as well as many constraints exist on

µ → νµ disappearance. In the relevant L/E regime for an eV-scale ∆m2
st = ∆m2

41, unitarity implies that if νe → νe
isappearance and νµ → νe appearance exists, then νµ → νµ disappearance must exist. This argument is independent
f the number of sterile neutrinos (there could be more than one), and leads to strong tensions in the global fits. The
robabilities, in the relevant limit in which the large sterile mass-squared difference dominates, read

P(να → νβ ) = 1 − sin2 2θαα sin2 ∆41 , P(να → νβ ) = sin2 2θαβ sin2 ∆41 , (6.6)

here ∆41 ≡ ∆m2
41L/4E, sin

2 2θαα ≡ 4|Uα4|
2(1 − |Uα4|

2) and sin2 2θαβ ≡ 4|Uα4|
2
|Uβ4|

2. To be more specific, P(νe → νe)
depends on |Ue4|, P(νµ → νµ) on |Uµ4|, and P(νµ → νe) on |Ue4Uµ4|. The tension is displayed in Fig. 6.2, where the two
regions according to appearance and disappearance have very little overlap. It is independent of the assumed reactor
flux, and also on which data set one excludes in the fit: the p-value that appearance and disappearance data agrees never
exceeds 10−5 [590] (see also [589]). The inclusion of extra sterile states may alleviate some of this tension [590,592,593],
but the latest result from IceCube further discards some regions of these solutions [585], see Section 6.4.3. The obvious
solution to this issue is to conjecture that one (or both) sets of results are not reliable. Individual fits to appearance and
disappearance data are therefore useful. The results of such a fit are seen in Fig. 6.3.

It is also possible to fit the oscillation experiments including cosmology data [595,596], or with β decay data, which
is shown in Fig. 6.4. One identifies a tension between the active–sterile oscillations indicated by the reactor flux deficit
and the combined tritium and reactor spectral-ratio measurements. Since all these aspects are in flux, it is too early to
take this very seriously. However, it shows the interplay of different approaches to the problem, which will be central
in the coming years, when the issue of sterile neutrinos will be hopefully settled. Regarding cosmology, the analysis of
data should keep the effective number of relativistic degrees of freedom Neff, or its difference ∆Neff = Neff − 3.044, into
account. As expected, cosmology data does not allow an eV-scale sterile neutrino (recall though the possibility to allow
this via new physics mentioned in Section 6.5), though for smaller masses (which cannot explain the reactor flux deficit)
present experiments reach parts of parameter space to which cosmology data is currently not sensitive.

6.7. Searches for sterile neutrinos beyond eV

Sterile neutrinos may exist at various scales, see Section 8.5, and one can search for them in a variety of ways. Their
mass may lie below or above the eV-scale, with most activity dealing with the case of heavier sterile neutrino masses.
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Fig. 6.3. Fit results on sterile neutrinos using only νe → νe disappearance (left) and νµ → νe appearance (right).
Source: Taken from Ref. [590].

Fig. 6.4. The left plot shows in green and yellow the 90% and 99% C.L. areas coming from the reactor flux deficit solution, while the pink line
shows the result of an analysis of reactor experiments with spectral ratio measurements (RSR). A combination of Mainz, Troitsk and KATRIN tritium
experiments is seen in red, which can be combined with the RSR fit to the black line. Taken from Ref. [577]. Here sin2 2θee = 4|Ue4|

2(1 − |Ue4|
2).

he right plot shows constraints in the plane of ∆Neff and sterile neutrino mass from reactor experiments, including prospects of the future JUNO
roject. Taken from [594].

his includes even masses around the TeV-scale, where they would be produced at colliders [597]. Lower mass neutrinos
elow GeV are usually searched for in decays of mesons, where instead of the usual active neutrinos, sterile neutrinos
re emitted. In all searches, the mass of the sterile neutrino and its mixing with the active neutrinos of flavor e, µ or τ is
onstrained. The effect of such neutrino changes both the overall rate and the energy distribution in a non-trivial manner
598,599]. The search for those particles also includes astrophysical observations, cosmological constraints, electroweak
recision tests, or neutrinoless double beta decay, if the sterile neutrinos are Majorana particles. A summary of various
imits, taken from [600], can be found in Fig. 6.5.

An interesting regime is the one of masses around a few keV, where neutrinos become attractive warm dark matter
andidates, see Section 8.4.2. Noteworthy approaches to search for those particles are the TRISTAN detector upgrade for
ATRIN (β decay of tritium) [319], the BeEST experiment (electron capture of 7Be implanted into superconducting tunnel
unction quantum sensors) [576] or HUNTER (electron capture of 137Cs in a magneto-optical trap) [602]. Indeed, BeEST has
lready obtained the best laboratory mixing limits in the range between 100–800 keV, planing to improve these limits by
orders of magnitude in the next 5 years. The use of quantum sensors and atom/ion traps for searches of new physics

elated to neutrino is promising, see also Section 7.2, and may eventually reach the cosmologically interesting range of
ixing angles below ∼10−5.
Another noteworthy scenario is related to ‘‘resonant leptogenesis’’, see Section 8.4.3. In principle one can arrange sterile

eutrinos to be almost degenerate in mass, which enhances the CP asymmetry in their decay and arrange leptogenesis at
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Fig. 6.5. Constraints on the mass of a sterile neutrino and its mixing with electron neutrinos from a variety of astroparticle and particle physics
searches.
Source: Taken from [600].

Fig. 6.6. The white region displays mass and mixing of sterile neutrinos, here called HNL (Heavy Neutral Lepton), which can lead to successful
resonant leptogenesis. Green lines are constraints from past experiments, the blue line is the expected sensitivity of SHiP.
Source: Taken from [601].

GeV-scale temperatures. Fig. 6.6 shows the possible parameter space of the ‘‘νMSM’’ [603] and the experimental sensitivity
f the SHiP experiment [601].

.8. The number of neutrinos: Summary

Various hints for the existence of light eV-scale sterile neutrinos exist, originating from neutrinos from nuclear reactors,
ccelerators and radioactive sources. It is likely that not all of those hints are correct. Nevertheless, the long-standing
ature of the hints and the lack of fully convincing other explanations of the experimental anomalies has lead to an active
ursue of dedicated experiments looking for sterile neutrinos. Furthermore, every neutrino (not necessarily oscillation)
xperiment has sensitivity on such particles as well, providing complementary information. Moreover, renewed interest in
he calculation of nuclear reactor fluxes has arisen. Sterile neutrinos can easily be motivated by theoretical considerations,
ut essentially always their mass is much larger in such scenarios. Hence, a confirmation of their existence would have
trong consequences for model-building.
If those particles are verified, the overall mass of neutrinos is increased by at least the square-root of the ∆m2

ssociated to the apparent sterile neutrino oscillations. This has impact on neutrino mass experiments and measurements.
irect searches such as KATRIN start to provide competitive constraints on the scenario, as well as neutrinoless double
eta decay experiments, in case the sterile neutrinos are Majorana particles. Cosmology strongly disfavors the existence
f sterile neutrinos, both from the overall mass-scale, as well as the number-of-neutrino point of view. If confirmed in
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terrestrial experiments, sterile neutrinos as motivated by the above mentioned anomalies would require rather non-trivial
modifications of early Universe cosmology.

Within the next few years the question on whether eV-scale sterile neutrinos exist, is expected to be answered.

. New technologies, cross-over to other science, and frameworks for neutrino physics

.1. Introduction and community

Neutrino physics covers a huge spectrum of experimental, technological and theoretical aspects. It is therefore not
urprising that one can identify sub-communities with connections to many other scientific and technological topics in
eutrino physics and to other fields of science. In particle physics these are groups coming from high energy physics, doing
xperiments with beams and using corresponding detector technologies. Groups with a nuclear physics background tend
o work with neutrinos at lower energies where very different methods and technologies are used. A third sub-group
omes from astrophysics, where neutrinos are important, for example for the evolution of stars and for supernovae.
et another sub-group comes from cosmology, clearly again with very different techniques and requirements. A final
ub-group are theorists who often tie some or all of the other groups together into a global picture of neutrino physics.
We list in this section a number of the these diverse technologies and methods to indicate directions which are

mportant for the future of neutrino physics. We touch on many relevant topics, but note that we do not claim that this
ist is complete. Note also that the ordering or length of the text does not express any preference. Instead this compilation
hould be seen as directions which all are very interesting and deserve in principle to be further improved due to their
aluable potential. Some technologies are more mature or exist and can be/are more or less realized, while others need
ore R&D. These topics are listed in the ‘‘Technologies and Capabilities’’ subsection. Another direction can be called

scientific ‘‘Infrastructure’’ which is important for the often spacial environments where experiments are performed.
It is important to keep in mind that – as in the past – new ideas will emerge which can change the landscape

significantly. We would like to emphasize therefore the importance of an adequate level of flexible R&D funds. Similarly
theory support is very important since it unites the vastly different experimental efforts and since it comes up with new
ideas which trigger exciting new experimental projects.

Decisions for the most promising big or small experimental projects requires continuous careful scientific discussions
and a balancing of the effort to gain ratio by the world-wide community. At the same time one must keep the lead times of
big projects in mind. Good international cooperation and coordination is therefore very important for best science results
by making best use of resources for developments, for R&D efforts, for experiments with similar goals and for shared
infrastructure facilities.

7.2. Technologies and capabilities

• Accelerator neutrinos: In 1961 the first true neutrino beam was created at CERN using the Van der Meer horn to focus
pions produced in the bombardment of a solid target by protons extracted from the PS. Such horn-focused beams
have been used at CERN, ANL, BNL, FNAL, IHEP, KEK, and J-PARC, first to establish the quark-parton model and the
Standard Model, and then to study neutrino oscillations and to search for new phenomena such as the existence of
sterile neutrinos. Future exploration of the nature of neutrino flavor using neutrino-beams produced by accelerator
facilities will continue to exploit the technique pioneered at CERN.
The Deep Underground Neutrino Experiment (DUNE) [604–608] in the US and the Tokai-to-Hyper-Kamiokande
(Hyper-K) [609–612] experiment in Japan will use horn-focused pion beams produced using proton-beam powers in
excess of 1MW to search for the violation of CP invariance in the neutrino sector. The high-flux beams illuminating
the large DUNE and Hyper-K detectors will allow very large data sets to be accumulated. Projections of the rate at
which data will be collected indicate that the statistical error will be reduced to the percent level by 2028–30.
The Short Baseline Neutrino (SBN) program at Fermilab will be served by the horn-focused Booster Neutrino beam.
Over the coming half decade, the SBND, MicroBooNE, and ICARUS experiments will place make stringent tests of
the consistency of the three-neutrino mixing paradigm and explore the anomalous results reported in the study of
short-baseline neutrino oscillations reported elsewhere in this report.

• Systematic uncertainties on beam neutrino fluxes, their flavor composition and neutrino cross-sections impact
future neutrino experiments, Hyper-K and DUNE. Thus, precise measurements of the beam neutrino fluxes and
neutrino cross-sections (1% level) are necessary to maximize the sensitivity of the next generation of long-baseline
experiments, and to take the next step in sensitivity.
Precision CP phase measurements would, in particular, be greatly improved by facilities and detectors to directly
measure the interaction cross sections of electron–neutrinos and electron antineutrinos. Existing experiments mainly
use muon neutrino beams with small electron neutrino components and electron neutrino cross section predictions
rely on low-statistics measurements and extrapolation from muon neutrino scattering results. These measurements
can be done in muon decay rings by νSTORM [613] or in instrumented decay tunnels by ENUBET [614].
The muon decay ring is a facility to provide a muon beam and a test bed for accelerator and detector technology.

At νSTORM, the flavor composition of the neutrino beam is known and its energy spectrum may be determined
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precisely, courtesy of advanced detector techniques, using the storage-ring instrumentation. It would be the first
neutrino-beam facility to be based on a stored muon beam and will provide a test-bed for the development of the
technologies required for a multi-TeV muon collider and/or a neutrino factory. It will also serve the nuclear physics
community by providing a unique 100% polarized probe of flavor-dependent collective effects in nuclei.
Optimization for electron neutrino measurements will require different beam tune and detectors designed to sign
analyze electrons. ENUBET will be the first ‘‘monitored neutrino beams’’ by monitoring the leptons in the decay
tunnel at the single particle level. In particular, the use of an instrumented decay channel to constrain the energy of
electron–neutrinos produced in kaon decays will be studied.

• Detectors for precision neutrino oscillation: Neutrino oscillation experiments, for both measurement of three-flavor
oscillation parameters, including a CP phase, as well as searches for sterile neutrinos, require a neutrino source and
one or more detectors. Detector technologies for existing and planned neutrino oscillation experiments are diverse,
ranging from fine-grained low-threshold detectors for very-short baseline reactor experiments, to hundred-ton-scale
tracking time projection chambers for short-baseline oscillation experiments, to large, homogeneous liquid volumes
of tens-of-kiloton scale, for long-baseline beams. For oscillation experiments, one needs to measure neutrino energy
and flavor with high statistics and resolution. This requires generically a well-understood, high-intensity source,
coupled with a high-mass, high-performance detector.
In general, one needs fine granularity that enables precision reconstruction of the neutrino interaction final state,
in order to tag the interacting neutrino’s flavor and determine neutrino energy with high resolution. Especially
above the hundreds of MeV range, systematic uncertainties in oscillation parameter determination may eventually
be dominated by understanding of neutrino interaction cross sections. Therefore, well-understood neutrino beams
and detectors that enable measurements of these cross sections will be a vital component of a future program.

• Novel techniques to search for sterile neutrino searches are also tried using beam-neutrinos produced by muon
decay at rest (DAR) in JSNS2 [615] and by 8Li beta decay in IsoDAR [616] where 8Li is formed mostly by 7Li capturing
neutron produced by proton beam striking a beryllium target. Neutrinos produced from the world’s most intense
proton source would allow to explore leptonic CP violation and the neutrino mass ordering in ESSnuSB [617].

• Improved detectors for MeV events: For rare phenomena searches such as neutrinoless double beta decay, low
radioactivity material for shielding and sensor apparatus material have been important. In addition, high-sensitivity
underground searches now require thorough understanding of muon spallation and its products. These experiments
require measurements of detailed production cross section and shower propagation for a useful background
estimation. Muon beam experiments should be conducted systematically for relevant nuclei for this purpose. Isotope
enrichment and purification of detector materials have been vigorously studied for better signal to noise ratio, and
these should be extended for much larger mass aiming at several tens of ton target material. Future large mass
detectors will naturally require large area and high quantum efficiency photon sensors for good energy resolution.
This will also require capability of particle identification (e.g. Timepix-based detectors) and directional information
for a reliable discovery and for understanding underlying physics.

• Improvement in photon sensor technologies: For several decades, photomultiplier tubes (PMTs) have been the
working horse in neutrino- and dark matter detectors, e.g., in aforementioned large-scale water-Cherenkov detectors.
PMTs have been tremendously improved over the years and have potential for future improvements to further
increase their performance in specialized applications such as ultra-low-background experiments or cryogenic envi-
ronments. PMTs are being developed where the dynode structure is replaced by either a multi-channel plate detector
or by a silicon-based electron-to-digital converter. These developments aim at increasing the performance and
reducing the cost of the integrated detection system. However, to date conventional PMTs remain the photosensors
of choice for large volume neutrino detectors. This is not just because of the cost advantages per photo-sensitive area
but also due to lower noise associated with PMTs and their demonstrated long-term stability. At the same time, the
trend to ever larger PMTs has stopped and instead applications with larger numbers of medium sized PMTs (3–
4 inch), that can be produced in large quantities for modest costs, have become more frequent. In water-Cherenkov
neutrino detectors, several of these smaller PMTs are typically arranged in a transparent pressure sphere pointing
in different directions, providing the advantage of additional spacial or directional information. With an increase
in target volume in future neutrino detectors, and thus an increase in sensitivity, large areas within the detector
volume must be covered with PMTs. Thus, further development of low-cost photo-sensors and corresponding readout
electronics is required.
In certain applications, such as noble-gas neutrino detectors, Silicon PhotoMultipliers (SiPMs) are becoming the
devices of choice. Their intrinsic low radioactivity, low bias voltage of typically less than 100 V, high gain of
105–106, and gain stability towards temperature and bias fluctuations gives them a competitive edge compared
to PMTs and avalanche photodiodes. Especially when operated inside cryogenic, liquid noble-gas detectors, their
dark count rate and correlated noise are at sufficiently low levels, effectively enabling single-photon counting. The
sensitivity of SiPMs to vacuum-ultra-violet photons has improved over the years to photon-detection efficiencies
(PDEs) of more than 15% at 175 nm [618], the scintillation wavelength in liquid xenon [619]. Their PDE to 128 nm
scintillation photons in liquid argon still remains insufficient for direct photon detection, thus wavelength shifters
are required to shift the wavelength towards the visible range where SiPM PDE peaks. Further development to
increase the PDE in the ultra-violet spectral range should be pursued for future application of SiPMs in liquid
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noble-gas detectors. Next-generation experiments require SiPM coverages of several square meters to be covered
by SiPMs. This necessitates the integration of SiPMs, which are on the order of 1 cm2 in area, into larger modules
and development of readout electronics that can be placed in close proximity to the SiPM modules in order to
reduce cabling. The placement of SiPMs and readout electronics in liquid noble-gas detectors puts constraints on
the acceptable power consumption in order to prevent boiling and the creation of bubbles. Due to the placement
inside the detector volume, low radioactivity levels are required for these cryogenic electronics. Readout electronics,
such as low radioactive cryogenic ASICS, and integrated SiPM modules should be developed further. Low radioactive
SiPM modules including cryogenic readout electronics will transform light detection in noble-gas neutrino and dark
matter detectors if large areas can be covered at a moderate cost. Development of fast timing electronics may enable
additional topological suppression of background events in liquid noble gas detectors, such as in xenon [620], and
should be pursued.

• Better and novel neutrino sources: Radioactive sources are very compact and powerful sources of (anti)neutrinos
with well known spectra. They can be used in various studies for example in sterile neutrino searches, investi-
gations of coherent neutrino-nucleus scattering, and searches for new phenomena in neutrino–electron scattering.
Radioactive 51Cr and 37Ar neutrino sources have already been used for the calibration of the Ga-Ge solar neutrino ex-
periments GALLEX and SAGE. A 51Cr source of huge activity of 3 MCi was successfully produced and used by the BEST
experiment in searches for sterile neutrinos. The technology of a 144Ce source production was developed for sterile
neutrino searches. High activity 65Zn and 170Tm sources are also being considered by the BEST collaboration [519].
The development and production of radioactive sources require close cooperation between fundamental science and
the nuclear power industry.

• Reactors as strong neutrino sources: Nuclear power reactors are one of the strongest neutrino sources which allow
very interesting experiments. Access to very promising sites close to strong reactor cores requires close cooperation
with the industry operating nuclear power plants. Such sites have, however, very strong limitations for the allowed
technologies and access (both safety). This requires special low background techniques which is acceptable for a
given site. Proximity to the reactor core gives more flux, while it often excludes most liquids, cryogenic equipment
and special gases. Technologies which are compatible with the requirements should be further developed.

• Nuclear safeguarding: neutrino detectors are potentially useful for nuclear safeguarding applications. A recent
study [621] has evaluated the potential, coming to the conclusion that while for many existing reactors, current
IAEA safeguards are sufficient, there are possible use cases for neutrino monitoring associated with advanced
reactors. Other possibilities identified in Ref. [621] include: future nuclear deals involving cooperative monitoring or
verification, non-destructive assay of spent nuclear fuel [622], and post-accident response. Technology development
is desirable for these use cases.

• Continued development of noble liquid detection technologies: Liquid Argon Time projection chambers (LArTPC’s)
have come of age as large scale detectors for accelerator based neutrino experiments. Current devices rely upon wire
or pad based multi-view 1-dimensional readout for the coordinates perpendicular to the drift direction. Truly 3-D
detectors using full 2-D pixel readout have been developed and now being deployed, for example in ArgonCube [623]
and the future DUNE near detector [624].
Large LArTPC’s pose significant technical challenges due to the need for high electric fields (500 V/cm) over many
meters in a high purity cryogenic environment. These experiments rely on sophisticated high volume filtration
systems, which lead to bulk motion in the active medium and requires constant monitoring. High voltage systems
need to be robust against sparking and capable of dealing with very large stored energies. Detector electronics may
need to be placed in high voltage regions, which is leading to the development of optical methods for power delivery
and signal transmission. See [625] for a very recent overview of current LArTPC technology. Continue development
of these vital engineering technologies will be required as LArTPC detectors grow from the 1 kT (ProtoDUNE) to the
10–20 kT (DUNE) scale.
Noble liquids allow also very powerful low background neutrino experiments. The operation and construction of
such detectors employs technologies which have significant overlap with direct dark matter detection experiments
based on noble liquids. In neutrino physics these experiments aim especially at neutrinoless double beta decay of
xenon 136Xe, either enriched or with a natural abundance of 9% in xenon TPCs, both liquid and gaseous. 3-D event
reconstruction in the TPC allows to select the cleanest inner part of the liquid xenon as active volume, while an
outer layer acts as further shielding aiming at completely suppressing background events.
This has been demonstrated in the liquid xenon TPC of the EXO-200 experiment where 2-D drifted electrons were
read out by two wire planes [626]. Ionization readout tiles with orthogonal metal charge-collection strips [627,628]
are being developed for full 3-D event reconstruction in the nEXO liquid xenon TPC. The 2νββ background is,
however, intrinsic and cannot be removed by 3-D event reconstruction. Therefore R&D is being performed to identify
the 136Ba daughter isotope as a clear indicator for the 136Xe-decay [629]. Recent progress has been made in the
identification of individual Ba atoms [630], and Ba+ [631] and Ba++ [632] ions. These developments should be
pursued along with the challenging developments of techniques to extract barium from the detector volume. In
a nEXO-style detector with only 2νββ decays contributing counts to the region of interest, the sensitivity would
increase by a factor of 3–4 compared to the projected nEXO sensitivity [354].
Another route is to look for neutrinoless double beta decay of natural xenon 136Xe in the DARWIN project [633].
The purpose of this detector which uses a dual phase liquid xenon TPC is primarily to look for dark matter. The 50
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tonnes of natural xenon contain about 4.5 tonnes of 136Xe which allows to search in addition to dark matter for
neutrinoless double beta decay with an interesting sensitivity [71]. Such a detector would also be sensitive to solar
neutrinos [72] and neutrinos from galactic supernovae.
Scintillation light from noble gases can provide fast timing and enhanced low energy trigger capabilities. An extensive
program studying light emission from Ar and Xe, with Xe doping of large volume Ar detectors, or H2 (or D2) doping
of large Xe detectors are promising technologies to get more out of a given size of these experiments.

• New scintillator technologies: Liquid scintillator detectors with photomultipliers (PMTs) on the outside have been
a work-horse technology in neutrino physics for several decades. This can and should be further improved by
developments of improved scintillators with better optical properties, better radiopurity, improved stability and
light yield combined with further improved PMTs or novel optical sensors. Growing detector sizes lead, however,
to a number of challenges which warrant in addition new developments to meet the functional, cost, reliability
and environmental requirements. An example is a water based liquid scintillator detector [634], currently in a
R&D phase. Another example is wax-like scintillator [635] which allows high and stable loading without being an
environmentally more difficult liquid. This may be important for future experiments on neutrinoless double beta
decay aiming at the normal mass hierarchy. The wax-like scintillator additionally warrants the development of new
readout technologies, e.g. based on optical fibers [215].

• Low energy low threshold detectors: Low energy neutrinos lead to events with low recoil energy (electron or nucleus
scatters) which requires detectors with lowest possible threshold. Coherent scattering at low energies and very
high neutrino fluxes at reactors allow interesting experiments to test coherent scattering and to search for new
physics. An example is germanium PPC detector technology, for which the threshold has already been demonstrated
for kilogram-size ultra low background detectors at a few hundred eV levels (see e.g. [636]). These detectors
can and should be further improved. Even lower thresholds are studied for other materials, such as cryogenic
bolometers [637].

• Water Cherenkov detectors have a long history of success and are able to scale to very large sizes. Here improvements
in photon detector technology, for low cost, high quantum efficiency, and fast timing, could have a major impact
on the cost and efficiency of future larger detectors such as Hyper-K. Adding at sub-percent level gadolinium to
the water will improve searching for proton decay and supernova relic neutrinos. Adding liquid scintillator to
water will improve energy resolution and threshold, and R&D studies on water-based liquid scintillator techniques
are in progress. Water Cherenkov technology will continue to play an important role from exploring fundamental
properties of neutrinos and neutrino astronomy to its application to nuclear monitoring at a remote distance. The
potential of water Cherenkov technology would be maximized when combined with advanced technologies in
photon detection, background tagging and light yield increase.

• Much larger detector for cosmogenic and astrophysical neutrinos (including radio detection techniques): Cubic-
kilometer sized neutrino detectors are required to observe cosmic neutrino flux at PeV (1015 eV) energies, however,
for exploring cosmic neutrinos with EHE (1018 eV) energies, the required sensitive volume needs to increase by 1–2
orders of magnitudes. For these highest energies, open water/ice Cherenkov neutrino detectors are surpassed by
radio detectors as a more economic technological choice.

• Advancing R&D on high resolution techniques for separating relic neutrino capture from β-decay endpoint electrons:
Development of RF tracking methods to dynamically select endpoint electrons through cyclotron emission radiation,
new electromagnetic filter methods to transport endpoint electrons to cryogenic microcalorimeters and target
substrates that maintain the intrinsic energy separation at the endpoint due to neutrino mass.

• Metallic magnetic calorimeters (MMCs) are low temperature detectors being operated at milli-kelvin temperatures.
They are characterized by very good energy resolution, excellent linearity and a fast detector response and they
can be further improved for future experiments. They are composed by an absorber, suitable for a particular
application, which is tightly connected to a paramagnetic temperature sensor, typically Au:Er or Ag:Er sitting in
a static magnetic field. The sensor, in turn, is weakly connected to a thermal bath kept at constant temperature.
When a particle deposits energy in the absorber, the temperature of the detector slightly increases leading to a
change of magnetization of the sensor which is then detected as a change of magnetic flux in a suitable pick-up
coil. Low noise large bandwidth readout is achieved by using the two-stage SQUID scheme. Recently the concept of
microwave SQUID multiplexing has been adapted for the readout of large MMC arrays, only slightly decreasing the
single channel readout performance.
MMCs are already used in a large variety of experiments. In general, quantum sensing in neutrino experiments
using also transition edge sensors (TES) or superconducting tunnel junctions (STJ) remains a promising technology.
In the field of Neutrino Physics, MMCs have been selected for the ECHo experiment aiming at the neutrino mass
scale by analyzing the endpoint region of the electron capture spectrum of 163Ho, and for the AMoRE experiment
developed for the search of neutrinoless double beta decay in 100Mo. Thanks to the very good performance which
was already achieved both for very tiny detectors, as the one used in ECHo, and for macroscopic detectors, as the one
used in AMoRE, as well as to the possibility to adapt the design and particle absorber material, MMCs can be further
optimized to meet the requirements of new applications in neutrino physics. For example, a natural extension of the
technology developed for the AMoRE experiment, would be to apply small scintillating crystals of different chemical

composition for the measurement of coherent neutrino nucleus scattering.
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• Atomic tritium: Experimental systematic effects and theoretical uncertainties associated with molecular tritium limit
the targeted sensitivity of current neutrino mass experiments to 0.1–0.2 eV. The beta decay of tritium molecules
not only adds a significant broadening (of ∼0.4 eV) to the measured endpoint, which corresponds to a limit of
the possible energy resolution, but also shifts it by about 8 eV [638,639]. Since this constrains the neutrino mass
sensitivity of any tritium-based direct measurement, it motivates the transition from molecular to atomic tritium
sources. Technical challenges are the generation of atomic tritium, subsequent cooling it down to K to mK ranges
to make it accessible for spectroscopy, while preventing its recombination at any surfaces. Future experimental
approaches for precision physics from tritium beta-decay investigations (e.g., determination of the neutrino mass
with 40 meV sensitivity or the search for relic neutrinos) will depend on reliable infrastructures to supply atomic
tritium sources and beams with high throughput, while complying with the very stringent upper limits on remaining
traces of tritium molecules as well as maintaining purity, and long-term stability. Indeed, for future experiments
based on atomic tritium the processing will be even more challenging as the generation of a purely atomic
tritium beam requires additional stages such as dissociation and beam cooling which reduces the ratio of fiducial
tritium activity in the source vs. the amount of employed tritium. Furthermore, atomic tritium is more chemically
active than the molecular form which also increases the impurity generation rates. Therefore, specialized tritium
processing facilities are required to cope with the expected high total throughput of tritium. Thinking further, future
experiments involving high-intensity neutrino sources from several 100 g of bound tritium need facilities for the safe
preparation of these ultra-strong sources. The scientific measurements may then take place at a different location
with a tritium handling license — which therefore reduces the demand for permanent tritium processing compared
to neutrino mass experiments.

• Simulation tools for future projects: Larger and more complex neutrino projects tend to be more costly than previous
experiments and require decades to build and operate. It is therefore very important to develop tools which are able
to simulate and assess a project’s potential as realistically as possible. An example is the GLoBES [640] simulation
package which was developed for neutrino beam experiments and where all relevant properties of the source
and of a realistic detector are encoded in a general language. This allows to vary assumed parameters in order to
optimize projects. This and similar tools for other applications become more important and should be systematically
supported.
Detector simulation codes such as Geant4 [641], FLUKA [642] and MARS [643], will continue to play an important
role, as they allow precision simulation of particle interactions at energies ranging from eV to TeV. These codes
are used at all phases of an experiment, from initial beam line and detector design to final extraction of precision
parameters. Additional simulated physics processes will continue to be needed as well as continuous efficiency
improvements in the codes themselves. These codes were mainly developed for particle physics and now have very
broad impact in fields ranging from Mars exploration to proton therapy.
Neutrino interaction simulation codes, as discussed in Section 5 will also continue to improve as more data constrains
the existing models.

• Reconstruction tools, machine learning: the reconstruction of neutrino properties from complex interaction final
states recorded by fine-grained detectors requires sophisticated algorithms. Neutrino experiments also often face the
challenging problem of sifting subtle neutrino signals from overwhelmingly large backgrounds. In both of these cases,
machine-learning algorithms can be effectively deployed. For some real-time applications, such as for triggering, such
fast machine-learning algorithms can be implemented on FPGAs.

• Improved data management and readout technologies: As neutrino detectors have grown in size and in spatial
resolution, the data volumes they generate have grown. Interest in low energy-threshold physics such as supernovae
and solar neutrinos means that aggressive zero-suppression is unwise. For example, the existing ProtoDUNE and
MicroBooNE LArTPC detectors generate 100–200 MB of data for a single readout, with lossless compression only
gaining a factor of three reduction. A single 5 ms readout of a DUNE far detector module is 2–6 GB in size while a full
supernova readout over 100 s would generate 100–400 TB of data. Data volumes from large water-based detectors
are smaller but not by orders of magnitude. Raw signals from wires and photo-detectors need to be identified as
energy depositions and then combined to form interactions. The raw size of the data unfortunately requires that
data be split up for processing and then combined once energy deposits have been found. At that point novel pattern
recognition algorithms take over.
These sophisticated high precision event reconstruction algorithms are CPU intensive. These problems are well
suited to the effective use of the latest hardware (CPU, GPU and FPGA accelerators) and software technologies (deep
learning, graph neural net, complex-valued neural net etc.) but will require substantial development due to the
unique geometry and event size in neutrino interactions. Overall the computational needs for an individual neutrino
experiment are not as large as those for LHC experiments, but the novel computational ‘‘shape’’ of the problem, with
large data volumes needing to be held in memory at the same time, or distributed and recombined after processing,
requires new algorithmic development.
Once events have been reconstructed, extraction of neutrino oscillation parameters in the presence of large numbers
of uncertainties is equally challenging computationally. For example, the NOvA parameter extraction [248] has relied
on the supercomputer facilities at NERSC.
Neutrino experiments are now collaborating with other large experiments via the High Energy Physics Software
Foundation (HSF) [644] in the development of common tools for managing and reconstructing the data from HEP
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experiments. Examples include the adoption of Rucio [645] for file management, large scale databases for calibration
and data description and the use of worldwide computing grid capabilities. This collaborative work will have impact
across the field of HEP and in nuclear physics and astrophysics.

7.3. Infrastructure

7.3.1. Supporting capabilities for the science at underground facilities
Neutrino detectors that study natural processes and sources often require low radio-background construction, and

ltra-low radioactive environments to observe the rare and weak signals from the neutrino interactions. To provide the
atter ultra-quiet environment requires shielding from cosmic radiation and local radioactivity, which point to hosting
uch detectors deep underground. This is a similar requirement within the search for Galactic dark matter, and so the
eutrino and dark matter communities share similar problems in creating ultra-quiet environments.
A network of deep underground labs have been established around the world for both neutrino and dark matter studies

n physics, and a growing list of additional science objectives that require this quiet environment. The greatest constraint
n background levels is currently being placed by neutrinoless double-beta decay systems, to prevent cosmogenic
ctivation of isotopes that might lead to background events in the region of interest. As tonne-scale, or larger, detectors
re developed, either greater depth of better veto and shielding systems are required. Currently there are two facilities
elow 2 km depth in the world, and several shallower facilities developing shielding strategies. To shield local radiation
lso requires effective and usually active shielding, such as large water-Cherenkov or liquid scintillator veto systems,
hich can also be tasked as test facilities where full scale systems may need to be deployed for background assays.
In addition to the physical environment, underground laboratories are enhancing their support for additional services

nd systems, such as liquid noble and cryogenic systems, safety and environmental control, accessibility and logistics, and
roject management.
To facilitate the delivery of the scientific program, collaboration and sharing of best-practice between the facilities

ould be strongly encouraged. This should include an audit of available and accessible underground cavities and halls,
hich should be assessed against the community plans; to ensure the facilities can provide appropriate space for future
rojects. This will require an optimization between depth, scale, location and capability.

.3.2. Supporting capabilities for low background experiments
Many low energy neutrino experiments have very low event rates and it is therefore of out-most importance to further

mprove techniques or to develop new technologies to identify and mitigate natural radioactivity. Facilities for γ , α and Rn
creening have already remarkable capabilities, but their sensitivity should be further improved. An example is the work
owards a new generation of GeMPI detectors with even better sensitivity as the existing ones. The growing number
f bigger neutrino detectors (together with larger direct dark matter detection experiments) require also an enlarged
apacity of screening facilities. The gamma screening program must be accompanied by complementary direct radon
manation measurements, which are extremely sensitive to surface impurities. High sample throughput rates as well as
trict reproducibility can be achieved by an automated system as pioneered in [646]. Inductively Coupled Plasma Mass
pectrometry (ICP-MS) is another important supporting technology since it is complimentary to gamma screening and can
chieve excellent sensitivity for long-lived isotopes like 238U, 232Th, and 40K. In addition promising new directions could
e realized, like a counting facility with low background comparable to that of real neutrino detectors. One example
s a large liquid-scintillator detector that counts radiations from test samples immersed in it. It can evaluate surface
lpha- beta-, gamma-rays, and neutron emission from the samples. It is important to share measurement time and results
nside the community. Another aspect concerns improved techniques to optimally avoid re-contamination by cosmogenic
ctivation, Radon-plate-out or other contamination. This requires adequate underground storage capabilities at institutes
here detector components are produced and in some cases a supply of Radon free air. Furthermore new low background
hielding and vetoing technologies like optimized graded shieldings should be further developed. This allows inside the
hield conditions which correspond to deeper underground locations. This added ‘‘virtual depth’’ leads to more flexibility
or detector locations and allows to make optimally use of existing underground laboratory space and the available
nfrastructure in each location.

In addition to screening capabilities, underground production, manufacture and storage of low background materials
re becoming increasingly important. Underground copper production and machining has been established by the
eutrino community as a viable operation, and will be expanded by several facilities. Production of low background
arget material is also being developed in many underground laboratories, and extraction of low background material
here viable, such as underground argon as a low 39Ar background shield or dark matter target. Finally, once material has
een produced or procured, underground storage is required to prevent additional cosmogenic activation — this requires

oordination between underground facilities, although does not need to be at great depths to facilitate shielding.
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7.3.3. Test beams for detector development and calibration
Precision measurements of neutrino properties require the development of novel detector techniques and precision

alibration of detector components. Experiments worldwide depend crucially on test beam programs. Examples include

• The neutrino-specific CERN Neutrino platform, which has hosted the DUNE prototypes and performed testing of the
BabyMIND detector for T2K.

• The use of the Linac Coherent Light Source at SLAC to demonstrate the scattering of radio waves from the interactions
of high energy particles [183] as an alternative method of detecting neutrino interactions in very large volumes of
ice.

• The invaluable work at test facilities worldwide to characterize detectors with beams of known particles. Charged
particle beams in the – difficult to achieve – sub-GeV energy range are especially valuable.

est beam studies benefit the neutrino program but also benefit and contribute to efforts across multiple other fields.
mproved data on interactions is fed back into physics models such as Geant4 [641] and FLUKA [642] with benefits to
eutrino physics, collider experiments, nuclear physics, space science and medicine.

.4. Theory

Revealing the secrets of nature, i.e., developing a coherent physics picture, requires an intense interaction between
heory and experiment. The wide range and interdisciplinary character of neutrino physics is reflected in the theory
ommunity both topic-wise and methodology-wise. While parts of neutrino physics theory share common characteristics
ith particle physics or astrophysics, asking the right questions at the right time has been especially important in the
ast and to develop the field (including experimental approaches) further — similar to other theoretical disciplines in
stroparticle physics. The pillars of neutrino physics theory are:

article physics phenomenology: Combination of the vastly different experimental information in a global picture,
interpretation, and guidance of experiments into directions where especially exciting results may show up. This
combined information does not only include neutrino experiments, but also other fields such as searches for charged
lepton or quark flavor violation, collider or astroparticle physics and cosmology. Examples are neutrino oscillation
studies and global fits, connections of neutrinoless double beta decay results with the baryon asymmetry of the
Universe, the simultaneous explanation of neutrino mass and dark matter in concrete models, or collider tests of
neutrino mass mechanisms.

hysics BSM model building: Taking the results of neutrino physics and other experiments into account to construct
new theoretical models for particle physics. This includes the connection with adjacent disciplines through new
particles, interactions and energy scales. Examples are Grand Unified Theories being able to explain maximal
atmospheric mixing, combining flavor with CP symmetries to explain near-maximal CP violation, linking the
anomalous magnetic moment of the muon with neutrino mass models, or linking the stability of dark matter
particles with the conservation of lepton number.

nterdisciplinary approaches: Identification, exploitation and application of methods and results from nuclear physics,
geophysics, astrophysics and other disciplines for neutrino physics. Examples are the prediction of precise reactor
neutrino spectra, the computation of neutrino-nucleus cross sections, the interpretation of georeactor hypothesis
in terms of expected geoneutrino fluxes, and the prediction of atmospheric neutrino fluxes from cosmic-ray
interactions, interpretation of neutrino data in terms of source physics, such as solar models.

strophysical multi-messenger modeling: Study of the acceleration, propagation and interactions of the cosmic rays,
which are the primaries for the astrophysical neutrino production. Astrophysical multi-wavelength models includ-
ing neutrino production and hadronic signatures in the electromagnetic spectrum. Phenomenological interpretation
of the astrophysical observed neutrino flux in terms of different source classes and its characteristics. Identification
of the production sites of astrophysical neutrinos in individual cases and development of macroscopic source
models.

The above examples illustrate that a development of the field of neutrino physics requires substantial theory support
owing the complexity, range and interdisciplinary character of the field.

7.5. Impact and societal benefits

As often the case in physics, fundamental research can have surprising hands-on applications with societal benefits.
Examples are the discovery and utilization of X-rays, things like nuclear energy, solar energy, computer tomography scans,
magnetic resonance imaging, positron emission tomography, semiconductors, superconductors, low temperature and high
vacuum technologies, the worldwide web, electronic communication, grid and cloud computing, data science and machine

learning, etc. have emerged from fundamental research. It is difficult to envisage daily life and international business
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without those developments. Predicting which next future technological breakthrough will emerge from fundamental
physics is nearly impossible, but it is likely to happen as we push to more and more sophisticated technologies for our
research projects. Many smaller developments happen on a daily basis in the word-wide neutrino physics community.
Thereby we, most often involuntarily, pay back to the public which funds our endeavours.

An important output to society from neutrino physics is highly qualified personnel which are sought after by high-tech
ndustry. Young scientists working in neutrino experiments are trained in cutting-edge technologies such as cryogenic
ngineering, photodetectors, electronic systems, mass spectronomy, firmware programming, micro-machining, nano-
ools, clean-room technology, big data analysis or machine learning, to name a few. Those are highly marketable and
ransferable skills, leading to application in high-tech industries, data science and artificial intelligence, health care,
ducation, finance, natural resources exploration and many more. Often there is direct partnering with industry partners
o develop the highly sensitive devices we need, and a large number of spin-off companies are founded. A survey of the
ver 1000 highly qualified personnel that were members of the SNO collaboration, as an example, including students,
cientists, post-doctoral fellows, technicians, and engineers, showed that about 19% have gone on to technical positions
n industry, 23% to academic positions in research fields other than underground science, 49% to higher positions in
nderground science research, and 9% to other positions.
Probing neutrinos requires highly sensitive detection techniques. This leads to several possibilities for applications.

ne can monitor the production of weapons-grade plutonium in nuclear detectors, which is obviously helpful in non-
roliferation of nuclear weapons and monitoring of nuclear reactors for nuclear safety. Understanding better the reactor
eutrino flux will make possible a more efficient use of nuclear energy. Further developments of detectors for radioactivity
ave been used for better security measures at airports or freight terminals. A particular example, among the many, is
iven by SiPMs mentioned in Section 7.2 above. Those allow for single photon sensitivity with sub-nanosecond timing,
nd this possible in a robust and compact packaging with little energy consumption. Applications range from quantum
ryptography (which rely on single photon transmission), single photon emission computed tomography, or single photon
easurements of UV scattering, fluorescence or absorption to detect traces of smoke or specific molecules to monitor
nvironmental hazards or give early warning on forest fires. Applications of neutrino and astroparticle detectors to medical
echnology are also manifold, ranging from developments of semiconductor-based dosimeters to dynamical X-ray imaging
ith photon counting and particle tracking pixel detectors.
Neutrino physics contributes also to many other fields of science. Improvements in detectors and capabilities needed

or neutrino studies have made it possible to scan archeological artefacts ranging from Napoleon’s hair (checking with
eutron activation if he was poisoned with arsenic), to dating wine through measurement of various nuclear-test created
sotopes, to the study of ancient pyramids (probing cavities with muon tomography). Other scientific fields that benefited
rom neutrino physics are geology by the additional information from geoneutrinos, mining through the possible detection
f ore bodies, oil and minerals with neutrino tomography, and marine biology by the presence of sensitive detectors
t the bottom of the ocean. Atmospheric science benefited from capabilities to detect traces of miniscule amounts of
adioactive materials, such as 133Xe, stemming from the Fukushima Daiichi nuclear disaster. All this comes on top of the
bvious parallels with dark matter research such as low background techniques, which have been frequently mentioned
n this document. The synergy between neutrino physics and deep underground science is also strong, with many deep
nderground facilities being developed primarily for the large neutrino (or dark matter) detector systems, which allows
dditional convergence research to be undertaken, such as low radiation genetics studies, astrobiology and sub-surface
iosphere studies, and tests of fundamental physics properties.
We should stress here as well the benefits of international cooperation and supporting science in regions other than

urope, North America or Asia. The broadening to a world-wide level is good tradition in particular in high-energy physics
nd has brought many fruitful results, and exceptional talents to the field. It has contributed to peaceful cooperation of
cientists from many competing countries and cultures.
The fascinating properties of neutrinos are furthermore an ideal example to interest students and pupils in fundamental

hysics, make them study physics and thus keep the field going for decades to come. The open questions remaining in
eutrino studies act as an attractor for those interested in solving some of the most challenging questions in contemporary
hysics, the active nature of this field being evidenced by two Nobel Prize awards in the last 20 years. The intriguing
uantum mechanical foundations of neutrino oscillations, the many connections the light neutrinos may have with
he cosmos, the incredible number of hardly interacting neutrinos around us, the huge distances they travel basically
nperturbed and the spectacular experimental facilities deep underground or in the sea and ice will continue to attract
right minds and will thus be beneficial for the whole fields of physics, cosmology and astrophysics. This will also keep
he steady flux of technological breakthroughs from fundamental research constant. Moreover, in combination with the
ast developments in our field we will keep attracting the brightest and motivated minds, who may prefer this over doing
or instance R&D for future colliders taking data decades from now.

Our understanding of the Universe will increase with more and more understanding of neutrinos and their properties.
hey influence the creation of light and heavy elements in the early Universe or in stellar explosions, and they might
ven be responsible for the existence of matter as such in the Universe. The physics that generates neutrino mass
ill necessarily be part of whatever theory will be the next Standard Model of particle physics. Further understanding
eutrinos, hopefully also in combination with other breakthroughs in physics and cosmology, will further clarify how the
osmos works and what our role in it is, thus answering the most fascinating questions humanity dealt with.
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8. Physics implications

Neutrino physics has already led to a number of remarkable discoveries. By summarizing in this section the main topics
or the future, we would like to express our vision that the field has excellent potential for more exciting discoveries and
dvances.
There are two main directions: One is the use of neutrinos as probes into sources which are otherwise not accessible.

specially in astrophysics and cosmology, neutrinos can convey unique information from a variety of dense and/or other
idden places of our Universe, where they were produced. Neutrinos will thus allow us to learn about these sources and
ill improve our understanding of the most extreme environments in which neutrinos can propagate.
The other direction is the great potential of neutrinos to study central questions of fundamental physics in a unique

ay. The fact that neutrinos are massive is indeed the first physics Beyond the Standard Model (BSM). Explaining neutrino
ass and lepton mixing is thus expected to be deeply connected to whatever theory will eventually replace the SM
f particle physics. These masses can be explained in different ways, and unraveling the correct mechanism and how
t connects to many other topics will be a very exciting task for the future. This new understanding may also help to
nderstand how fermion masses arise, why three generations of quarks and leptons exist or perhaps why more fermions
uch as sterile neutrinos should exist. The specific answers to these questions have many interesting connections to high
nergy physics and astroparticle physics. The important questions include the question of whether neutrinos are Dirac or
ajorana particles, and more generally, whether lepton number is violated. Neutrinos are very sensitive to new effects,
nd can probe energy scales that are comparable to, or above, the reach of current and future colliders. Another route is
he connection to dark matter, or more generally to dark sectors. There are also very important connections of neutrinos to
osmology, for example to the understanding of the baryon asymmetry or of the formation and development of structure
n the Universe.

The following sections expand on the connections of neutrinos to broader questions in fundamental physics, astro-
hysics and cosmology in more detail. Various possibilities of new neutrino physics beyond the usual standard paradigm
re also discussed.

.1. Learning about sources

Neutrinos can be used as messengers to learn about their sources. The production of heat in the Earth’s interior by
atural radioactivity can be tested by the radioactive decays from 232Th and 238U, which produce neutrinos with energy
bove the inverse beta decay threshold. The absorption of TeV neutrinos and the oscillations of GeV neutrinos depend
n the density of matter, which means that information on the density and structure of the Earth can be obtained by,
or example, measuring the fluxes of atmospheric neutrinos as a function of path through the Earth’s matter. Neutrinos
lso probe the nature of processes in the interior of the Sun, such as the contribution of the CNO fusion cycle, which is
ub-dominant for a solar-mass star but which dominates for the majority of stars in the Universe. Neutrinos also play an
mportant role in the dynamics of core-collapse supernovae, which means that they can be used to test our understanding
f the explosion mechanism. An interesting target of future detectors is the contribution to a diffuse neutrino flux from
ll supernovae over the history of the Universe, which depends on the distribution of the sources. Neutrinos can also be
sed to study the cosmos at extremely early times via the potential (and challenging) detection of primordial neutrinos.

.1.1. Better understanding the interior of the earth
The present observations of the geoneutrino fluxes from the 232Th and 238U chains by KamLAND and Borexino

re outstanding scientific achievements. It is significant that the experimental results are compatible with geophysical
stimates of the flux, which, however, have a large uncertainty. First constraints on the amount of heating from the
arth’s interior caused by radioactivity has been established by detectors that originally aimed at probing fundamental
eutrino properties. The heat caused by radioactivity drives plate tectonics, and neutrino physics can provide information
n this interplay which would be otherwise inaccessible. Using the chondritic ratio for the 232Th and 238U abundances, one
ay even extract the age of Earth. Further verification that mantle and crust are the sources of geoneutrinos, as predicted
y most models, will require more exposure, technological advances, and different sites than the present ones. Further
easurements of the distribution and the overall magnitude of the heat provided by geoneutrinos are long-term goals of

his area of research.
The Earth’s interior can be also studied using externally produced neutrinos, such as atmospheric neutrinos. There

re two approaches in the literature: Neutrino absorption tomography and neutrino oscillation tomography; see [647]
or a review. Neutrino absorption tomography uses the fact that the neutrino cross section increases with energy; the
bsorption length becomes comparable to the Earth’s diameter at about 40 TeV. Consequently, the absorption of neutrinos
long their straight paths through Earth can be used to study the density profile of Earth in a manner to the similar to
he X-ray tomography technique; see e.g. Ref. [648] for tomography using atmospheric neutrinos. The main limitations
f absorption tomography are the relatively low statistics at these very high neutrino energies regardless of the source
lass, and the increase of cross-section uncertainties at high energies.
In contrast, neutrino oscillation tomography uses matter effects in neutrino oscillations at energies in the GeV range
for atmospheric neutrinos); see e.g. [649,650]. Matter effects are primarily sensitive to the electron density, which can be
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translated into the matter density if the composition (actually the ratio Z/A) is known, or can in fact be used to study the
omposition of matter traversed, such as of the Earth’s core. An interesting effect in neutrino oscillation tomography is that
he Hamiltonians for different matter density layers do not commute, which means that additional information beyond
he simple column density is imprinted in the energy spectrum. While the statistics in the GeV range for atmospheric
eutrinos is generally better for this approach, the main limitations are parameter degeneracies, detector threshold effects,
nd directional uncertainties (which are especially relevant if one wants to study the inner core of the Earth).
In both tomography approaches, a precision competitive with seismic wave tomography or other geophysical ap-

roaches is not expected; however, neutrinos measure different quantities than these approaches. Apart from tomography
sing atmospheric neutrinos, many other sources have been proposed (such as solar neutrinos, astrophysical neutrinos or
eutrino beams), see e.g. [647]. For example, a new dedicated neutrino beam experiment may even measure the density
or corresponding composition variable) of the Earth’s inner core at the percent level [651]. Since such an experiment,
owever, requires significant new technology and dedicated investment, the approaches using atmospheric neutrinos
eem to be the most promising at this point.

.1.2. Learning about the sun
Solar neutrinos represent an invaluable means to study neutrino properties as well as to learn about the interior of our

un. Historically, detection of solar neutrinos was the first to hint towards the existence of neutrino oscillations. Today,
e study the effects of dense matter, both in the Sun as well as in the Earth, on the electron-flavor survival probability of
eutrinos, searching for neutrino properties and interactions beyond those included in the SM. Solar neutrinos are the only
irect probe of hydrogen fusion processes powering the Sun. Currently, precision spectroscopy of solar neutrinos from
he pp chain fusion has been performed by Borexino for all species and by Super-Kamiokande for 8B neutrinos. Recently,
orexino has verified the existence of the CNO fusion cycle, contributing with about 1% of the total solar energy. The
NO cycle dominates for more massive stars, which are, in fact, more abundant in the Universe. Thus, this measurement
llows for the study of the primary mechanism for the conversion of hydrogen into helium in stars. Future experiments
im to further improve precision of solar neutrino measurements, that in the case of CNO neutrinos can help to solve the
ong-standing problem of solar metallicity, e.g. solar abundances of elements heavier than helium.

.1.3. Learning about the death of massive stars
Neutrinos are key particles in core-collapse supernovae, which mark the death of massive stars. With the dawn of the

ulti-messenger era, neutrinos offer very exciting prospects to learn about the yet mysterious supernova physics. At the
ame time, supernovae are unique laboratories to study particle physics under extreme conditions.
As described in Section 2.5, the flash of neutrinos accompanying a core-collapse supernova in the Milky Way or

ts immediate neighborhood will provide an unprecedented view in neutrinos of the hidden processes underlying the
ollapse, the formation of a compact remnant (neutron star or black hole) and the subsequent supernova explosion.
he energy, time and flavor profile of the neutrinos, observable in multiple detectors worldwide, contains signatures of
strophysical mechanisms underlying the dramatic event. Neutrinos, together with gravitational waves, carry information
bout the physics of the pre-explosion dynamics, such as hydrodynamical instabilities, as well as rotation and black hole
ormation [652–654]. The observed neutrino burst can also be used to optimize the time window for gravitational wave
earches and locate to the supernova in the sky [113,655]. In addition, the long timescale signal of neutrinos emitted
uring the cooling phase carries information about the neutron star physics and possibly its equation of state [79,656].
n order to maximize our chances to extract precious information from the next nearby supernova burst, these concepts
ill be better explored in the near future, as a growing sample of supernova simulations becomes available.
Because of the uncertainties on the flavor conversion physics and degeneracies with the supernova properties itself

e.g., its mass, nuclear equation of state), the neutrino signal from the next nearby explosion may not provide clear insight
n the neutrino mass ordering and mixing parameters. Non-standard physics scenarios could greatly modify the expected
eutrino signal [657–664]. Furthermore, the fact that the emergence of the neutrino burst from the stellar envelope
recedes the electromagnetic signatures by hours or longer means that the detection of the neutrino burst can provide
n early alert of a core-collapse signal in multiple messengers, increasing the astronomical community’s ability to harvest
ata from the supernova’s early photon signals.
Another unsolved problem revolves around the nucleosynthesis occurring in supernovae [665,666]. Current simulations

eport relatively proton-rich environments, leaving room for a light rapid neutron capture process only. As physics linked
o magneto-hydrodynamics will be treated consistently with neutrino transport, the amount of heavy elements that can
e produced in supernovae may need to be reassessed, also in the light of an improved understanding of neutrino mixing.
Finally, high energy neutrinos (with O(10–100) TeV energy) are expected to be produced from freely expanding

upernova ejecta interacting with the circumstellar medium. The diffuse emission of high-energy neutrinos should
onstitute about 10% of the diffuse background currently observed by the IceCube Neutrino Observatory; however the
on-detection of neutrinos from targeted searches already allows constraints on the fraction of shock energy channeled
nto protons [667–670].

Coincident observation of supernova burst neutrinos with other signals on different time scales – gravitational waves,
ater high-energy neutrinos, electromagnetic radiation in all wavelengths – will provide rich information for both particle

hysics and astrophysics in the multimessenger community.
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8.1.4. Learning about the cosmos
The cosmic neutrino background (CνB, see Section 2.9) has only been studied indirectly so far, through the impact

hat this bath of relic neutrinos has on the cosmic microwave background or on the growth of late-time structures. Most
f these efforts lead to a measurement of the effective number of relativistic neutrino species in agreement with the
anonical value of 3.044, with less than 10% uncertainty, thus confirming the existence of the CνB [305]. As is often the
ase for indirect approaches, these measurements, however, are model-dependent: the results and the uncertainties vary
ith the exact assumptions that are made. A different approach has recently led to the detection of a subtle phase shift of
he acoustic oscillations caused by the CνB. This shift comes from the fact that in the early Universe neutrinos propagate
t nearly the speed of light, faster than sound waves in the hot plasma of baryons and photons [671,672]. This phase shift
annot be mimicked by other properties of the primordial plasma, and its detection confirms the existence of a cosmic
eutrino background at the predicted temperature of T = 1.95 K [672].
The PTOLEMY project offers an interesting prospect for the first direct detection of the CνB [324], providing possibly

he first model-independent confirmation of its existence. Furthermore, while the properties of the CνB are theoretically
xpected to be very similar to those of the cosmic microwave background, a direct detection would provide a unique
onfirmation of our cosmological model at an epoch when the Universe was only about one second old (compared to
bout three minutes at the epoch of Big-Bang nucleosynthesis and 380,000 years when the cosmic microwave background
as emitted).
On the issue of neutrino masses, a measurement of

∑
mν would fix the amount of power suppression on small scales

aused by the free-streaming of massive neutrinos. As a consequence, studies of other particles that could have a similar
mpact on the growth of structures, such as warm dark matter particles (bosonic or fuzzy dark matter, thermal relics, keV
terile neutrinos), would be facilitated.

.2. High-energy neutrino astrophysics

The detection of astrophysical neutrinos beyond TeV energies has opened a new way to test the origin of cosmic rays,
hich are the primaries needed for the production of the neutrinos. Recent discoveries of a diffuse flux from astrophysical
eutrinos and by the association of neutrinos to individual astrophysical objects have lead to a new field, which is perhaps
est described as ‘‘high-energy neutrino astrophysics’’. Its nature is different from conventional particle-physics-oriented
eutrino physics as astrophysical scenarios themselves carry a lot of freedom and uncertainty. Its current mainstream
herefore pertains to the domain of multi-messenger astrophysics, combining the information from neutrinos, cosmic
ays, electromagnetic radiation and also gravitational waves to maximally exploit the information from the sources, the
niverse between the sources and Earth through the transport of these messengers, and BSM physics. Here we put a
trong focus on the multi-messenger perspective, which is particularly important in this field.

.2.1. Neutrino production from cosmic-ray interactions
Cosmic rays (protons or nuclei) are frequently assumed to be accelerated to power law spectra dN/dE ∝ E−α by

processes such as Fermi shock acceleration with a spectral index α ≃ 2; these spectra are also called ‘‘non-thermal’’
spectra, in contrast to ‘‘thermal’’ spectra which are peaked at a characteristic energy. In pp interactions, the target gas is
typically non-relativistic, which leads to neutrino spectra described by the same power law as the primaries ∝ E−α . In pγ
interactions, the target radiation is (always) relativistic and may follow a power law dN/dE ∝ E−β itself if it is generated
by non-thermal primaries, such as from synchrotron radiation off co-accelerated electrons. In that case, the neutrino
spectrum dN/dE ∝ E−α+β−1 emerges in the ∆-resonance approximation, which only follows the primary spectrum if
β ≃ 1. Therefore, the physics of pγ sources is typically more complicated, and the frequently used assumption of an E−2

neutrino spectrum does not hold; see [673] for a more detailed discussion.
In many practical cases (such as for AGN) one has a photon spectral index β > 1 in the relevant energy range (see

below), which means that the neutrino spectrum in E2dN/dE is strongly peaked with a peak determined by the maximal
neutrino energy. Since to leading approximation the pion takes about 20% of the primary proton energy in the above
interactions, and each pion decays into four leptons in Eq. (2.3), one has Eν,peak ≃ 1/4 × 0.2 Ep,max ≃ 0.05 Ep,max as
the neutrino peak energy. This simple example illustrates how the observed neutrino energy directly traces the primary
cosmic ray energy. The astrophysical neutrino detection can therefore be used a) as direct evidence for cosmic ray
acceleration in the source, and b) as a tracer of the primary cosmic ray energy. An exception to this principle are sources
with strong magnetic fields, in which the maximal neutrino energy does not follow the maximal primary energy because
beyond a critical energy the pions and muons in Eq. (2.3) lose energy by synchrotron radiation faster than they can decay.
In that case, the critical energy determines the maximal neutrino energy and can be only used as a lower limit for the
primary cosmic ray energy; GRB neutrinos related to the prompt phase of the emission represent an example for which
this is the case.

As indicated earlier, astrophysical neutrinos are typically expected to be produced in the ratio νe : νµ : ντ of 1 : 2 : 0
from the pion decay chain; deviations are possible if different production modes (such as neutron decays or kaon decays)
are at work, or if the secondary muons (e.g. the ones in Eq. (2.3)) synchrotron-cool faster in magnetic fields than they can
decay, see [674] for a review. Different ratios of π+ and π− at the sources are expected to leading order for pp and pγ
interactions (see Eq. (2.2)), respectively, leading to different ratios of neutrinos and antineutrinos at the source, and (after
83
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Fig. 8.1. Examples for theoretical models describing the electromagnetic spectrum and neutrino associated with a gamma-ray flare of the AGN blazar
TXS 0506+056 in 2017; observed data points from different wavelength bands are labeled. The left panel shows a purely leptonic model, which
can describe the electromagnetic data but which does not produce neutrinos (orange curve). The middle panel shows a lepto-hadronic model in
which the second hump is produced by the pion cascade accompanying the neutrinos (hadronic components: blue curves, leptonic components:
orange curve). The neutrino flux (red curve) is significant and can describe the observation (estimated by the green-dashed line), but the hadronic
components overshoot the X-ray data. The right panel shows a lepto-hadronic model which can describe both the electromagnetic and neutrino
data: the two humps are dominated by the leptonic components (orange curve), whereas X-ray and TeV gamma ray-data constrain the hadronic
contribution (blue curve), thus constraining the neutrino flux (red curve).
Source: Figure taken from [678].

flavor mixing) at detection. This particular feature may be tested by the Glashow resonance ν̄e+e−
→ W−

→ anything at
round 6.3 PeV, which is sensitive to electron antineutrinos only; one such event has been recently discovered [509]. Note,
owever, that in practice additional production processes have to be taken into account for the hadronic pγ interactions,

which lead to substantial π− production.

8.2.2. Connection with electromagnetic radiation
First of all, both pp and pγ interactions lead to π0 production (see e.g. Eq. (2.2)), which pre-dominantly decay by

π0 98.8%
−→ γ + γ . (8.1)

hese gamma rays have energies Eγ ≃ 1/2 × 0.2 Ep ≃ 0.1 Ep because two gamma rays are produced from a pion
hich carries about 20% of the initial proton energy. For TeV – PeV neutrinos, these gamma-ray energies are of a similar
agnitude, an important secondary indicator for the neutrino production typically limiting the models indirectly. For
xample, for pp sources transparent to gamma rays, the emission feeds into the extragalactic gamma-ray background
imiting the spectral index of the neutrino flux [675,676]. If, on the other hand, the source is sufficiently compact, as it
ight be expected for efficient pγ neutrino producers, the gamma rays will be re-processed inside the source, which
eans that gamma rays may not be expected from such a source [677]. These conclusions, however, are derived using
ssumptions for the diffuse astrophysical neutrino flux and do not necessarily apply to individual sources.
Another interesting question for pγ interactions is that of the target photon energy the cosmic rays interact with; it

can be shown that EX [keV] ≃ 0.01Γ 2/(Eν [PeV]) is the relevant target photon energy at the ∆-resonance for interactions
with internal radiation in a source traveling with Doppler factor Γ towards the observer. For sources such as AGN and
TDE jets, Γ ≃ 10 is a typical estimate, which means that cosmic rays producing PeV neutrinos typically interact with
X-rays in the keV-range; X-ray monitoring is therefore important to learn about the neutrino production. The origin of
these photons depends on the source class and model: typical examples are synchrotron radiation from co-accelerated
electrons, a more complicated combination of radiation processes, or external (re-processed) accretion disk radiation (in
which case Γ cancels and EX [keV] ≃ 0.01/(Eν [PeV])).

8.2.3. Multi-messenger source models
So far, the most prominent detection of high energy neutrinos from a single source may be the AGN blazar TXS

0506+056; here we use the 2017 neutrino observation [148] as an example to illustrate the multi-messenger physics
implications of the neutrino observation, see Fig. 8.1. The neutrino arrived during a flaring state of the blazar, illustrated
by the data available from different instruments (labeled data points). The more detailed physics question is in that case:
what can we learn from the detection of the neutrino about the radiation processes in the source?

Apparently, the electromagnetic spectrum needs to be described over many decades of energy, where data in certain
regions are sparse. While a purely leptonic model (left panel) depends on few parameters only (such as luminosity and the
size of the region, which determine the target density, magnetic field, and properties of the injected electron spectrum), no
neutrinos are produced. If, on the other hand, cosmic ray protons are accelerated in the source, additional processes are
at work which may describe features of the electromagnetic spectrum [679], and which require additional parameters
84
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(such as the baryonic loading and the properties of the cosmic ray injection spectrum). For example, the gamma rays
co-produced with the neutrinos in Eq. (8.1) will feed into the electromagnetic cascade in the source and may describe
the second hump (see Fig. 8.1, middle panel); the accompanying neutrino flux is at a similar level (red curve). It seems,
however, difficult to reconcile this hypothesis without effects showing up in the dip at X-ray energies and at TeV energies
(where, however, attenuation in the extragalactic background radiation is at play). It was therefore concluded that the
hadronic processes must be sub-dominant in this case, see e.g. [678,680,681] (and the right panel of Fig. 8.1), and that
X-ray and TeV electromagnetic data are important indicators for the hadronic emission; see also [682] for the source PKS
1502+106.

The challenge of the electromagnetic cascade accompanying the neutrino production is also actively being discussed
n the context of the 2014/15 neutrino flare of TXS 0506+056 [149]. While efficient neutrino production typically comes
ogether with gamma-ray suppression for compact sources and some re-processing [152,683], details depend on the
ompactness and parameters of the source and require a full electromagnetic modeling [684]. It is, however, clear that
e-processed gamma rays typically show up at lower energies, unless they leave the source and are absorbed in the
ackground light. Astrophysical considerations also take into account the available power in the source, which in many
ases exceeds the standard expectations from accretion theory. This can be an indicator either for more complicated multi-
one neutrino production models, or for new astrophysical processes such as AGN blazars undergoing super-Eddington
ccretion during hadronic flares.
Note that beyond neutrinos from AGN, very recently neutrinos from TDE have been observed [158]. In that case, a

tar is disrupted by the tidal forces of a black hole, and the remaining debris is partially accreted by the black hole;
ere the physics is very different and much less understood, see e.g. [685–687] for possible neutrino production sites.
hese examples illustrate on the one hand the complexity of hadronic emission models and their tight interplay with
strophysics; on the other hand, they indicate that recent results in neutrino astronomy drive a newly emerging discipline
f neutrino astrophysics.

.2.4. Neutrinos and the origin and transport of the UHECRs
In spite of the evidence for individual neutrino-source associations with AGN and TDE, the observed diffuse neutrino

lux may still not be dominated by these source classes since conceptual arguments (such as stacking searches, limits
rom the non-observation of multiplets, or the shape of the observed spectrum) point towards different dominant source
lasses or possibly even multiple contributions. A particular field of interest is the possible connection to UHECRs beyond
bout 109 GeV, as these are expected to be powered by very luminous or very abundant sources.
A famous example is the Waxman–Bahcall bound [688], asking the question about how high the neutrino flux would

e if the UHECR energy was efficiently converted into astrophysical neutrinos. Interestingly, the derived neutrino flux is
lose to current observations in terms of magnitude; however, as discussed earlier, Eν ≃ 0.05 Ep, which means that the
HECR and neutrino energies differ by several orders of magnitude in energy. Current power-law fits of the astrophysical
eutrino spectrum disfavor such a direct connection as the observed neutrino spectrum is much softer than E−2 [689],
hereas the UHECR extrapolation relies on an E−2 spectrum. This may imply that the neutrino spectrum is not a simple
ower law, or that the source contains strong magnetic fields; see below.
Apart from neutrinos produced in the astrophysical source, secondary neutrinos are produced during UHECR propa-

ation by Eq. (2.2) from interactions with the cosmic background radiation, such as the cosmic microwave background.
his ‘‘cosmogenic’’ neutrino flux in the EeV range follows the UHECR energy directly and is expected at higher energies
.g. relevant for radio-detection experiments; its level is an indicator for the presence of light element fraction in
HECRs [690] at the neutrino highest energies, and a possible indicator for high-redshift cosmic background light at lower
nergies. Note that for some source classes the source neutrino flux at EeV energies may even ‘‘outshine’’ the cosmogenic
lux even if the source describes UHECR data; see e.g. [691] for AGN.

In recent years, progress has been made to theoretically describe the observed UHECR spectrum and composition,
hile at the same time predicting the source and cosmogenic neutrino fluxes for many different source classes. Here we
how one example for a population of low-luminosity GRBs in Fig. 8.2: The upper panel shows the diffuse source neutrino
lux (blue curve), which is peaked at around PeV energies — as it is typical for GRB neutrino fluxes. Here the cosmogenic
eutrino flux (gray curve) is comparatively low because the UHECR observables (lower panels) prefer a heavy composition
t the highest energies. In this example, the radiation density in the source controls the nuclear disintegration and the
eutrino production inside the source at the same time; the appearance of light elements below the cosmic ray ankle
E ≲ 1018.6 eV), which are needed to describe UHECR data in that range, is therefore directly correlated with the neutrino
lux. This is just one modern example for the implementation of the Waxman–Bahcall paradigm, where in this case the
agnetic field effects on the secondary pions and muons break the correlation between the UHECR and the neutrino
nergies; an example where the neutrino spectrum follows the UHECR spectrum more closely can be found in [692],
ore statistics on the neutrino spectrum can help to discriminate such options.

.2.5. Neutrinos from gravitational wave sources?
Neutrinos produced in connection to gravitational wave sources, such as the binary neutron star merger GW170817,

hich has been so far the best motivated source for neutrino detection, see [694–696], have also been searched
or [697,698]. Dedicated computations however show that the expected neutrino fluence from the associated short GRB
ust not have been larger than about 10−4 of the instruments’ sensitivities [699]. While gravitational wave sources
re being monitored with neutrinos and an association would be ground-breaking, no neutrinos in coincidence with
ravitational waves have been found so far [700].
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Fig. 8.2. Neutrino (upper panel) and cosmic-ray (lower panels) observables for a low-luminosity GRB model describing both neutrinos and cosmic
rays at the highest energies. The neutrino panel shows both the neutrino fluxes from the source (blue curve) and the cosmic ray propagation (gray
curve) for that model. The cosmic ray curves (colors in lower panels) correspond to the mass groups indicated in the middle panel.
Source: Taken from [693].

8.2.6. Astrophysical neutrinos and BSM physics
Finally, we would like to highlight that astrophysical neutrinos can also test BSM physics, thanks to the extreme

distances, production environments, and energies; see Fig. 8.3 for a summary. These mechanisms can be classified in
two different dimensions: they may affect the neutrino arrival directions, neutrino spectrum, neutrino arrival times, or
the flavor composition. The BSM effect may be at work at production, during propagation or at detection. An example
is neutrino lifetime (leading to neutrino decay, if short enough), which can also be regarded as one of the unknown
properties of the neutrinos for which only lower limits exist, see Section 8.6.4; over large distances, neutrino decay may
be tested by changing the flavor composition, whereas it may also show up in the energy spectrum at low energies; it is
questionable if changes in the arrival directions may be detectable in this case.

8.3. Theoretical implications of neutrino mass and lepton mixing

Neutrino mass is tiny, which generically is interpreted as being caused by some suppression mechanism. Possibly
connected to that is the question of whether neutrinos are Dirac or Majorana particles, i.e., whether lepton number is
conserved or violated. Lepton number is an accidental global symmetry in the SM, which is hard to realize in theories
beyond the SM. Along these lines, it is fair to say that the vast majority of models predicts neutrinos to be Majorana
particles. This would mean that there is another source of fundamental mass generation in Nature besides the SM
Higgs mechanism. The violation of lepton number that is implied by Majorana fermions will have another set of deep
consequences in terms of conservation of global symmetries or the creation of matter in the Universe. Checking this
prediction via observation of neutrinoless double beta decay is the only realistic possibility, but still very challenging.
Apart from the character of neutrino mass, its value has a guaranteed impact on the global structure of the Universe,
the magnitude of which remains to be explored by future measurements. Identifying the precise mechanism of neutrino
mass generation is possible by identifying the various new features that it typically brings along, such as new particles
or new energy scales. The most straightforward mechanism is the type I seesaw mechanism, which naively works at
close-to-GUT scales, but can be arranged to work at more testable energies. Many other mechanisms have been proposed
and can typically be arranged in theories beyond the SM. Often the mechanisms work at low scales, allowing tests at
colliders or with lepton flavor violation searches.

The peculiar pattern observed for the three PMNS mixing angles, with θ12 and θ23 being large while θ13 is small
but not tiny), is in strong contrast to the CKM matrix pattern. This difference poses intriguing questions on the origin
f the flavor structure of fermions. It remains an open question as to whether the apparent mixing patterns reflect
ome deeper theoretical principle such as a broken flavor symmetry, or whether the patterns are purely random or
‘anarchic’’. The relationship, if any, between the PMNS and CKM matrices is also unknown. These issues are a major
oncern in the literature. Among the countless examples in the literature, many flavor symmetry models predict the same
86



M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947

m
m
o
c
i
p
f
p
a

8

s
T
b
A
g
l
w
(
t
U
T
a

i
b
v

Fig. 8.3. Possible mechanisms for BSM physics testable with astrophysical neutrinos.
Source: Figure taken from [701].

ixing parameters. Precision beyond that expected for future experiments will not likely help much in distinguishing
odels. Which models are favored can be influenced by other arguments, such as simplicity, minimality, the possibility
f incorporating quark mixing or to compatibility with GUTs. The nature of CP-violating phases is a related theoretical
hallenge, with ramifications for cosmology, as well as for particle physics per se. The current indications for a Dirac phase
n the vicinity of −π/2 invite further thoughts of flavor symmetries, while the existence or not of CP-violating Majorana
hases remains undetermined; see Section 8.3.1. Observation of lepton number violation and CP violation would have
undamental cosmological impact, as those may lead to the generation of a baryon asymmetry. In the most straightforward
icture, the observations would provide circumstantial evidence of leptogenesis as the origin of the observed baryon
symmetry of the Universe.
This subsection deals with details of these fundamental issues, which are triggered by the results of neutrino physics.

.3.1. Dirac Or majorana neutrinos?
As mentioned above, Dirac neutrinos imply the conservation of lepton number, which in the SM is an accidental global

ymmetry. Typically, additional symmetries are necessary in theories beyond the SM to keep lepton number conserved.
he situation resembles that for dark matter, where often a symmetry that stabilizes the dark matter particle needs to
e introduced. General considerations in quantum gravity lead to the claim that global symmetries are not conserved.
n unbroken local symmetry could be chosen in analogy to QED, in which the electric charge is conserved. However, the
auge coupling associated with lepton number would need to be extremely tiny in order to obey existing experimental
imits. Of course, lepton number could be violated by 3 or 4 units, i.e. neutrinos would be Dirac particles, but processes
hich violate lepton number by 3 or 4 units would exist. In fact, non-perturbative SM processes relevant for leptogenesis
see Section 8.4.3), or more generally baryogenesis, do violate lepton (and baryon) number by three units. In general,
he violation of lepton and/or baryon number is crucial for our ideas for the generation of the baryon asymmetry of the
niverse. Moreover, Grand Unified Theories do generically predict Majorana neutrinos, e.g. the violation of lepton number.
his is on equal footing with the prediction of baryon number violation (that is, proton decay); therefore, baryon number
nd lepton number violation are not separate questions.
The Majorana nature of light neutrinos necessarily implies further terms in the overall particle physics Lagrangian, and

n particular implies new particles, parameters and energy scales. Determining those, also with the help of experiments
eyond pure neutrino physics, such as direct searches at colliders or via lepton flavor violating processes, may teach us
aluable lessons on the correct BSM approach.
87



M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947

o
o
0
h
o
t

t

8

S
Y
h
h
m

m
w
o
n
a
I

I
s
f
f

r
H

Eventually, the question of the neutrino nature needs to be answered experimentally, via observation (or perhaps non-
bservation) of neutrinoless double beta decay (0νββ). Avogadro’s number is the only way to beat the (mν/E)2 suppression
f observables that can distinguish Majorana from Dirac neutrinos, leading to multi-100-kg experiments searching for
νββ . Nuclear physics uncertainties remain a potential problem in precision physics of 0νββ . The nuclear community
as been intensifying its attack on the problem, and indeed the field is understood much better than a decade ago. An
bservation with at least two different isotopes, preferably with two different measurement techniques, is needed in order
o provide convincing evidence for lepton number violation and Majorana neutrinos.

All in all, the consequences of pinning down the neutrino nature would be fundamental, ranging from particle physics,
o the fate of global symmetries, and to cosmology.

.3.2. Origin of neutrino mass
Where do tiny neutrino masses come from? The most simple possibility would be to add right-handed neutrinos to the

M particle content, and thus create a Dirac mass term mD for neutrinos in analogy to all other fermions of the SM. The
ukawa coupling would be at least six orders of magnitude smaller than the one for the electron. While this is the same
ierarchy as for the third-generation top quark and the first-generation electron Yukawa, the point is that this strong
ierarchy affects particles in the same SU(2)L doublet, for each generation: up- and down quarks have only a mild, if any,
ass hierarchy, while electrons and electron neutrinos have a mass ratio of 10−6 or below.
Therefore, some suppression mechanism is required. Connected to that, the gauge symmetries of the SM allow a bare

ass term for the right-handed neutrinos,MR. ‘‘Bare’’ denotes here a mass term not connected to the SM Higgs mechanism,
hich gives mass to all other particles in the SM. This mass term is thus not bounded from above by perturbativity
f couplings, thus can be arbitrarily high. Moreover, it is a Majorana mass term. Via the coupling of the right-handed
eutrinos with the left-handed ones through the Dirac mass, the Majorana character is passed to the light neutrinos. In
ddition, light neutrinos have a mass given by m2

D/MR and thus are suppressed for all three generations. This is the type
seesaw mechanism [293–296,702].
The lessons of this most simple mechanism are that

(i) new particles exist, in this case, right-handed neutrinos.
(ii) a new energy scale exists. Recall that the SM possesses only a single energy scale.
(iii) a new property exists, in this case the violation of lepton number due to the Majorana nature of the light neutrinos.
(iv) the mass of the light neutrinos is inversely proportional to the energy scale related to their origin.

n addition, the new particles often come with additional interactions of their own, for instance caused by a gauge
ymmetry related to the difference of baryon minus lepton number (B − L), left–right symmetry, etc. This and the above
eatures are almost generic for the countless mechanisms that have been proposed to generate neutrino mass. These
eatures allow testing and distinguishing of the mechanisms.

For the type I seesaw, the naive picture implies that MR ∼ m2
D/mν ∼ v2/mν ≳ 1014 GeV, and a mixing of the

ight-handed neutrinos with the charged current of order mD/MR ≃
√
mν/MR, which implies little hope of testability.

owever, mD and MR are matrices, allowing for cancellations. In addition, simple variants and modifications of the type
I seesaw exist, that allow even more flexibility. For instance the type II [234,297–301] or III mechanisms [302] are other
options, which introduce scalar and fermion triplets, respectively. More involved scenarios such as inverse [703–705] or
linear [706–708] seesaws have additional singlet fermions and more than one new energy scale.

Loop mechanisms are the second-most popular way to generate neutrino masses. Examples are the Zee model [709]
or the ‘‘scotogenic’’ model [710], which work at one-loop, or the Zee–Babu model [711,712] at two-loop order. Again, new
particles are introduced, mostly scalars, but also fermions. The loop-suppression of neutrino mass allows for more easily
testable scenarios at colliders or using lepton flavor violating processes, Higgs physics or anomalous magnetic moments
of charged leptons.

Another way to lower the scale of neutrino mass and of lepton number violation is to apply the ‘t Hooft naturalness
argument, which states that a parameter is small when the symmetry of the theory is enlarged in its absence. In our case,
the symmetry is lepton number and the parameter is the scale of lepton number violation or neutrino mass generation.

A different perspective to the origin of neutrino mass is the SM Effective Field Theory (SMEFT) framework, which treats
BSM physics as a perturbation series of non-renormalizable effective operators made from SM fields and suppressed by
powers of a new physics scale Λ. It turns out that the lowest-order perturbation is a unique, lepton number violating
operator (called Weinberg operator [713]), suppressed by one power of Λ and leading to Majorana neutrino masses after
electroweak symmetry breaking. The theory producing this effective operator (the so-called ‘‘ultraviolet completion’’ at
higher energies to make it a renormalizable theory) is, however, not unique: there are three possibilities to generate
this operator from tree-level diagrams, which are the three types of seesaw mechanism mentioned earlier. In this
language, neutrino mass can also be generated by operators of higher dimension than 5 (7, 9, 11, . . .), which lowers the
suppression scale Λ, possibly to straightforwardly testable values. In the literature, different construction principles to
more sophisticated neutrino mass models are being used, such as from lepton number violating effective operators (e.g.
Refs. [714,715]) or from a systematic decomposition of SMEFT operators (e.g. Refs. [716,717]).

Thus, there are various ways for testable neutrino mass generation mechanisms. They can be distinguished by their
different particle content, energy scales, couplings to SM particles and predictions for neutrino parameters. Identifying
them will be of crucial importance to understand particle physics beyond the SM.
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8.3.3. Flavor symmetries
Unless a flavor symmetry or some other constraining structure is imposed, the mixing angles and CP-violating phase(s)

n the PMNS matrix U are arbitrary parameters, in analogy to their CKM cousins. However, the measured values of the
ixing angles in particular of the PMNS matrix with θ23 close to maximal, do encourage speculations about a deeper flavor
tructure, which possibly could eventually help to solve the long-standing mystery of quark-lepton family replication. In
his sense, the information that oscillation experiments have been collecting so far has triggered an enormous amount of
heoretical activity which brought new insights to flavor physics. See Refs. [718–721] for comprehensive reviews of flavor
ymmetries.
A flavor symmetry puts the weak fermion singlets or doublets of different generations in certain multiplets of a new

ymmetry group Gf . The latter is subsequently broken in order to explain the non-degenerate charged lepton masses. The
reaking leads to different conserved subgroups of Gf in the charged lepton and the neutrino sectors, which ultimately

leads to non-trivial U . The understanding that fermion mixing may be caused by the conservation of different subgroups
of a larger flavor symmetry group is one of the potential lessons learned.

The value of θ12 can give insight on which flavor symmetry one could apply. Commonly considered special cases are
(a) tribimaximal mixing which has sin2 θ12 =

1
3 , (b) bimaximal mixing which has sin2 θ12 =

1
2 , (c) hexagonal mixing which

has sin2 θ12 = 1/4, and (d) golden ratio mixings, which have tan θ12 = 1/φ (or sin2 θ12 = 0.28) or cos θ12 = φ/2 (or
sin2 θ12 = 0.35), where φ = (1 +

√
5)/2. These patterns are typically derived from discrete or finite flavor symmetry

roups, which may have their origins as discrete subgroups of continuous flavor groups such as SO(3) and SU(3) or
roducts thereof, where the ‘‘3’’ is mandated by the observed threefold family replication. Examples include S4, A4, A5,
N , Σ(2N2), Σ(3N3), ∆(3N2), ∆(6N2). We refer to the reviews [719–722] for references to the large original literature.
t is also possible to use Abelian U(1) symmetries. The most studied example is the (anomaly-free) difference of muon
nd tau flavors [723–726], Lµ − Lτ . Gauging and breaking the symmetry is necessary, leading to a massive Z ′ boson of
nterest for the anomalous magnetic moment of the muon. Extending the symmetry to the quark sector is possible, which
ntroduces the option to explain B-physics anomalies [727,728]; see Section 8.4.4.

The CKM matrix is famously not very different from the unit matrix, with the largest mixing angle (the Cabibbo angle
C ) being about 0.23 and the others one to two orders of magnitude smaller. Its zeroth order form can be interpreted
s the unit matrix, with higher-order corrections yielding in particular the Cabibbo angle. Its value is in fact close to θ13,
hich makes an overall picture, in which θC and θ13 appear as effects of corrections, quite appealing.
Given the expected precision on the oscillation parameters discussed in Section 3, it will be possible to rule out classes

f models (e.g. hexagonal mixing from tribimaximal mixing). However, some of the schemes will not be distinguishable,
.g. tribimaximal mixing and the golden ratio scheme with cos θ12 = ϕ/2, see e.g. [729]. This is true also when correlations
o model parameters are included, which concerns the often-studied ‘‘sum-rules’’ (see e.g. Ref. [719,730–733]) such
s sin2 θ12 = 1/3 + ζ sin2 θ13 cos δCP, with ζ a real parameter predicted by the model. Other sum-rules, in particular
hose relating neutrino masses and Majorana phases with each other [734–736], suffer in addition from the various
ays neutrino mass observables and their correlations are modified by possible new physics or smeared by theoretical
ncertainties, cf. Section 4.5. Nevertheless, the determination of the absolute neutrino mass scale and the mass ordering
s very important for ruling out models. The flavor structure of the neutrino mass matrix is very different for normal
ierarchy, inverted hierarchy, or quasi-degeneracy. In addition, corrections to models are highly unlikely to change the
ormal hierarchy into the inverted one.
An interesting class of flavor symmetries are those that non-trivially combine transformations between families with

P transformations, the obvious motivation being to constrain the CP violating phases in the PMNS matrix, especially
he Majorana phases. A generalized CP symmetry [737–740] is introduced, which is then combined with a given flavor
ymmetry. Typically, predictions for the CP phases, including the Majorana ones, are obtained, leading to testable
ignatures in neutrino oscillation and neutrinoless double beta decay experiments. A large number of special cases have
een analyzed in the literature, with useful summaries provided in the reviews of Refs. [720,721,741].
A more recent development [742] has been the idea of using non-linearly realized flavor symmetries known as

odular symmetries, a structure that has its origins in supersymmetry and string theory. Modular symmetries are
xtended mathematical structures under which the coupling constants are functions of a chiral superfield τ called
he modulus. Requiring modular invariance leads to the coupling constants having to transform in a certain way, thus
reatly constraining the form of the theory, and is able to constrain the neutrino masses in addition to the PMNS
arameters [720,721]. A vigorous activity in this area akin to the conventional model building discussed above is ongoing.
he number of free parameters in such models is much smaller, at least for simple ones, than for the conventional models,
ut this comes with the price of requiring fundamental and hard-to-verify features like higher dimensions, high scale
upersymmetry, and string theory. Nevertheless, it is an exciting development (see e.g. Refs. [743–747]), though the same
omments regarding the possibilities to distinguish models as for conventional flavor symmetries apply here as well.
Overall, the field of flavor symmetries is still very active and boosted mainly by neutrino data. In the future, it

ill be quite possible to distinguish classes of models, but many different scenarios exist that lead to very similar,
nd thus experimentally indistinguishable, predictions. Various corrections to model predictions are possible (vacuum
isalignment, renormalization, etc.), often depending on independent and inaccessible energy scales. Moreover, by
lightly modifying models, the predictions can be adjusted to new data. Measuring neutrino parameters as precisely as
ossible is nevertheless a necessity in order to gain further insight. However, improving beyond the currently foreseen
alues is likely not to be helpful in flavor model building, but rather (in analogy to the CKM sector) for testing new physics

cenarios, as discussed in Section 8.6.
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8.4. Connections of neutrinos to beyond the standard model physics

Neutrinos are linked to many aspects of particle physics. For each aspect, there are countless examples which cannot
ll be covered here. Instead, we give a few popular and illuminating examples. More often than not, the various BSM
spects are interconnected with each other, so the separation made in this section is somewhat arbitrary.
Within models, the violation of lepton flavor in the neutrino sector can directly or indirectly transfer to the charged-

epton sector. If models incorporate the quark sector, then the plethora of tests of meson decays can be linked. More
ften than not, dark matter candidates exist in a model responsible for neutrino mass. The baryon asymmetry of the
niverse is another field with frequent connections to neutrino mass. The parameters that we measure within neutrino
hysics provide another set of information on grand unified theories; in fact, neutrino mass is a typical prediction of
uch theories, even for less-unified theories such as left–right symmetry, and provides motivation for them. All these
heoretical connections are accompanied by experimental connections, such as the neutrino background to dark matter
irect detection experiments, or searches for proton decay in neutrino oscillation experiments. Furthermore, astrophysical
eutrinos can be used to test neutrino properties in extreme environments or over large distances.

.4.1. Flavor physics
Neutrino oscillations show that neutral-lepton flavor violation exists. Via loops the charged-lepton sector violates

lavor as well, though, due a GIM-suppression, only at negligible level [748]. This means, however, that observation of
harged-lepton flavor violation (cLFV) implies observation of new physics beyond neutrino mass. A plethora of possible
rocesses exists. The limits (in particular on the e − µ sector) are so strong that they correspond to new energy

scales exceeding the LHC center-of-mass energy [749,750]. All models generating neutrino mass imply cLFV at tree or
loop level, and experimental limits are often the strongest constraints on neutrino mass models. While collider limits
apply mostly to the energy scale, flavor observables provide information on the flavor structure in particular, thus
offering complementary information. Additional bounds to test models come from lepton flavor universality, Higgs decays,
charged-lepton magnetic or electric dipole moments. There are models in which the rates of cLFV are given by the neutrino
parameters (plus an energy scale) and models in which parameters not directly measurable by oscillations govern the
rates. An example for a direct connection is the type II seesaw model, in which the rates for decays like µ → eγ scale
like |(mνm†

ν)eµ|
2 and for µ → 3e like |(mν)ee(mν)eµ|

2 [751]. Here mν is the neutrino mass matrix that can be reconstructed
ith existing and future measurements of neutrino parameters.
Future limits are expected to further constrain in particular low scale neutrino mass models. Leading here will be

EG-2 (for µ → eγ [752]), Mu3e (for µ → 3e [753]), Mu2e and COMET (for µ − e conversion [754,755]), but also
au-sector decays will be very important.

Combining lepton with quark flavor is of interest for theories unifying quarks and leptons. Interestingly, long-standing
nomalies in the B-meson sector may be connected to neutrino physics. This concerns mainly the decay B → K ∗µµ and

the ratio of B → Kµµ and B → Kee. It is possible to extend the neutrino-motivated Lµ − Lτ gauge symmetry to the quark
sector in order to explain such b → sµµ anomalies [727,728]. Another explanation applies leptoquarks [756,757], which
can generate neutrino mass radiatively [758]. This is just one example of the possible connections of neutrinos to more
general flavor physics.

8.4.2. Dark matter
Just as for neutrino mass, the presence of dark matter [305] is a clear proof of physics beyond the standard model,

though it is so far without direct verification in laboratories. The standard paradigm of Dark Matter (DM) is that a Weakly
Interacting Massive Particle (WIMP) interacted with the thermal SM plasma in the expanding Universe until the interaction
could no longer keep up with the expansion: the DM particles ‘‘freeze out’’. Massive neutrinos are WIMPs in the true sense
of the word. However, their small mass would lead to freeze-out when they are highly relativistic, and their free-streaming
would erase structures in a way that is incompatible with observations should they be the only constituent of the dark
matter of the Universe. Neutrinos would thus be ‘‘hot dark matter’’. Structure formation considerations require that DM
be cold or warm, but rule out pure hot dark matter scenarios.

Heavier neutrinos with masses of around 100 GeV are good candidates, but their Yukawa interaction with leptons and
the Higgs would lead to immediate decay. Switching off this coupling with a symmetry would remove them from their
role in seesaw neutrino mass generation, and also require additional interactions to produce them in the thermal plasma.

An intermediate case is neutrinos of mass in the keV range (see [759] for a review), which could be produced via
oscillations with active neutrinos early on in the history of the Universe. A keV neutrino can be part of the seesaw
mechanism generating a very tiny active neutrino mass. In order not to exceed the DM abundance, keV sterile neutrinos
should have a small mixing with the SM sector (θ2

∼ 10−8). They never reach thermal equilibrium and hence contribute to
the number of relativistic degrees of freedom as ∆Neff < 1, which allows them to evade the constraint on Neff established
by BBN and CMB measurements (see discussion in Section 6.5). An upper bound on the mass of a keV sterile neutrino
is provided by the absence of detection in X-ray searches looking for a diffuse signal from the radiative decay of the
sterile neutrino. For non-resonantly produced sterile neutrinos [760], this limit is of the order of 4 keV. For resonant
production modes, where the neutrino density is enhanced in the presence of a lepton–antilepton asymmetry at the
epoch of production [761], this limit can be increased to about 50 keV depending on the active–sterile interaction
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strength [762,763]. Becoming non-relativistic in the radiation-dominated era, keV neutrinos would behave as warm dark
matter (see [764,765] for reviews), alleviating some of the drawbacks on galactic scales of the more commonly considered
cold dark matter scenario (absence of a visible galactic cusp, small number of detected galactic satellites compared to
simulations, etc.). This DM candidate has recently attracted renewed attention as an unidentified line at around 3.5 keV
in the X-ray spectra of galaxy clusters [766] and Andromeda [767] may arise from the decay νs → ναγ of a 7-keV neutrino
into an active one and a photon. The DM origin of the line is however subject to criticism [768,769]. Furthermore, keV
sterile neutrinos would smooth out density fluctuations below their free-streaming scale, a signature that small-scale
clustering analyses use to constrain the existence of such particles. The tightest bounds on keV neutrinos are currently
provided by Lyman-α forest surveys. Constraints on non-resonantly produced sterile neutrinos are now in the 20–30 keV
mass range [770–772], closing the window for such particles as a major constituent of the dark matter. The case for
resonantly-produced keV sterile neutrinos is less clear-cut, with current limits in light tension [773] with the debated
sterile neutrino interpretation of the 3.5 keV emission.

Within neutrino mass models, often a DM particle exists. A popular example is the ‘‘scotogenic’’ neutrino mass model,
where right-handed neutrinos are prohibited with a Z2 symmetry from having a Majorana mass term, but, with the help of
additional scalar particles, can generate a Majorana neutrino mass via one-loop diagrams. The same Z2 symmetry stabilizes
the lightest particle of the scenario, which is therefore a DM candidate [710]. There are also approaches where the DM-
stabilizing Z2 symmetry is used to forbid Majorana mass terms in general, and hence is connected to the Dirac nature of
neutrinos [774].

Neutrinos are also helpful to indirectly probe dark matter, if it decays or annihilates into neutrinos. Atmospheric
neutrino experiments or neutrino telescopes are sensitive to this signature, which above several GeV of energy is
essentially background-free. Those experiments were not constructed with the aim of studying DM particles, but
nevertheless provide highly valuable information on them. The DM-generated neutrino flux can come from DM particles
accumulated in the Earth or Sun, or from the galactic halo, which introduces uncertainties when integrating the DM
density along the line of sight (the so-called J-factor). See Ref. [775] for an overview.

Another connection of neutrinos to DM is provided by the ‘‘neutrino floor’’ [776]. Coherent elastic neutrino-nucleus
scattering (CEνNS, see Section 5.4.7) of unshieldable solar and atmospheric neutrinos with ∼ MeV energies will create
a background of nuclear recoils in the keV-regime. This background is not distinguishable event by event from the
direct detection signal that future experiments such as DARWIN [71] aim to measure, caused by the scattering of non-
relativistic DM particles with masses above ∼ GeV. The neutrino floor then corresponds approximately to a number of
neutrino events larger than the number of DM events with similar recoil spectra. In principle, ways to get below the
neutrino floor exist [777–781], for example, via direction-sensitive detectors; however, going beyond the neutrino floor
will be challenging. Interestingly, new interactions of neutrinos can significantly enhance the neutrino floor [782]. Thus,
understanding CEνNS with dedicated experiments, as well as solar and atmospheric neutrino fluxes, is of great importance.
Finally, we stress again the experimental similarities of dark matter direct detection and neutrino experiments, as
discussed in Section 7.

8.4.3. The baryon asymmetry of the universe
The PMNS matrix has up to three CP-violating phases. The Dirac phase is the analogue of the CKM CP-violating phase

and it can be measured in neutrino oscillation experiments. If neutrinos are Majorana particles, the two additional CP
phases cancel out in the oscillation probabilities, but affect other observables such as the neutrinoless double-beta-decay
rate. For seesaw models that feature additional, usually very massive, neutral fermions, there will in general be additional
CP-violating phases affecting the decays of the heavy neutral fermions into leptons and Higgs bosons. This is important
for leptogenesis driven by out-of-equilibrium heavy neutral lepton decays above the electroweak phase transition [343].

Leptogenesis has received great attention because it can naturally take place in seesaw models and has been shown to
be able to explain the observed baryon asymmetry of the Universe. It can be implemented in different ways, depending on
the underlying neutrino mass model. In the simplest case of type I seesaw models, it readily satisfies the three Sakharov
conditions: (i) lepton number is violated by the heavy Majorana masses; (ii) several CP-violating phases can be present
in the Yukawa coupling between heavy neutrinos and the Higgs; (iii) the departure from equilibrium is guaranteed by
the expanding Universe. At very high temperatures, the heavy Majorana neutrinos are in thermal equilibrium with the
rest of the plasma due to their Yukawa interactions and decouple after the temperature drops below their mass. In the
presence of CP violation, their decays generate a lepton asymmetry which is converted into a baryon asymmetry by SM
sphaleron processes. In fact, essentially all scenarios that generate neutrino mass have the option to generate the baryon
asymmetry of the Universe [783]. Leptogenesis is possible even if neutrinos are Dirac particles [784]. Various aspects of
leptogenesis in and beyond the standard scenario are summarized in Refs. [785–789].

The current experimental preference for a nonzero Dirac phase as outlined in Section 3.1 is an encouraging sign for
the existence of new sources of CP violation in nature, as is required for all theories of baryogenesis. The connection with
leptogenesis is a very important one, as it could, in principle at least, shed light on the nature of leptonic CP-violation.
Unless special flavor structures are imposed, all of these phases are free parameters, whose origin is as much of a mystery
as are the fermion masses and lepton and quark mixing angles. As indicated above, most models of neutrino masses
contain a larger number of parameters than those measurable, and in particular more CP-violating phases. Consequently,
in a completely model-independent way, it is not possible to draw a direct link between the value of δCP and the baryon
asymmetry.
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However, models which aim to explain the values of neutrino masses and of the mixing structure we observe have
reduced number of parameters and can present a direct connection between the two. It is therefore possible to make
ome more general statements in specific neutrino mass models. In the widely studied case of the type I seesaw at scales
lightly below 1012 GeV, it can be shown (by setting to zero all other phases) that the δCP phase can be the origin of the
observed baryon asymmetry [790–792], and it is also possible in extended see-saw models [793]. This would represent the
terrestrial discovery of a parameter that is essential for very early-Universe cosmology. Alternatively, if the Dirac phase,
depending on its value, could be proven to be inadequate, then that would point to the existence of additional phases,
which could well have a leptonic origin.

Within type I seesaw models, leptogenesis is not necessarily a high energy phenomenon. It is possible to bring down
the scale of the heavy neutrino masses down to GeV-scale [794–796]. This requires typically an extreme closeness of
right-handed neutrino masses (‘‘resonant leptogenesis’’), and allows testability for instance in SHiP [797] (see also [798]).
As mentioned in Section 4.5, high scale leptogenesis is not possible when there is TeV-scale lepton number violation on
an observable level; hence it is falsifiable [401].

One can conclude that, generically, the observation of lepton number violation (e.g. neutrinoless double beta decay) and
of CP violation in long-baseline neutrino oscillation experiments and/or possibly neutrinoless double beta decay would
provide circumstantial evidence (not a proof!) in favor of thermal high scale leptogenesis as the origin of the baryon
asymmetry of the Universe. Certain very constrained scenarios allow for testing all parameters related to leptogenesis
in terrestrial experiments. Generically, mechanisms for neutrino mass generation come quite often together with new
particles and CP phases, thus entertaining the possibility of generating the baryon asymmetry of the Universe. Testability
requires model building input, but the search for low energy lepton number and CP violation is crucial to test our ideas
on lepto- and baryogenesis, and will help in favoring neutrino-mass-related baryogenesis scenarios over other ones.

8.4.4. Unification
Neutrinos do not exist isolated from the other particles of the SM. They live with charged leptons in an SU(2) doublet.

In Grand Unified Theories (GUTs), neutrinos live additionally with quarks in GUT multiplets. Furthermore, mechanisms to
generate small neutrino mass introduce new particles that can influence other particles of the SM as well. Among the many
examples, we focus on the type I seesaw mechanism with right-handed singlet neutrinos, discussing several aspects of
unification. Starting with supersymmetry, scalar partners of the singlet neutrinos are called sneutrinos, and inherit lepton
number violating properties. If one of the sneutrinos is the lightest supersymmetric particle, it is a DM candidate, see
e.g. [799]. In many supersymmetric frameworks, the Dirac mass matrix within the type I seesaw mechanism is the main
source for lepton-flavor-violating decays mediated by SUSY particles, and is typically observable for not-too-large SUSY
scales. In this case, one is able to reconstruct the seesaw parameter space, in contrast to the non-supersymmetric case
where the heavy neutrinos and/or their small mixing suppress the rates.

The Yukawa coupling of the right-handed neutrino with SM lepton doublets and the Higgs boson may have a
remarkable impact on Higgs physics. First of all, it influences the running of the quartic Higgs coupling towards negative
values at high energies, thus leading possibly to an unstable vacuum [800]. Moreover, right-handed neutrinos provide a
loop-induced contribution to the Higgs mass of order ∆m2

h ≃ m2
D M2

N/(16π2v2) = mν M3
N/(16π2v2), leading to a limit of

MN ≲ 107 GeV if this contribution is not to be larger than the measured Higgs mass [801–804]. This ‘‘naturalness’’ mass
limit is, interestingly, in conflict with standard leptogenesis requirements (see Section 8.4.3).

Theories that gauge the difference of baryon and lepton number B−L are attractive as this charge is exactly conserved in
the SM [298,805–810]. The symmetry is anomaly-free and can thus be consistently gauged, if three right-handed neutrinos
are added to the particle content, providing therefore motivation for the seesaw mechanism. Furthermore, lepton and
baryon number are connected here, linking neutrinoless double beta decay with proton decay.

The difference B − L is also part of many other BSM theories. In particular, in left–right symmetric models the SU(2)L
gauge group of the SM is extended by another SU(2)R that acts on right-handed fields only [296,300,811–815]. Right-
handed neutrinos are thus needed for the consistency of the theory. Their mass is generated by a Higgs mechanism in
analogy to all fermion masses of the SM (with a Higgs multiplet different from the SM Higgs). The scale of their masses is
the scale at which parity breaks down. Hence, the parity violation of weak interactions is connected to the smallness of
neutrino mass. In this sense, left–right symmetric theories have gained additional support by determining that neutrinos
have mass [816].

In GUTs the active and sterile neutrinos share a multiplet. In SO(10) models, all 15 SM fermions (left- and right-handed
up- and down-quarks of all three colors, left- and right-handed electrons and left-handed active neutrinos) of a single
generation plus a right-handed neutrino, fit in the 16-dimensional spinor representation of the group. With a Higgs sector
that breaks the large GUT group down to the SM, the different Yukawa coupling matrices of quarks and leptons are
connected. In the most-often applied scenario, one has all five relevant mass matrices given by a combination of only
three Yukawa couplings [817–820]

mu = vu
10Y10 + vu

126Y126 + vu
120Y120 ,

md = vd
10Y10 + vd

126Y126 + vd
120Y120 ,

mD = vu
10Y10 − 3vu

126Y126 + vD
120Y120 ,

mℓ = vd
10Y10 − 3vd

126Y126 + vℓ
120Y120 ,

R

(8.2)
MR = v126Y126 ,
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where mu,md,mD,ml,MR are the up-quark, down-quark, Dirac neutrino, charged lepton and right-handed Majorana
neutrino mass matrices. Fitting this to the observed fermion masses is a check of the validity of GUT models. One particular
result is that the case of only Y10 and Y126 being present is ruled out, since the value of the atmospheric neutrino mixing
angle comes out too low [821]. Other choices are not compatible with an inverted mass ordering; hence neutrino data
can seriously constrain grand unified theories. Furthermore, typically a hierarchical neutrino mass spectrum is predicted.
Hence observing close-to-degenerate neutrino masses would lead to serious implications for GUTs. Moreover, while type
I and II seesaw mechanisms, and to some extent the type III, can easily be implemented in such GUTs, many other
mechanisms require non-minimal to exotic extensions.

One should mention that the obvious experimental connection of neutrino physics to GUTs, in the sense that
present [822] and upcoming [98,260] detectors can set strong limits on various proton decay modes, thereby testing
GUTs.

Finally, theories with additional gauge groups can have first-order phase transitions when one of the scalar multiplets
necessary for the symmetry breaking obtains a vacuum expectation value. This can have testable consequences as it leads
to a stochastic gravitational wave background, that can be probed in future experiments.

8.5. Sterile neutrinos

Sterile, or right-handed, neutrinos NR have been encountered already a few times in this document. Some experiments
discussed in Section 6, point towards the existence of eV-scale sterile neutrinos, having various possible consequences in
particle physics and cosmology. This section is aiming at generalizing the notion of sterile neutrinos to arbitrary energy
scales. Generically, sterile neutrinos, i.e. fermions without isospin or hypercharge, appear in many BSM frameworks and
are thus an exciting window to new physics. Reviews on the interesting physics of sterile neutrinos can be found in
Refs. [587,787,823].

There are two arguments for the mass scale of sterile neutrinos. In the limit of vanishing mass there is no Majorana
mass term, hence the symmetry of the system is enhanced because lepton number is conserved. This is along ’t Hooft’s
notion of naturalness: a parameter should be small if its absence enhances the symmetry of the system. On the other
hand, right-handed neutrinos are singlets under the SM gauge group; hence their Majorana mass term is not protected
by the gauge symmetry of the SM, thus can be arbitrarily large. Good phenomenological arguments were made in the
past for keV-scale neutrinos as warm dark matter (see Section 8.4.2), or for masses close to the GUT scale of 1015 GeV
in order to explain the light neutrino mass scale via v2/MR in the type I seesaw. Another argument is the slightly lower
scale for the lightest sterile seesaw-neutrino of around 1010 GeV, a value at which the simplest leptogenesis mechanism
works (see Section 8.4.3). It is fair to say that no convincing argument has been made for the presence of an eV-scale
sterile neutrino. All models are ‘‘postdictions’’ made after the LSND and reactor anomalies discussed in Section 6.

The number of sterile neutrinos is not constrained in general. Theories in which right-handed neutrinos are part of a
gauge group require that they come in with the same number of SM generations, i.e. three. In the seesaw context there
should be one for each massive light active neutrino, which implies that two are enough (the lightest active neutrino
could be massless). Two are also enough to explain the baryon asymmetry of the Universe via leptogenesis. This implies
that sterile neutrinos of various energy scales may exist. Scenarios are conceivable in which one keV-scale neutrino is
responsible for warm dark matter and two heavier ones are for leptogenesis. This is the spirit of the νMSM [796,824].

While being called ‘‘sterile’’, these particles are not completely decoupled from the SM. They have the option to couple
to the Higgs and a lepton doublet, which induces mixing with light neutrinos in the charged and neutral currents. This
mixing implies that they are produced in certain amounts whenever charged leptons or neutrinos take part in weak
interactions. Therefore, one can look for their decay products and produce them at colliders or in decays. Indeed, limits
on sterile neutrino mass and mixing have been obtained from beta decays, meson decays, or from LHC. Moreover, sterile
neutrinos have cosmological implications, see Section 6.5.

Generally speaking, the vertex of Higgs-lepton-NR can be viewed from different directions: (i) the Higgs couples to
leptons and NR, (ii) leptons couple to the Higgs and NR, (iii) NR couples to leptons and Higgs. While this sounds trivial, it
illustrates the rich phenomenology of sterile neutrinos. In the seesaw language, the above three directions of the vertex
imply (i) Higgs-physics (naturalness, vacuum stability), (ii) lepton flavor violation, (iii) leptogenesis. In case the sterile
neutrinos do have additional interaction (see Section 8.4.4), the discussion becomes even broader. Note that the seesaw
connection of sterile neutrinos is not unique. Right-handed neutrinos could have left-handed Dirac partners and their
mass comes from a different ‘‘dark’’ sector. This would modify the way one searches for them.

In summary, the notion of sterile neutrino is very broad and has rich phenomenology in particle physics and cosmology.
While the presence of sterile neutrinos is expected from a theoretical point of view, its mass scale is unknown, and
depending on its value has very different, but generically exciting, consequences.

8.6. New physics in neutrino experiments

Neutrino mass models often come with additional energy scales and interactions. This implies that neutrinos may
show properties beyond the standard paradigm of three active neutrinos interacting via electroweak interactions. Indeed,
new physics beyond the three-neutrino picture is expected in many well-motivated scenarios. There is even one long-
standing hint of new neutrino physics, namely light sterile neutrinos, which is treated at various places in this report. Some
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possible new physics scenarios are well motivated, while others are speculative. The main point is that neutrinos offer
completely new avenues to test for new physics. Here neutrino experiments can probe TeV-scale new physics, which is
on par with collider searches. Moreover, the presence of such effects may hinder the determination of unknown neutrino
parameters, and therefore should be understood to avoid making wrong claims on the mass ordering or CP violation.
The complementarity of different neutrino experiments to test the same parameters is important to avoid such wrong
conclusions. More often than not, limits on non-standard neutrino features are obtained as a by-product of large-scale
oscillation experiments, or by small dedicated experiments. This illustrates the variety and broadness of experimental
approaches. Popular examples on new physics are magnetic moments, unitarity violation or non-standard interactions.
Many more exotic possibilities such as long-range forces or CPT violation may show up, and strong sensitivities can be
reached in many experiments.

The present section tries to summarize the main theoretical ideas and features of various new physics scenarios.

.6.1. Non-standard interactions
Non-standard Interactions (NSIs) are a popular new physics option for neutrinos. They denote additional vector-

ike interactions of the left-handed SM neutrinos with other fermions f , described by the following neutral current
agrangian [236]:

− L = 2
√
2GF ϵ

f
αβ

[
ν̄αγµPLνβ

] [
f̄ γ µf

]
. (8.3)

he strength of this new interaction is normalized to SM interactions and encoded in dimensionless (and complex) ϵ
arameters. If f are first-generation particles, these terms induce coherent forward scattering of neutrinos in matter, in
nalogy to the matter effects discussed in Section 3.1. In this way, they modify neutrino oscillation probabilities relevant
or long-baseline experiments. Reviews on the effects of the above interaction can be found in Refs. [825–827].

The above interaction could stem from heavy particles that mediate interactions between neutrinos and other SM
ermions. In this case one expects that ϵ ∝ m2

W/M2
X , where mW is the mass of the SM W -boson and MX the mass

cale of the new particles. Therefore, probing percent-level ϵ implies testing TeV-scale new physics, that is, energy scales
ccessible at the LHC and beyond. The interaction in Eq. (8.3) therefore has immediate collider phenomenology [828].
his demonstrates once more the exciting potential of neutrino physics. Indeed, many of the limits on the above ϵ

f
αβ , as

isted e.g. in Ref. [829] are around 0.1 and partly below. Such limits also include results from coherent elastic neutrino-
ucleon scattering (CEνNS, see Section 5.4.7), where NSIs on up- and down quarks modify the cross section. There is
owever a crucial difference. The matter effect in neutrino oscillations is caused at momentum transfer of 10 MeV and
elow. Therefore, the particles mediating the NSI can have a mass as small as this value [830], and the smallness of the
would be caused by a small coupling instead. Such a small value of the mediator mass will however modify the recoil
pectrum observed in CEνNS, where the propagator of those particles is 1/(q2−m2

X ) ≃ 1/q2 ∝ 1/T and increases the cross
ection at low recoil T . Thus one can break the light/heavy mediator degeneracy by combining oscillation and scattering
xperiments. Regarding future neutrino oscillation experiments, those will further improve the bounds on NSIs or discover
hem. The presence of ϵ

f
αβ may hinder the determination of the neutrino mass ordering and the CP phase, or lead to a

rong measurement. Indeed, a recent result in this respect is the finding that CEνNS limits on certain ϵ parameters rule
ut the ‘‘dark LMA’’ solution (θ12 > 0), which would be allowed by solar neutrino data in the presence of non-zero values
f those parameters [829]. This illustrates the necessity of different experiments and of over-determining the neutrino
arameters.
Note that the above interaction can be generalized to interactions different from vector, that is, scalar, pseudoscalar,

xial vector, or tensor. These new interaction may stem from coupling neutrinos to dark matter. They would not
nfluence neutrino oscillations [831,832], but could also lead to effects in neutrinoless double beta decay [833], or
bservable distortions in measurable recoil spectra e.g. in CEνNS [475]. Also beta decays are used to constrain those
xtra interactions [834]. The origin of those interactions often includes leptoquarks [835]. One can further generalize the
ew interactions in Eq. (8.3) from neutral currents to charged currents, which are however typically more constrained as
he corresponding lepton flavor violation bounds are quite strong.

There have been several proposals for particles associated with NSIs. Examples are Z ′ bosons, leptoquarks, scalar
inglets, etc. Those typically induce not only a single set of NSI, and can thus be distinguished from each other by a
lobal search in various experiments. In addition, the particles causing the NSI can be generated at colliders, if they are
eavy. If they are light, they could be radiated off in processes in which the fermions taking part in Eq. (8.3) appear.
t is noteworthy that this possibility includes also neutrino self-interactions, which are among the leading new physics
olutions proposed to explain the long-standing discrepancy of Hubble parameter determinations in near- and far-distance
osmology [836]. Finally, one should mention the recent XENON1T excess of measured electron recoil T [837], which can
e explained by solar neutrinos coupling to light mediators. The propagator of those particles is ∝ 1/T and is well-suited
o explain an excess at low recoil.

.6.2. Unitarity violation
The PMNS matrix is exactly a 3 × 3 unitary matrix for two important neutrino mass scenarios: (1) the case of three

irac neutrinos where their mass generation occurs in exactly the same way as for the charged fermions, and (2) the case
f three left-handed Majorana neutrinos with no additional fermionic states playing any role in the mass generation, as is
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the case for the type II seesaw model. However, if there are additional fermionic states, they will typically lead to unitarity
violation. An example is type I seesaw right-handed neutrinos with Majorana masses, which generically couple with the
three known neutrino flavors via a Yukawa interaction with the Higgs, unless a symmetry is invoked to forbid these terms.
Once the Higgs acquires a vacuum expectation value, mixing arises and affects all the neutrino and neutrino-like states,
rendering the 3 × 3 PMNS matrix only approximately unitary. Barring special flavor structures, one expects the deviations
from unitarity to scale as powers of the ratio of the electroweak scale to the new physics scale. If the scale of the seesaw
mechanism is low, or in the presence of additional states, as in inverse, linear or other extended see-saw models, the
mixing can be sizeable without contradicting the constraints from neutrino masses. Thus, tests of the unitarity of this
matrix are also tests of the nature of the underlying mass generation mechanism. Note, however, that the presence of
additional charged-lepton states would also imply unitarity violation.

Underlying models put aside, we can describe a non-unitary lepton mixing matrix N (as defined through charged-
current interactions between charged leptons and neutrinos) as N = (1 − η)UPMNS with an exactly unitary matrix UPMNS
via a Hermitian matrix η. This affects a raft of precision electroweak and flavor observables including the W -mass, the
weak mixing angle, Z-decays, tests of flavor universality and many others, as was systematically studied for instance in
Refs. [838,839]. A focus on non-unitarity in oscillation experiments only was made in Refs. [280,840]. Table IV of Ref. [839]
presents a useful summary of the upper bounds on unitarity-violating deviations. These results show that deviations
up to the 2%–7% level are permitted by current data, depending on the matrix element. The ηττ parameter is the least
constrained, with ηµµ the most constrained. While in the CKM sector the unitarity of the mixing matrix is tested for all
independent unitarity constraints, the prospects for the lepton sector are poor. Nevertheless, the precision foreseen in
particular by JUNO will allow unitarity tests on the first row of the PMNS matrix on the percent-level [280]. Studies of
tau neutrino physics with atmospheric neutrinos [99,186], long-baseline neutrinos [841] or with SHiP [601] are important
to measure Uατ elements, which are currently hardly constrained. Unitarity violation in long-baseline experiments may
weaken the precision with which the currently unknown neutrino parameters can be measured [842].

It should be noted that also light sterile neutrinos would lead to an apparent non-unitarity of the PMNS matrix, if
the oscillation experiment corresponds to L/E ≫ ∆m2

ster, i.e. the mass-squared difference averages out. In addition, the
‘‘zero-distance’’ effect in non-unitary scenarios (flavor change even for vanishingly small baselines) is also present for
non-standard interactions; see Section 8.6.1. This demonstrates that distinguishing new physics requires a variety of
experimental approaches.

8.6.3. Magnetic moments and other electromagnetic features
Neutrino Magnetic Moments (NMM) are the most popular new physics scenario related to electromagnetic properties

of neutrinos. The most general coupling of neutrinos to the photon field can be written in the form of charge, dipole
magnetic, dipole electric, and anapole neutrino form factors, which display different Lorentz structures. In the limit
of vanishing momentum exchange q2, the charge form factor corresponds to a potential charge of the neutrino, while
the dipole magnetic form factor is the magnetic moment. The latter is best understood and has attracted the most
attention from experimentalists. We refer to the review in Ref. [843] for a detailed summary of the physics of neutrino
electromagnetic features, in particular, the subtle connections of electromagnetic properties of neutrinos with the
Dirac/Majorana nature, or with C, P, CP and CPT violation.

In the SM extended with massive Dirac neutrinos, loop processes generate electromagnetic couplings, since the
neutrino couples to charged W bosons. The magnetic moment is of order GF emν/(16π2), and takes a very small value
of µν ≃ 3.2 · 10−19 (mν/eV)µB, expressed in Bohr magnetons. Interestingly, for Majorana neutrinos, magnetic moments
can only couple different states with each other (‘‘transition magnetic moments’’); for Dirac neutrinos, only diagonal
transitions are allowed. There is furthermore a relative factor of two between Majorana and Dirac neutrino NMM. As in
the SM the NMM is very much suppressed, an observation would immediately imply new physics coupling to neutrinos.
Indeed, models in which particles with electroweak quantum numbers appear often lead to observable magnetic moments.
A common issue in such models is that a magnetic moment generated at a scale Λ corresponds to a neutrino mass
proportional to µνΛ

2, which typically is too small unless non-trivial model building is involved.
An interaction caused by a magnetic moment adds incoherently to the SM cross section. For instance, neutrino–electron

scattering, in the limit of electron energies Eν much larger than recoil T , has a differential cross section with respect to
recoil of order G2

Fme(a+b T/Eν) in the SM, while the magnetic moment contributes with α/m2
e (µν/µB)2 1

T . For millicharged
eutrinos, the differential cross section would be proportional to α/(meT 2). The increase at low recoil is a characteristic
eature of electromagnetic couplings, and is the main method to obtain limits in terrestrial experiments. Here experiments
ith reactor and solar (anti)neutrinos give the most stringent terrestrial limits, which are of order 10−11µB, i.e. eight orders
f magnitude below the prediction of the SM extended by massive neutrinos. Note that, again, the XENON1T excess can
asily be explained by solar neutrino scattering involving millicharge or magnetic moments [837], courtesy of the increase
f the differential cross section at low recoil. Competing limits on electromagnetic couplings of neutrinos are also obtained
y CEνNS experiments, which work at low recoil by definition.
Astrophysical limits are typically stronger than terrestrial ones, though they often depend on the modeling of the

eutrino source under consideration. A NMM couples left-handed states to right-handed ones, the latter being sterile for
irac neutrinos and thus able to leave a supernova core, thereby inducing energy loss. Confronting the observation of
he SN1987 A neutrino burst with this feature leads to limits of order 10−12µB. Other processes that are of astrophysical
nterest are radiative decay νj → νi + γ (which would also influence the cosmic microwave background) or a resonant
pin-flavor precession in the presence of a magnetic field. Such limits are summarized in Ref. [844].
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8.6.4. Other possibilities
The unusual features of neutrino mass and lepton mixing motivate speculation about the presence of new physics

eyond the possibilities discussed so far.

• Long-range forces: This is actually connected to NSIs: if the mass of a vector or scalar boson coupling to neutrinos
has an extremely tiny mass, a long range force proportional to 1/r is felt by neutrinos. For instance, the Sun-
Earth distance corresponds to about 10−18 eV, and mediators lighter than that value create a potential V ≃

1.0 · 10−12 (g ′2/10−50) eV, which can be compared to quantities related to oscillations, namely ∆m2/E or GFNe,
where Ne is the number density of neutrinos in the medium [845–849]. If this force involves electrons, the limits are
extremely strong (g ′2 much below 10−50), as the Earth or the Sun contain an enormous amount of electrons. If muons
or tau forces are involved, mixing of the bosons is required for observable effects. A list of current constraints in many
models is given in Ref. [850]. In principle the effect is distinguishable from the vector NSIs discussed in Section 8.6.1
since long-range interactions depend differently on the distance traveled. However, in reality the difference is
tiny.

• Neutrino decay: Massive neutrinos can decay radiatively νj → νi + γ , though with only SM interactions the half-
life is extremely long. This decay mode could however be enhanced via new physics, or the decay products could
be one or more beyond the Standard Model particles, e.g. a sterile neutrino or a Majoron (‘‘invisible decay’’). A
Majoron is a Goldstone boson associated with the broken global lepton number symmetry. This decay would have
observable consequences for astrophysical (see e.g. [841,851,852]) neutrinos or for neutrino oscillation experiments
(see e.g. [853–855]), where the classical oscillatory L/E behavior would be modified by an exponential suppression
exp{−mνL/(Eτ )} caused by the life-time τ . A pure decay solution to the observed neutrino deficits was ruled out
quite early [853]. Moreover, cosmological mass limits can be weakened if neutrinos decay [389,390]. Limits from
atmospheric or long-baseline oscillation experiments are around τ ≳ 10−10(mν/eV) s [856] and solar neutrinos yield
τ ≳ 10−4(mν/eV) [857], whereas cosmological ones are much stronger, τ ≳ 1011(mν/eV)5 s [858]. Observations from
SN1987 A give τ ≳ 107(mν/eV)3 s [859]. Those numbers depend actually on which mass state decays and also on
the mass ordering. Upcoming experiments, and a possible supernova, will further improve the limits. As usual, the
fit results of oscillation experiments could change if neutrino decay were present.

• Pseudo-Dirac neutrinos: In cases where a Dirac and a Majorana mass term is present, but the former is much
larger than the latter, neutrinos are formally Majorana particles. However, each mass state corresponding to an
active neutrino is split in two states (one being sterile), the small splitting related to the ratio of the Majorana and
Dirac mass terms. Several models have been found which realize such a scenario (see Ref. [860] for a discussion).
Besides new mass-squared differences, also new mixing angles are introduced. All lepton-number-violating effects
are suppressed. Observable effects could nevertheless arise in oscillation experiments (see e.g. [860,861]) or in
the context of astrophysical neutrinos [862,863]. A further exotic modification is when certain mass states are
Pseudo-Dirac while others are Majorana, which occurs when they are generated by a different source [864].

• Anomalous decoherence: As mentioned in Section 3.1 neutrino oscillations are closely connected to quantum-
mechanical aspects such as decoherence: wave packets associated with different mass states need to overlap in order
to observe oscillations. For large travel distances, coherence is lost. One can envisage scenarios in which new physics
induces additional decoherence, for instance caused by space–time foam within quantum gravity theories. For this
case, one would fit the data with an arbitrary decoherence factor exp{−ξ (L, E)} multiplied with the oscillation
probability. Those tests have been performed with various sources, see e.g. Refs. [865–868], and limits on anomalous
decoherence have been obtained, testing those theories; a discovery would have obvious fundamental consequences.

• CPT and Lorentz invariance: The final exotic possibility is the violation of holy principles in relativity and quantum
field theory. An overview on different tests in the neutrino sector can be found in Ref. [869]. One should note that
Lorentz invariance violation leads to CPT violation, but not vice versa. CPT violation can be obtained by violating
locality or causality, while keeping Lorentz invariance intact. As for anomalous decoherence caused by space–time
foam, one would expect that the effect goes with energy scale over the Planck mass MPl ≃ 1019 GeV. The likely high-
scale origin of neutrino mass motivates the search for such effects with neutrinos, as the energy scale associated to
their mass generation may not be far away from the Planck scale.
An obvious consequence of CPT violation would be that neutrino and antineutrino parameters are not the same. This
is in principle distinguishable from matter effects, NSIs or long-range forces, which also generate this feature. Such
explicit CPT violation has been applied to various cases in neutrino physics, see e.g. [870–874]. It is worth noting that
meson masses, in particular neutral kaons, are constrained to have a mass-squared difference of m2(K0) − m2(K̄0) ≲
0.25 eV2, and that for neutrinos the related difference of ∆m2

31 measured with neutrinos and antineutrinos is known
to be much smaller.
Superluminal neutrinos are another candidate in this field. For tachyonic particles, processes are allowed that are
otherwise kinematically forbidden, which was used to strongly refute [875] the past (and later retracted) claim
of faster-than-light neutrinos [876]. Strong limits on the amount of superluminality can also be given by such
considerations.
The so-called Standard Model Extension (SME) describes consequences of Lorentz invariance violation in a systematic
way [877,878]. Gauge-invariant operators violating Lorentz-invariance are constructed out of SM fields. In this
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framework, there are a great many free parameters that can be constrained in essentially any neutrino experiment.
Some of the constraints are obtained by the effect that the SME coefficients determine a fixed direction in space–
time, around which the experiment rotates with sidereal frequency 2π /(23 h 56 min). A variety of cases has been
discussed in the literature, see e.g. [879–881].

All in all, there is some motivation that the properties of neutrinos make them more sensitive to exciting new physics
than other particles. Searches for these effects can be done in every neutrino experiment (and meaningful limits set if
the effects are not found) without additional costs, making these searches attractive to perform. In the presence of such
effects, typically the sensitivity to standard parameters is decreased.
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Appendix. Executive summary of the IUPAP report

Neutrino physics lies at the heart of many of the fundamental questions in contemporary physics: from why the
Universe exists in its current form, to the mechanisms by which stars burn and explode thereby populating the galaxies
with foundational elements, to the fundamental properties and interactions of sub-atomic elementary particles, the
neutrino holds the key to our understanding. Initially thought to be impossible to observe, the dramatic progress over
the last few decades in neutrino experiments and theory has led to eight individuals receiving the Nobel prize for studies
into this fundamental particle. This impressive canon of work has already illuminated many of the secrets of the elusive
neutrino, yet several essential questions remain about its intrinsic properties, its interactions with other families of
sub-atomic particles, its role in astrophysical and cosmological processes, and possibilities for discovering new physics.
Neutrino physics has already been an incredibly fruitful area of research, yet the future research programs foreseen in
this field promise even greater rewards.

A comprehensive, extensive and globally collaborative research program is required to fully realize the bright scientific
potential of neutrino physics and the opportunities afforded, including applications for societal benefit. The projects
required to understand the properties and sources of neutrinos are generally growing in scale, cost and complexity, and
are becoming international and interdisciplinary in nature.

Our charge
It is in the context of promoting cooperation in neutrino physics that the International Union of Pure and Applied

Physics (IUPAP) established an international panel on neutrino physics. This panel has the mandate ‘‘to promote
international cooperation in the development of an experimental program to study the properties of neutrinos and to
promote international collaboration in the development of future neutrino experiments to establish the properties of
neutrinos’’. The specific objective defined was the creation of a community-informed science-driven white paper following
the mandate of the panel:

• To carry out a review of the present status of the global neutrino physics program and the development that can be
expected on a 5 to 10-year timescale

• To give an overview of the measurements and R&D (including software development) that are required for the
near-term (< 10-year) and medium- to long-term (10–25-year) programs to fulfill their potential

• To identify opportunities within neutrino physics, mutual benefits of global connections within neutrino physics and
other fields, as well as the synergies of an international program.

This report
This report is the output from that process. It gives a scientific overview of the current status of the various research

directions within neutrino physics, the opportunities that will arise in the medium and far term, and the challenges
to realizing these opportunities. It describes the required developments to optimally deliver the most promising and
exciting physics program, by encouraging international cooperation and the most effective use of world-wide resources.
Not intended as a road-map, the structure and length of this report is based on the scientific opportunities and concepts
and is not an attempt to define the specific research projects required. Instead, this white paper aims at demonstrating

that neutrinos are very special particles with unique features and many exciting opportunities.
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Looking in more detail at the scientific questions that research into neutrinos can illuminate, the last two to three
ecades have been highly successful with the discovery that neutrinos must have mass, and that they must have quantum-
echanical ‘‘mixing’’ to explain the observed oscillations from one type (flavor) of neutrino to another. Laboratory
easurements and cosmology have constrained the number of active neutrino species and their interactions. Progress
ithin particle physics in recent years has also been augmented by studies of neutrinos from various astronomical sources
nd in cosmology. Following these spectacular achievements, there remain several key questions which will guide this
esearch field and the opportunities for the future:

he pattern of masses and couplings of elementary particles
One of the main unresolved questions of particle physics is the origin of flavor, i.e. why three generations of all

lementary matter particles exist. Apparent regularities in the masses and mixings of the elementary particles strongly
uggest some underlying principle. The fact that neutrino masses are tiny compared to quark and lepton masses suggests
urthermore a special mechanism. Future neutrino physics can provide ever more precise measurements which will lead
o stringent tests of theories and mechanisms aiming at describing their properties and this underlying principle.

ew physics beyond the standard model
Many of the well-motivated theoretical reasons for the incompleteness of the current Standard Model of particle

hysics imply new neutrino-like states and/or new interactions. Future neutrino experiments have a unique potential to
xplore these new sectors. An important illustrative example is lepton number violation, which is potentially connected to
he mystery of why there is much more matter than antimatter in the Universe, i.e. why the Universe exists in its current
orm. Other examples of similar importance are the existence of light sterile neutrinos, enhanced neutrino magnetic
oments, non-standard interactions and connections of neutrinos to dark matter. Understanding these threads will guide

he development of a new understanding of Nature.

eutrinos in cosmology and astrophysics
Neutrinos play a very important role in cosmology and in astrophysics. The distribution of matter, the synthesis of

lements, stellar evolution and their violent end in supernovae have strong connections with neutrino properties and
nteractions. This connection provides a beneficial synergy between fields, with neutrino physics providing far reaching
nsights to astronomical models, and neutrino physics benefiting from cosmological and astronomical observations.

Solar, astronomical, cosmological, atmospheric, geological and artificially created neutrinos allow unique insights into
he sources and production mechanisms of neutrinos. Neutrinos are unique messengers — they allow us to peer into
he inner cores of stars and through interstellar dust, revealing astrophysical systems that are otherwise invisible. Solar
eutrinos allow us, for example, to test our model of the Sun as a template for stellar evolution and nuclear fusion;
upernova neutrinos provide information about the processes and dynamics of the stellar progenitors. At high energies,
eutrinos allow us to understand the origin of the most extreme particle accelerators in the cosmos and may eventually
ven lead to joint observations of sources of gravitational waves. Finally, observing neutrinos from reactors opens routes
o verifying nuclear safeguarding treaties.

ddressing the future challenge of neutrino physics
To address even the sub-set of challenging questions detailed above requires a diverse program of research, with no

ingle experiment or approach being able to address the full spectrum of opportunities in neutrino science. Collectively,
portfolio of various approaches, experiments and infrastructures is therefore required to maximize the potential of the

ield.
An optimal global program requires a diverse set of experimental efforts aiming at different exciting questions. This

equires balancing of many aspects, including the scale of the experimental projects and infrastructures; ensuring a
iversity of technologies and timescales; the maturity of research R&D and experimental techniques; mechanisms for
urturing new ideas and approaches; sustaining a vibrant theory community; and ensuring the availability of long-
erm research infrastructures. Such an optimal program will provide substantial scientific synergies between projects
hich study the neutrino from different perspectives, and provide synergies with other fields of research through the
evelopment of multi-purpose or multi-disciplinary experiments.
By ensuring a portfolio of projects with different objectives, scale, timescale, technologies and complexity, the commu-

ity can ensure a continuous flow of new knowledge and opportunities. An optimal balance would ensure investments
o occur in projects that improve measurements of known physics parameters, and also those which are exploring new
hysics, with commensurately higher risks and rewards. Ensuring a diversity of technologies reduces risk to the program,
s does maintaining a vibrant R&D program to exploit new technologies and new concepts. Ensuring support for a strong
heory community provides the connections between different approaches and perspectives, putting all studies into a
onsistent global framework, whilst also ensuring new directions are illuminated. Many infrastructures utilized in neutrino
esearch are large-scale, and therefore a balance also needs to be maintained between the local demands of operating
hese infrastructures and the ability to fully exploit their capabilities through international cooperation. Here one should
lso keep in mind that the same infrastructure helps also other fields. One example is low background conditions and
easurement technologies required for both neutrino experiments and direct dark matter detection experiments.
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This optimization requires coordination between many stakeholders including the research community, national
unding agencies and research platforms and institutes. Such coordination will be facilitated through theoretical advances
hich establish the physics connections between very different experimental methods or which even establish new
irections with exciting opportunities. To illuminate the path forward, academic exchanges including conferences,
orkshops and activities such as this IUPAP-sponsored report are essential in order to refine and as much as possible
gree on the scientific value and potential of research directions. Such a broad scientific process which includes the
ide spectrum of neutrino physics is an essential basis for discussions and negotiations between national facilities and

unding agencies. By evaluating the current status of the field and future potential opportunities, this report is intended
o highlight potential areas of synergy and cooperation, especially those requiring international cooperation due to the
cale, complexity, new idea/technology or location of research projects.
This report also highlights the potential direct societal benefits from research into neutrinos, either directly or through

he technologies that are developed that find use in other fields such as medical imaging and national security. Because
eutrinos are so hard to detect, the field has already driven extensive and imaginative work in detection techniques,
any of which are synergistic with other fields of science. In addition to these technological benefits, the training and
evelopment of highly skilled individuals whose skill-sets are applied more broadly is a core benefit — this is facilitated
ue to the inspiring nature of neutrino research that attracts the next generation of researchers. It is thus important
o ensure a healthy distribution of projects geographically to attract and educate early career researchers from many
ountries and regions.

In conclusion, this report highlights the strong, creative and dynamic neutrino science community addressing some
of the most challenging questions in contemporary physics. Great progress has been made over the last few decades in
nderstanding the intrinsic properties and interactions of the neutrino, and its influence on nuclear and particle physics,
astronomy and cosmology. To address remaining challenges will require a coordinated and nimble global program of
research, with a broad portfolio of experiments and theoretical approaches. International discussions and coordination

will be essential to maximize synergies between communities and projects, using a science-driven approach to
determine an optimal program and best use of resources. We hope this report can facilitate such discussion.

References

[1] E. Vitagliano, I. Tamborra, G. Raffelt, Rev. Modern Phys. 92 (2020) 45006, http://dx.doi.org/10.1103/RevModPhys.92.045006, arXiv:1910.11878.
[2] V. Kopeikin, L. Mikaelyan, V. Sinev, Phys. Atom. Nucl. 67 (2004) 1892–1899, http://dx.doi.org/10.1134/1.1811196, arXiv:hep-ph/0410100.
[3] X.B. Ma, W.L. Zhong, L.Z. Wang, Y.X. Chen, J. Cao, Phys. Rev. C 88 (1) (2013) 014605, http://dx.doi.org/10.1103/PhysRevC.88.014605,

arXiv:1212.6625.
[4] P. Huber, Phys. Rev. C 84 (2011) 024617, http://dx.doi.org/10.1103/PhysRevC.85.029901, arXiv:1106.0687; Phys.Rev.C 85 (2012) 029901,

Erratum.
[5] T. Mueller, et al., Phys. Rev. C 83 (2011) 054615, http://dx.doi.org/10.1103/PhysRevC.83.054615, arXiv:1101.2663.
[6] P. Vogel, L. Wen, C. Zhang, Nat. Commun. 6 (2015) 6935, http://dx.doi.org/10.1038/ncomms7935, arXiv:1503.01059.
[7] C. Bemporad, G. Gratta, P. Vogel, Rev. Modern Phys. 74 (2002) 297, http://dx.doi.org/10.1103/RevModPhys.74.297, arXiv:hep-ph/0107277.
[8] F. An, et al., Daya Bay Collaboration, Phys. Rev. Lett. 108 (2012) 171803, http://dx.doi.org/10.1103/PhysRevLett.108.171803, arXiv:1203.1669.
[9] J. Ahn, et al., RENO Collaboration, Phys. Rev. Lett. 108 (2012) 191802, http://dx.doi.org/10.1103/PhysRevLett.108.191802, arXiv:1204.0626.

[10] M.G. Catanesi, T2K Collaboration, in: P. Bernardini, G. Fogli, E. Lisi (Eds.), Nucl. Phys. B Proc. Suppl. 237–238 (2013) 129–134, http:
//dx.doi.org/10.1016/j.nuclphysbps.2013.04.074.

[11] P. Adamson, et al., MINOS Collaboration, Phys. Rev. Lett. 107 (2011) 181802, http://dx.doi.org/10.1103/PhysRevLett.107.181802, arXiv:1108.
0015.
99

http://dx.doi.org/10.1103/RevModPhys.92.045006
http://arxiv.org/abs/1910.11878
http://dx.doi.org/10.1134/1.1811196
http://arxiv.org/abs/hep-ph/0410100
http://dx.doi.org/10.1103/PhysRevC.88.014605
http://arxiv.org/abs/1212.6625
http://dx.doi.org/10.1103/PhysRevC.85.029901
http://arxiv.org/abs/1106.0687
http://dx.doi.org/10.1103/PhysRevC.83.054615
http://arxiv.org/abs/1101.2663
http://dx.doi.org/10.1038/ncomms7935
http://arxiv.org/abs/1503.01059
http://dx.doi.org/10.1103/RevModPhys.74.297
http://arxiv.org/abs/hep-ph/0107277
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://arxiv.org/abs/1203.1669
http://dx.doi.org/10.1103/PhysRevLett.108.191802
http://arxiv.org/abs/1204.0626
http://dx.doi.org/10.1016/j.nuclphysbps.2013.04.074
http://dx.doi.org/10.1016/j.nuclphysbps.2013.04.074
http://dx.doi.org/10.1016/j.nuclphysbps.2013.04.074
http://dx.doi.org/10.1103/PhysRevLett.107.181802
http://arxiv.org/abs/1108.0015
http://arxiv.org/abs/1108.0015
http://arxiv.org/abs/1108.0015


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[12] Y. Abe, et al., Double Chooz Collaboration, Phys. Rev. Lett. 108 (2012) 131801, http://dx.doi.org/10.1103/PhysRevLett.108.131801, arXiv:
1112.6353.

[13] D. Adey, et al., Daya Bay Collaboration, Phys. Rev. D 100 (5) (2019) 052004, http://dx.doi.org/10.1103/PhysRevD.100.052004, arXiv:1808.10836.
[14] H. de Kerret, et al., Double Chooz Collaboration, Nat. Phys. 16 (5) (2020) 558–564, http://dx.doi.org/10.1038/s41567-020-0831-y, arXiv:

1901.09445.
[15] J.H. Yoo, RENO Collaboration, Talk At Neutrino, 2020.
[16] F. An, et al., Daya Bay Collaboration, Phys. Rev. Lett. 118 (25) (2017) 251801, http://dx.doi.org/10.1103/PhysRevLett.118.251801, arXiv:

1704.01082.
[17] G. Bak, et al., RENO Collaboration, Phys. Rev. Lett. 122 (23) (2019) 232501, http://dx.doi.org/10.1103/PhysRevLett.122.232501, arXiv:1806.00574.
[18] L. Hayen, J. Kostensalo, N. Severijns, J. Suhonen, Phys. Rev. C 100 (5) (2019) 054323, http://dx.doi.org/10.1103/PhysRevC.100.054323, arXiv:

1805.12259.
[19] M. Estienne, et al., Phys. Rev. Lett. 123 (2) (2019) 022502, http://dx.doi.org/10.1103/PhysRevLett.123.022502, arXiv:1904.09358.
[20] V. Kopeikin, M. Skorokhvatov, O. Titov, Reevaluating reactor antineutrino spectra with new measurements of the ratio between 235U and 239Pu

β spectra, 2021, arXiv:2103.01684.
[21] S.-H. Seo, RENO Collaboration, in: E. Kearns (Ed.), AIP Conf. Proc. 1666 (1) (2015) 080002, http://dx.doi.org/10.1063/1.4915563, arXiv:1410.7987.
[22] Y. Abe, et al., Double Chooz Collaboration, J. High Energy Phys. 10 (2014) 086, http://dx.doi.org/10.1007/JHEP02(2015)074, arXiv:1406.7763;

JHEP 02 (2015) 074, Erratum.
[23] A. Cabrera, Double Chooz III: First results, Talk At IJCLab, Paris, 2014, https://indico.ijclab.in2p3.fr/event/2454/attachments/4626/5585/DCIIILAL_

Anatael_140522.pdf.
[24] F. An, et al., Daya Bay Collaboration, Phys. Rev. Lett. 116 (6) (2016) 061801, arXiv:1508.04233, https://doi.org/10.1103/PhysRevLett.116.061801,

https://doi.org/10.1103/PhysRevLett.118.099902; Phys. Rev. Lett. 118 (9) (2017) 099902, Erratum.
[25] D. Adey, et al., Daya Bay Collaboration, Phys. Rev. Lett. 123 (11) (2019) 111801, http://dx.doi.org/10.1103/PhysRevLett.123.111801, arXiv:

1904.07812.
[26] M. Andriamirado, et al., PROSPECT Collaboration, Improved short-baseline neutrino oscillation search and energy spectrum measurement with

the PROSPECT experiment at HFIR, 2020, arXiv:2006.11210.
[27] H. Almazán, et al., STEREO Collaboration, J. Phys. G 48 (7) (2021) 075107, http://dx.doi.org/10.1088/1361-6471/abd37a, arXiv:2010.01876.
[28] A. Hayes, J. Friar, G. Garvey, D. Ibeling, G. Jungman, T. Kawano, R.W. Mills, Phys. Rev. D 92 (3) (2015) 033015, http://dx.doi.org/10.1103/

PhysRevD.92.033015, arXiv:1506.00583.
[29] A. Abusleme, et al., JUNO Collaboration, TAO Conceptual design report, 2020, arXiv:2005.08745 arXiv:2005.08745.
[30] P. Adamson, et al., MINOS Collaboration, Phys. Rev. Lett. 112 (2014) 191801, http://dx.doi.org/10.1103/PhysRevLett.112.191801, arXiv:1403.

0867.
[31] K. Abe, et al., T2K Collaboration, PTEP 2021 (4) (2021) 043C01, http://dx.doi.org/10.1093/ptep/ptab014, arXiv:2004.13989.
[32] D. Naples, et al., NuTeV Collaboration, in: F. von Feilitzsch, N. Schmitz (Eds.), Nucl. Phys. B Proc. Suppl. 118 (2003) 164–173, http:

//dx.doi.org/10.1016/S0920-5632(03)01314-8.
[33] M. Schwartz, Phys. Rev. Lett. 4 (1960) 306–307, http://dx.doi.org/10.1103/PhysRevLett.4.306.
[34] U. Dore, P. Loverre, L. Ludovici, Eur. Phys. J. H 44 (4–5) (2019) 271–305, http://dx.doi.org/10.1140/epjh/e2019-90032-x, arXiv:1805.01373.
[35] M. Muether, in: P. Bernardini, G. Fogli, E. Lisi (Eds.), Nucl. Phys. B Proc. Suppl. 237–238 (2013) 135–140, http://dx.doi.org/10.1016/j.nuclphysbps.

2013.04.075.
[36] K. Abe, et al., T2K Collaboration Collaboration, Phys. Rev. D 87 (2013) 012001, http://dx.doi.org/10.1103/PhysRevD.87.012001, URL https:

//link.aps.org/doi/10.1103/PhysRevD.87.012001.
[37] A. Aguilar-Arevalo, et al., MiniBooNE Collaboration, Phys. Rev. Lett. 120 (14) (2018) 141802, http://dx.doi.org/10.1103/PhysRevLett.120.141802,

arXiv:1801.03848.
[38] C. Albright, et al., Physics at a neutrino factory, 2000, arXiv:hep-ex/0008064.
[39] A. De Rujula, M. Gavela, P. Hernandez, Nuclear Phys. B 547 (1999) 21–38, http://dx.doi.org/10.1016/S0550-3213(99)00070-X, arXiv:hep-

ph/9811390.
[40] S. Choubey, et al., IDS-NF Collaboration, International design study for the neutrino factory, interim design report, 2011, arXiv:1112.2853.
[41] D. Adey, et al., nuSTORM Collaboration, nuSTORM - Neutrinos from STORed Muons: Proposal to the Fermilab PAC, 2013, arXiv:1308.6822.
[42] C. Ahdida, et al., nuSTORM at CERN: Feasibility study, 2020, http://dx.doi.org/10.17181/CERN.FQTB.O8QN.
[43] P. Huber, M. Lindner, M. Rolinec, W. Winter, Phys. Rev. D 73 (2006) 053002, http://dx.doi.org/10.1103/PhysRevD.73.053002, arXiv:hep-

ph/0506237.
[44] M. Benedikt, et al., Eur. Phys. J. A 47 (2011) 24, http://dx.doi.org/10.1140/epja/i2011-11024-5.
[45] A. Bungau, et al., Phys. Rev. Lett. 109 (2012) 141802, http://dx.doi.org/10.1103/PhysRevLett.109.141802, arXiv:1205.4419.
[46] J.M. Conrad, M.H. Shaevitz, I. Shimizu, J. Spitz, M. Toups, L. Winslow, Phys. Rev. D 89 (7) (2014) 072010, http://dx.doi.org/10.1103/PhysRevD.

89.072010, arXiv:1307.5081.
[47] E. Vitagliano, J. Redondo, G. Raffelt, J. Cosmol. Astropart. Phys. 12 (2017) 010, http://dx.doi.org/10.1088/1475-7516/2017/12/010, arXiv:

1708.02248.
[48] J.N. Bahcall, in: F. von Feilitzsch, N. Schmitz (Eds.), AAPPS Bull. 12 (4) (2002) 12–19, http://dx.doi.org/10.1016/S0920-5632(03)01306-9,

arXiv:astro-ph/0209080.
[49] N. Vinyoles, A.M. Serenelli, F.L. Villante, S. Basu, J. Bergström, M.C. Gonzalez-Garcia, M. Maltoni, C. Peña-Garay, N. Song, Astrophys. J. 835 (2)

(2017) 202, http://dx.doi.org/10.3847/1538-4357/835/2/202.
[50] M. Agostini, et al., Borexino Collaboration, Nature 562 (7728) (2018) 505–510, http://dx.doi.org/10.1038/s41586-018-0624-y.
[51] A. Gando, et al., KamLAND Collaboration, Phys. Rev. C 92 (5) (2015) 055808, http://dx.doi.org/10.1103/PhysRevC.92.055808, arXiv:1405.6190.
[52] Y. Nakajima, Talk At Neutrino, 2020, http://dx.doi.org/10.5281/zenodo.3959639.
[53] B. Aharmim, et al., SNO Collaboration, Phys. Rev. C88 (2013) 025501, http://dx.doi.org/10.1103/PhysRevC.88.025501, arXiv:1109.0763.
[54] M. Anderson, et al., SNO+ Collaboration, Phys. Rev. D 99 (1) (2019) 012012, http://dx.doi.org/10.1103/PhysRevD.99.012012, arXiv:1812.03355.
[55] B. Aharmim, et al., SNO Collaboration, Astrophys. J. 653 (2006) 1545–1551, http://dx.doi.org/10.1086/508768, arXiv:hep-ex/0607010.
[56] J. Hosaka, et al., Super-Kamiokande Collaboration, Phys. Rev. D 73 (2006) 112001, http://dx.doi.org/10.1103/PhysRevD.73.112001, arXiv:hep-

ex/0508053.
[57] M. Agostini, et al., Borexino Collaboration, Phys. Rev. D 101 (6) (2020) 062001, http://dx.doi.org/10.1103/PhysRevD.101.062001, arXiv:

1709.00756.
[58] M. Agostini, et al., Borexino Collaboration, Nature 587 (2020) 577—582, arXiv:2006.15115.
[59] R. Davis, Rev. Modern Phys. 75 (2003) 985–994, http://dx.doi.org/10.1103/RevModPhys.75.985, URL https://link.aps.org/doi/10.1103/

RevModPhys.75.985.
[60] J.N. Abdurashitov, et al., SAGE Collaboration, Phys. Lett. B 328 (1994) 234–248, http://dx.doi.org/10.1016/0370-2693(94)90454-5.
[61] P. Anselmann, et al., GALLEX Collaboration, Phys. Lett. B 285 (1992) 376–389, http://dx.doi.org/10.1016/0370-2693(92)91521-A.
100

http://dx.doi.org/10.1103/PhysRevLett.108.131801
http://arxiv.org/abs/1112.6353
http://arxiv.org/abs/1112.6353
http://arxiv.org/abs/1112.6353
http://dx.doi.org/10.1103/PhysRevD.100.052004
http://arxiv.org/abs/1808.10836
http://dx.doi.org/10.1038/s41567-020-0831-y
http://arxiv.org/abs/1901.09445
http://arxiv.org/abs/1901.09445
http://arxiv.org/abs/1901.09445
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb15
http://dx.doi.org/10.1103/PhysRevLett.118.251801
http://arxiv.org/abs/1704.01082
http://arxiv.org/abs/1704.01082
http://arxiv.org/abs/1704.01082
http://dx.doi.org/10.1103/PhysRevLett.122.232501
http://arxiv.org/abs/1806.00574
http://dx.doi.org/10.1103/PhysRevC.100.054323
http://arxiv.org/abs/1805.12259
http://arxiv.org/abs/1805.12259
http://arxiv.org/abs/1805.12259
http://dx.doi.org/10.1103/PhysRevLett.123.022502
http://arxiv.org/abs/1904.09358
http://arxiv.org/abs/2103.01684
http://dx.doi.org/10.1063/1.4915563
http://arxiv.org/abs/1410.7987
http://dx.doi.org/10.1007/JHEP02(2015)074
http://arxiv.org/abs/1406.7763
https://indico.ijclab.in2p3.fr/event/2454/attachments/4626/5585/DCIIILAL_Anatael_140522.pdf
https://indico.ijclab.in2p3.fr/event/2454/attachments/4626/5585/DCIIILAL_Anatael_140522.pdf
https://indico.ijclab.in2p3.fr/event/2454/attachments/4626/5585/DCIIILAL_Anatael_140522.pdf
http://arxiv.org/abs/1508.04233
https://doi.org/10.1103/PhysRevLett.116.061801
https://doi.org/10.1103/PhysRevLett.118.099902
http://dx.doi.org/10.1103/PhysRevLett.123.111801
http://arxiv.org/abs/1904.07812
http://arxiv.org/abs/1904.07812
http://arxiv.org/abs/1904.07812
http://arxiv.org/abs/2006.11210
http://dx.doi.org/10.1088/1361-6471/abd37a
http://arxiv.org/abs/2010.01876
http://dx.doi.org/10.1103/PhysRevD.92.033015
http://dx.doi.org/10.1103/PhysRevD.92.033015
http://dx.doi.org/10.1103/PhysRevD.92.033015
http://arxiv.org/abs/1506.00583
http://arxiv.org/abs/2005.08745
http://dx.doi.org/10.1103/PhysRevLett.112.191801
http://arxiv.org/abs/1403.0867
http://arxiv.org/abs/1403.0867
http://arxiv.org/abs/1403.0867
http://dx.doi.org/10.1093/ptep/ptab014
http://arxiv.org/abs/2004.13989
http://dx.doi.org/10.1016/S0920-5632(03)01314-8
http://dx.doi.org/10.1016/S0920-5632(03)01314-8
http://dx.doi.org/10.1016/S0920-5632(03)01314-8
http://dx.doi.org/10.1103/PhysRevLett.4.306
http://dx.doi.org/10.1140/epjh/e2019-90032-x
http://arxiv.org/abs/1805.01373
http://dx.doi.org/10.1016/j.nuclphysbps.2013.04.075
http://dx.doi.org/10.1016/j.nuclphysbps.2013.04.075
http://dx.doi.org/10.1016/j.nuclphysbps.2013.04.075
http://dx.doi.org/10.1103/PhysRevD.87.012001
https://link.aps.org/doi/10.1103/PhysRevD.87.012001
https://link.aps.org/doi/10.1103/PhysRevD.87.012001
https://link.aps.org/doi/10.1103/PhysRevD.87.012001
http://dx.doi.org/10.1103/PhysRevLett.120.141802
http://arxiv.org/abs/1801.03848
http://arxiv.org/abs/hep-ex/0008064
http://dx.doi.org/10.1016/S0550-3213(99)00070-X
http://arxiv.org/abs/hep-ph/9811390
http://arxiv.org/abs/hep-ph/9811390
http://arxiv.org/abs/hep-ph/9811390
http://arxiv.org/abs/1112.2853
http://arxiv.org/abs/1308.6822
http://dx.doi.org/10.17181/CERN.FQTB.O8QN
http://dx.doi.org/10.1103/PhysRevD.73.053002
http://arxiv.org/abs/hep-ph/0506237
http://arxiv.org/abs/hep-ph/0506237
http://arxiv.org/abs/hep-ph/0506237
http://dx.doi.org/10.1140/epja/i2011-11024-5
http://dx.doi.org/10.1103/PhysRevLett.109.141802
http://arxiv.org/abs/1205.4419
http://dx.doi.org/10.1103/PhysRevD.89.072010
http://dx.doi.org/10.1103/PhysRevD.89.072010
http://dx.doi.org/10.1103/PhysRevD.89.072010
http://arxiv.org/abs/1307.5081
http://dx.doi.org/10.1088/1475-7516/2017/12/010
http://arxiv.org/abs/1708.02248
http://arxiv.org/abs/1708.02248
http://arxiv.org/abs/1708.02248
http://dx.doi.org/10.1016/S0920-5632(03)01306-9
http://arxiv.org/abs/astro-ph/0209080
http://dx.doi.org/10.3847/1538-4357/835/2/202
http://dx.doi.org/10.1038/s41586-018-0624-y
http://dx.doi.org/10.1103/PhysRevC.92.055808
http://arxiv.org/abs/1405.6190
http://dx.doi.org/10.5281/zenodo.3959639
http://dx.doi.org/10.1103/PhysRevC.88.025501
http://arxiv.org/abs/1109.0763
http://dx.doi.org/10.1103/PhysRevD.99.012012
http://arxiv.org/abs/1812.03355
http://dx.doi.org/10.1086/508768
http://arxiv.org/abs/hep-ex/0607010
http://dx.doi.org/10.1103/PhysRevD.73.112001
http://arxiv.org/abs/hep-ex/0508053
http://arxiv.org/abs/hep-ex/0508053
http://arxiv.org/abs/hep-ex/0508053
http://dx.doi.org/10.1103/PhysRevD.101.062001
http://arxiv.org/abs/1709.00756
http://arxiv.org/abs/1709.00756
http://arxiv.org/abs/1709.00756
http://arxiv.org/abs/2006.15115
http://dx.doi.org/10.1103/RevModPhys.75.985
https://link.aps.org/doi/10.1103/RevModPhys.75.985
https://link.aps.org/doi/10.1103/RevModPhys.75.985
https://link.aps.org/doi/10.1103/RevModPhys.75.985
http://dx.doi.org/10.1016/0370-2693(94)90454-5
http://dx.doi.org/10.1016/0370-2693(92)91521-A


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[62] K. Abe, et al., Super-Kamiokande Collaboration, Phys. Rev. D94 (5) (2016) 052010, http://dx.doi.org/10.1103/PhysRevD.94.052010, arXiv:
1606.07538.

[63] S. Andringa, et al., SNO+ Collaboration, Adv. High Energy Phys. 2016 (2016) 6194250, http://dx.doi.org/10.1155/2016/6194250, arXiv:1508.
05759.

[64] J.F. Beacom, et al., Jinping Collaboration, Chin. Phys. C 41 (2) (2017) 023002, http://dx.doi.org/10.1088/1674-1137/41/2/023002, arXiv:
1602.01733.

[65] F. An, et al., JUNO Collaboration, J. Phys. G43 (3) (2016) 030401, http://dx.doi.org/10.1088/0954-3899/43/3/030401, arXiv:1507.05613.
[66] A. Abusleme, et al., JUNO Collaboration, Chin. Phys. C 45 (2) (2021) 023004, http://dx.doi.org/10.1088/1674-1137/abd92a, arXiv:2006.11760.
[67] T. Yano, Hyper-Kamiokande Proto Collaboration, PoS ICRC2019 (2020) 1037, http://dx.doi.org/10.22323/1.358.1037.
[68] M. Askins, et al., Theia Collaboration, Eur. Phys. J. C 80 (5) (2020) 416, http://dx.doi.org/10.1140/epjc/s10052-020-7977-8, arXiv:1911.03501.
[69] C.E. Aalseth, et al., DarkSide-20k Collaboration, Eur. Phys. J. Plus 133 (2018) 131, http://dx.doi.org/10.1140/epjp/i2018-11973-4, arXiv:

1707.08145.
[70] D. Franco, et al., J. Cosmol. Astropart. Phys. 08 (2016) 017, http://dx.doi.org/10.1088/1475-7516/2016/08/017, arXiv:1510.04196.
[71] J. Aalbers, et al., DARWIN Collaboration, J. Cosmol. Astropart. Phys. 1611 (2016) 017, http://dx.doi.org/10.1088/1475-7516/2016/11/017,

arXiv:1606.07001.
[72] J. Aalbers, et al., DARWIN Collaboration, Eur. Phys. J. C 80 (12) (2020) 1133, http://dx.doi.org/10.1140/epjc/s10052-020-08602-7, arXiv:

2006.03114.
[73] R.M. Bionta, et al., Phys. Rev. Lett. 58 (1987) 1494, http://dx.doi.org/10.1103/PhysRevLett.58.1494.
[74] K. Hirata, et al., Kamiokande-II Collaboration, Phys. Rev. Lett. 58 (1987) 1490–1493, http://dx.doi.org/10.1103/PhysRevLett.58.1490, [,

727(1987)].
[75] E.N. Alekseev, L.N. Alekseeva, V.I. Volchenko, I.V. Krivosheina, in: J. Tran Thanh Van (Ed.), JETP Lett. 45 (1987) 589–592.
[76] H.A. Bethe, J.R. Wilson, Astrophys. J. 295 (1985) 14–23, http://dx.doi.org/10.1086/163343.
[77] A. Mezzacappa, E. Endeve, O.E.B. Messer, S.W. Bruenn, Physical, numerical, and computational challenges of modeling neutrino transport in

core-collapse supernovae, 2020, arXiv:2010.09013.
[78] Z. Lin, C. Lunardini, M. Zanolin, K. Kotake, C. Richardson, Phys. Rev. D 101 (12) (2020) 123028, http://dx.doi.org/10.1103/PhysRevD.101.123028,

arXiv:1911.10656.
[79] S.W. Li, L.F. Roberts, J.F. Beacom, Phys. Rev. D 103 (2) (2021) 023016, http://dx.doi.org/10.1103/PhysRevD.103.023016, arXiv:2008.04340.
[80] A. Mirizzi, I. Tamborra, H.-T. Janka, N. Saviano, K. Scholberg, R. Bollig, L. Hudepohl, S. Chakraborty, Riv. Nuovo Cimento 39 (1–2) (2016) 1–112,

http://dx.doi.org/10.1393/ncr/i2016-10120-8, arXiv:1508.00785.
[81] H. Duan, G.M. Fuller, Y.-Z. Qian, Ann. Rev. Nucl. Part. Sci. 60 (2010) 569–594, http://dx.doi.org/10.1146/annurev.nucl.012809.104524, arXiv:

1001.2799.
[82] I. Tamborra, S. Shalgar, New developments in flavor evolution of a dense neutrino gas, 2020, http://dx.doi.org/10.1146/annurev-nucl-102920-

050505, arXiv:2011.01948.
[83] S. Chakraborty, R. Hansen, I. Izaguirre, G. Raffelt, Nuclear Phys. B 908 (2016) 366–381, http://dx.doi.org/10.1016/j.nuclphysb.2016.02.012,

arXiv:1602.02766.
[84] K. Scholberg, J. Phys. G 45 (1) (2018) 014002, http://dx.doi.org/10.1088/1361-6471/aa97be, arXiv:1707.06384.
[85] D.N. Schramm, J.W. Truran, Phys. Rep. 189 (1990) 89–126, http://dx.doi.org/10.1016/0370-1573(90)90020-3.
[86] W.P. Wright, J.P. Kneller, S.T. Ohlmann, F.K. Roepke, K. Scholberg, I.R. Seitenzahl, Phys. Rev. D95 (4) (2017) 043006, http://dx.doi.org/10.1103/

PhysRevD.95.043006, arXiv:1609.07403.
[87] W.P. Wright, G. Nagaraj, J.P. Kneller, K. Scholberg, I.R. Seitenzahl, Phys. Rev. D94 (2) (2016) 025026, http://dx.doi.org/10.1103/PhysRevD.94.

025026, arXiv:1605.01408.
[88] K. Scholberg, Ann. Rev. Nucl. Part. Sci. 62 (2012) 81–103, http://dx.doi.org/10.1146/annurev-nucl-102711-095006, arXiv:1205.6003.
[89] K. Eguchi, et al., KamLAND Collaboration, Phys. Rev. Lett. 90 (2003) 021802, http://dx.doi.org/10.1103/PhysRevLett.90.021802, arXiv:hep-

ex/0212021.
[90] N.Y. Agafonova, et al., LVD Collaboration, Astrophys. J. 802 (1) (2015) 47, http://dx.doi.org/10.1088/0004-637X/802/1/47, arXiv:1411.1709.
[91] M.E. Monzani, Nuovo Cim. C 29 (2006) 269–280, http://dx.doi.org/10.1393/ncc/i2005-10230-2.
[92] H. Wei, L. Lebanowski, F. Li, Z. Wang, S. Chen, Astropart. Phys. 75 (2016) 38–43, http://dx.doi.org/10.1016/j.astropartphys.2015.10.011,

arXiv:1505.02501.
[93] M. Ikeda, et al., Super-Kamiokande Collaboration, Astrophys. J. 669 (2007) 519–524, http://dx.doi.org/10.1086/521547, arXiv:0706.2283.
[94] K. Abe, et al., Super-Kamiokande Collaboration, Astropart. Phys. 81 (2016) 39–48, http://dx.doi.org/10.1016/j.astropartphys.2016.04.003,

arXiv:1601.04778.
[95] R. Abbasi, et al., IceCube Collaboration, Astron. Astrophys. 535 (2011) A109, arXiv:astro-ph/1108.0171, https://doi.org/10.1051/0004-6361/

201117810e, https://doi.org/10.1051/0004-6361/201117810; Astron. Astrophys. 563 (2014) Erratum.
[96] M.G. Aartsen, et al., IceCube Collaboration, IceCube-Gen2: A vision for the future of neutrino astronomy in antarctica, 2014, arXiv:1412.5106.
[97] C.A. Duba, et al., J. Phys. Conf. Ser. 136 (2008) 042077, http://dx.doi.org/10.1088/1742-6596/136/4/042077.
[98] K. Abe, et al., Hyper-Kamiokande Collaboration, Hyper-kamiokande design report, 2018, arXiv:1805.04163.
[99] S. Adrian-Martinez, et al., KM3Net Collaboration, J. Phys. G43 (8) (2016) 084001, http://dx.doi.org/10.1088/0954-3899/43/8/084001, arXiv:

1601.07459.
[100] B. Abi, et al., DUNE Collaboration, Eur. Phys. J. C 81 (5) (2021) 423, http://dx.doi.org/10.1140/epjc/s10052-021-09166-w, arXiv:2008.06647.
[101] P. Abratenko, et al., MicroBooNE Collaboration, JINST 16 (02) (2021) P02008, http://dx.doi.org/10.1088/1748-0221/16/02/P02008, arXiv:

2008.13761.
[102] R.F. Lang, C. McCabe, S. Reichard, M. Selvi, I. Tamborra, Phys. Rev. D 94 (10) (2016) 103009, http://dx.doi.org/10.1103/PhysRevD.94.103009,

arXiv:1606.09243.
[103] M.A. Acero, et al., NOvA Collaboration, J. Cosmol. Astropart. Phys. 10 (2020) 014, http://dx.doi.org/10.1088/1475-7516/2020/10/014, arXiv:

2005.07155.
[104] P. Antonioli, et al., New J. Phys. 6 (2004) 114, http://dx.doi.org/10.1088/1367-2630/6/1/114, arXiv:astro-ph/0406214.
[105] K. Scholberg, Astron. Nachr. 329 (2008) 337–339, http://dx.doi.org/10.1002/asna.200710934, arXiv:0803.0531.
[106] J.F. Beacom, P. Vogel, Phys. Rev. D 60 (1999) 033007, http://dx.doi.org/10.1103/PhysRevD.60.033007, arXiv:astro-ph/9811350.
[107] R. Tomas, H. Päs, J.W.F. Valle, Phys. Rev. D 64 (2001) 095005, http://dx.doi.org/10.1103/PhysRevD.64.095005, arXiv:hep-ph/0103017.
[108] V. Fischer, et al., J. Cosmol. Astropart. Phys. 08 (2015) 032, http://dx.doi.org/10.1088/1475-7516/2015/08/032, arXiv:1504.05466.
[109] B. Abi, et al., DUNE Collaboration, Deep underground neutrino experiment (DUNE), far detector technical design report, volume II DUNE

physics, 2020, arXiv:2002.03005.
[110] N. Linzer, K. Scholberg, Phys. Rev. D 100 (10) (2019) 103005, http://dx.doi.org/10.1103/PhysRevD.100.103005, arXiv:1909.03151.
[111] V. Brdar, R.S.L. Hansen, J. Cosmol. Astropart. Phys. 02 (2019) 023, http://dx.doi.org/10.1088/1475-7516/2019/02/023, arXiv:1812.05541.
[112] V. Brdar, M. Lindner, X.-J. Xu, J. Cosmol. Astropart. Phys. 04 (2018) 025, http://dx.doi.org/10.1088/1475-7516/2018/04/025, arXiv:1802.02577.
101

http://dx.doi.org/10.1103/PhysRevD.94.052010
http://arxiv.org/abs/1606.07538
http://arxiv.org/abs/1606.07538
http://arxiv.org/abs/1606.07538
http://dx.doi.org/10.1155/2016/6194250
http://arxiv.org/abs/1508.05759
http://arxiv.org/abs/1508.05759
http://arxiv.org/abs/1508.05759
http://dx.doi.org/10.1088/1674-1137/41/2/023002
http://arxiv.org/abs/1602.01733
http://arxiv.org/abs/1602.01733
http://arxiv.org/abs/1602.01733
http://dx.doi.org/10.1088/0954-3899/43/3/030401
http://arxiv.org/abs/1507.05613
http://dx.doi.org/10.1088/1674-1137/abd92a
http://arxiv.org/abs/2006.11760
http://dx.doi.org/10.22323/1.358.1037
http://dx.doi.org/10.1140/epjc/s10052-020-7977-8
http://arxiv.org/abs/1911.03501
http://dx.doi.org/10.1140/epjp/i2018-11973-4
http://arxiv.org/abs/1707.08145
http://arxiv.org/abs/1707.08145
http://arxiv.org/abs/1707.08145
http://dx.doi.org/10.1088/1475-7516/2016/08/017
http://arxiv.org/abs/1510.04196
http://dx.doi.org/10.1088/1475-7516/2016/11/017
http://arxiv.org/abs/1606.07001
http://dx.doi.org/10.1140/epjc/s10052-020-08602-7
http://arxiv.org/abs/2006.03114
http://arxiv.org/abs/2006.03114
http://arxiv.org/abs/2006.03114
http://dx.doi.org/10.1103/PhysRevLett.58.1494
http://dx.doi.org/10.1103/PhysRevLett.58.1490
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb75
http://dx.doi.org/10.1086/163343
http://arxiv.org/abs/2010.09013
http://dx.doi.org/10.1103/PhysRevD.101.123028
http://arxiv.org/abs/1911.10656
http://dx.doi.org/10.1103/PhysRevD.103.023016
http://arxiv.org/abs/2008.04340
http://dx.doi.org/10.1393/ncr/i2016-10120-8
http://arxiv.org/abs/1508.00785
http://dx.doi.org/10.1146/annurev.nucl.012809.104524
http://arxiv.org/abs/1001.2799
http://arxiv.org/abs/1001.2799
http://arxiv.org/abs/1001.2799
http://dx.doi.org/10.1146/annurev-nucl-102920-050505
http://dx.doi.org/10.1146/annurev-nucl-102920-050505
http://dx.doi.org/10.1146/annurev-nucl-102920-050505
http://arxiv.org/abs/2011.01948
http://dx.doi.org/10.1016/j.nuclphysb.2016.02.012
http://arxiv.org/abs/1602.02766
http://dx.doi.org/10.1088/1361-6471/aa97be
http://arxiv.org/abs/1707.06384
http://dx.doi.org/10.1016/0370-1573(90)90020-3
http://dx.doi.org/10.1103/PhysRevD.95.043006
http://dx.doi.org/10.1103/PhysRevD.95.043006
http://dx.doi.org/10.1103/PhysRevD.95.043006
http://arxiv.org/abs/1609.07403
http://dx.doi.org/10.1103/PhysRevD.94.025026
http://dx.doi.org/10.1103/PhysRevD.94.025026
http://dx.doi.org/10.1103/PhysRevD.94.025026
http://arxiv.org/abs/1605.01408
http://dx.doi.org/10.1146/annurev-nucl-102711-095006
http://arxiv.org/abs/1205.6003
http://dx.doi.org/10.1103/PhysRevLett.90.021802
http://arxiv.org/abs/hep-ex/0212021
http://arxiv.org/abs/hep-ex/0212021
http://arxiv.org/abs/hep-ex/0212021
http://dx.doi.org/10.1088/0004-637X/802/1/47
http://arxiv.org/abs/1411.1709
http://dx.doi.org/10.1393/ncc/i2005-10230-2
http://dx.doi.org/10.1016/j.astropartphys.2015.10.011
http://arxiv.org/abs/1505.02501
http://dx.doi.org/10.1086/521547
http://arxiv.org/abs/0706.2283
http://dx.doi.org/10.1016/j.astropartphys.2016.04.003
http://arxiv.org/abs/1601.04778
http://arxiv.org/abs/astro-ph/1108.0171
https://doi.org/10.1051/0004-6361/201117810e
https://doi.org/10.1051/0004-6361/201117810e
https://doi.org/10.1051/0004-6361/201117810e
https://doi.org/10.1051/0004-6361/201117810
http://arxiv.org/abs/1412.5106
http://dx.doi.org/10.1088/1742-6596/136/4/042077
http://arxiv.org/abs/1805.04163
http://dx.doi.org/10.1088/0954-3899/43/8/084001
http://arxiv.org/abs/1601.07459
http://arxiv.org/abs/1601.07459
http://arxiv.org/abs/1601.07459
http://dx.doi.org/10.1140/epjc/s10052-021-09166-w
http://arxiv.org/abs/2008.06647
http://dx.doi.org/10.1088/1748-0221/16/02/P02008
http://arxiv.org/abs/2008.13761
http://arxiv.org/abs/2008.13761
http://arxiv.org/abs/2008.13761
http://dx.doi.org/10.1103/PhysRevD.94.103009
http://arxiv.org/abs/1606.09243
http://dx.doi.org/10.1088/1475-7516/2020/10/014
http://arxiv.org/abs/2005.07155
http://arxiv.org/abs/2005.07155
http://arxiv.org/abs/2005.07155
http://dx.doi.org/10.1088/1367-2630/6/1/114
http://arxiv.org/abs/astro-ph/0406214
http://dx.doi.org/10.1002/asna.200710934
http://arxiv.org/abs/0803.0531
http://dx.doi.org/10.1103/PhysRevD.60.033007
http://arxiv.org/abs/astro-ph/9811350
http://dx.doi.org/10.1103/PhysRevD.64.095005
http://arxiv.org/abs/hep-ph/0103017
http://dx.doi.org/10.1088/1475-7516/2015/08/032
http://arxiv.org/abs/1504.05466
http://arxiv.org/abs/2002.03005
http://dx.doi.org/10.1103/PhysRevD.100.103005
http://arxiv.org/abs/1909.03151
http://dx.doi.org/10.1088/1475-7516/2019/02/023
http://arxiv.org/abs/1812.05541
http://dx.doi.org/10.1088/1475-7516/2018/04/025
http://arxiv.org/abs/1802.02577


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[113] K. Nakamura, S. Horiuchi, M. Tanaka, K. Hayama, T. Takiwaki, K. Kotake, Mon. Not. R. Astron. Soc. 461 (3) (2016) 3296–3313, http:
//dx.doi.org/10.1093/mnras/stw1453, arXiv:1602.03028.

[114] S. Al Kharusi, et al., SNEWS Collaboration, New J. Phys. 23 (3) (2021) 031201, http://dx.doi.org/10.1088/1367-2630/abde33, arXiv:2011.00035.
[115] J.F. Beacom, Ann. Rev. Nucl. Part. Sci. 60 (2010) 439–462, http://dx.doi.org/10.1146/annurev.nucl.010909.083331, arXiv:1004.3311.
[116] A. De Gouvêa, I. Martinez-Soler, Y.F. Perez-Gonzalez, M. Sen, Phys. Rev. D 102 (2020) 123012, http://dx.doi.org/10.1103/PhysRevD.102.123012,

arXiv:2007.13748.
[117] D. Kresse, T. Ertl, H.-T. Janka, Astrophys. J. 909 (2) (2021) 169, http://dx.doi.org/10.3847/1538-4357/abd54e, arXiv:2010.04728.
[118] S. Horiuchi, T. Kinugawa, T. Takiwaki, K. Takahashi, K. Kotake, Phys. Rev. D 103 (4) (2021) 043003, http://dx.doi.org/10.1103/PhysRevD.103.

043003, arXiv:2012.08524.
[119] K. Moller, A.M. Suliga, I. Tamborra, P.B. Denton, J. Cosmol. Astropart. Phys. 05 (2018) 066, http://dx.doi.org/10.1088/1475-7516/2018/05/066,

arXiv:1804.03157.
[120] J.F. Beacom, M.R. Vagins, Phys. Rev. Lett. 93 (2004) 171101, http://dx.doi.org/10.1103/PhysRevLett.93.171101, arXiv:hep-ph/0309300.
[121] C. Simpson, Super-Kamiokande Collaboration, PoS ICHEP2018 (2019) 008, http://dx.doi.org/10.22323/1.340.0008.
[122] T. Gaisser, M. Honda, Ann. Rev. Nucl. Part. Sci. 52 (2002) 153–199, http://dx.doi.org/10.1146/annurev.nucl.52.050102.090645, arXiv:hep-

ph/0203272.
[123] M. Aglietta, et al., NUSEX Collaboration, Europhys. Lett. 8 (1989) 611–614, http://dx.doi.org/10.1209/0295-5075/8/7/005.
[124] C. Berger, et al., Frejus Collaboration, Phys. Lett. B 245 (1990) 305–310, http://dx.doi.org/10.1016/0370-2693(90)90150-5.
[125] D. Casper, et al., Phys. Rev. Lett. 66 (1991) 2561–2564, http://dx.doi.org/10.1103/PhysRevLett.66.2561.
[126] K.S. Hirata, et al., Kamiokande-II Collaboration, Phys. Lett. B 280 (1992) 146–152, http://dx.doi.org/10.1016/0370-2693(92)90788-6.
[127] Y. Ashie, et al., Super-Kamiokande Collaboration, Phys. Rev. D 71 (2005) 112005, http://dx.doi.org/10.1103/PhysRevD.71.112005, arXiv:hep-

ex/0501064.
[128] J.A. Aguilar, et al., ANTARES Collaboration, Astropart. Phys. 34 (2010) 179–184, http://dx.doi.org/10.1016/j.astropartphys.2010.07.001, arXiv:

1007.1777.
[129] E. Richard, et al., Super-Kamiokande Collaboration, Phys. Rev. D 94 (5) (2016) 052001, http://dx.doi.org/10.1103/PhysRevD.94.052001, arXiv:

1510.08127.
[130] M.G. Aartsen, et al., IceCube Collaboration, Astrophys. J. 833 (1) (2016) 3, http://dx.doi.org/10.3847/0004-637X/833/1/3, arXiv:1607.08006.
[131] C. Ahdida, et al., SHiP Collaboration, SND@LHC, 2020, arXiv:2002.08722.
[132] A. Albert, et al., ANTARES Collaboration, Phys. Lett. B 816 (2021) 136228, http://dx.doi.org/10.1016/j.physletb.2021.136228, arXiv:2101.12170.
[133] M. Aartsen, et al., IceCube Collaboration, Phys. Rev. Lett. 124 (5) (2020) 051103, http://dx.doi.org/10.1103/PhysRevLett.124.051103, arXiv:

1910.08488.
[134] Y. Fukuda, et al., Super-Kamiokande Collaboration, Phys. Rev. Lett. 81 (1998) 1562–1567, http://dx.doi.org/10.1103/PhysRevLett.81.1562,

arXiv:hep-ex/9807003.
[135] Z. Li, et al., Super-Kamiokande Collaboration, Phys. Rev. D98 (5) (2018) 052006, http://dx.doi.org/10.1103/PhysRevD.98.052006, arXiv:1711.

09436.
[136] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. D99 (3) (2019) 032007, http://dx.doi.org/10.1103/PhysRevD.99.032007, arXiv:1901.05366.
[137] S. Aiello, et al., KM3NeT Collaboration, Determining the neutrino mass ordering and oscillation parameters with KM3net/ORCA, 2021,

arXiv:2103.09885.
[138] M.G. Aartsen, et al., IceCube-Gen2, JUNO Collaboration, Phys. Rev. D101 (3) (2020) 032006, http://dx.doi.org/10.1103/PhysRevD.101.032006,

arXiv:1911.06745.
[139] I. Bartos, M. Kowalski, Multimessenger Astronomy, IOP Publishing, 2017, pp. 2399–2891, http://dx.doi.org/10.1088/978-0-7503-1369-8.
[140] Y. Farzan, A.Y. Smirnov, Nuclear Phys. B 805 (2008) 356–376, http://dx.doi.org/10.1016/j.nuclphysb.2008.07.028, arXiv:0803.0495.
[141] U. Katz, C. Spiering, Prog. Part. Nucl. Phys. 67 (2012) 651–704, http://dx.doi.org/10.1016/j.ppnp.2011.12.001, arXiv:1111.0507.
[142] I.A. Belolaptikov, et al., BAIKAL Collaboration, Astropart. Phys. 7 (1997) 263–282, http://dx.doi.org/10.1016/S0927-6505(97)00022-4.
[143] M. Ageron, et al., ANTARES Collaboration, Nucl. Instrum. Methods A 656 (2011) 11–38, http://dx.doi.org/10.1016/j.nima.2011.06.103, arXiv:

1104.1607.
[144] E. Andres, et al., Astropart. Phys. 13 (2000) 1–20, http://dx.doi.org/10.1016/S0927-6505(99)00092-4, arXiv:astro-ph/9906203.
[145] M.G. Aartsen, et al., IceCube Collaboration, Nature 551 (2017) 596–600, http://dx.doi.org/10.1038/nature24459, arXiv:1711.08119.
[146] M.G. Aartsen, et al., IceCube Collaboration, Science 342 (2013) 1242856, http://dx.doi.org/10.1126/science.1242856, arXiv:astro-ph/1311.5238.
[147] A. Albert, et al., ANTARES, IceCube Collaboration, Astrophys. J. 892 (2020) 92, http://dx.doi.org/10.3847/1538-4357/ab7afb, arXiv:2001.04412.
[148] M.G. Aartsen, et al., IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S., INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope,

Subaru, Swift NuSTAR, VERITAS, VLA/17B-403 Collaboration, Science 361 (6398) (2018) eaat1378, http://dx.doi.org/10.1126/science.aat1378,
arXiv:1807.08816.

[149] M.G. Aartsen, et al., IceCube Collaboration, Science 361 (6398) (2018) 147–151, http://dx.doi.org/10.1126/science.aat2890, arXiv:1807.08794.
[150] S. Garrappa, et al., Fermi-LAT, ASAS-SN, IceCube Collaboration, Investigation of two Fermi-LAT gamma-ray blazars coincident with high-energy

neutrinos detected by IceCube, 2019, arXiv:1901.10806.
[151] T. Glüsenkamp, IceCube Collaboration, EPJ Web Conf. 121 (2016) 05006, http://dx.doi.org/10.1051/epjconf/201612105006, arXiv:astro-ph/1502.

03104.
[152] F. Halzen, A. Kheirandish, T. Weisgarber, S.P. Wakely, Astrophys. J. 874 (1) (2019) L9, http://dx.doi.org/10.3847/2041-8213/ab0d27, arXiv:

1811.07439.
[153] A. Palladino, X. Rodrigues, S. Gao, W. Winter, Astrophys. J. 871 (1) (2019) 41, http://dx.doi.org/10.3847/1538-4357/aaf507, arXiv:1806.04769.
[154] A. Neronov, D.V. Semikoz, J. Exp. Theor. Phys. 131 (2) (2020) 265–272, http://dx.doi.org/10.31857/S0044451020080064, arXiv:1811.06356.
[155] A. Plavin, Y.Y. Kovalev, Y.A. Kovalev, S. Troitsky, Astrophys. J. 894 (2) (2020) 101, http://dx.doi.org/10.3847/1538-4357/ab86bd, arXiv:

2001.00930.
[156] A.V. Plavin, Y.Y. Kovalev, Y.A. Kovalev, S.V. Troitsky, Astrophys. J. 908 (2) (2021) 157, http://dx.doi.org/10.3847/1538-4357/abceb8, arXiv:

2009.08914.
[157] P. Giommi, T. Glauch, P. Padovani, E. Resconi, A. Turcati, Y.L. Chang, Mon. Not. R. Astron. Soc. 497 (1) (2020) 865–878, http://dx.doi.org/10.

1093/mnras/staa2082, arXiv:2001.09355.
[158] R. Stein, et al., Nat. Astron. (2021) http://dx.doi.org/10.1038/s41550-020-01295-8, arXiv:2005.05340.
[159] M.G. Aartsen, et al., IceCube Collaboration, Astrophys. J. 805 (1) (2015) L5, http://dx.doi.org/10.1088/2041-8205/805/1/L5, arXiv:astro-ph/1412.

6510.
[160] H.M. Niederhausen, Y. Xu, IceCube Collaboration, PoS ICRC2017 (2018) 968, http://dx.doi.org/10.22323/1.301.0968.
[161] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. Lett. 113 (2014) 101101, http://dx.doi.org/10.1103/PhysRevLett.113.101101, arXiv:astro-

ph/1405.5303.
[162] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. Lett. 115 (8) (2015) 081102, http://dx.doi.org/10.1103/PhysRevLett.115.081102, arXiv:

astro-ph/1507.04005.
102

http://dx.doi.org/10.1093/mnras/stw1453
http://dx.doi.org/10.1093/mnras/stw1453
http://dx.doi.org/10.1093/mnras/stw1453
http://arxiv.org/abs/1602.03028
http://dx.doi.org/10.1088/1367-2630/abde33
http://arxiv.org/abs/2011.00035
http://dx.doi.org/10.1146/annurev.nucl.010909.083331
http://arxiv.org/abs/1004.3311
http://dx.doi.org/10.1103/PhysRevD.102.123012
http://arxiv.org/abs/2007.13748
http://dx.doi.org/10.3847/1538-4357/abd54e
http://arxiv.org/abs/2010.04728
http://dx.doi.org/10.1103/PhysRevD.103.043003
http://dx.doi.org/10.1103/PhysRevD.103.043003
http://dx.doi.org/10.1103/PhysRevD.103.043003
http://arxiv.org/abs/2012.08524
http://dx.doi.org/10.1088/1475-7516/2018/05/066
http://arxiv.org/abs/1804.03157
http://dx.doi.org/10.1103/PhysRevLett.93.171101
http://arxiv.org/abs/hep-ph/0309300
http://dx.doi.org/10.22323/1.340.0008
http://dx.doi.org/10.1146/annurev.nucl.52.050102.090645
http://arxiv.org/abs/hep-ph/0203272
http://arxiv.org/abs/hep-ph/0203272
http://arxiv.org/abs/hep-ph/0203272
http://dx.doi.org/10.1209/0295-5075/8/7/005
http://dx.doi.org/10.1016/0370-2693(90)90150-5
http://dx.doi.org/10.1103/PhysRevLett.66.2561
http://dx.doi.org/10.1016/0370-2693(92)90788-6
http://dx.doi.org/10.1103/PhysRevD.71.112005
http://arxiv.org/abs/hep-ex/0501064
http://arxiv.org/abs/hep-ex/0501064
http://arxiv.org/abs/hep-ex/0501064
http://dx.doi.org/10.1016/j.astropartphys.2010.07.001
http://arxiv.org/abs/1007.1777
http://arxiv.org/abs/1007.1777
http://arxiv.org/abs/1007.1777
http://dx.doi.org/10.1103/PhysRevD.94.052001
http://arxiv.org/abs/1510.08127
http://arxiv.org/abs/1510.08127
http://arxiv.org/abs/1510.08127
http://dx.doi.org/10.3847/0004-637X/833/1/3
http://arxiv.org/abs/1607.08006
http://arxiv.org/abs/2002.08722
http://dx.doi.org/10.1016/j.physletb.2021.136228
http://arxiv.org/abs/2101.12170
http://dx.doi.org/10.1103/PhysRevLett.124.051103
http://arxiv.org/abs/1910.08488
http://arxiv.org/abs/1910.08488
http://arxiv.org/abs/1910.08488
http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://arxiv.org/abs/hep-ex/9807003
http://dx.doi.org/10.1103/PhysRevD.98.052006
http://arxiv.org/abs/1711.09436
http://arxiv.org/abs/1711.09436
http://arxiv.org/abs/1711.09436
http://dx.doi.org/10.1103/PhysRevD.99.032007
http://arxiv.org/abs/1901.05366
http://arxiv.org/abs/2103.09885
http://dx.doi.org/10.1103/PhysRevD.101.032006
http://arxiv.org/abs/1911.06745
http://dx.doi.org/10.1088/978-0-7503-1369-8
http://dx.doi.org/10.1016/j.nuclphysb.2008.07.028
http://arxiv.org/abs/0803.0495
http://dx.doi.org/10.1016/j.ppnp.2011.12.001
http://arxiv.org/abs/1111.0507
http://dx.doi.org/10.1016/S0927-6505(97)00022-4
http://dx.doi.org/10.1016/j.nima.2011.06.103
http://arxiv.org/abs/1104.1607
http://arxiv.org/abs/1104.1607
http://arxiv.org/abs/1104.1607
http://dx.doi.org/10.1016/S0927-6505(99)00092-4
http://arxiv.org/abs/astro-ph/9906203
http://dx.doi.org/10.1038/nature24459
http://arxiv.org/abs/1711.08119
http://dx.doi.org/10.1126/science.1242856
http://arxiv.org/abs/astro-ph/1311.5238
http://dx.doi.org/10.3847/1538-4357/ab7afb
http://arxiv.org/abs/2001.04412
http://dx.doi.org/10.1126/science.aat1378
http://arxiv.org/abs/1807.08816
http://dx.doi.org/10.1126/science.aat2890
http://arxiv.org/abs/1807.08794
http://arxiv.org/abs/1901.10806
http://dx.doi.org/10.1051/epjconf/201612105006
http://arxiv.org/abs/astro-ph/1502.03104
http://arxiv.org/abs/astro-ph/1502.03104
http://arxiv.org/abs/astro-ph/1502.03104
http://dx.doi.org/10.3847/2041-8213/ab0d27
http://arxiv.org/abs/1811.07439
http://arxiv.org/abs/1811.07439
http://arxiv.org/abs/1811.07439
http://dx.doi.org/10.3847/1538-4357/aaf507
http://arxiv.org/abs/1806.04769
http://dx.doi.org/10.31857/S0044451020080064
http://arxiv.org/abs/1811.06356
http://dx.doi.org/10.3847/1538-4357/ab86bd
http://arxiv.org/abs/2001.00930
http://arxiv.org/abs/2001.00930
http://arxiv.org/abs/2001.00930
http://dx.doi.org/10.3847/1538-4357/abceb8
http://arxiv.org/abs/2009.08914
http://arxiv.org/abs/2009.08914
http://arxiv.org/abs/2009.08914
http://dx.doi.org/10.1093/mnras/staa2082
http://dx.doi.org/10.1093/mnras/staa2082
http://dx.doi.org/10.1093/mnras/staa2082
http://arxiv.org/abs/2001.09355
http://dx.doi.org/10.1038/s41550-020-01295-8
http://arxiv.org/abs/2005.05340
http://dx.doi.org/10.1088/2041-8205/805/1/L5
http://arxiv.org/abs/astro-ph/1412.6510
http://arxiv.org/abs/astro-ph/1412.6510
http://arxiv.org/abs/astro-ph/1412.6510
http://dx.doi.org/10.22323/1.301.0968
http://dx.doi.org/10.1103/PhysRevLett.113.101101
http://arxiv.org/abs/astro-ph/1405.5303
http://arxiv.org/abs/astro-ph/1405.5303
http://arxiv.org/abs/astro-ph/1405.5303
http://dx.doi.org/10.1103/PhysRevLett.115.081102
http://arxiv.org/abs/astro-ph/1507.04005
http://arxiv.org/abs/astro-ph/1507.04005
http://arxiv.org/abs/astro-ph/1507.04005


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[163] J. Stachurska, IceCube Collaboration, EPJ Web Conf. 207 (2019) 02005, http://dx.doi.org/10.1051/epjconf/201920702005, arXiv:1905.04237.
[164] A. Albert, et al., ANTARES Collaboration, Astrophys. J. Lett. 853 (1) (2018) L7, http://dx.doi.org/10.3847/2041-8213/aaa4f6, arXiv:1711.07212.
[165] R. Abbasi, et al., IceCube Collaboration, Measurement of astrophysical tau neutrinos in IceCube’s high-energy starting events, 2020, arXiv:

2011.03561.
[166] S.L. Glashow, Phys. Rev. 118 (1960) 316–317, http://dx.doi.org/10.1103/PhysRev.118.316.
[167] A. Aab, et al., Pierre Auger Collaboration, J. Cosmol. Astropart. Phys. 1910 (10) (2019) 022, http://dx.doi.org/10.1088/1475-7516/2019/10/022,

arXiv:1906.07422.
[168] P. Gorham, et al., ANITA Collaboration, Phys. Rev. D 99 (12) (2019) 122001, http://dx.doi.org/10.1103/PhysRevD.99.122001, arXiv:1902.04005.
[169] P. Gorham, et al., ANITA Collaboration, Phys. Rev. Lett. 121 (16) (2018) 161102, http://dx.doi.org/10.1103/PhysRevLett.121.161102, arXiv:

1803.05088.
[170] P. Allison, et al., ARA Collaboration, Phys. Rev. D 102 (4) (2020) 043021, http://dx.doi.org/10.1103/PhysRevD.102.043021, arXiv:1912.00987.
[171] A. Anker, et al., ARIANNA Collaboration, J. Cosmol. Astropart. Phys. 03 (2020) 053, http://dx.doi.org/10.1088/1475-7516/2020/03/053, arXiv:

1909.00840.
[172] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. D 98 (2018) 062003, http://dx.doi.org/10.1103/PhysRevD.98.062003, arXiv:1807.01820.
[173] A.D. Avrorin, et al., JETP Lett. 101 (5) (2015) 289–294, http://dx.doi.org/10.1134/S0021364015050021, arXiv:1412.3672.
[174] I. Belolaptikov, et al., PoS ICRC2021 (2021) 002, http://dx.doi.org/10.22323/1.395.0002.
[175] N. Bailly, et al., Two-year optical site characterization for the Pacific ocean neutrino experiment P-ONE in the cascadia basin, 2021,

arXiv:2108.04961.
[176] M. Agostini, et al., P-ONE Collaboration, Nat. Astron. 4 (10) (2020) 913–915, http://dx.doi.org/10.1038/s41550-020-1182-4, arXiv:2005.09493.
[177] A. Anker, et al., White paper: ARIANNA-200 high energy neutrino telescope, 2020, arXiv:2004.09841.
[178] J.A. Aguilar, et al., RNO-G Collaboration, JINST 16 (03) (2021) P03025, http://dx.doi.org/10.1088/1748-0221/16/03/P03025, arXiv:2010.12279.
[179] A.V. Olinto, et al., PoS ICRC2019 (2020) 378, http://dx.doi.org/10.22323/1.358.0378, arXiv:1909.09466.
[180] A.N. Otte, A.M. Brown, A.D. Falcone, M. Mariotti, I. Taboada, PoS ICRC2019 (2020) 976, http://dx.doi.org/10.22323/1.358.0976, arXiv:1907.08732.
[181] J. Álvarez-Muñiz, et al., GRAND Collaboration, Sci. China Phys. Mech. Astron. 63 (1) (2020) 219501, http://dx.doi.org/10.1007/s11433-018-

9385-7, arXiv:1810.09994.
[182] S. Wissel, et al., J. Cosmol. Astropart. Phys. 11 (2020) 065, http://dx.doi.org/10.1088/1475-7516/2020/11/065, arXiv:2004.12718.
[183] S. Prohira, et al., Phys. Rev. Lett. 124 (9) (2020) 091101, http://dx.doi.org/10.1103/PhysRevLett.124.091101, arXiv:1910.12830.
[184] M.G. Aartsen, et al., IceCube Collaboration, PINGU: A Vision for neutrino and particle physics at the south pole, 2016, arXiv:hep-ex/1607.02671.
[185] A. Ishihara, IceCube Collaboration, PoS ICRC2019 (2020) 1031, http://dx.doi.org/10.22323/1.358.1031, arXiv:1908.09441.
[186] M.G. Aartsen, et al., IceCube PINGU Collaboration, Letter of intent: The precision IceCube next generation upgrade (PINGU), 2014, arXiv:

physics/1401.2046.
[187] C. Haack, C. Wiebusch, IceCube Collaboration, PoS ICRC2017 (2018) 1005, http://dx.doi.org/10.22323/1.301.1005.
[188] C. Kopper, W. Giang, N. Kurahashi, IceCube Collaboration, PoS ICRC2015 (2016) 1081, http://dx.doi.org/10.22323/1.236.1081.
[189] C. Kopper, IceCube Collaboration, PoS ICRC2017 (2018) 981, http://dx.doi.org/10.22323/1.301.0981.
[190] M.W.E. Smith, et al., Astropart. Phys. 45 (2013) 56–70, http://dx.doi.org/10.1016/j.astropartphys.2013.03.003, arXiv:1211.5602.
[191] G. Fiorentini, et al., Phys. Rep. 453 (2007) 117–172.
[192] X. Mao, R. Han, Y.-F. Li, Phys. Rev. D 100 (11) (2019) 113009, http://dx.doi.org/10.1103/PhysRevD.100.113009, arXiv:1911.12302.
[193] G. Eder, Nuclear Phys. 78 (1966) 657–662, http://dx.doi.org/10.1016/0029-5582(66)90903-5.
[194] L.M. Krauss, S.L. Glashow, D.N. Schramm, Nature 310 (1984) 191–198, http://dx.doi.org/10.1038/310191a0.
[195] R.S. Raghavan, S. Schonert, S. Enomoto, J. Shirai, F. Suekane, A. Suzuki, Phys. Rev. Lett. 80 (1998) 635–638, http://dx.doi.org/10.1103/PhysRevLett.

80.635.
[196] C.G. Rothschild, M.C. Chen, F.P. Calaprice, Geophys. Res. Lett. 25 (1998) 1083, http://dx.doi.org/10.1029/98GL50667, arXiv:nucl-ex/9710001.
[197] F. Mantovani, L. Carmignani, G. Fiorentini, M. Lissia, Phys. Rev. D 69 (2004) 013001, http://dx.doi.org/10.1103/PhysRevD.69.013001, arXiv:hep-

ph/0309013.
[198] Y. Huang, et al., Geochem. Geophys. Geosyst. 14 (2013) 2003–2029, http://dx.doi.org/10.1002/ggge.20129, arXiv:1301.0365.
[199] N.H. Sleep, D.K. Bird, M.T. Rosing, Internat. J. Modern Phys. A 28 (2013) 1330047, http://dx.doi.org/10.1142/S0217751X13300470.
[200] G. Laske, A. Dziewonski, G. Masters, The reference earth model website, https://igppweb.ucsd.edu/~gabi/rem.html.
[201] N. Takeuchi, K. Ueki, T. Iizuka, J. Nagao, A. Tanaka, S. Enomoto, Y. Shirahata, H. Watanabe, M. Yamano, H.K.M. Tanaka, Phys. Earth Planet.

Interiors 288 (2019) 37–57, http://dx.doi.org/10.1016/j.pepi.2019.01.002, arXiv:1901.01358.
[202] S. Enomoto, Geoneutrino spectra and luminosity, https://www.awa.tohoku.ac.jp/~sanshiro/research/geoneutrino/spectrum/.
[203] A. Strumia, F. Vissani, Phys. Lett. B 564 (2003) 42–54, http://dx.doi.org/10.1016/S0370-2693(03)00616-6, arXiv:astro-ph/0302055.
[204] H. Watanabe, Talk At Neutrino Geoscience, 2019, https://indico.cern.ch/event/825708/contributions/3552210/attachments/1930535/3197332/

HirokoWatanabe_NGS2019.pdf.
[205] M. Agostini, et al., Borexino Collaboration, Phys. Rev. D 101 (1) (2020) 012009, http://dx.doi.org/10.1103/PhysRevD.101.012009, arXiv:

1909.02257.
[206] G. Fiorentini, G.L. Fogli, E. Lisi, F. Mantovani, A.M. Rotunno, Phys. Rev. D 86 (2012) 033004, http://dx.doi.org/10.1103/PhysRevD.86.033004,

arXiv:1204.1923.
[207] A. Rocholl, K. Jochum, Earth Planet. Sci. Lett. 117 (1993) 265–278, http://dx.doi.org/10.1016/0012-821X(93)90132-S.
[208] M. Leyton, S. Dye, J. Monroe, Nat. Commun. 8 (2017) 15989, http://dx.doi.org/10.1038/ncomms15989, arXiv:1710.06724.
[209] M.C. Chen, in: S.T. Dye (Ed.), Earth Moon Planets 99 (2006) 221–228, http://dx.doi.org/10.1007/s11038-006-9116-4.
[210] I.R. Barabanov, et al., Phys. Atom. Nucl. 80 (3) (2017) 446–454, http://dx.doi.org/10.1134/S1063778817030036.
[211] L. Wan, G. Hussain, Z. Wang, S. Chen, Phys. Rev. D 95 (5) (2017) 053001, http://dx.doi.org/10.1103/PhysRevD.95.053001, arXiv:1612.00133.
[212] S. Enomoto, E. Ohtani, K. Inoue, A. Suzuki, Neutrino geophysics with KamLAND and future prospects, 2005, arXiv:hep-ph/0508049.
[213] R. Bonventre, G.D. Orebi Gann, Eur. Phys. J. C 78 (6) (2018) 435, http://dx.doi.org/10.1140/epjc/s10052-018-5925-7, arXiv:1803.07109.
[214] T. Kaptanoglu, M. Luo, J. Klein, JINST 14 (05) (2019) T05001, http://dx.doi.org/10.1088/1748-0221/14/05/T05001, arXiv:1811.11587.
[215] A. Cabrera, et al., Neutrino physics with an opaque detector, 2019, arXiv:1908.02859.
[216] S. Weinberg, Phys. Rev. 128 (1962) 1457–1473, http://dx.doi.org/10.1103/PhysRev.128.1457.
[217] A.G. Cocco, G. Mangano, M. Messina, J. Cosmol. Astropart. Phys. 06 (2007) 015, http://dx.doi.org/10.1088/1475-7516/2007/06/015, arXiv:hep-

ph/0703075.
[218] Y. Cheipesh, V. Cheianov, A. Boyarsky, Heisenberg’s uncertainty as a limiting factor for neutrino mass detection in β-decay, 2021, arXiv:

2101.10069.
[219] S. Nussinov, Z. Nussinov, Quantum induced broadening- a challenge for cosmic neutrino background discovery, 2021, arXiv:2108.03695.
[220] A.J. Long, C. Lunardini, E. Sabancilar, J. Cosmol. Astropart. Phys. 08 (2014) 038, http://dx.doi.org/10.1088/1475-7516/2014/08/038, arXiv:

1405.7654.
[221] A. Ringwald, Y.Y. Wong, J. Cosmol. Astropart. Phys. 12 (2004) 005, http://dx.doi.org/10.1088/1475-7516/2004/12/005, arXiv:hep-ph/0408241.
103

http://dx.doi.org/10.1051/epjconf/201920702005
http://arxiv.org/abs/1905.04237
http://dx.doi.org/10.3847/2041-8213/aaa4f6
http://arxiv.org/abs/1711.07212
http://arxiv.org/abs/2011.03561
http://arxiv.org/abs/2011.03561
http://arxiv.org/abs/2011.03561
http://dx.doi.org/10.1103/PhysRev.118.316
http://dx.doi.org/10.1088/1475-7516/2019/10/022
http://arxiv.org/abs/1906.07422
http://dx.doi.org/10.1103/PhysRevD.99.122001
http://arxiv.org/abs/1902.04005
http://dx.doi.org/10.1103/PhysRevLett.121.161102
http://arxiv.org/abs/1803.05088
http://arxiv.org/abs/1803.05088
http://arxiv.org/abs/1803.05088
http://dx.doi.org/10.1103/PhysRevD.102.043021
http://arxiv.org/abs/1912.00987
http://dx.doi.org/10.1088/1475-7516/2020/03/053
http://arxiv.org/abs/1909.00840
http://arxiv.org/abs/1909.00840
http://arxiv.org/abs/1909.00840
http://dx.doi.org/10.1103/PhysRevD.98.062003
http://arxiv.org/abs/1807.01820
http://dx.doi.org/10.1134/S0021364015050021
http://arxiv.org/abs/1412.3672
http://dx.doi.org/10.22323/1.395.0002
http://arxiv.org/abs/2108.04961
http://dx.doi.org/10.1038/s41550-020-1182-4
http://arxiv.org/abs/2005.09493
http://arxiv.org/abs/2004.09841
http://dx.doi.org/10.1088/1748-0221/16/03/P03025
http://arxiv.org/abs/2010.12279
http://dx.doi.org/10.22323/1.358.0378
http://arxiv.org/abs/1909.09466
http://dx.doi.org/10.22323/1.358.0976
http://arxiv.org/abs/1907.08732
http://dx.doi.org/10.1007/s11433-018-9385-7
http://dx.doi.org/10.1007/s11433-018-9385-7
http://dx.doi.org/10.1007/s11433-018-9385-7
http://arxiv.org/abs/1810.09994
http://dx.doi.org/10.1088/1475-7516/2020/11/065
http://arxiv.org/abs/2004.12718
http://dx.doi.org/10.1103/PhysRevLett.124.091101
http://arxiv.org/abs/1910.12830
http://arxiv.org/abs/hep-ex/1607.02671
http://dx.doi.org/10.22323/1.358.1031
http://arxiv.org/abs/1908.09441
http://arxiv.org/abs/physics/1401.2046
http://arxiv.org/abs/physics/1401.2046
http://arxiv.org/abs/physics/1401.2046
http://dx.doi.org/10.22323/1.301.1005
http://dx.doi.org/10.22323/1.236.1081
http://dx.doi.org/10.22323/1.301.0981
http://dx.doi.org/10.1016/j.astropartphys.2013.03.003
http://arxiv.org/abs/1211.5602
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb191
http://dx.doi.org/10.1103/PhysRevD.100.113009
http://arxiv.org/abs/1911.12302
http://dx.doi.org/10.1016/0029-5582(66)90903-5
http://dx.doi.org/10.1038/310191a0
http://dx.doi.org/10.1103/PhysRevLett.80.635
http://dx.doi.org/10.1103/PhysRevLett.80.635
http://dx.doi.org/10.1103/PhysRevLett.80.635
http://dx.doi.org/10.1029/98GL50667
http://arxiv.org/abs/nucl-ex/9710001
http://dx.doi.org/10.1103/PhysRevD.69.013001
http://arxiv.org/abs/hep-ph/0309013
http://arxiv.org/abs/hep-ph/0309013
http://arxiv.org/abs/hep-ph/0309013
http://dx.doi.org/10.1002/ggge.20129
http://arxiv.org/abs/1301.0365
http://dx.doi.org/10.1142/S0217751X13300470
https://igppweb.ucsd.edu/~gabi/rem.html
http://dx.doi.org/10.1016/j.pepi.2019.01.002
http://arxiv.org/abs/1901.01358
https://www.awa.tohoku.ac.jp/~sanshiro/research/geoneutrino/spectrum/
http://dx.doi.org/10.1016/S0370-2693(03)00616-6
http://arxiv.org/abs/astro-ph/0302055
https://indico.cern.ch/event/825708/contributions/3552210/attachments/1930535/3197332/HirokoWatanabe_NGS2019.pdf
https://indico.cern.ch/event/825708/contributions/3552210/attachments/1930535/3197332/HirokoWatanabe_NGS2019.pdf
https://indico.cern.ch/event/825708/contributions/3552210/attachments/1930535/3197332/HirokoWatanabe_NGS2019.pdf
http://dx.doi.org/10.1103/PhysRevD.101.012009
http://arxiv.org/abs/1909.02257
http://arxiv.org/abs/1909.02257
http://arxiv.org/abs/1909.02257
http://dx.doi.org/10.1103/PhysRevD.86.033004
http://arxiv.org/abs/1204.1923
http://dx.doi.org/10.1016/0012-821X(93)90132-S
http://dx.doi.org/10.1038/ncomms15989
http://arxiv.org/abs/1710.06724
http://dx.doi.org/10.1007/s11038-006-9116-4
http://dx.doi.org/10.1134/S1063778817030036
http://dx.doi.org/10.1103/PhysRevD.95.053001
http://arxiv.org/abs/1612.00133
http://arxiv.org/abs/hep-ph/0508049
http://dx.doi.org/10.1140/epjc/s10052-018-5925-7
http://arxiv.org/abs/1803.07109
http://dx.doi.org/10.1088/1748-0221/14/05/T05001
http://arxiv.org/abs/1811.11587
http://arxiv.org/abs/1908.02859
http://dx.doi.org/10.1103/PhysRev.128.1457
http://dx.doi.org/10.1088/1475-7516/2007/06/015
http://arxiv.org/abs/hep-ph/0703075
http://arxiv.org/abs/hep-ph/0703075
http://arxiv.org/abs/hep-ph/0703075
http://arxiv.org/abs/2101.10069
http://arxiv.org/abs/2101.10069
http://arxiv.org/abs/2101.10069
http://arxiv.org/abs/2108.03695
http://dx.doi.org/10.1088/1475-7516/2014/08/038
http://arxiv.org/abs/1405.7654
http://arxiv.org/abs/1405.7654
http://arxiv.org/abs/1405.7654
http://dx.doi.org/10.1088/1475-7516/2004/12/005
http://arxiv.org/abs/hep-ph/0408241


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[222] M.G. Betti, et al., PTOLEMY Collaboration, J. Cosmol. Astropart. Phys. 07 (2019) 047, http://dx.doi.org/10.1088/1475-7516/2019/07/047,
arXiv:1902.05508.

[223] E. Baracchini, et al., PTOLEMY Collaboration, PTOLEMY: A Proposal for thermal relic detection of massive neutrinos and directional detection
of MeV dark matter, 2018, arXiv:1808.01892.

[224] M. Lisanti, B.R. Safdi, C.G. Tully, Phys. Rev. D 90 (7) (2014) 073006, http://dx.doi.org/10.1103/PhysRevD.90.073006, arXiv:1407.0393.
[225] E. Akhmedov, J. Cosmol. Astropart. Phys. 09 (09) (2019) 031, http://dx.doi.org/10.1088/1475-7516/2019/09/031, arXiv:1905.10207.
[226] B. Pontecorvo, Sov. Phys.—JETP 7 (1958) 172–173.
[227] Z. Maki, M. Nakagawa, S. Sakata, Progr. Theoret. Phys. 28 (1962) 870–880, http://dx.doi.org/10.1143/PTP.28.870.
[228] B. Pontecorvo, Sov. Phys.—JETP 26 (1968) 984–988.
[229] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531–533, http://dx.doi.org/10.1103/PhysRevLett.10.531.
[230] M. Kobayashi, T. Maskawa, Progr. Theoret. Phys. 49 (1973) 652–657, http://dx.doi.org/10.1143/PTP.49.652.
[231] P.A. Zyla, et al., Particle Data Group Collaboration, PTEP 2020 (8) (2020) 083C01, http://dx.doi.org/10.1093/ptep/ptaa104.
[232] Q. Ahmad, et al., SNO Collaboration, Phys. Rev. Lett. 87 (2001) 071301, http://dx.doi.org/10.1103/PhysRevLett.87.071301, arXiv:nucl-ex/0106015.
[233] C. Patrignani, et al., Particle Data Group Collaboration, Chin. J. Phys C40 (10) (2016) 100001, http://dx.doi.org/10.1088/1674-1137/40/10/100001.
[234] J. Schechter, J.W.F. Valle, Phys. Rev. D22 (1980) 2227, http://dx.doi.org/10.1103/PhysRevD.22.2227.
[235] W. Rodejohann, J.W.F. Valle, Phys. Rev. D 84 (2011) 073011, http://dx.doi.org/10.1103/PhysRevD.84.073011, arXiv:1108.3484.
[236] L. Wolfenstein, Phys. Rev. D 17 (1978) 2369–2374, http://dx.doi.org/10.1103/PhysRevD.17.2369.
[237] S.P. Mikheyev, A.Y. Smirnov, Sov. J. Nucl. Phys. 42 (1985) 913–917; Yad. Fiz. 42 (1985) 1441, 305(1986).
[238] C. Giunti, C.W. Kim, Phys. Rev. D 58 (1998) 017301, http://dx.doi.org/10.1103/PhysRevD.58.017301, arXiv:hep-ph/9711363.
[239] E.K. Akhmedov, A.Y. Smirnov, Phys. Atom. Nucl. 72 (2009) 1363–1381, http://dx.doi.org/10.1134/S1063778809080122, arXiv:0905.1903.
[240] E.K. Akhmedov, J. Kopp, J. High Energy Phys. 04 (2010) 008, http://dx.doi.org/10.1007/JHEP04(2010)008, arXiv:1001.4815; JHEP 10 (2013)

052, Erratum.
[241] F.P. An, et al., Daya Bay Collaboration, Eur. Phys. J. C 77 (9) (2017) 606, http://dx.doi.org/10.1140/epjc/s10052-017-4970-y, arXiv:1608.01661.
[242] A. de Gouvea, V. de Romeri, C.A. Ternes, J. High Energy Phys. 08 (2020) 018, http://dx.doi.org/10.1007/JHEP08(2020)049, arXiv:2005.03022.
[243] Y. Ashie, et al., Super-Kamiokande Collaboration, Phys. Rev. Lett. 93 (2004) 101801, http://dx.doi.org/10.1103/PhysRevLett.93.101801, arXiv:

hep-ex/0404034.
[244] A. Albert, et al., ANTARES Collaboration, J. High Energy Phys. 06 (2019) 113, http://dx.doi.org/10.1007/JHEP06(2019)113, arXiv:1812.08650.
[245] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. Lett. 120 (7) (2018) 071801, http://dx.doi.org/10.1103/PhysRevLett.120.071801, arXiv:

1707.07081.
[246] K. Abe, et al., Super-Kamiokande Collaboration, Phys. Rev. D97 (7) (2018) 072001, http://dx.doi.org/10.1103/PhysRevD.97.072001, arXiv:

1710.09126.
[247] K. Abe, et al., T2K Collaboration, Nature 580 (7803) (2020) 339–344, http://dx.doi.org/10.1038/s41586-020-2177-0, arXiv:1910.03887.
[248] M.A. Acero, et al., NOvA Collaboration, Phys. Rev. Lett. 123 (15) (2019) 151803, http://dx.doi.org/10.1103/PhysRevLett.123.151803, arXiv:

1906.04907.
[249] M.G. Aartsen, et al., IceCube Collaboration, Eur. Phys. J. C80 (1) (2020) 9, http://dx.doi.org/10.1140/epjc/s10052-019-7555-0, arXiv:1902.07771.
[250] T. Stuttard, IceCube Collaboration, PoS NuFact2019 (2020) 099, http://dx.doi.org/10.22323/1.369.0099.
[251] S. Ahmad, et al., KM3NeT Collaboration, Combined sensitivity of JUNO and KM3net/ORCA to the neutrino mass ordering, 2021, arXiv:

2108.06293.
[252] S. Ahmed, et al., ICAL Collaboration, Pramana 88 (5) (2017) 79, http://dx.doi.org/10.1007/s12043-017-1373-4, arXiv:1505.07380.
[253] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. Lett. 125 (14) (2020) 141801, http://dx.doi.org/10.1103/PhysRevLett.125.141801, arXiv:

2005.12942.
[254] K. Abe, et al., Super-Kamiokande Collaboration, Phys. Rev. D 91 (2015) 052019, http://dx.doi.org/10.1103/PhysRevD.91.052019, arXiv:1410.2008.
[255] M.G. Aartsen, et al., IceCube Collaboration, Nat. Phys. 14 (9) (2018) 961–966, http://dx.doi.org/10.1038/s41567-018-0172-2, arXiv:1709.03434.
[256] K. Abe, et al., Super-Kamiokande Collaboration, Phys. Rev. D 91 (5) (2015) 052003, http://dx.doi.org/10.1103/PhysRevD.91.052003, arXiv:

1410.4267.
[257] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. D 97 (7) (2018) 072009, http://dx.doi.org/10.1103/PhysRevD.97.072009, arXiv:1709.07079.
[258] G. Mitsuka, et al., Super-Kamiokande Collaboration, Phys. Rev. D 84 (2011) 113008, http://dx.doi.org/10.1103/PhysRevD.84.113008, arXiv:

1109.1889.
[259] J. Salvado, O. Mena, S. Palomares-Ruiz, N. Rius, J. High Energy Phys. 01 (2017) 141, http://dx.doi.org/10.1007/JHEP01(2017)141, arXiv:

1609.03450.
[260] B. Abi, et al., DUNE Collaboration, Eur. Phys. J. C 81 (4) (2021) 322, http://dx.doi.org/10.1140/epjc/s10052-021-09007-w, arXiv:2008.12769.
[261] J. Arafune, M. Koike, J. Sato, Phys. Rev. D 56 (1997) 3093–3099, http://dx.doi.org/10.1103/PhysRevD.60.119905, arXiv:hep-ph/9703351;

Phys.Rev.D 60 (1999) 119905, Erratum.
[262] L. Wolfenstein, Phys. Rev. D 17 (1978) 2369–2374, http://dx.doi.org/10.1103/PhysRevD.17.2369, URL https://link.aps.org/doi/10.1103/PhysRevD.

17.2369.
[263] F.P. An, et al., Daya Bay Collaboration, Chin. J. Phys C37 (2013) 011001, http://dx.doi.org/10.1088/1674-1137/37/1/011001, arXiv:1210.6327.
[264] G. Bellini, et al., Borexino Collaboration, Phys. Lett. B707 (2012) 22–26, http://dx.doi.org/10.1016/j.physletb.2011.11.025, arXiv:1104.2150.
[265] S.T. Petcov, M. Piai, Phys. Lett. B 533 (2002) 94–106, http://dx.doi.org/10.1016/S0370-2693(02)01591-5, arXiv:hep-ph/0112074.
[266] A. Gando, et al., KamLAND Collaboration, Phys. Rev. D88 (3) (2013) 033001, http://dx.doi.org/10.1103/PhysRevD.88.033001, arXiv:1303.4667.
[267] M. Apollonio, et al., CHOOZ Collaboration, Eur. Phys. J. C27 (2003) 331–374, http://dx.doi.org/10.1140/epjc/s2002-01127-9, arXiv:hep-ex/

0301017.
[268] F. Boehm, et al., Phys. Rev. D62 (2000) 072002, http://dx.doi.org/10.1103/PhysRevD.62.072002, arXiv:hep-ex/0003022.
[269] Y. Abe, et al., Double Chooz Collaboration, Phys. Rev. D 86 (2012) 052008, http://dx.doi.org/10.1103/PhysRevD.86.052008, arXiv:1207.6632.
[270] D. Adey, et al., Daya Bay Collaboration, Phys. Rev. Lett. 121 (24) (2018) 241805, http://dx.doi.org/10.1103/PhysRevLett.121.241805, arXiv:

1809.02261.
[271] T.S. Bezerra, Talk At Neutrino, 2020, http://dx.doi.org/10.5281/zenodo.3959541.
[272] J. Yoo, Talk At Neutrino, 2020, http://dx.doi.org/10.5281/zenodo.3959697.
[273] A. Abusleme, et al., JUNO Collaboration, JUNO Physics and detector, 2021, arXiv:2104.02565.
[274] L. Zhan, Y. Wang, J. Cao, L. Wen, Phys. Rev. D 78 (2008) 111103, http://dx.doi.org/10.1103/PhysRevD.78.111103, arXiv:0807.3203.
[275] L. Zhan, Y. Wang, J. Cao, L. Wen, Phys. Rev. D 79 (2009) 073007, http://dx.doi.org/10.1103/PhysRevD.79.073007, arXiv:0901.2976.
[276] Y.-F. Li, J. Cao, Y. Wang, L. Zhan, Phys. Rev. D 88 (2013) 013008, http://dx.doi.org/10.1103/PhysRevD.88.013008, arXiv:1303.6733.
[277] M.G. Aartsen, et al., IceCube-Gen2 Collaboration, Phys. Rev. D 101 (3) (2020) 032006, http://dx.doi.org/10.1103/PhysRevD.101.032006, arXiv:

1911.06745.
[278] P. Zyla, et al., Particle Data Group Collaboration, PTEP 2020 (8) (2020) 083C01, http://dx.doi.org/10.1093/ptep/ptaa104.

[279] Preliminary results provided by JUNO (to appear).

104

http://dx.doi.org/10.1088/1475-7516/2019/07/047
http://arxiv.org/abs/1902.05508
http://arxiv.org/abs/1808.01892
http://dx.doi.org/10.1103/PhysRevD.90.073006
http://arxiv.org/abs/1407.0393
http://dx.doi.org/10.1088/1475-7516/2019/09/031
http://arxiv.org/abs/1905.10207
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb226
http://dx.doi.org/10.1143/PTP.28.870
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb228
http://dx.doi.org/10.1103/PhysRevLett.10.531
http://dx.doi.org/10.1143/PTP.49.652
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1103/PhysRevLett.87.071301
http://arxiv.org/abs/nucl-ex/0106015
http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.84.073011
http://arxiv.org/abs/1108.3484
http://dx.doi.org/10.1103/PhysRevD.17.2369
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb237
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb237
http://dx.doi.org/10.1103/PhysRevD.58.017301
http://arxiv.org/abs/hep-ph/9711363
http://dx.doi.org/10.1134/S1063778809080122
http://arxiv.org/abs/0905.1903
http://dx.doi.org/10.1007/JHEP04(2010)008
http://arxiv.org/abs/1001.4815
http://dx.doi.org/10.1140/epjc/s10052-017-4970-y
http://arxiv.org/abs/1608.01661
http://dx.doi.org/10.1007/JHEP08(2020)049
http://arxiv.org/abs/2005.03022
http://dx.doi.org/10.1103/PhysRevLett.93.101801
http://arxiv.org/abs/hep-ex/0404034
http://arxiv.org/abs/hep-ex/0404034
http://arxiv.org/abs/hep-ex/0404034
http://dx.doi.org/10.1007/JHEP06(2019)113
http://arxiv.org/abs/1812.08650
http://dx.doi.org/10.1103/PhysRevLett.120.071801
http://arxiv.org/abs/1707.07081
http://arxiv.org/abs/1707.07081
http://arxiv.org/abs/1707.07081
http://dx.doi.org/10.1103/PhysRevD.97.072001
http://arxiv.org/abs/1710.09126
http://arxiv.org/abs/1710.09126
http://arxiv.org/abs/1710.09126
http://dx.doi.org/10.1038/s41586-020-2177-0
http://arxiv.org/abs/1910.03887
http://dx.doi.org/10.1103/PhysRevLett.123.151803
http://arxiv.org/abs/1906.04907
http://arxiv.org/abs/1906.04907
http://arxiv.org/abs/1906.04907
http://dx.doi.org/10.1140/epjc/s10052-019-7555-0
http://arxiv.org/abs/1902.07771
http://dx.doi.org/10.22323/1.369.0099
http://arxiv.org/abs/2108.06293
http://arxiv.org/abs/2108.06293
http://arxiv.org/abs/2108.06293
http://dx.doi.org/10.1007/s12043-017-1373-4
http://arxiv.org/abs/1505.07380
http://dx.doi.org/10.1103/PhysRevLett.125.141801
http://arxiv.org/abs/2005.12942
http://arxiv.org/abs/2005.12942
http://arxiv.org/abs/2005.12942
http://dx.doi.org/10.1103/PhysRevD.91.052019
http://arxiv.org/abs/1410.2008
http://dx.doi.org/10.1038/s41567-018-0172-2
http://arxiv.org/abs/1709.03434
http://dx.doi.org/10.1103/PhysRevD.91.052003
http://arxiv.org/abs/1410.4267
http://arxiv.org/abs/1410.4267
http://arxiv.org/abs/1410.4267
http://dx.doi.org/10.1103/PhysRevD.97.072009
http://arxiv.org/abs/1709.07079
http://dx.doi.org/10.1103/PhysRevD.84.113008
http://arxiv.org/abs/1109.1889
http://arxiv.org/abs/1109.1889
http://arxiv.org/abs/1109.1889
http://dx.doi.org/10.1007/JHEP01(2017)141
http://arxiv.org/abs/1609.03450
http://arxiv.org/abs/1609.03450
http://arxiv.org/abs/1609.03450
http://dx.doi.org/10.1140/epjc/s10052-021-09007-w
http://arxiv.org/abs/2008.12769
http://dx.doi.org/10.1103/PhysRevD.60.119905
http://arxiv.org/abs/hep-ph/9703351
http://dx.doi.org/10.1103/PhysRevD.17.2369
https://link.aps.org/doi/10.1103/PhysRevD.17.2369
https://link.aps.org/doi/10.1103/PhysRevD.17.2369
https://link.aps.org/doi/10.1103/PhysRevD.17.2369
http://dx.doi.org/10.1088/1674-1137/37/1/011001
http://arxiv.org/abs/1210.6327
http://dx.doi.org/10.1016/j.physletb.2011.11.025
http://arxiv.org/abs/1104.2150
http://dx.doi.org/10.1016/S0370-2693(02)01591-5
http://arxiv.org/abs/hep-ph/0112074
http://dx.doi.org/10.1103/PhysRevD.88.033001
http://arxiv.org/abs/1303.4667
http://dx.doi.org/10.1140/epjc/s2002-01127-9
http://arxiv.org/abs/hep-ex/0301017
http://arxiv.org/abs/hep-ex/0301017
http://arxiv.org/abs/hep-ex/0301017
http://dx.doi.org/10.1103/PhysRevD.62.072002
http://arxiv.org/abs/hep-ex/0003022
http://dx.doi.org/10.1103/PhysRevD.86.052008
http://arxiv.org/abs/1207.6632
http://dx.doi.org/10.1103/PhysRevLett.121.241805
http://arxiv.org/abs/1809.02261
http://arxiv.org/abs/1809.02261
http://arxiv.org/abs/1809.02261
http://dx.doi.org/10.5281/zenodo.3959541
http://dx.doi.org/10.5281/zenodo.3959697
http://arxiv.org/abs/2104.02565
http://dx.doi.org/10.1103/PhysRevD.78.111103
http://arxiv.org/abs/0807.3203
http://dx.doi.org/10.1103/PhysRevD.79.073007
http://arxiv.org/abs/0901.2976
http://dx.doi.org/10.1103/PhysRevD.88.013008
http://arxiv.org/abs/1303.6733
http://dx.doi.org/10.1103/PhysRevD.101.032006
http://arxiv.org/abs/1911.06745
http://arxiv.org/abs/1911.06745
http://arxiv.org/abs/1911.06745
http://dx.doi.org/10.1093/ptep/ptaa104


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[280] S.A.R. Ellis, K.J. Kelly, S.W. Li, J. High Energy Phys. 12 (2020) 068, http://dx.doi.org/10.1007/JHEP12(2020)068, arXiv:2008.01088.
[281] A. Dueck, W. Rodejohann, K. Zuber, Phys. Rev. D 83 (2011) 113010, http://dx.doi.org/10.1103/PhysRevD.83.113010, arXiv:1103.4152.
[282] M.A. Acero, et al., NOvA Collaboration, An improved measurement of neutrino oscillation parameters by the NOvA experiment, 2021,

arXiv:2108.08219.
[283] J. Cao, et al., ICFA Neutrino Panel Collaboration, On the complementarity of Hyper-K and LBNF, 2015, arXiv:1501.03918.
[284] E. Wildner, et al., Adv. High Energy Phys. 2016 (2016) 8640493, http://dx.doi.org/10.1155/2016/8640493, arXiv:1510.00493.
[285] A. Alekou, et al., ESSnuSB Collaboration, Updated physics performance of the ESSnuSB experiment, 2021, arXiv:2107.07585.
[286] A.V. Akindinov, et al., Eur. Phys. J. C 79 (9) (2019) 758, http://dx.doi.org/10.1140/epjc/s10052-019-7259-5, arXiv:1902.06083.
[287] I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, A. Zhou, J. High Energy Phys. 09 (2020) 178, http://dx.doi.org/10.1007/JHEP09(2020)

178, arXiv:2007.14792.
[288] NuFit, http://www.nu-fit.org.
[289] F. Capozzi, E. Lisi, A. Marrone, A. Palazzo, J. Phys. Conf. Ser. 1312 (1) (2019) 012005, http://dx.doi.org/10.1088/1742-6596/1312/1/012005.
[290] F. Capozzi, E. Lisi, A. Marrone, A. Palazzo, Prog. Part. Nucl. Phys. 102 (2018) 48–72, http://dx.doi.org/10.1016/j.ppnp.2018.05.005, arXiv:

1804.09678.
[291] P.F. de Salas, D.V. Forero, S. Gariazzo, P. Martínez-Miravé, O. Mena, C.A. Ternes, M. Tórtola, J.W.F. Valle, J. High Energy Phys. 02 (2021) 071,

http://dx.doi.org/10.1007/JHEP02(2021)071, arXiv:2006.11237.
[292] P. de Salas, D. Forero, C. Ternes, M. Tortola, J. Valle, Phys. Lett. B 782 (2018) 633–640, http://dx.doi.org/10.1016/j.physletb.2018.06.019,

arXiv:1708.01186.
[293] P. Minkowski, Phys. Lett. B67 (1977) 421–428, http://dx.doi.org/10.1016/0370-2693(77)90435-X.
[294] T. Yanagida, Conf. Proc. C7902131 (1979) 95–99.
[295] M. Gell-Mann, P. Ramond, R. Slansky, Conf. Proc. C790927 (1979) 315–321, arXiv:1306.4669.
[296] R.N. Mohapatra, G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912, http://dx.doi.org/10.1103/PhysRevLett.44.912.
[297] M. Magg, C. Wetterich, Phys. Lett. B94 (1980) 61–64, http://dx.doi.org/10.1016/0370-2693(80)90825-4.
[298] C. Wetterich, Nuclear Phys. B187 (1981) 343–375, http://dx.doi.org/10.1016/0550-3213(81)90279-0.
[299] G. Lazarides, Q. Shafi, C. Wetterich, Nuclear Phys. B181 (1981) 287–300, http://dx.doi.org/10.1016/0550-3213(81)90354-0.
[300] R.N. Mohapatra, G. Senjanovic, Phys. Rev. D23 (1981) 165, http://dx.doi.org/10.1103/PhysRevD.23.165.
[301] T.P. Cheng, L.-F. Li, Phys. Rev. D22 (1980) 2860, http://dx.doi.org/10.1103/PhysRevD.22.2860.
[302] R. Foot, H. Lew, X.G. He, G.C. Joshi, Z. Phys. C44 (1989) 441, http://dx.doi.org/10.1007/BF01415558.
[303] A. Gando, et al., KamLAND-Zen Collaboration, Phys. Rev. Lett. 117 (8) (2016) 082503, arXiv:1605.02889, https://doi.org/10.1103/PhysRevLett.

117.109903, https://doi.org/10.1103/PhysRevLett.117.082503; Phys. Rev. Lett. 117 (10) (2016) 109903, Addendum.
[304] M. Aker, et al., First direct neutrino-mass measurement with sub-eV sensitivity, 2021, arXiv:2105.08533.
[305] N. Aghanim, et al., Planck Collaboration, Astron. Astrophys. 641 (2020) A6, http://dx.doi.org/10.1051/0004-6361/201833910, arXiv:1807.06209.
[306] S.M. Bilenky, J. Hosek, S.T. Petcov, Phys. Lett. B 94 (1980) 495–498, http://dx.doi.org/10.1016/0370-2693(80)90927-2.
[307] P. Langacker, S.T. Petcov, G. Steigman, S. Toshev, Nuclear Phys. B 282 (1987) 589–609, http://dx.doi.org/10.1016/0550-3213(87)90699-7.
[308] D.M. Asner, et al., Project 8 Collaboration, Phys. Rev. Lett. 114 (16) (2015) 162501, http://dx.doi.org/10.1103/PhysRevLett.114.162501, arXiv:

1408.5362.
[309] C. Velte, et al., Eur. Phys. J. C 79 (12) (2019) 1026, http://dx.doi.org/10.1140/epjc/s10052-019-7513-x.
[310] V. Lobashev, P. Spivak, Nucl. Instrum. Meth. A 240 (1985) 305–310, http://dx.doi.org/10.1016/0168-9002(85)90640-0.
[311] A. Picard, et al., Nucl. Instrum. Methods Phys. Res. Section B: Beam Intera. Mater. Atoms 63 (3) (1992) 345–358, http://dx.doi.org/10.1016/0168-

583X(92)95119-C, URL http://www.sciencedirect.com/science/article/pii/0168583X9295119C.
[312] C. Kraus, et al., Eur. Phys. J. C40 (2005) 447–468, http://dx.doi.org/10.1140/epjc/s2005-02139-7, arXiv:hep-ex/0412056.
[313] V.N. Aseev, et al., Troitsk Collaboration, Phys. Rev. D84 (2011) 112003, http://dx.doi.org/10.1103/PhysRevD.84.112003, arXiv:1108.5034.
[314] E.W. Otten, C. Weinheimer, Rep. Progr. Phys. 71 (2008) 086201, http://dx.doi.org/10.1088/0034-4885/71/8/086201, arXiv:0909.2104.
[315] G. Drexlin, V. Hannen, S. Mertens, C. Weinheimer, Adv. High Energy Phys. 2013 (2013) 293986, http://dx.doi.org/10.1155/2013/293986,

arXiv:1307.0101.
[316] M. Aker, et al., KATRIN Collaboration, Phys. Rev. Lett. 123 (22) (2019) 221802, http://dx.doi.org/10.1103/PhysRevLett.123.221802, arXiv:

1909.06048.
[317] J. Angrik, et al., KATRIN Collaboration, KATRIN design report, 2004.
[318] M. Aker, et al., KATRIN Collaboration, Phys. Rev. Lett. 126 (9) (2021) 091803, http://dx.doi.org/10.1103/PhysRevLett.126.091803, arXiv:

2011.05087.
[319] S. Mertens, et al., KATRIN Collaboration, J. Phys. G 46 (6) (2019) 065203, http://dx.doi.org/10.1088/1361-6471/ab12fe, arXiv:1810.06711.
[320] J. Bonn, L. Bornschein, B. Degen, E.W. Otten, C. Weinheimer, Nucl. Instrum. Methods Phys. Res. A 421 (1–2) (1999) 256–265, http:

//dx.doi.org/10.1016/S0168-9002(98)01263-7.
[321] N. Steinbrink, V. Hannen, E.L. Martin, R.G.H. Robertson, M. Zacher, C. Weinheimer, New J. Phys. 15 (2013) 113020, http://dx.doi.org/10.1088/

1367-2630/15/11/113020, arXiv:1308.0532.
[322] B. Monreal, J.A. Formaggio, Phys. Rev. D80 (2009) 051301, http://dx.doi.org/10.1103/PhysRevD.80.051301, arXiv:0904.2860.
[323] A. Ashtari Esfahani, et al., Project 8 Collaboration, J. Phys. G44 (5) (2017) 054004, http://dx.doi.org/10.1088/1361-6471/aa5b4f, arXiv:

1703.02037.
[324] M.G. Betti, et al., PTOLEMY Collaboration, J. Cosmol. Astropart. Phys. 1907 (2019) 047, http://dx.doi.org/10.1088/1475-7516/2019/07/047,

arXiv:1902.05508.
[325] A. De Rujula, M. Lusignoli, Phys. Lett. 118B (1982) 429, http://dx.doi.org/10.1016/0370-2693(82)90218-0.
[326] L. Gastaldo, et al., Eur. Phys. J. ST 226 (8) (2017) 1623–1694, http://dx.doi.org/10.1140/epjst/e2017-70071-y.
[327] A. Giachero, et al., HOLMES Collaboration, JINST 12 (02) (2017) C02046, http://dx.doi.org/10.1088/1748-0221/12/02/C02046, arXiv:1612.03947.
[328] A. Fleischmann, C. Enss, G. Seidel, in: C. Enss (Ed.), Cryogenic Particle Detection, Springer Berlin Heidelberg, Berlin, Heidelberg, 2005, pp.

151–216, http://dx.doi.org/10.1007/10933596_4.
[329] L. Gastaldo, J. Porst, F.v. Seggern, A. Kirsch, P. Ranitzsch, A. Fleischmann, C. Enss, G. Seidel, AIP Conf. Proc. 1185 (1) (2009) 607, http:

//dx.doi.org/10.1063/1.3292415.
[330] M. Faverzani, P. Day, A. Nucciotti, E. Ferri, J. Low. Temp. Phys. 167 (5–6) (2012) 1041–1047, http://dx.doi.org/10.1007/s10909-012-0538-2.
[331] A. Faessler, L. Gastaldo, F. Simkovic, J. Phys. G42 (1) (2015) 015108, http://dx.doi.org/10.1088/0954-3899/42/1/015108, arXiv:1407.6504.
[332] M. Braß, C. Enss, L. Gastaldo, M. Haverkort, R. Green, Phys. Rev. C 97 (5) (2018) 054620, http://dx.doi.org/10.1103/PhysRevC.97.054620,

arXiv:1711.10309.
[333] R. Barate, et al., ALEPH Collaboration, Eur. Phys. J. C 2 (1998) 395–406, http://dx.doi.org/10.1007/s100520050149.
[334] T.J. Loredo, D.Q. Lamb, Phys. Rev. D65 (2002) 063002, http://dx.doi.org/10.1103/PhysRevD.65.063002, arXiv:astro-ph/0107260.
[335] G. Pagliaroli, F. Rossi-Torres, F. Vissani, Astropart. Phys. 33 (2010) 287–291, http://dx.doi.org/10.1016/j.astropartphys.2010.02.007, arXiv:

1002.3349.
105

http://dx.doi.org/10.1007/JHEP12(2020)068
http://arxiv.org/abs/2008.01088
http://dx.doi.org/10.1103/PhysRevD.83.113010
http://arxiv.org/abs/1103.4152
http://arxiv.org/abs/2108.08219
http://arxiv.org/abs/1501.03918
http://dx.doi.org/10.1155/2016/8640493
http://arxiv.org/abs/1510.00493
http://arxiv.org/abs/2107.07585
http://dx.doi.org/10.1140/epjc/s10052-019-7259-5
http://arxiv.org/abs/1902.06083
http://dx.doi.org/10.1007/JHEP09(2020)178
http://dx.doi.org/10.1007/JHEP09(2020)178
http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
http://www.nu-fit.org
http://dx.doi.org/10.1088/1742-6596/1312/1/012005
http://dx.doi.org/10.1016/j.ppnp.2018.05.005
http://arxiv.org/abs/1804.09678
http://arxiv.org/abs/1804.09678
http://arxiv.org/abs/1804.09678
http://dx.doi.org/10.1007/JHEP02(2021)071
http://arxiv.org/abs/2006.11237
http://dx.doi.org/10.1016/j.physletb.2018.06.019
http://arxiv.org/abs/1708.01186
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb294
http://arxiv.org/abs/1306.4669
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1016/0370-2693(80)90825-4
http://dx.doi.org/10.1016/0550-3213(81)90279-0
http://dx.doi.org/10.1016/0550-3213(81)90354-0
http://dx.doi.org/10.1103/PhysRevD.23.165
http://dx.doi.org/10.1103/PhysRevD.22.2860
http://dx.doi.org/10.1007/BF01415558
http://arxiv.org/abs/1605.02889
https://doi.org/10.1103/PhysRevLett.117.109903
https://doi.org/10.1103/PhysRevLett.117.109903
https://doi.org/10.1103/PhysRevLett.117.109903
https://doi.org/10.1103/PhysRevLett.117.082503
http://arxiv.org/abs/2105.08533
http://dx.doi.org/10.1051/0004-6361/201833910
http://arxiv.org/abs/1807.06209
http://dx.doi.org/10.1016/0370-2693(80)90927-2
http://dx.doi.org/10.1016/0550-3213(87)90699-7
http://dx.doi.org/10.1103/PhysRevLett.114.162501
http://arxiv.org/abs/1408.5362
http://arxiv.org/abs/1408.5362
http://arxiv.org/abs/1408.5362
http://dx.doi.org/10.1140/epjc/s10052-019-7513-x
http://dx.doi.org/10.1016/0168-9002(85)90640-0
http://dx.doi.org/10.1016/0168-583X(92)95119-C
http://dx.doi.org/10.1016/0168-583X(92)95119-C
http://dx.doi.org/10.1016/0168-583X(92)95119-C
http://www.sciencedirect.com/science/article/pii/0168583X9295119C
http://dx.doi.org/10.1140/epjc/s2005-02139-7
http://arxiv.org/abs/hep-ex/0412056
http://dx.doi.org/10.1103/PhysRevD.84.112003
http://arxiv.org/abs/1108.5034
http://dx.doi.org/10.1088/0034-4885/71/8/086201
http://arxiv.org/abs/0909.2104
http://dx.doi.org/10.1155/2013/293986
http://arxiv.org/abs/1307.0101
http://dx.doi.org/10.1103/PhysRevLett.123.221802
http://arxiv.org/abs/1909.06048
http://arxiv.org/abs/1909.06048
http://arxiv.org/abs/1909.06048
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb317
http://dx.doi.org/10.1103/PhysRevLett.126.091803
http://arxiv.org/abs/2011.05087
http://arxiv.org/abs/2011.05087
http://arxiv.org/abs/2011.05087
http://dx.doi.org/10.1088/1361-6471/ab12fe
http://arxiv.org/abs/1810.06711
http://dx.doi.org/10.1016/S0168-9002(98)01263-7
http://dx.doi.org/10.1016/S0168-9002(98)01263-7
http://dx.doi.org/10.1016/S0168-9002(98)01263-7
http://dx.doi.org/10.1088/1367-2630/15/11/113020
http://dx.doi.org/10.1088/1367-2630/15/11/113020
http://dx.doi.org/10.1088/1367-2630/15/11/113020
http://arxiv.org/abs/1308.0532
http://dx.doi.org/10.1103/PhysRevD.80.051301
http://arxiv.org/abs/0904.2860
http://dx.doi.org/10.1088/1361-6471/aa5b4f
http://arxiv.org/abs/1703.02037
http://arxiv.org/abs/1703.02037
http://arxiv.org/abs/1703.02037
http://dx.doi.org/10.1088/1475-7516/2019/07/047
http://arxiv.org/abs/1902.05508
http://dx.doi.org/10.1016/0370-2693(82)90218-0
http://dx.doi.org/10.1140/epjst/e2017-70071-y
http://dx.doi.org/10.1088/1748-0221/12/02/C02046
http://arxiv.org/abs/1612.03947
http://dx.doi.org/10.1007/10933596_4
http://dx.doi.org/10.1063/1.3292415
http://dx.doi.org/10.1063/1.3292415
http://dx.doi.org/10.1063/1.3292415
http://dx.doi.org/10.1007/s10909-012-0538-2
http://dx.doi.org/10.1088/0954-3899/42/1/015108
http://arxiv.org/abs/1407.6504
http://dx.doi.org/10.1103/PhysRevC.97.054620
http://arxiv.org/abs/1711.10309
http://dx.doi.org/10.1007/s100520050149
http://dx.doi.org/10.1103/PhysRevD.65.063002
http://arxiv.org/abs/astro-ph/0107260
http://dx.doi.org/10.1016/j.astropartphys.2010.02.007
http://arxiv.org/abs/1002.3349
http://arxiv.org/abs/1002.3349
http://arxiv.org/abs/1002.3349


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[336] J.F. Beacom, P. Vogel, Phys. Rev. D58 (1998) 053010, http://dx.doi.org/10.1103/PhysRevD.58.053010, arXiv:hep-ph/9802424.
[337] J.F. Beacom, P. Vogel, Phys. Rev. D58 (1998) 093012, http://dx.doi.org/10.1103/PhysRevD.58.093012, arXiv:hep-ph/9806311.
[338] J.-S. Lu, J. Cao, Y.-F. Li, S. Zhou, J. Cosmol. Astropart. Phys. 1505 (05) (2015) 044, http://dx.doi.org/10.1088/1475-7516/2015/05/044, arXiv:

1412.7418.
[339] J.F. Beacom, R.N. Boyd, A. Mezzacappa, Phys. Rev. D63 (2001) 073011, http://dx.doi.org/10.1103/PhysRevD.63.073011, arXiv:astro-ph/0010398.
[340] N. Arnaud, M. Barsuglia, M.A. Bizouard, F. Cavalier, M. Davier, P. Hello, T. Pradier, Phys. Rev. D65 (2002) 033010, http://dx.doi.org/10.1103/

PhysRevD.65.033010, arXiv:hep-ph/0109027.
[341] J. Schechter, J.W.F. Valle, Phys. Rev. D25 (1982) 2951, http://dx.doi.org/10.1103/PhysRevD.25.2951, [, 289(1981)].
[342] K. Blaum, S. Eliseev, F.A. Danevich, V.I. Tretyak, S. Kovalenko, M.I. Krivoruchenko, Y.N. Novikov, J. Suhonen, Rev. Modern Phys. 92 (2020)

045007, http://dx.doi.org/10.1103/RevModPhys.92.045007, arXiv:2007.14908.
[343] M. Fukugita, T. Yanagida, Phys. Lett. B174 (1986) 45–47, http://dx.doi.org/10.1016/0370-2693(86)91126-3.
[344] M.J. Dolinski, A.W.P. Poon, W. Rodejohann, Ann. Rev. Nucl. Part. Sci. 69 (2019) 219–251, http://dx.doi.org/10.1146/annurev-nucl-101918-

023407, arXiv:1902.04097.
[345] J. Engel, J. Menéndez, Rep. Progr. Phys. 80 (4) (2017) 046301, http://dx.doi.org/10.1088/1361-6633/aa5bc5, arXiv:1610.06548.
[346] V.I. Tretyak, Y.G. Zdesenko, Atom. Data Nucl. Data Tabl. 80 (2002) 83–116, http://dx.doi.org/10.1006/adnd.2001.0873.
[347] J. Kotila, F. Iachello, Phys. Rev. C85 (2012) 034316, http://dx.doi.org/10.1103/PhysRevC.85.034316, arXiv:1209.5722.
[348] S. Stoica, M. Mirea, Phys. Rev. C88 (3) (2013) 037303, http://dx.doi.org/10.1103/PhysRevC.88.037303, arXiv:1307.0290.
[349] F.T. Avignone III, S.R. Elliott, J. Engel, Rev. Modern Phys. 80 (2008) 481–516, http://dx.doi.org/10.1103/RevModPhys.80.481, arXiv:0708.1033.
[350] J.D. Vergados, H. Ejiri, F. Simkovic, Rep. Progr. Phys. 75 (2012) 106301, http://dx.doi.org/10.1088/0034-4885/75/10/106301, arXiv:1205.0649.
[351] P. Gysbers, et al., Nat. Phys. 15 (5) (2019) 428–431, http://dx.doi.org/10.1038/s41567-019-0450-7, arXiv:1903.00047.
[352] V. Cirigliano, W. Detmold, A. Nicholson, P. Shanahan, Prog. Part. Nucl. Phys. 112 (2020) 103771, http://dx.doi.org/10.1016/j.ppnp.2020.103771,

arXiv:2003.08493.
[353] H. Ejiri, J. Suhonen, K. Zuber, Phys. Rep. 797 (2019) 1–102, http://dx.doi.org/10.1016/j.physrep.2018.12.001.
[354] J.B. Albert, et al., nEXO Collaboration, Phys. Rev. C97 (6) (2018) 065503, http://dx.doi.org/10.1103/PhysRevC.97.065503, arXiv:1710.05075.
[355] M. Agostini, et al., GERDA Collaboration, Phys. Rev. Lett. 125 (2020) 252502, http://dx.doi.org/10.1103/PhysRevLett.125.252502, arXiv:2009.

06079.
[356] D. Akerib, et al., LZ Collaboration, Phys. Rev. C 102 (1) (2020) 014602, http://dx.doi.org/10.1103/PhysRevC.102.014602, arXiv:1912.04248.
[357] X. Chen, et al., Sci. China Phys. Mech. Astron. 60 (6) (2017) 061011, http://dx.doi.org/10.1007/s11433-017-9028-0, arXiv:1610.08883.
[358] F. Agostini, et al., DARWIN Collaboration, Eur. Phys. J. C 80 (9) (2020) 808, http://dx.doi.org/10.1140/epjc/s10052-020-8196-z, arXiv:2003.13407.
[359] M. Agostini, G. Benato, J. Detwiler, Phys. Rev. D96 (5) (2017) 053001, http://dx.doi.org/10.1103/PhysRevD.96.053001, arXiv:1705.02996.
[360] S. Umehara, et al., J. Phys. Conf. Ser. 120 (2008) 052058, http://dx.doi.org/10.1088/1742-6596/120/5/052058.
[361] S. Alvis, et al., Majorana Collaboration, Phys. Rev. C 100 (2) (2019) 025501, http://dx.doi.org/10.1103/PhysRevC.100.025501, arXiv:1902.02299.
[362] O. Azzolini, et al., CUPID Collaboration, Phys. Rev. Lett. 123 (3) (2019) 032501, http://dx.doi.org/10.1103/PhysRevLett.123.032501, arXiv:

1906.05001.
[363] J. Argyriades, et al., NEMO-3 Collaboration, Nucl. Phys. A 847 (2010) 168–179, http://dx.doi.org/10.1016/j.nuclphysa.2010.07.009, arXiv:

0906.2694.
[364] E. Armengaud, et al., CUPID Collaboration, Phys. Rev. Lett. 126 (18) (2021) 181802, http://dx.doi.org/10.1103/PhysRevLett.126.181802, arXiv:

2011.13243.
[365] A. Barabash, et al., Phys. Rev. D 98 (9) (2018) 092007, http://dx.doi.org/10.1103/PhysRevD.98.092007, arXiv:1811.06398.
[366] C. Arnaboldi, et al., Phys. Lett. B 557 (2003) 167–175, http://dx.doi.org/10.1016/S0370-2693(03)00212-0, arXiv:hep-ex/0211071.
[367] D.Q. Adams, et al., CUORE Collaboration, High sensitivity neutrinoless double-beta decay search with one tonne-year of CUORE data, 2021,

arXiv:2104.06906.
[368] G. Anton, et al., EXO-200 Collaboration, Phys. Rev. Lett. 123 (16) (2019) 161802, http://dx.doi.org/10.1103/PhysRevLett.123.161802, arXiv:

1906.02723.
[369] R. Arnold, et al., NEMO-3 Collaboration, Phys. Rev. D 94 (7) (2016) 072003, http://dx.doi.org/10.1103/PhysRevD.94.072003, arXiv:1606.08494.
[370] N. Abgrall, et al., Majorana Collaboration, Phys. Rev. Lett. 118 (16) (2017) 161801, http://dx.doi.org/10.1103/PhysRevLett.118.161801, arXiv:

1612.00886.
[371] F.F. Deppisch, L. Graf, F. Šimkovic, Phys. Rev. Lett. 125 (17) (2020) 171801, http://dx.doi.org/10.1103/PhysRevLett.125.171801, arXiv:2003.11836.
[372] F.F. Deppisch, L. Graf, W. Rodejohann, X.-J. Xu, Phys. Rev. D 102 (5) (2020) 051701, http://dx.doi.org/10.1103/PhysRevD.102.051701, arXiv:

2004.11919.
[373] M. Agostini, E. Bossio, A. Ibarra, X. Marcano, Phys. Lett. B 815 (2021) 136127, http://dx.doi.org/10.1016/j.physletb.2021.136127, arXiv:

2012.09281.
[374] M. Agostini, G. Benato, S. Dell’Oro, S. Pirro, F. Vissani, Phys. Rev. D 103 (3) (2021) 033008, http://dx.doi.org/10.1103/PhysRevD.103.033008,

arXiv:2012.13938.
[375] J. Cao, G.-Y. Huang, Y.-F. Li, Y. Wang, L.-J. Wen, Z.-Z. Xing, Z.-H. Zhao, S. Zhou, Chin. Phys. C 44 (3) (2020) 031001, http://dx.doi.org/10.1088/

1674-1137/44/3/031001, arXiv:1908.08355.
[376] M. Lattanzi, M. Gerbino, K. Freese, G. Kane, J.W.F. Valle, J. High Energy Phys. 10 (2020) 213, http://dx.doi.org/10.1007/JHEP10(2020)213,

arXiv:2007.01650.
[377] J. Lesgourgues, S. Pastor, Phys. Rep. 429 (2006) 307–379, http://dx.doi.org/10.1016/j.physrep.2006.04.001, arXiv:astro-ph/0603494.
[378] N. Palanque-Delabrouille, et al., J. Cosmol. Astropart. Phys. 1511 (11) (2015) 011, http://dx.doi.org/10.1088/1475-7516/2015/11/011, arXiv:

1506.05976.
[379] C. Dvorkin, et al., Neutrino mass from cosmology: Probing physics beyond the standard model, 2019, arXiv:1903.03689.
[380] T. Brinckmann, D.C. Hooper, M. Archidiacono, J. Lesgourgues, T. Sprenger, J. Cosmol. Astropart. Phys. 1901 (2019) 059, http://dx.doi.org/10.

1088/1475-7516/2019/01/059, arXiv:1808.05955.
[381] S. Alam, et al., BOSS Collaboration, Mon. Not. R. Astron. Soc. 470 (3) (2017) 2617–2652, http://dx.doi.org/10.1093/mnras/stx721, arXiv:

1607.03155.
[382] E. Di Valentino, S. Gariazzo, O. Mena, On the most constraining cosmological neutrino mass bounds, 2021, arXiv:2106.15267.
[383] P.A.R. Ade, et al., Planck Collaboration, Astron. Astrophys. 594 (2016) A24, http://dx.doi.org/10.1051/0004-6361/201525833, arXiv:1502.01597.
[384] N. Palanque-Delabrouille, C. Yèche, N. Schöneberg, J. Lesgourgues, M. Walther, S. Chabanier, E. Armengaud, JCAP 4 (2020) http://dx.doi.org/

10.1088/1475-7516/2020/04/038, arXiv:1911.09073.
[385] K. Akita, M. Yamaguchi, J. Cosmol. Astropart. Phys. 08 (2020) 012, http://dx.doi.org/10.1088/1475-7516/2020/08/012, arXiv:2005.07047.
[386] J. Froustey, C. Pitrou, M.C. Volpe, J. Cosmol. Astropart. Phys. 12 (2020) 015, http://dx.doi.org/10.1088/1475-7516/2020/12/015, arXiv:2008.01074.
[387] J.J. Bennett, G. Buldgen, P.F. De Salas, M. Drewes, S. Gariazzo, S. Pastor, Y.Y.Y. Wong, J. Cosmol. Astropart. Phys. 04 (2021) 073, http:

//dx.doi.org/10.1088/1475-7516/2021/04/073, arXiv:2012.02726.
[388] C. Pitrou, A. Coc, J.-P. Uzan, E. Vangioni, Phys. Rep. 754 (2018) 1–66, http://dx.doi.org/10.1016/j.physrep.2018.04.005, arXiv:1801.08023.
106

http://dx.doi.org/10.1103/PhysRevD.58.053010
http://arxiv.org/abs/hep-ph/9802424
http://dx.doi.org/10.1103/PhysRevD.58.093012
http://arxiv.org/abs/hep-ph/9806311
http://dx.doi.org/10.1088/1475-7516/2015/05/044
http://arxiv.org/abs/1412.7418
http://arxiv.org/abs/1412.7418
http://arxiv.org/abs/1412.7418
http://dx.doi.org/10.1103/PhysRevD.63.073011
http://arxiv.org/abs/astro-ph/0010398
http://dx.doi.org/10.1103/PhysRevD.65.033010
http://dx.doi.org/10.1103/PhysRevD.65.033010
http://dx.doi.org/10.1103/PhysRevD.65.033010
http://arxiv.org/abs/hep-ph/0109027
http://dx.doi.org/10.1103/PhysRevD.25.2951
http://dx.doi.org/10.1103/RevModPhys.92.045007
http://arxiv.org/abs/2007.14908
http://dx.doi.org/10.1016/0370-2693(86)91126-3
http://dx.doi.org/10.1146/annurev-nucl-101918-023407
http://dx.doi.org/10.1146/annurev-nucl-101918-023407
http://dx.doi.org/10.1146/annurev-nucl-101918-023407
http://arxiv.org/abs/1902.04097
http://dx.doi.org/10.1088/1361-6633/aa5bc5
http://arxiv.org/abs/1610.06548
http://dx.doi.org/10.1006/adnd.2001.0873
http://dx.doi.org/10.1103/PhysRevC.85.034316
http://arxiv.org/abs/1209.5722
http://dx.doi.org/10.1103/PhysRevC.88.037303
http://arxiv.org/abs/1307.0290
http://dx.doi.org/10.1103/RevModPhys.80.481
http://arxiv.org/abs/0708.1033
http://dx.doi.org/10.1088/0034-4885/75/10/106301
http://arxiv.org/abs/1205.0649
http://dx.doi.org/10.1038/s41567-019-0450-7
http://arxiv.org/abs/1903.00047
http://dx.doi.org/10.1016/j.ppnp.2020.103771
http://arxiv.org/abs/2003.08493
http://dx.doi.org/10.1016/j.physrep.2018.12.001
http://dx.doi.org/10.1103/PhysRevC.97.065503
http://arxiv.org/abs/1710.05075
http://dx.doi.org/10.1103/PhysRevLett.125.252502
http://arxiv.org/abs/2009.06079
http://arxiv.org/abs/2009.06079
http://arxiv.org/abs/2009.06079
http://dx.doi.org/10.1103/PhysRevC.102.014602
http://arxiv.org/abs/1912.04248
http://dx.doi.org/10.1007/s11433-017-9028-0
http://arxiv.org/abs/1610.08883
http://dx.doi.org/10.1140/epjc/s10052-020-8196-z
http://arxiv.org/abs/2003.13407
http://dx.doi.org/10.1103/PhysRevD.96.053001
http://arxiv.org/abs/1705.02996
http://dx.doi.org/10.1088/1742-6596/120/5/052058
http://dx.doi.org/10.1103/PhysRevC.100.025501
http://arxiv.org/abs/1902.02299
http://dx.doi.org/10.1103/PhysRevLett.123.032501
http://arxiv.org/abs/1906.05001
http://arxiv.org/abs/1906.05001
http://arxiv.org/abs/1906.05001
http://dx.doi.org/10.1016/j.nuclphysa.2010.07.009
http://arxiv.org/abs/0906.2694
http://arxiv.org/abs/0906.2694
http://arxiv.org/abs/0906.2694
http://dx.doi.org/10.1103/PhysRevLett.126.181802
http://arxiv.org/abs/2011.13243
http://arxiv.org/abs/2011.13243
http://arxiv.org/abs/2011.13243
http://dx.doi.org/10.1103/PhysRevD.98.092007
http://arxiv.org/abs/1811.06398
http://dx.doi.org/10.1016/S0370-2693(03)00212-0
http://arxiv.org/abs/hep-ex/0211071
http://arxiv.org/abs/2104.06906
http://dx.doi.org/10.1103/PhysRevLett.123.161802
http://arxiv.org/abs/1906.02723
http://arxiv.org/abs/1906.02723
http://arxiv.org/abs/1906.02723
http://dx.doi.org/10.1103/PhysRevD.94.072003
http://arxiv.org/abs/1606.08494
http://dx.doi.org/10.1103/PhysRevLett.118.161801
http://arxiv.org/abs/1612.00886
http://arxiv.org/abs/1612.00886
http://arxiv.org/abs/1612.00886
http://dx.doi.org/10.1103/PhysRevLett.125.171801
http://arxiv.org/abs/2003.11836
http://dx.doi.org/10.1103/PhysRevD.102.051701
http://arxiv.org/abs/2004.11919
http://arxiv.org/abs/2004.11919
http://arxiv.org/abs/2004.11919
http://dx.doi.org/10.1016/j.physletb.2021.136127
http://arxiv.org/abs/2012.09281
http://arxiv.org/abs/2012.09281
http://arxiv.org/abs/2012.09281
http://dx.doi.org/10.1103/PhysRevD.103.033008
http://arxiv.org/abs/2012.13938
http://dx.doi.org/10.1088/1674-1137/44/3/031001
http://dx.doi.org/10.1088/1674-1137/44/3/031001
http://dx.doi.org/10.1088/1674-1137/44/3/031001
http://arxiv.org/abs/1908.08355
http://dx.doi.org/10.1007/JHEP10(2020)213
http://arxiv.org/abs/2007.01650
http://dx.doi.org/10.1016/j.physrep.2006.04.001
http://arxiv.org/abs/astro-ph/0603494
http://dx.doi.org/10.1088/1475-7516/2015/11/011
http://arxiv.org/abs/1506.05976
http://arxiv.org/abs/1506.05976
http://arxiv.org/abs/1506.05976
http://arxiv.org/abs/1903.03689
http://dx.doi.org/10.1088/1475-7516/2019/01/059
http://dx.doi.org/10.1088/1475-7516/2019/01/059
http://dx.doi.org/10.1088/1475-7516/2019/01/059
http://arxiv.org/abs/1808.05955
http://dx.doi.org/10.1093/mnras/stx721
http://arxiv.org/abs/1607.03155
http://arxiv.org/abs/1607.03155
http://arxiv.org/abs/1607.03155
http://arxiv.org/abs/2106.15267
http://dx.doi.org/10.1051/0004-6361/201525833
http://arxiv.org/abs/1502.01597
http://dx.doi.org/10.1088/1475-7516/2020/04/038
http://dx.doi.org/10.1088/1475-7516/2020/04/038
http://dx.doi.org/10.1088/1475-7516/2020/04/038
http://arxiv.org/abs/1911.09073
http://dx.doi.org/10.1088/1475-7516/2020/08/012
http://arxiv.org/abs/2005.07047
http://dx.doi.org/10.1088/1475-7516/2020/12/015
http://arxiv.org/abs/2008.01074
http://dx.doi.org/10.1088/1475-7516/2021/04/073
http://dx.doi.org/10.1088/1475-7516/2021/04/073
http://dx.doi.org/10.1088/1475-7516/2021/04/073
http://arxiv.org/abs/2012.02726
http://dx.doi.org/10.1016/j.physrep.2018.04.005
http://arxiv.org/abs/1801.08023


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[389] J.F. Beacom, N.F. Bell, S. Dodelson, Phys. Rev. Lett. 93 (2004) 121302, http://dx.doi.org/10.1103/PhysRevLett.93.121302, arXiv:astro-ph/0404585.
[390] M. Escudero, J. Lopez-Pavon, N. Rius, S. Sandner, J. High Energy Phys. 12 (2020) 119, http://dx.doi.org/10.1007/JHEP12(2020)119, arXiv:

2007.04994.
[391] G. Dvali, L. Funcke, Phys. Rev. D 93 (11) (2016) 113002, http://dx.doi.org/10.1103/PhysRevD.93.113002, arXiv:1602.03191.
[392] M.E. Levi, et al., DESI Collaboration, The dark energy spectroscopic instrument (DESI), 2019, arXiv:1907.10688.
[393] A. Aghamousa, et al., DESI Collaboration, The DESI experiment part I: Science,targeting, and survey design, 2016, arXiv:1611.00036.
[394] T. Matsumura, et al., J. Low Temp. Phys. 176 (2014) 733, http://dx.doi.org/10.1007/s10909-013-0996-1, arXiv:1311.2847.
[395] K. Abazajian, et al., CMB-S4 science case, reference design, and project plan, 2019, arXiv:1907.04473.
[396] J. Delabrouille, et al., CORE Collaboration, J. Cosmol. Astropart. Phys. 04 (2018) 014, http://dx.doi.org/10.1088/1475-7516/2018/04/014,

arXiv:1706.04516.
[397] F. Bonnet, M. Hirsch, T. Ota, W. Winter, J. High Energy Phys. 03 (2013) 055, arXiv:1212.3045, https://doi.org/10.1007/JHEP03(2013)055,

https://doi.org/10.1007/JHEP04(2014)090; JHEP 04 (2014) 090, Erratum.
[398] W. Rodejohann, Internat. J. Modern Phys. E 20 (2011) 1833–1930, http://dx.doi.org/10.1142/S0218301311020186, arXiv:1106.1334.
[399] M. Duerr, M. Lindner, A. Merle, J. High Energy Phys. 06 (2011) 091, http://dx.doi.org/10.1007/JHEP06(2011)091, arXiv:1105.0901.
[400] J.C. Helo, M. Hirsch, S.G. Kovalenko, H. Päs, Phys. Rev. D88 (1) (2013) 011901, http://dx.doi.org/10.1103/PhysRevD.88.011901, arXiv:1303.0899.
[401] F.F. Deppisch, J. Harz, M. Hirsch, Phys. Rev. Lett. 112 (2014) 221601, http://dx.doi.org/10.1103/PhysRevLett.112.221601, arXiv:1312.4447.
[402] F.F. Deppisch, M. Hirsch, H. Päs, J. Phys. G 39 (2012) 124007, http://dx.doi.org/10.1088/0954-3899/39/12/124007, arXiv:1208.0727.
[403] G. Barenboim, O. Mena Requejo, C. Quigg, Phys. Rev. D 71 (2005) 083002, http://dx.doi.org/10.1103/PhysRevD.71.083002, arXiv:hep-ph/

0412122.
[404] K. Kodama, et al., DONuT Collaboration, Phys. Rev. D 78 (2008) 052002, http://dx.doi.org/10.1103/PhysRevD.78.052002, arXiv:0711.0728.
[405] N. Agafonova, et al., OPERA Collaboration, Phys. Rev. Lett. 120 (21) (2018) 211801, http://dx.doi.org/10.1103/PhysRevLett.120.211801, arXiv:

1804.04912; Phys.Rev.Lett. 121 (2018) 139901, Erratum.
[406] E. Valencia, et al., MINERvA Collaboration, Phys. Rev. D 100 (9) (2019) 092001, http://dx.doi.org/10.1103/PhysRevD.100.092001, arXiv:

1906.00111.
[407] C.H. Llewellyn Smith, Phys. Rep. 3 (1972) 261–379, http://dx.doi.org/10.1016/0370-1573(72)90010-5.
[408] A. Fatima, M.S. Athar, S.K. Singh, Front. Phys. 7 (2019) 13, http://dx.doi.org/10.3389/fphy.2019.00013, arXiv:1807.08314.
[409] F. Akbar, M. Rafi Alam, M. Sajjad Athar, S. Singh, Phys. Rev. D 94 (11) (2016) 114031, http://dx.doi.org/10.1103/PhysRevD.94.114031,

arXiv:1608.02103.
[410] V. Bernard, L. Elouadrhiri, U.-G. Meissner, J. Phys. G28 (2002) R1–R35, http://dx.doi.org/10.1088/0954-3899/28/1/201, arXiv:hep-ph/0107088.
[411] B. Bhattacharya, R.J. Hill, G. Paz, Phys. Rev. D 84 (2011) 073006, http://dx.doi.org/10.1103/PhysRevD.84.073006, arXiv:1108.0423.
[412] M.R. Alam, M.S. Athar, S. Chauhan, S.K. Singh, J. Phys. G42 (5) (2015) 055107, http://dx.doi.org/10.1088/0954-3899/42/5/055107, arXiv:

1409.2145.
[413] M. Rafi Alam, S. Chauhan, M. Sajjad Athar, S.K. Singh, Phys. Rev. D88 (7) (2013) 077301, http://dx.doi.org/10.1103/PhysRevD.88.077301,

arXiv:1310.7704.
[414] A. Fatima, M.S. Athar, S.K. Singh, ν̄µ Induced quasielastic production of hyperons leading to pions, 2021, http://dx.doi.org/10.1140/epjs/s11734-

021-00272-0, arXiv:2106.14590.
[415] M. Sajjad Athar, J.G. Morfín, J. Phys. G 48 (3) (2021) 034001, http://dx.doi.org/10.1088/1361-6471/abbb11, arXiv:2006.08603.
[416] E. Hernandez, J. Nieves, M. Valverde, Phys. Rev. D76 (2007) 033005, http://dx.doi.org/10.1103/PhysRevD.76.033005, arXiv:hep-ph/0701149.
[417] M. Rafi Alam, M. Sajjad Athar, S. Chauhan, S.K. Singh, Internat. J. Modern Phys. E25 (02) (2016) 1650010, http://dx.doi.org/10.1142/

S0218301316500105, arXiv:1509.08622.
[418] C. Wilkinson, P. Rodrigues, S. Cartwright, L. Thompson, K. McFarland, Phys. Rev. D90 (11) (2014) 112017, http://dx.doi.org/10.1103/PhysRevD.

90.112017, arXiv:1411.4482.
[419] M. Rafi Alam, I. Ruiz Simo, M. Sajjad Athar, M.J. Vicente Vacas, Phys. Rev. D 82 (2010) 033001, http://dx.doi.org/10.1103/PhysRevD.82.033001,

arXiv:1004.5484.
[420] M.R. Alam, I.R. Simo, M.S. Athar, M.J. Vicente Vacas, Phys. Rev. D 85 (2012) 013014, http://dx.doi.org/10.1103/PhysRevD.85.013014, arXiv:

1111.0863.
[421] M. Rafi Alam, L. Alvarez-Ruso, M. Sajjad Athar, M.J. Vicente Vacas, in: H. Da Motta, J.G. Morfin, M. Sakuda (Eds.), AIP Conf. Proc. 1663 (1)

(2015) 120014, http://dx.doi.org/10.1063/1.4919520, arXiv:1303.5951.
[422] G.B. Adera, B.I.S. Van Der Ventel, D.D. van Niekerk, T. Mart, Phys. Rev. C 82 (2010) 025501, http://dx.doi.org/10.1103/PhysRevC.82.025501,

arXiv:1112.5748.
[423] M. Rafi Alam, M. Sajjad Athar, L. Alvarez-Ruso, I. Ruiz Simo, M.J. Vicente Vacas, S.K. Singh, 15th International Workshop On Neutrino Factories,

Super Beams And Beta Beams, 2013, arXiv:1311.2293.
[424] D.-L. Yao, L. Alvarez-Ruso, A.N. Hiller Blin, M.J. Vicente Vacas, Phys. Rev. D 98 (7) (2018) 076004, http://dx.doi.org/10.1103/PhysRevD.98.076004,

arXiv:1806.09364.
[425] L. Alvarez-Ruso, E. Hernández, J. Nieves, M.J. Vicente Vacas, Phys. Rev. D 93 (1) (2016) 014016, http://dx.doi.org/10.1103/PhysRevD.93.014016,

arXiv:1510.06266.
[426] S.X. Nakamura, H. Kamano, T. Sato, Phys. Rev. D 92 (7) (2015) 074024, http://dx.doi.org/10.1103/PhysRevD.92.074024, arXiv:1506.03403.
[427] F. Zaidi, H. Haider, M. Sajjad Athar, S.K. Singh, I. Ruiz Simo, Phys. Rev. D101 (3) (2020) 033001, http://dx.doi.org/10.1103/PhysRevD.101.033001,

arXiv:1911.12573.
[428] R. Abdul Khalek, J.J. Ethier, J. Rojo, G. van Weelden, J. High Energy Phys. 09 (2020) 183, http://dx.doi.org/10.1007/JHEP09(2020)183,

arXiv:2006.14629.
[429] G. Zeller, 2nd International Workshop On Neutrino-Nucleus Interactions In The Few GeV Region, 2003, arXiv:hep-ex/0312061.
[430] B. Abi, et al., DUNE Collaboration, Long-baseline neutrino oscillation physics potential of the DUNE experiment, 2020, arXiv:2006.16043.
[431] L. Alvarez-Ruso, et al., NuSTEC Collaboration, Prog. Part. Nucl. Phys. 100 (2018) 1–68, http://dx.doi.org/10.1016/j.ppnp.2018.01.006, arXiv:

1706.03621.
[432] T. Katori, M. Martini, J. Phys. G45 (1) (2018) 013001, http://dx.doi.org/10.1088/1361-6471/aa8bf7, arXiv:1611.07770.
[433] C. Andreopoulos, et al., Nucl. Instrum. Methods A 614 (2010) 87–104, http://dx.doi.org/10.1016/j.nima.2009.12.009, arXiv:0905.2517.
[434] T. Golan, C. Juszczak, J.T. Sobczyk, Phys. Rev. C 86 (2012) 015505, http://dx.doi.org/10.1103/PhysRevC.86.015505, arXiv:1202.4197.
[435] Y. Hayato, in: A. Ankowski, J. Sobczyk (Eds.), Acta Phys. Polon. B 40 (2009) 2477–2489.
[436] O. Buss, T. Gaitanos, K. Gallmeister, H. van Hees, M. Kaskulov, O. Lalakulich, A. Larionov, T. Leitner, J. Weil, U. Mosel, Phys. Rep. 512 (2012)

1–124, http://dx.doi.org/10.1016/j.physrep.2011.12.001, arXiv:1106.1344.
[437] R. Smith, E. Moniz, Nuclear Phys. B 43 (1972) 605, http://dx.doi.org/10.1016/0550-3213(75)90612-4; Nucl.Phys.B 101 (1975) 547, Erratum.
[438] R. Subedi, et al., Science 320 (2008) 1476–1478, http://dx.doi.org/10.1126/science.1156675, arXiv:0908.1514.
[439] A. Aguilar-Arevalo, et al., MiniBooNE Collaboration, Phys. Rev. D 81 (2010) 092005, http://dx.doi.org/10.1103/PhysRevD.81.092005, arXiv:
1002.2680.

107

http://dx.doi.org/10.1103/PhysRevLett.93.121302
http://arxiv.org/abs/astro-ph/0404585
http://dx.doi.org/10.1007/JHEP12(2020)119
http://arxiv.org/abs/2007.04994
http://arxiv.org/abs/2007.04994
http://arxiv.org/abs/2007.04994
http://dx.doi.org/10.1103/PhysRevD.93.113002
http://arxiv.org/abs/1602.03191
http://arxiv.org/abs/1907.10688
http://arxiv.org/abs/1611.00036
http://dx.doi.org/10.1007/s10909-013-0996-1
http://arxiv.org/abs/1311.2847
http://arxiv.org/abs/1907.04473
http://dx.doi.org/10.1088/1475-7516/2018/04/014
http://arxiv.org/abs/1706.04516
http://arxiv.org/abs/1212.3045
https://doi.org/10.1007/JHEP03(2013)055
https://doi.org/10.1007/JHEP04(2014)090
http://dx.doi.org/10.1142/S0218301311020186
http://arxiv.org/abs/1106.1334
http://dx.doi.org/10.1007/JHEP06(2011)091
http://arxiv.org/abs/1105.0901
http://dx.doi.org/10.1103/PhysRevD.88.011901
http://arxiv.org/abs/1303.0899
http://dx.doi.org/10.1103/PhysRevLett.112.221601
http://arxiv.org/abs/1312.4447
http://dx.doi.org/10.1088/0954-3899/39/12/124007
http://arxiv.org/abs/1208.0727
http://dx.doi.org/10.1103/PhysRevD.71.083002
http://arxiv.org/abs/hep-ph/0412122
http://arxiv.org/abs/hep-ph/0412122
http://arxiv.org/abs/hep-ph/0412122
http://dx.doi.org/10.1103/PhysRevD.78.052002
http://arxiv.org/abs/0711.0728
http://dx.doi.org/10.1103/PhysRevLett.120.211801
http://arxiv.org/abs/1804.04912
http://arxiv.org/abs/1804.04912
http://arxiv.org/abs/1804.04912
http://dx.doi.org/10.1103/PhysRevD.100.092001
http://arxiv.org/abs/1906.00111
http://arxiv.org/abs/1906.00111
http://arxiv.org/abs/1906.00111
http://dx.doi.org/10.1016/0370-1573(72)90010-5
http://dx.doi.org/10.3389/fphy.2019.00013
http://arxiv.org/abs/1807.08314
http://dx.doi.org/10.1103/PhysRevD.94.114031
http://arxiv.org/abs/1608.02103
http://dx.doi.org/10.1088/0954-3899/28/1/201
http://arxiv.org/abs/hep-ph/0107088
http://dx.doi.org/10.1103/PhysRevD.84.073006
http://arxiv.org/abs/1108.0423
http://dx.doi.org/10.1088/0954-3899/42/5/055107
http://arxiv.org/abs/1409.2145
http://arxiv.org/abs/1409.2145
http://arxiv.org/abs/1409.2145
http://dx.doi.org/10.1103/PhysRevD.88.077301
http://arxiv.org/abs/1310.7704
http://dx.doi.org/10.1140/epjs/s11734-021-00272-0
http://dx.doi.org/10.1140/epjs/s11734-021-00272-0
http://dx.doi.org/10.1140/epjs/s11734-021-00272-0
http://arxiv.org/abs/2106.14590
http://dx.doi.org/10.1088/1361-6471/abbb11
http://arxiv.org/abs/2006.08603
http://dx.doi.org/10.1103/PhysRevD.76.033005
http://arxiv.org/abs/hep-ph/0701149
http://dx.doi.org/10.1142/S0218301316500105
http://dx.doi.org/10.1142/S0218301316500105
http://dx.doi.org/10.1142/S0218301316500105
http://arxiv.org/abs/1509.08622
http://dx.doi.org/10.1103/PhysRevD.90.112017
http://dx.doi.org/10.1103/PhysRevD.90.112017
http://dx.doi.org/10.1103/PhysRevD.90.112017
http://arxiv.org/abs/1411.4482
http://dx.doi.org/10.1103/PhysRevD.82.033001
http://arxiv.org/abs/1004.5484
http://dx.doi.org/10.1103/PhysRevD.85.013014
http://arxiv.org/abs/1111.0863
http://arxiv.org/abs/1111.0863
http://arxiv.org/abs/1111.0863
http://dx.doi.org/10.1063/1.4919520
http://arxiv.org/abs/1303.5951
http://dx.doi.org/10.1103/PhysRevC.82.025501
http://arxiv.org/abs/1112.5748
http://arxiv.org/abs/1311.2293
http://dx.doi.org/10.1103/PhysRevD.98.076004
http://arxiv.org/abs/1806.09364
http://dx.doi.org/10.1103/PhysRevD.93.014016
http://arxiv.org/abs/1510.06266
http://dx.doi.org/10.1103/PhysRevD.92.074024
http://arxiv.org/abs/1506.03403
http://dx.doi.org/10.1103/PhysRevD.101.033001
http://arxiv.org/abs/1911.12573
http://dx.doi.org/10.1007/JHEP09(2020)183
http://arxiv.org/abs/2006.14629
http://arxiv.org/abs/hep-ex/0312061
http://arxiv.org/abs/2006.16043
http://dx.doi.org/10.1016/j.ppnp.2018.01.006
http://arxiv.org/abs/1706.03621
http://arxiv.org/abs/1706.03621
http://arxiv.org/abs/1706.03621
http://dx.doi.org/10.1088/1361-6471/aa8bf7
http://arxiv.org/abs/1611.07770
http://dx.doi.org/10.1016/j.nima.2009.12.009
http://arxiv.org/abs/0905.2517
http://dx.doi.org/10.1103/PhysRevC.86.015505
http://arxiv.org/abs/1202.4197
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb435
http://dx.doi.org/10.1016/j.physrep.2011.12.001
http://arxiv.org/abs/1106.1344
http://dx.doi.org/10.1016/0550-3213(75)90612-4
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb437
http://dx.doi.org/10.1126/science.1156675
http://arxiv.org/abs/0908.1514
http://dx.doi.org/10.1103/PhysRevD.81.092005
http://arxiv.org/abs/1002.2680
http://arxiv.org/abs/1002.2680
http://arxiv.org/abs/1002.2680


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[440] K. Abe, et al., T2K Collaboration, Phys. Rev. D 92 (11) (2015) 112003, http://dx.doi.org/10.1103/PhysRevD.92.112003, arXiv:1411.6264.
[441] L. Fields, et al., MINERvA Collaboration, Phys. Rev. Lett. 111 (2) (2013) 022501, http://dx.doi.org/10.1103/PhysRevLett.111.022501, arXiv:

1305.2234.
[442] G.A. Fiorentini, et al., MINERvA Collaboration, Phys. Rev. Lett. 111 (2013) 022502, http://dx.doi.org/10.1103/PhysRevLett.111.022502, arXiv:

1305.2243.
[443] J. Carlson, J. Jourdan, R. Schiavilla, I. Sick, Phys. Rev. C 65 (2002) 024002, http://dx.doi.org/10.1103/PhysRevC.65.024002, arXiv:nucl-th/0106047.
[444] M. Martini, in: A. Blondel, I. Efthymiopoulos, G. Prior (Eds.), J. Phys. Conf. Ser. 408 (2013) 012041, http://dx.doi.org/10.1088/1742-6596/408/

1/012041, arXiv:1110.5895.
[445] O. Benhar, A. Lovato, N. Rocco, Phys. Rev. C 92 (2) (2015) 024602, http://dx.doi.org/10.1103/PhysRevC.92.024602, arXiv:1502.00887.
[446] J. Nieves, I.R. Simo, F. Sánchez, M.J. Vicente Vacas, JPS Conf. Proc. 12 (2016) 010002, http://dx.doi.org/10.7566/JPSCP.12.010002.
[447] G.D. Megias, J.E. Amaro, M.B. Barbaro, J.A. Caballero, T.W. Donnelly, I. Ruiz Simo, Phys. Rev. D 94 (9) (2016) 093004, http://dx.doi.org/10.1103/

PhysRevD.94.093004, arXiv:1607.08565.
[448] M.B. Barbaro, J.E. Amaro, J.A. Caballero, A. De Pace, T.W. Donnelly, G.D. Megias, I. Ruiz Simo, in: M. Gaidarov, N. Minkov (Eds.), Nucl. Theor.

35 (2016) 60–71, arXiv:1610.02924.
[449] S. Dolan, U. Mosel, K. Gallmeister, L. Pickering, S. Bolognesi, Phys. Rev. C 98 (4) (2018) 045502, http://dx.doi.org/10.1103/PhysRevC.98.045502,

arXiv:1804.09488.
[450] N. Rocco, Front. Phys. 8 (2020) 116, http://dx.doi.org/10.3389/fphy.2020.00116.
[451] M.B. Barbaro, A. De Pace, L. Fiume, Universe 7 (5) (2021) 140, http://dx.doi.org/10.3390/universe7050140, arXiv:2104.10472.
[452] T. Le, et al., MINERvA Collaboration, Phys. Rev. D 100 (5) (2019) 052008, http://dx.doi.org/10.1103/PhysRevD.100.052008, arXiv:1906.08300.
[453] J. Nieves, J.E. Amaro, M. Valverde, Phys. Rev. C 70 (2004) 055503, http://dx.doi.org/10.1103/PhysRevC.70.055503, arXiv:nucl-th/0408005;

Phys.Rev.C 72 (2005) 019902, Erratum.
[454] V. Pandey, N. Jachowicz, T. Van Cuyck, J. Ryckebusch, M. Martini, Phys. Rev. C 92 (2) (2015) 024606, http://dx.doi.org/10.1103/PhysRevC.92.

024606, arXiv:1412.4624.
[455] P. Vogel, M. Zirnbauer, Phys. Rev. Lett. 57 (1986) 3148–3151, http://dx.doi.org/10.1103/PhysRevLett.57.3148.
[456] L.B. Auerbach, et al., Phys. Rev. C64 (2001) 065501, http://dx.doi.org/10.1103/PhysRevC.64.065501, arXiv:hep-ex/0105068.
[457] L.B. Auerbach, et al., Phys. Rev. C66 (2002) 015501, http://dx.doi.org/10.1103/PhysRevC.66.015501, arXiv:nucl-ex/0203011.
[458] J. Distel, B. Cleveland, K. Lande, C. Lee, P. Wildenhain, G. Allen, R. Burman, Phys. Rev. C 68 (2003) 054613, http://dx.doi.org/10.1103/PhysRevC.

68.054613, arXiv:nucl-ex/0208012.
[459] R. Maschuw, KARMEN Collaboration, in: A. Faessler (Ed.), Prog. Part. Nucl. Phys. 40 (1998) 183–192, http://dx.doi.org/10.1016/S0146-

6410(98)00024-6.
[460] J.A. Formaggio, G.P. Zeller, Rev. Mod. Phys. 84 (2012) 1307, http://dx.doi.org/10.1103/RevModPhys.84.1307, arXiv:1305.7513.
[461] B. Armbruster, et al., Phys. Lett. B423 (1998) 15–20, http://dx.doi.org/10.1016/S0370-2693(98)00087-2.
[462] A. Bolozdynya, et al., Opportunities for neutrino physics at the spallation neutron source: A white paper, 2012, arXiv:1211.5199.
[463] S. Ajimura, et al., Technical design report (TDR): Searching for a sterile neutrino at J-PARC MLF (e56, JSNS2), 2017, arXiv:1705.08629.
[464] https://p25ext.lanl.gov/lee/CaptainMills/Documentation/LDRD-DR-Proposal_2018.pdf.
[465] D. Baxter, et al., J. High Energy Phys. 02 (2020) 123, http://dx.doi.org/10.1007/JHEP02(2020)123, arXiv:1911.00762.
[466] F. Wang, T. Liang, W. Yin, Q. Yu, L. He, J. Tao, T. Zhu, X. Jia, S. Zhang, Sci. China Phys. Mech. Astron. 56 (2013) 2410–2424, http:

//dx.doi.org/10.1007/s11433-013-5345-5.
[467] J. Alonso, F. Avignone, W. Barletta, R. Barlow, H. Baumgartner, et al., Expression of interest for a novel search for CP violation in the neutrino

sector: DAEδalUS, 2010, arXiv:1006.0260.
[468] D.Z. Freedman, Phys. Rev. D 9 (1974) 1389–1392, http://dx.doi.org/10.1103/PhysRevD.9.1389.
[469] D.Z. Freedman, D.N. Schramm, D.L. Tubbs, Ann. Rev. Nucl. Part. Sci. 27 (1977) 167–207, http://dx.doi.org/10.1146/annurev.ns.27.120177.001123.
[470] A. Drukier, L. Stodolsky, in: J. Tran Thanh Van (Ed.), Phys. Rev. D 30 (1984) 2295, http://dx.doi.org/10.1103/PhysRevD.30.2295.
[471] K. Scholberg, Phys. Rev. D 73 (2006) 033005, http://dx.doi.org/10.1103/PhysRevD.73.033005, arXiv:hep-ex/0511042.
[472] P. Amanik, G. McLaughlin, J. Phys. G 36 (2009) 015105, http://dx.doi.org/10.1088/0954-3899/36/1/015105.
[473] J. Barranco, O. Miranda, T. Rashba, J. High Energy Phys. 12 (2005) 021, http://dx.doi.org/10.1088/1126-6708/2005/12/021, arXiv:hep-ph/

0508299.
[474] P. deNiverville, M. Pospelov, A. Ritz, Phys. Rev. D 92 (9) (2015) 095005, http://dx.doi.org/10.1103/PhysRevD.92.095005, arXiv:1505.07805.
[475] M. Lindner, W. Rodejohann, X.-J. Xu, J. High Energy Phys. 03 (2017) 097, http://dx.doi.org/10.1007/JHEP03(2017)097, arXiv:1612.04150.
[476] V. Brdar, W. Rodejohann, X.-J. Xu, J. High Energy Phys. 12 (2018) 024, http://dx.doi.org/10.1007/JHEP12(2018)024, arXiv:1810.03626.
[477] T. Kosmas, O. Miranda, D. Papoulias, M. Tortola, J. Valle, Phys. Lett. B 750 (2015) 459–465, http://dx.doi.org/10.1016/j.physletb.2015.09.054,

arXiv:1506.08377.
[478] J.A. Formaggio, E. Figueroa-Feliciano, A. Anderson, Phys. Rev. D 85 (2012) 013009, http://dx.doi.org/10.1103/PhysRevD.85.013009, arXiv:

1107.3512.
[479] D. Akimov, et al., COHERENT Collaboration, Science 357 (6356) (2017) 1123–1126, http://dx.doi.org/10.1126/science.aao0990, arXiv:1708.01294.
[480] D. Akimov, et al., COHERENT Collaboration, Phys. Rev. Lett. 126 (1) (2021) 012002, http://dx.doi.org/10.1103/PhysRevLett.126.012002, arXiv:

2003.10630.
[481] A.A. Aguilar-Arevalo, et al., CCM Collaboration, First dark matter search results from coherent CAPTAIN-mills, 2021, arXiv:2105.14020.
[482] J. Hakenmüller, et al., Eur. Phys. J. C 79 (8) (2019) 699, http://dx.doi.org/10.1140/epjc/s10052-019-7160-2, arXiv:1903.09269.
[483] H. Bonet, et al., CONUS Collaboration, Phys. Rev. Lett. 126 (4) (2021) 041804, http://dx.doi.org/10.1103/PhysRevLett.126.041804, arXiv:

2011.00210.
[484] A. Aguilar-Arevalo, et al., CONNIE Collaboration, Phys. Rev. D 100 (9) (2019) 092005, http://dx.doi.org/10.1103/PhysRevD.100.092005, arXiv:

1906.02200.
[485] J. Billard, et al., J. Phys. G 44 (10) (2017) 105101, http://dx.doi.org/10.1088/1361-6471/aa83d0, arXiv:1612.09035.
[486] D.Y. Akimov, et al., RED-100 Collaboration, JINST 15 (02) (2020) P02020, http://dx.doi.org/10.1088/1748-0221/15/02/P02020, arXiv:1910.06190.
[487] G. Agnolet, et al., MINER Collaboration, Nucl. Instrum. Methods A 853 (2017) 53–60, http://dx.doi.org/10.1016/j.nima.2017.02.024, arXiv:

1609.02066.
[488] J. Rothe, et al., NUCLEUS Collaboration, J. Low Temp. Phys. 199 (1–2) (2019) 433–440, http://dx.doi.org/10.1007/s10909-019-02283-7.
[489] V. Belov, et al., JINST 10 (12) (2015) P12011, http://dx.doi.org/10.1088/1748-0221/10/12/P12011.
[490] J.J. Choi, PoS NuFact2019 (2020) 047, http://dx.doi.org/10.22323/1.369.0047.
[491] E. Aprile, et al., XENON Collaboration, Phys. Rev. Lett. 126 (2021) 091301, http://dx.doi.org/10.1103/PhysRevLett.126.091301, arXiv:2012.02846.
[492] R. Gandhi, C. Quigg, M.H. Reno, I. Sarcevic, Phys. Rev. D58 (1998) 093009, http://dx.doi.org/10.1103/PhysRevD.58.093009, arXiv:hep-ph/

9807264.
[493] M.H. Reno, in: P. Grieder, B. Pattison, L. Resvanis (Eds.), Nucl. Phys. B Proc. Suppl. 151 (2006) 255–259, http://dx.doi.org/10.1016/j.nuclphysbps.

2005.07.063, arXiv:hep-ph/0412412.
108

http://dx.doi.org/10.1103/PhysRevD.92.112003
http://arxiv.org/abs/1411.6264
http://dx.doi.org/10.1103/PhysRevLett.111.022501
http://arxiv.org/abs/1305.2234
http://arxiv.org/abs/1305.2234
http://arxiv.org/abs/1305.2234
http://dx.doi.org/10.1103/PhysRevLett.111.022502
http://arxiv.org/abs/1305.2243
http://arxiv.org/abs/1305.2243
http://arxiv.org/abs/1305.2243
http://dx.doi.org/10.1103/PhysRevC.65.024002
http://arxiv.org/abs/nucl-th/0106047
http://dx.doi.org/10.1088/1742-6596/408/1/012041
http://dx.doi.org/10.1088/1742-6596/408/1/012041
http://dx.doi.org/10.1088/1742-6596/408/1/012041
http://arxiv.org/abs/1110.5895
http://dx.doi.org/10.1103/PhysRevC.92.024602
http://arxiv.org/abs/1502.00887
http://dx.doi.org/10.7566/JPSCP.12.010002
http://dx.doi.org/10.1103/PhysRevD.94.093004
http://dx.doi.org/10.1103/PhysRevD.94.093004
http://dx.doi.org/10.1103/PhysRevD.94.093004
http://arxiv.org/abs/1607.08565
http://arxiv.org/abs/1610.02924
http://dx.doi.org/10.1103/PhysRevC.98.045502
http://arxiv.org/abs/1804.09488
http://dx.doi.org/10.3389/fphy.2020.00116
http://dx.doi.org/10.3390/universe7050140
http://arxiv.org/abs/2104.10472
http://dx.doi.org/10.1103/PhysRevD.100.052008
http://arxiv.org/abs/1906.08300
http://dx.doi.org/10.1103/PhysRevC.70.055503
http://arxiv.org/abs/nucl-th/0408005
http://dx.doi.org/10.1103/PhysRevC.92.024606
http://dx.doi.org/10.1103/PhysRevC.92.024606
http://dx.doi.org/10.1103/PhysRevC.92.024606
http://arxiv.org/abs/1412.4624
http://dx.doi.org/10.1103/PhysRevLett.57.3148
http://dx.doi.org/10.1103/PhysRevC.64.065501
http://arxiv.org/abs/hep-ex/0105068
http://dx.doi.org/10.1103/PhysRevC.66.015501
http://arxiv.org/abs/nucl-ex/0203011
http://dx.doi.org/10.1103/PhysRevC.68.054613
http://dx.doi.org/10.1103/PhysRevC.68.054613
http://dx.doi.org/10.1103/PhysRevC.68.054613
http://arxiv.org/abs/nucl-ex/0208012
http://dx.doi.org/10.1016/S0146-6410(98)00024-6
http://dx.doi.org/10.1016/S0146-6410(98)00024-6
http://dx.doi.org/10.1016/S0146-6410(98)00024-6
http://dx.doi.org/10.1103/RevModPhys.84.1307
http://arxiv.org/abs/1305.7513
http://dx.doi.org/10.1016/S0370-2693(98)00087-2
http://arxiv.org/abs/1211.5199
http://arxiv.org/abs/1705.08629
https://p25ext.lanl.gov/lee/CaptainMills/Documentation/LDRD-DR-Proposal_2018.pdf
http://dx.doi.org/10.1007/JHEP02(2020)123
http://arxiv.org/abs/1911.00762
http://dx.doi.org/10.1007/s11433-013-5345-5
http://dx.doi.org/10.1007/s11433-013-5345-5
http://dx.doi.org/10.1007/s11433-013-5345-5
http://arxiv.org/abs/1006.0260
http://dx.doi.org/10.1103/PhysRevD.9.1389
http://dx.doi.org/10.1146/annurev.ns.27.120177.001123
http://dx.doi.org/10.1103/PhysRevD.30.2295
http://dx.doi.org/10.1103/PhysRevD.73.033005
http://arxiv.org/abs/hep-ex/0511042
http://dx.doi.org/10.1088/0954-3899/36/1/015105
http://dx.doi.org/10.1088/1126-6708/2005/12/021
http://arxiv.org/abs/hep-ph/0508299
http://arxiv.org/abs/hep-ph/0508299
http://arxiv.org/abs/hep-ph/0508299
http://dx.doi.org/10.1103/PhysRevD.92.095005
http://arxiv.org/abs/1505.07805
http://dx.doi.org/10.1007/JHEP03(2017)097
http://arxiv.org/abs/1612.04150
http://dx.doi.org/10.1007/JHEP12(2018)024
http://arxiv.org/abs/1810.03626
http://dx.doi.org/10.1016/j.physletb.2015.09.054
http://arxiv.org/abs/1506.08377
http://dx.doi.org/10.1103/PhysRevD.85.013009
http://arxiv.org/abs/1107.3512
http://arxiv.org/abs/1107.3512
http://arxiv.org/abs/1107.3512
http://dx.doi.org/10.1126/science.aao0990
http://arxiv.org/abs/1708.01294
http://dx.doi.org/10.1103/PhysRevLett.126.012002
http://arxiv.org/abs/2003.10630
http://arxiv.org/abs/2003.10630
http://arxiv.org/abs/2003.10630
http://arxiv.org/abs/2105.14020
http://dx.doi.org/10.1140/epjc/s10052-019-7160-2
http://arxiv.org/abs/1903.09269
http://dx.doi.org/10.1103/PhysRevLett.126.041804
http://arxiv.org/abs/2011.00210
http://arxiv.org/abs/2011.00210
http://arxiv.org/abs/2011.00210
http://dx.doi.org/10.1103/PhysRevD.100.092005
http://arxiv.org/abs/1906.02200
http://arxiv.org/abs/1906.02200
http://arxiv.org/abs/1906.02200
http://dx.doi.org/10.1088/1361-6471/aa83d0
http://arxiv.org/abs/1612.09035
http://dx.doi.org/10.1088/1748-0221/15/02/P02020
http://arxiv.org/abs/1910.06190
http://dx.doi.org/10.1016/j.nima.2017.02.024
http://arxiv.org/abs/1609.02066
http://arxiv.org/abs/1609.02066
http://arxiv.org/abs/1609.02066
http://dx.doi.org/10.1007/s10909-019-02283-7
http://dx.doi.org/10.1088/1748-0221/10/12/P12011
http://dx.doi.org/10.22323/1.369.0047
http://dx.doi.org/10.1103/PhysRevLett.126.091301
http://arxiv.org/abs/2012.02846
http://dx.doi.org/10.1103/PhysRevD.58.093009
http://arxiv.org/abs/hep-ph/9807264
http://arxiv.org/abs/hep-ph/9807264
http://arxiv.org/abs/hep-ph/9807264
http://dx.doi.org/10.1016/j.nuclphysbps.2005.07.063
http://dx.doi.org/10.1016/j.nuclphysbps.2005.07.063
http://dx.doi.org/10.1016/j.nuclphysbps.2005.07.063
http://arxiv.org/abs/hep-ph/0412412


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[494] Y.S. Jeong, M. Reno, Phys. Rev. D 81 (2010) 114012, http://dx.doi.org/10.1103/PhysRevD.81.114012, arXiv:1001.4175.
[495] M. Glück, P. Jimenez-Delgado, E. Reya, Phys. Rev. D 81 (2010) 097501, http://dx.doi.org/10.1103/PhysRevD.81.097501, arXiv:1003.3168.
[496] A. Connolly, R.S. Thorne, D. Waters, Phys. Rev. D83 (2011) 113009, http://dx.doi.org/10.1103/PhysRevD.83.113009, arXiv:astro-ph/1102.0691.
[497] A. Cooper-Sarkar, P. Mertsch, S. Sarkar, J. High Energy Phys. 08 (2011) 042, http://dx.doi.org/10.1007/JHEP08(2011)042, arXiv:1106.3723.
[498] M.M. Block, L. Durand, P. Ha, Phys. Rev. D 89 (2014) 094027, http://dx.doi.org/10.1103/PhysRevD.89.094027, arXiv:1404.4530.
[499] C.A. Argüelles, F. Halzen, L. Wille, M. Kroll, M.H. Reno, Phys. Rev. D 92 (2015) 074040, http://dx.doi.org/10.1103/PhysRevD.92.074040,

arXiv:1504.06639.
[500] R. Gauld, Phys. Rev. D 100 (9) (2019) 091301, http://dx.doi.org/10.1103/PhysRevD.100.091301, arXiv:1905.03792.
[501] E.M. Henley, J. Jalilian-Marian, Phys. Rev. D 73 (2006) 094004, http://dx.doi.org/10.1103/PhysRevD.73.094004, arXiv:hep-ph/0512220.
[502] M. Ackermann, et al., Bull. Am. Astron. Soc. 51 (2019) 215, arXiv:1903.04333.
[503] M.G. Aartsen, et al., IceCube Collaboration, JINST 12 (2017) P03012, http://dx.doi.org/10.1088/1748-0221/12/03/P03012, arXiv:1612.05093.
[504] S.R. Klein, Probing high-energy interactions of atmospheric and astrophysical neutrinos, 2020, pp. 75–107, http://dx.doi.org/10.1142/

9789813275027_0004, arXiv:1906.02221.
[505] M. Bustamante, A. Connolly, Phys. Rev. Lett. 122 (2019) 041101, http://dx.doi.org/10.1103/PhysRevLett.122.041101, arXiv:1711.11043.
[506] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. D 99 (2019) 032004, http://dx.doi.org/10.1103/PhysRevD.99.032004, arXiv:1808.07629.
[507] J.L. Feng, P. Fisher, F. Wilczek, T.M. Yu, Phys. Rev. Lett. 88 (2002) 161102, http://dx.doi.org/10.1103/PhysRevLett.88.161102, arXiv:hep-

ph/0105067.
[508] A. Kusenko, T.J. Weiler, Phys. Rev. Lett. 88 (2002) 161101, http://dx.doi.org/10.1103/PhysRevLett.88.161101, arXiv:hep-ph/0106071.
[509] IceCube Collaboration, Nature 591 (7849) (2021) 220–224, http://dx.doi.org/10.1038/s41586-021-03256-1.
[510] H. Abreu, et al., FASER Collaboration, Eur. Phys. J. C 80 (1) (2020) 61, http://dx.doi.org/10.1140/epjc/s10052-020-7631-5, arXiv:1908.02310.
[511] N. Beni, et al., XSEN Collaboration, XSEN: A νn cross section measurement using high energy neutrinos from pp collisions at the LHC, 2019,

arXiv:1910.11340.
[512] C. Ahdida, et al., SHiP Collaboration, SND@LHC, 2020, arXiv:2002.08722.
[513] W. Bai, M. Diwan, M.V. Garzelli, Y.S. Jeong, M.H. Reno, J. High Energy Phys. 06 (2020) 032, http://dx.doi.org/10.1007/JHEP06(2020)032,

arXiv:2002.03012.
[514] H. Abreu, et al., FASER Collaboration, Technical proposal: Fasernu, 2020, arXiv:2001.03073.
[515] A. Aguilar-Arevalo, et al., LSND Collaboration, Phys. Rev. D 64 (2001) 112007, http://dx.doi.org/10.1103/PhysRevD.64.112007, arXiv:hep-

ex/0104049.
[516] A.A. Aguilar-Arevalo, et al., MiniBooNE Collaboration, Phys. Rev. Lett. 121 (22) (2018) 221801, http://dx.doi.org/10.1103/PhysRevLett.121.221801,

arXiv:1805.12028.
[517] G. Mention, M. Fechner, T. Lasserre, T. Mueller, D. Lhuillier, M. Cribier, A. Letourneau, Phys. Rev. D 83 (2011) 073006, http://dx.doi.org/10.

1103/PhysRevD.83.073006, arXiv:1101.2755.
[518] C. Giunti, M. Laveder, Phys. Rev. C 83 (2011) 065504, http://dx.doi.org/10.1103/PhysRevC.83.065504, arXiv:1006.3244.
[519] V.V. Barinov, et al., Results from the baksan experiment on sterile transitions (BEST), 2021, arXiv:2109.11482.
[520] S. Schael, et al., ALEPH, DELPHI, L3, OPAL, SLD, LEP Electroweak Working Group, SLD Electroweak Group, SLD Heavy Flavour Group

Collaboration, Phys. Rep. 427 (2006) 257–454, http://dx.doi.org/10.1016/j.physrep.2005.12.006, arXiv:hep-ex/0509008.
[521] M. Maltoni, T. Schwetz, M.A. Tortola, J.W.F. Valle, Nuclear Phys. B 643 (2002) 321–338, http://dx.doi.org/10.1016/S0550-3213(02)00747-2,

arXiv:hep-ph/0207157.
[522] B. Dasgupta, J. Kopp, Phys. Rev. Lett. 112 (3) (2014) 031803, http://dx.doi.org/10.1103/PhysRevLett.112.031803, arXiv:1310.6337.
[523] S. Hannestad, R.S. Hansen, T. Tram, Phys. Rev. Lett. 112 (3) (2014) 031802, http://dx.doi.org/10.1103/PhysRevLett.112.031802, arXiv:1310.5926.
[524] M. Agostini, B. Neumair, Eur. Phys. J. C 80 (8) (2020) 750, http://dx.doi.org/10.1140/epjc/s10052-020-8279-x, arXiv:1906.11854.
[525] C. Giunti, Phys. Rev. D 101 (9) (2020) 095025, http://dx.doi.org/10.1103/PhysRevD.101.095025, arXiv:2004.07577.
[526] B. Armbruster, et al., KARMEN Collaboration, Phys. Rev. D 65 (2002) 112001, http://dx.doi.org/10.1103/PhysRevD.65.112001, arXiv:hep-

ex/0203021.
[527] E.D. Church, K. Eitel, G.B. Mills, M. Steidl, Phys. Rev. D 66 (2002) 013001, http://dx.doi.org/10.1103/PhysRevD.66.013001, arXiv:hep-ex/0203023.
[528] A.A. Aguilar-Arevalo, et al., MiniBooNE Collaboration, Phys. Rev. D 103 (5) (2021) 052002, http://dx.doi.org/10.1103/PhysRevD.103.052002,

arXiv:2006.16883.
[529] R. Acciarri, et al., J. Instrum. 12 (02) (2017) P02017, http://dx.doi.org/10.1088/1748-0221/12/02/p02017.
[530] G. Cheng, et al., MiniBooNE, SciBooNE Collaboration, Phys. Rev. D 86 (2012) 052009, http://dx.doi.org/10.1103/PhysRevD.86.052009, arXiv:

1208.0322.
[531] P. Ballett, S. Pascoli, M. Ross-Lonergan, Phys. Rev. D 99 (2019) 071701, http://dx.doi.org/10.1103/PhysRevD.99.071701, arXiv:1808.02915.
[532] A. de Gouvêa, O.L.G. Peres, S. Prakash, G.V. Stenico, J. High Energy Phys. 07 (2020) 141, http://dx.doi.org/10.1007/JHEP07(2020)141, arXiv:

1911.01447.
[533] M. Antonello, et al., MicroBooNE, LAr1-ND, ICARUS-WA104 Collaboration, A proposal for a three detector short-baseline neutrino oscillation

program in the Fermilab booster neutrino beam, 2015, arXiv:1503.01520.
[534] T. Maruyama, JSNS2 Collaboration, PoS ICHEP2016 (2016) 482, http://dx.doi.org/10.22323/1.282.0482.
[535] B. Abi, et al., DUNE Collaboration, JINST 15 (08) (2020) T08008, http://dx.doi.org/10.1088/1748-0221/15/08/T08008, arXiv:2002.02967.
[536] K. Abe, et al., Letter of intent: The hyper-kamiokande experiment — Detector design and physics potential, 2011, arXiv:1109.3262.
[537] C. Athanassopoulos, et al., LSND Collaboration, Phys. Rev. Lett. 77 (1996) 3082–3085, http://dx.doi.org/10.1103/PhysRevLett.77.3082, arXiv:

nucl-ex/9605003.
[538] A. Aguilar-Arevalo, et al., MiniBooNE Collaboration, Phys. Rev. Lett. 110 (2013) 161801, http://dx.doi.org/10.1103/PhysRevLett.110.161801,

arXiv:1303.2588.
[539] P. Huber, J. Link, C. Mariani, S. Pal, J. Park, in: J. Learned (Ed.), J. Phys. Conf. Ser. 1216 (1) (2019) 012014, http://dx.doi.org/10.1088/1742-

6596/1216/1/012014.
[540] T. Subedi, J.M. Link, S. Li, J. Park, P. Huber, C. Mariani, A. Haghighat, PoS NuFACT2018 (2019) 059, http://dx.doi.org/10.22323/1.341.0059.
[541] S.-H. Seo, 19th Lomonosov Conference On Elementary Particle Physics, 2020, arXiv:2001.03349.
[542] Y. Ko, et al., NEOS Collaboration, Phys. Rev. Lett. 118 (12) (2017) 121802, http://dx.doi.org/10.1103/PhysRevLett.118.121802, arXiv:1610.05134.
[543] A. Serebrov, et al., NEUTRINO-4 Collaboration, Pis’ma Zh. Eksp. Teor. Fiz. 109 (4) (2019) 209–218, http://dx.doi.org/10.1134/

S0021364019040040, arXiv:1809.10561.
[544] M. Danilov, J. Phys. Conf. Ser. 1390 (1) (2019) 012049, http://dx.doi.org/10.1088/1742-6596/1390/1/012049, arXiv:1812.04085.
[545] M.V. Danilov, N.A. Skrobova, JETP Lett. 112 (7) (2020) 452–454, http://dx.doi.org/10.1134/S0021364020190066.
[546] M. Andriamirado, et al., PROSPECT, STEREO Collaboration, Note on arxiv:2005.05301, ’preparation of the neutrino-4 experiment on search for

sterile neutrino and the obtained results of measurements’, 2020, arXiv:2006.13147.
[547] C. Giunti, Y.F. Li, C.A. Ternes, Y.Y. Zhang, Phys. Lett. B 816 (2021) 136214, http://dx.doi.org/10.1016/j.physletb.2021.136214, arXiv:2101.06785.
109

http://dx.doi.org/10.1103/PhysRevD.81.114012
http://arxiv.org/abs/1001.4175
http://dx.doi.org/10.1103/PhysRevD.81.097501
http://arxiv.org/abs/1003.3168
http://dx.doi.org/10.1103/PhysRevD.83.113009
http://arxiv.org/abs/astro-ph/1102.0691
http://dx.doi.org/10.1007/JHEP08(2011)042
http://arxiv.org/abs/1106.3723
http://dx.doi.org/10.1103/PhysRevD.89.094027
http://arxiv.org/abs/1404.4530
http://dx.doi.org/10.1103/PhysRevD.92.074040
http://arxiv.org/abs/1504.06639
http://dx.doi.org/10.1103/PhysRevD.100.091301
http://arxiv.org/abs/1905.03792
http://dx.doi.org/10.1103/PhysRevD.73.094004
http://arxiv.org/abs/hep-ph/0512220
http://arxiv.org/abs/1903.04333
http://dx.doi.org/10.1088/1748-0221/12/03/P03012
http://arxiv.org/abs/1612.05093
http://dx.doi.org/10.1142/9789813275027_0004
http://dx.doi.org/10.1142/9789813275027_0004
http://dx.doi.org/10.1142/9789813275027_0004
http://arxiv.org/abs/1906.02221
http://dx.doi.org/10.1103/PhysRevLett.122.041101
http://arxiv.org/abs/1711.11043
http://dx.doi.org/10.1103/PhysRevD.99.032004
http://arxiv.org/abs/1808.07629
http://dx.doi.org/10.1103/PhysRevLett.88.161102
http://arxiv.org/abs/hep-ph/0105067
http://arxiv.org/abs/hep-ph/0105067
http://arxiv.org/abs/hep-ph/0105067
http://dx.doi.org/10.1103/PhysRevLett.88.161101
http://arxiv.org/abs/hep-ph/0106071
http://dx.doi.org/10.1038/s41586-021-03256-1
http://dx.doi.org/10.1140/epjc/s10052-020-7631-5
http://arxiv.org/abs/1908.02310
http://arxiv.org/abs/1910.11340
http://arxiv.org/abs/2002.08722
http://dx.doi.org/10.1007/JHEP06(2020)032
http://arxiv.org/abs/2002.03012
http://arxiv.org/abs/2001.03073
http://dx.doi.org/10.1103/PhysRevD.64.112007
http://arxiv.org/abs/hep-ex/0104049
http://arxiv.org/abs/hep-ex/0104049
http://arxiv.org/abs/hep-ex/0104049
http://dx.doi.org/10.1103/PhysRevLett.121.221801
http://arxiv.org/abs/1805.12028
http://dx.doi.org/10.1103/PhysRevD.83.073006
http://dx.doi.org/10.1103/PhysRevD.83.073006
http://dx.doi.org/10.1103/PhysRevD.83.073006
http://arxiv.org/abs/1101.2755
http://dx.doi.org/10.1103/PhysRevC.83.065504
http://arxiv.org/abs/1006.3244
http://arxiv.org/abs/2109.11482
http://dx.doi.org/10.1016/j.physrep.2005.12.006
http://arxiv.org/abs/hep-ex/0509008
http://dx.doi.org/10.1016/S0550-3213(02)00747-2
http://arxiv.org/abs/hep-ph/0207157
http://dx.doi.org/10.1103/PhysRevLett.112.031803
http://arxiv.org/abs/1310.6337
http://dx.doi.org/10.1103/PhysRevLett.112.031802
http://arxiv.org/abs/1310.5926
http://dx.doi.org/10.1140/epjc/s10052-020-8279-x
http://arxiv.org/abs/1906.11854
http://dx.doi.org/10.1103/PhysRevD.101.095025
http://arxiv.org/abs/2004.07577
http://dx.doi.org/10.1103/PhysRevD.65.112001
http://arxiv.org/abs/hep-ex/0203021
http://arxiv.org/abs/hep-ex/0203021
http://arxiv.org/abs/hep-ex/0203021
http://dx.doi.org/10.1103/PhysRevD.66.013001
http://arxiv.org/abs/hep-ex/0203023
http://dx.doi.org/10.1103/PhysRevD.103.052002
http://arxiv.org/abs/2006.16883
http://dx.doi.org/10.1088/1748-0221/12/02/p02017
http://dx.doi.org/10.1103/PhysRevD.86.052009
http://arxiv.org/abs/1208.0322
http://arxiv.org/abs/1208.0322
http://arxiv.org/abs/1208.0322
http://dx.doi.org/10.1103/PhysRevD.99.071701
http://arxiv.org/abs/1808.02915
http://dx.doi.org/10.1007/JHEP07(2020)141
http://arxiv.org/abs/1911.01447
http://arxiv.org/abs/1911.01447
http://arxiv.org/abs/1911.01447
http://arxiv.org/abs/1503.01520
http://dx.doi.org/10.22323/1.282.0482
http://dx.doi.org/10.1088/1748-0221/15/08/T08008
http://arxiv.org/abs/2002.02967
http://arxiv.org/abs/1109.3262
http://dx.doi.org/10.1103/PhysRevLett.77.3082
http://arxiv.org/abs/nucl-ex/9605003
http://arxiv.org/abs/nucl-ex/9605003
http://arxiv.org/abs/nucl-ex/9605003
http://dx.doi.org/10.1103/PhysRevLett.110.161801
http://arxiv.org/abs/1303.2588
http://dx.doi.org/10.1088/1742-6596/1216/1/012014
http://dx.doi.org/10.1088/1742-6596/1216/1/012014
http://dx.doi.org/10.1088/1742-6596/1216/1/012014
http://dx.doi.org/10.22323/1.341.0059
http://arxiv.org/abs/2001.03349
http://dx.doi.org/10.1103/PhysRevLett.118.121802
http://arxiv.org/abs/1610.05134
http://dx.doi.org/10.1134/S0021364019040040
http://dx.doi.org/10.1134/S0021364019040040
http://dx.doi.org/10.1134/S0021364019040040
http://arxiv.org/abs/1809.10561
http://dx.doi.org/10.1088/1742-6596/1390/1/012049
http://arxiv.org/abs/1812.04085
http://dx.doi.org/10.1134/S0021364020190066
http://arxiv.org/abs/2006.13147
http://dx.doi.org/10.1016/j.physletb.2021.136214
http://arxiv.org/abs/2101.06785


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[548] A.P. Serebrov, R.M. Samoilov, Neutrino-4 Collaboration, A comment on the note arxiv:2006.13147 on arxiv:2005.05301, ’’preparation of the
neutrino-4 experiment on search for sterile neutrino and the obtained results of measurements’’, 2020, arXiv:2006.13639.

[549] A.P. Serebrov, R.M. Samoilov, JETP Lett. 112 (7) (2020) 455–456, http://dx.doi.org/10.1134/S0021364020190108.
[550] A.P. Serebrov, et al., Phys. Rev. D 104 (3) (2021) 032003, http://dx.doi.org/10.1103/PhysRevD.104.032003, arXiv:2005.05301.
[551] P. Adamson, et al., MINOS+, Daya Bay Collaboration, Phys. Rev. Lett. 125 (7) (2020) 071801, http://dx.doi.org/10.1103/PhysRevLett.125.071801,

arXiv:2002.00301.
[552] A.P. Serebrov, R.M. Samoilov, JETP Lett. 112 (4) (2020) 199–212, http://dx.doi.org/10.31857/S1234567820160016, arXiv:2003.03199.
[553] D. Svirida, DANSS Collaboration, in: P. Teterin (Ed.), J. Phys. Conf. Ser. 1690 (1) (2020) 012179, http://dx.doi.org/10.1088/1742-6596/1690/1/

012179.
[554] M. Andriamirado, et al., PROSPECT-II Physics opportunities, 2021, arXiv:2107.03934.
[555] I. Alekseev, et al., DANSS Collaboration, Phys. Lett. B 787 (2018) 56–63, http://dx.doi.org/10.1016/j.physletb.2018.10.038, arXiv:1804.04046.
[556] M. Danilov, DANSS Collaboration, 2019 European Physical Society Conference On High Energy Physics, 2019, arXiv:1911.10140.
[557] H. Almazán Molina, et al., STEREO Collaboration, Improved sterile neutrino constraints from the STEREO experiment with 179 days of reactor-on

data, 2019, arXiv:1912.06582.
[558] P. Anselmann, et al., GALLEX Collaboration, Phys. Lett. B 342 (1995) 440–450, http://dx.doi.org/10.1016/0370-2693(94)01586-2.
[559] W. Hampel, et al., GALLEX Collaboration, Phys. Lett. B 420 (1998) 114–126, http://dx.doi.org/10.1016/S0370-2693(97)01562-1.
[560] J.N. Abdurashitov, et al., SAGE Collaboration, Phys. Rev. C 59 (1999) 2246–2263, http://dx.doi.org/10.1103/PhysRevC.59.2246, arXiv:hep-

ph/9803418.
[561] J. Abdurashitov, et al., Phys. Rev. C 73 (2006) 045805, http://dx.doi.org/10.1103/PhysRevC.73.045805, arXiv:nucl-ex/0512041.
[562] C. Giunti, M. Laveder, Phys. Rev. C 83 (2011) 065504, http://dx.doi.org/10.1103/PhysRevC.83.065504, arXiv:1006.3244.
[563] J. Kozlova, E. Veretenkin, V. Gavrin, O. Grekhov, T. Ibragimova, A. Kalikhov, A. Martynov, Phys. Part. Nucl. 49 (4) (2018) 758–763, http:

//dx.doi.org/10.1134/S1063779618040378.
[564] J. Kozlova, E. Veretenkin, V. Gavrin, S. Danshin, T. Ibragimova, B. Komarov, J. Phys. Conf. Ser. 1390 (1) (2019) 012100, http://dx.doi.org/10.

1088/1742-6596/1390/1/012100.
[565] V. Barinov, D. Gorbunov, BEST Impact on sterile neutrino hypothesis, 2021, arXiv:2109.14654.
[566] V. Gavrin, et al., On the gallium experiment BEST-2 with a 65Zn source to search for neutrino oscillations on a short baseline, 2018,

arXiv:1807.02977.
[567] M. Cribier, M. Fechner, T. Lasserre, A. Letourneau, D. Lhuillier, G. Mention, D. Franco, V. Kornoukhov, S. Schonert, Phys. Rev. Lett. 107 (2011)

201801, http://dx.doi.org/10.1103/PhysRevLett.107.201801, arXiv:1107.2335.
[568] V. Kornoukhov, Some aspects of the creation and application of anti-neutrino artificial sources, 1994, ITEP-90-94.
[569] A. Gando, et al., White paper: CeLAND - investigation of the reactor antineutrino anomaly with an intense 144Ce −

144 Pr antineutrino source
in kamland, 2013, arXiv:1309.6805.

[570] G. Bellini, et al., Borexino Collaboration, J. High Energy Phys. 08 (2013) 038, http://dx.doi.org/10.1007/JHEP08(2013)038, arXiv:1304.7721.
[571] M. Smirnov, Z. Hu, J. Ling, Y. Novikov, Z. Wang, G. Yang, Eur. Phys. J. C 80 (7) (2020) 609, http://dx.doi.org/10.1140/epjc/s10052-020-8175-4,

arXiv:2002.05246.
[572] C. Bellenghi, D. Chiesa, L. Di Noto, M. Pallavicini, E. Previtali, M. Vignati, Eur. Phys. J. C 79 (9) (2019) 727, http://dx.doi.org/10.1140/epjc/s10052-

019-7240-3, arXiv:1905.10611.
[573] J.M. Link, X.-J. Xu, J. High Energy Phys. 08 (2019) 004, http://dx.doi.org/10.1007/JHEP08(2019)004, arXiv:1903.09891.
[574] M. De Gerone, et al., in: G. Batignani, M. Grassi, R. Paoletti, A. Retico, G. Signorelli, P. Spagnolo (Eds.), Nucl. Instrum. Methods A 936 (2019)

252–253, http://dx.doi.org/10.1016/j.nima.2018.10.108.
[575] C.J. Martoff, et al., Quantum Sci. Technol. 6 (2) (2021) 024008, http://dx.doi.org/10.1088/2058-9565/abdb9b.
[576] S. Friedrich, et al., Phys. Rev. Lett. 126 (2) (2021) 021803, http://dx.doi.org/10.1103/PhysRevLett.126.021803, arXiv:2010.09603.
[577] C. Giunti, Y.F. Li, Y.Y. Zhang, J. High Energy Phys. 05 (2020) 061, http://dx.doi.org/10.1007/JHEP05(2020)061, arXiv:1912.12956.
[578] S. Abe, et al., KamLAND Collaboration, Phys. Rev. Lett. 100 (2008) 221803, http://dx.doi.org/10.1103/PhysRevLett.100.221803, arXiv:0801.4589.
[579] G. Bellini, et al., Borexino Collaboration, Phys. Rev. D 82 (2010) 033006, http://dx.doi.org/10.1103/PhysRevD.82.033006, arXiv:0808.2868.
[580] K. Abe, et al., Super-Kamiokande Collaboration, Search for solar electron anti-neutrinos due to spin-flavor precession in the sun with

super-kamiokande-IV, 2020, arXiv:2012.03807.
[581] P.C. de Holanda, A.Y. Smirnov, Phys. Rev. D 69 (2004) 113002, http://dx.doi.org/10.1103/PhysRevD.69.113002, arXiv:hep-ph/0307266.
[582] P.C. de Holanda, A.Y. Smirnov, Phys. Rev. D 83 (2011) 113011, http://dx.doi.org/10.1103/PhysRevD.83.113011, arXiv:1012.5627.
[583] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. D 95 (11) (2017) 112002, http://dx.doi.org/10.1103/PhysRevD.95.112002, arXiv:1702.

05160.
[584] K. Abe, et al., Super-Kamiokande Collaboration, Phys. Rev. D 91 (2015) 052019, http://dx.doi.org/10.1103/PhysRevD.91.052019, arXiv:1410.2008.
[585] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. D 102 (5) (2020) 052009, http://dx.doi.org/10.1103/PhysRevD.102.052009, arXiv:

2005.12943.
[586] S. Gariazzo, P.F. de Salas, S. Pastor, J. Cosmol. Astropart. Phys. 07 (2019) 014, http://dx.doi.org/10.1088/1475-7516/2019/07/014, arXiv:

1905.11290.
[587] K. Abazajian, et al., Light sterile neutrinos: A white paper, 2012, arXiv:1204.5379.
[588] M. Archidiacono, S. Gariazzo, C. Giunti, S. Hannestad, T. Tram, J. Cosmol. Astropart. Phys. 12 (2020) 029, http://dx.doi.org/10.1088/1475-

7516/2020/12/029, arXiv:2006.12885.
[589] S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li, J. High Energy Phys. 06 (2017) 135, http://dx.doi.org/10.1007/JHEP06(2017)135, arXiv:1703.00860.
[590] M. Dentler, A. Hernández-Cabezudo, J. Kopp, P.A.N. Machado, M. Maltoni, I. Martinez-Soler, T. Schwetz, J. High Energy Phys. 08 (2018) 010,

http://dx.doi.org/10.1007/JHEP08(2018)010, arXiv:1803.10661.
[591] J.M. Berryman, P. Huber, J. High Energy Phys. 01 (2021) 167, http://dx.doi.org/10.1007/JHEP01(2021)167, arXiv:2005.01756.
[592] A. Diaz, C.A. Argüelles, G.H. Collin, J.M. Conrad, M.H. Shaevitz, Phys. Rep. 884 (2020) 1–59, http://dx.doi.org/10.1016/j.physrep.2020.08.005,

arXiv:1906.00045.
[593] S. Böser, C. Buck, C. Giunti, J. Lesgourgues, L. Ludhova, S. Mertens, A. Schukraft, M. Wurm, Prog. Part. Nucl. Phys. 111 (2020) 103736,

http://dx.doi.org/10.1016/j.ppnp.2019.103736, arXiv:1906.01739.
[594] J.M. Berryman, Phys. Rev. D 100 (2) (2019) 023540, http://dx.doi.org/10.1103/PhysRevD.100.023540, arXiv:1905.03254.
[595] M. Archidiacono, N. Fornengo, C. Giunti, S. Hannestad, A. Melchiorri, Phys. Rev. D 87 (12) (2013) 125034, http://dx.doi.org/10.1103/PhysRevD.

87.125034, arXiv:1302.6720.
[596] S. Hagstotz, P.F. de Salas, S. Gariazzo, M. Gerbino, M. Lattanzi, S. Vagnozzi, K. Freese, S. Pastor, Bounds on light sterile neutrino mass and

mixing from cosmology and laboratory searches, 2020, arXiv:2003.02289.
[597] F.F. Deppisch, P.S. Bhupal Dev, A. Pilaftsis, New J. Phys. 17 (7) (2015) 075019, http://dx.doi.org/10.1088/1367-2630/17/7/075019, arXiv:

1502.06541.
[598] R.E. Shrock, Phys. Lett. B 96 (1980) 159–164, http://dx.doi.org/10.1016/0370-2693(80)90235-X.
110

http://arxiv.org/abs/2006.13639
http://dx.doi.org/10.1134/S0021364020190108
http://dx.doi.org/10.1103/PhysRevD.104.032003
http://arxiv.org/abs/2005.05301
http://dx.doi.org/10.1103/PhysRevLett.125.071801
http://arxiv.org/abs/2002.00301
http://dx.doi.org/10.31857/S1234567820160016
http://arxiv.org/abs/2003.03199
http://dx.doi.org/10.1088/1742-6596/1690/1/012179
http://dx.doi.org/10.1088/1742-6596/1690/1/012179
http://dx.doi.org/10.1088/1742-6596/1690/1/012179
http://arxiv.org/abs/2107.03934
http://dx.doi.org/10.1016/j.physletb.2018.10.038
http://arxiv.org/abs/1804.04046
http://arxiv.org/abs/1911.10140
http://arxiv.org/abs/1912.06582
http://dx.doi.org/10.1016/0370-2693(94)01586-2
http://dx.doi.org/10.1016/S0370-2693(97)01562-1
http://dx.doi.org/10.1103/PhysRevC.59.2246
http://arxiv.org/abs/hep-ph/9803418
http://arxiv.org/abs/hep-ph/9803418
http://arxiv.org/abs/hep-ph/9803418
http://dx.doi.org/10.1103/PhysRevC.73.045805
http://arxiv.org/abs/nucl-ex/0512041
http://dx.doi.org/10.1103/PhysRevC.83.065504
http://arxiv.org/abs/1006.3244
http://dx.doi.org/10.1134/S1063779618040378
http://dx.doi.org/10.1134/S1063779618040378
http://dx.doi.org/10.1134/S1063779618040378
http://dx.doi.org/10.1088/1742-6596/1390/1/012100
http://dx.doi.org/10.1088/1742-6596/1390/1/012100
http://dx.doi.org/10.1088/1742-6596/1390/1/012100
http://arxiv.org/abs/2109.14654
http://arxiv.org/abs/1807.02977
http://dx.doi.org/10.1103/PhysRevLett.107.201801
http://arxiv.org/abs/1107.2335
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb568
http://arxiv.org/abs/1309.6805
http://dx.doi.org/10.1007/JHEP08(2013)038
http://arxiv.org/abs/1304.7721
http://dx.doi.org/10.1140/epjc/s10052-020-8175-4
http://arxiv.org/abs/2002.05246
http://dx.doi.org/10.1140/epjc/s10052-019-7240-3
http://dx.doi.org/10.1140/epjc/s10052-019-7240-3
http://dx.doi.org/10.1140/epjc/s10052-019-7240-3
http://arxiv.org/abs/1905.10611
http://dx.doi.org/10.1007/JHEP08(2019)004
http://arxiv.org/abs/1903.09891
http://dx.doi.org/10.1016/j.nima.2018.10.108
http://dx.doi.org/10.1088/2058-9565/abdb9b
http://dx.doi.org/10.1103/PhysRevLett.126.021803
http://arxiv.org/abs/2010.09603
http://dx.doi.org/10.1007/JHEP05(2020)061
http://arxiv.org/abs/1912.12956
http://dx.doi.org/10.1103/PhysRevLett.100.221803
http://arxiv.org/abs/0801.4589
http://dx.doi.org/10.1103/PhysRevD.82.033006
http://arxiv.org/abs/0808.2868
http://arxiv.org/abs/2012.03807
http://dx.doi.org/10.1103/PhysRevD.69.113002
http://arxiv.org/abs/hep-ph/0307266
http://dx.doi.org/10.1103/PhysRevD.83.113011
http://arxiv.org/abs/1012.5627
http://dx.doi.org/10.1103/PhysRevD.95.112002
http://arxiv.org/abs/1702.05160
http://arxiv.org/abs/1702.05160
http://arxiv.org/abs/1702.05160
http://dx.doi.org/10.1103/PhysRevD.91.052019
http://arxiv.org/abs/1410.2008
http://dx.doi.org/10.1103/PhysRevD.102.052009
http://arxiv.org/abs/2005.12943
http://arxiv.org/abs/2005.12943
http://arxiv.org/abs/2005.12943
http://dx.doi.org/10.1088/1475-7516/2019/07/014
http://arxiv.org/abs/1905.11290
http://arxiv.org/abs/1905.11290
http://arxiv.org/abs/1905.11290
http://arxiv.org/abs/1204.5379
http://dx.doi.org/10.1088/1475-7516/2020/12/029
http://dx.doi.org/10.1088/1475-7516/2020/12/029
http://dx.doi.org/10.1088/1475-7516/2020/12/029
http://arxiv.org/abs/2006.12885
http://dx.doi.org/10.1007/JHEP06(2017)135
http://arxiv.org/abs/1703.00860
http://dx.doi.org/10.1007/JHEP08(2018)010
http://arxiv.org/abs/1803.10661
http://dx.doi.org/10.1007/JHEP01(2021)167
http://arxiv.org/abs/2005.01756
http://dx.doi.org/10.1016/j.physrep.2020.08.005
http://arxiv.org/abs/1906.00045
http://dx.doi.org/10.1016/j.ppnp.2019.103736
http://arxiv.org/abs/1906.01739
http://dx.doi.org/10.1103/PhysRevD.100.023540
http://arxiv.org/abs/1905.03254
http://dx.doi.org/10.1103/PhysRevD.87.125034
http://dx.doi.org/10.1103/PhysRevD.87.125034
http://dx.doi.org/10.1103/PhysRevD.87.125034
http://arxiv.org/abs/1302.6720
http://arxiv.org/abs/2003.02289
http://dx.doi.org/10.1088/1367-2630/17/7/075019
http://arxiv.org/abs/1502.06541
http://arxiv.org/abs/1502.06541
http://arxiv.org/abs/1502.06541
http://dx.doi.org/10.1016/0370-2693(80)90235-X


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[599] R.E. Shrock, Phys. Rev. D 24 (1981) 1275, http://dx.doi.org/10.1103/PhysRevD.24.1275.
[600] P.D. Bolton, F.F. Deppisch, L. Gráf, F. Šimkovic, Phys. Rev. D 103 (5) (2021) 055019, http://dx.doi.org/10.1103/PhysRevD.103.055019, arXiv:

2011.13387.
[601] M. Anelli, et al., SHiP Collaboration, A facility to search for hidden particles (SHiP) at the CERN SPS, 2015, arXiv:1504.04956.
[602] P.F. Smith, New J. Phys. 21 (5) (2019) 053022, http://dx.doi.org/10.1088/1367-2630/ab1502, arXiv:1607.06876.
[603] D. Gorbunov, M. Shaposhnikov, J. High Energy Phys. 10 (2007) 015, http://dx.doi.org/10.1088/1126-6708/2007/10/015, arXiv:0705.1729; JHEP

11 (2013) 101, Erratum;
[604] B. Abi, et al., DUNE Collaboration, The DUNE far detector interim design report volume 1: Physics, technology and strategies 2018,

arXiv:1807.10334.
[605] R. Acciarri, et al., DUNE Collaboration, Long-baseline neutrino facility (LBNF) and deep underground neutrino experiment (DUNE): Conceptual

design report, volume 1: The LBNF and DUNE projects 2016, arXiv:1601.05471.
[606] R. Acciarri, et al., DUNE Collaboration, Long-baseline neutrino facility (LBNF) and deep underground neutrino experiment (DUNE): Conceptual

design report, volume 2: The physics program for DUNE at LBNF 2015, arXiv:1512.06148.
[607] J. Strait, et al., DUNE Collaboration, Long-baseline neutrino facility (LBNF) and deep underground neutrino experiment (DUNE): Conceptual

design report, volume 3: Long-baseline neutrino facility for DUNE june 24, 2015 2016, arXiv:1601.05823.
[608] R. Acciarri, et al., DUNE Collaboration, Long-baseline neutrino facility (LBNF) and deep underground neutrino experiment (DUNE): Conceptual

design report, volume 4 the DUNE detectors at LBNF 2016, arXiv:1601.02984.
[609] K. Abe, et al., Hyper-Kamiokande Working Group Collaboration, A long baseline neutrino oscillation experiment using J-PARC neutrino beam

and hyper-kamiokande 2014, arXiv:1412.4673.
[610] K. Abe, et al., Hyper-Kamiokande Proto- Collaboration, PTEP 2015 (2015) 053C02, http://dx.doi.org/10.1093/ptep/ptv061, arXiv:1502.05199.
[611] K. Abe, et al., Hyper-Kamiokande Collaboration, PTEP 2018 (6) (2018) 063C01, http://dx.doi.org/10.1093/ptep/pty044, arXiv:1611.06118.
[612] K. Abe, et al., Hyper-Kamiokande Collaboration, Hyper-kamiokande design report 2018, arXiv:1805.04163.
[613] P. Kyberd, et al., nuSTORM Collaboration, Nustorm - neutrinos from stored muons: Letter of intent to the Fermilab physics advisory

committee 2012, arXiv:1206.0294.
[614] A. Longhin, L. Ludovici, F. Terranova, Eur. Phys. J. C 75 (4) (2015) 155, http://dx.doi.org/10.1140/epjc/s10052-015-3378-9, arXiv:1412.5987.
[615] M. Harada, et al., JSNS2 Collaboration, Proposal: A search for sterile neutrino at J-PARC materials and life science experimental facility 2013,

arXiv:1310.1437.
[616] J.R. Alonso, K. Nakamura, IsoDAR Collaboration, Isodar@kamland:A conceptual design report for the conventional facilities 2017, arXiv:

1710.09325.
[617] E. Baussan, et al., ESSnuSB Collaboration, in: N.A. Graf, M.E. Peskin, J.L. Rosner (Eds.), Nuclear Phys. B 885 (2014) 127–149, http://dx.doi.org/

10.1016/j.nuclphysb.2014.05.016, arXiv:1309.7022.
[618] A. Jamil, et al., nEXO Collaboration, IEEE Trans. Nucl. Sci. 65 (11) (2018) 2823–2833, http://dx.doi.org/10.1109/TNS.2018.2875668, arXiv:

1806.02220.
[619] K. Fujii, Y. Endo, Y. Torigoe, S. Nakamura, T. Haruyama, K. Kasami, S. Mihara, K. Saito, S. Sasaki, H. Tawara, Nucl. Instrum. Methods Phys. Res.

Section A: Accelerators, Spectrometers, Detectors And Associated Equipment 795 (2015) 293–297, http://dx.doi.org/10.1016/j.nima.2015.05.065,
URL https://www.sciencedirect.com/science/article/pii/S016890021500724X.

[620] J.P. Brodsky, S. Sangiorgio, M. Heffner, T. Stiegler, Nucl. Instrum. Methods A 922 (2019) 76–83, http://dx.doi.org/10.1016/j.nima.2018.12.057,
arXiv:1812.05694.

[621] O. Akindele, et al., Nu Tools: Exploring Practical Roles for Neutrinos in Nuclear Energy and Security, Tech. Rep., (CERN-ESU-004) Geneva, 2021,
URL http://nutools.ornl.gov.

[622] V. Brdar, P. Huber, J. Kopp, Phys. Rev. Appl. 8 (5) (2017) 054050, http://dx.doi.org/10.1103/PhysRevApplied.8.054050, arXiv:1606.06309.
[623] J. Asaadi, et al., JINST 13 (02) (2018) C02008, http://dx.doi.org/10.1088/1748-0221/13/02/C02008.
[624] A. Abed Abud, et al., DUNE Collaboration, Deep underground neutrino experiment (DUNE) near detector conceptual design report 2021,

arXiv:2103.13910.
[625] K. Majumdar, K. Mavrokoridis, Appl. Sci. 11 (6) (2021) 2455, http://dx.doi.org/10.3390/app11062455, arXiv:2103.06395.
[626] J.B. Albert, et al., EXO-200 Collaboration, Phys. Rev. C 89 (1) (2014) 015502, http://dx.doi.org/10.1103/PhysRevC.89.015502, arXiv:1306.6106.
[627] M. Jewell, et al., nEXO Collaboration, JINST 13 (01) (2018) P01006, http://dx.doi.org/10.1088/1748-0221/13/01/P01006, arXiv:1710.05109.
[628] Z. Li, et al., nEXO Collaboration, JINST 14 (09) (2019) P09020, http://dx.doi.org/10.1088/1748-0221/14/09/P09020, arXiv:1907.07512.
[629] M.K. Moe, Phys. Rev. C 44 (1991) 931–934, http://dx.doi.org/10.1103/PhysRevC.44.R931.
[630] C. Chambers, et al., nEXO Collaboration, Nature 569 (7755) (2019) 203–207, http://dx.doi.org/10.1038/s41586-019-1169-4, arXiv:1806.10694.
[631] M. Green, et al., Phys. Rev. A 76 (2007) 023404, http://dx.doi.org/10.1103/PhysRevA.76.023404, arXiv:physics/0702122.
[632] A.D. McDonald, et al., Phys. Rev. Lett. 120 (13) (2018) 132504, http://dx.doi.org/10.1103/PhysRevLett.120.132504, arXiv:1711.04782.
[633] J. Aalbers, F. Agostini, M. Alfonsi, F. Amaro, C. Amsler, E. Aprile, L. Arazi, F. Arneodo, P. Barrow, L. Baudis, et al., J. Cosmol. Astropart. Phys.

2016 (11) (2016) 017, http://dx.doi.org/10.1088/1475-7516/2016/11/017, URL http://dx.doi.org/10.1088/1475-7516/2016/11/017.
[634] J.R. Alonso, et al., Advanced scintillator detector concept (ASDC): A concept paper on the physics potential of water-based liquid

scintillator 2014, arXiv:1409.5864.
[635] C. Buck, B. Gramlich, S. Schoppmann, JINST 14 (11) (2019) P11007, http://dx.doi.org/10.1088/1748-0221/14/11/P11007, arXiv:1908.03334.
[636] H. Bonet, et al., CONUS Collaboration, Phys. Rev. Lett. 126 (4) (2021) 041804, http://dx.doi.org/10.1103/PhysRevLett.126.041804, arXiv:

2011.00210.
[637] R. Strauss, et al., Eur. Phys. J. C 77 (2017) 506, http://dx.doi.org/10.1140/epjc/s10052-017-5068-2, arXiv:1704.04320.
[638] A. Saenz, S. Jonsell, P. Froelich, Phys. Rev. Lett. 84 (2) (2000) 242, http://dx.doi.org/10.1103/PhysRevLett.84.242.
[639] L.I. Bodine, D.S. Parno, R.G.H. Robertson, Phys. Rev. C 91 (3) (2015) 035505, http://dx.doi.org/10.1103/PhysRevC.91.035505, arXiv:1502.03497.
[640] P. Huber, J. Kopp, M. Lindner, W. Winter, in: A. Breskin, M. Henneaux, V. Mukhanov, H. Rubinstein (Eds.), PoS NUFACT08 (2008) 145,

http://dx.doi.org/10.22323/1.074.0145.
[641] J. Allison, et al., Nucl. Instrum. Methods A 835 (2016) 186–225, http://dx.doi.org/10.1016/j.nima.2016.06.125.
[642] A. Ferrari, P.R. Sala, A. Fasso, J. Ranft, FLUKA: A Multi-particle transport code (program version 2005) 2005, http://dx.doi.org/10.2172/877507.
[643] N.V. Mokhov, C.C. James, The MARS code system user’s guide version 15(2016) 2017, http://dx.doi.org/10.2172/1462233.
[644] J. Albrecht, et al., HEP Software Foundation Collaboration, Comput. Softw. Big Sci. 3 (1) (2019) 7, http://dx.doi.org/10.1007/s41781-018-0018-8,

arXiv:1712.06982.
[645] M. Barisits, et al., Comput. Softw. Big Sci. 3 (1) (2019) 11, http://dx.doi.org/10.1007/s41781-019-0026-3, arXiv:1902.09857.
[646] E. Aprile, et al., XENON Collaboration, Eur. Phys. J. C 81 (4) (2021) 337, http://dx.doi.org/10.1140/epjc/s10052-020-08777-z, arXiv:2009.13981.
[647] W. Winter, in: S.T. Dye (Ed.), Earth Moon Planets 99 (2006) 285–307, http://dx.doi.org/10.1007/s11038-006-9101-y, arXiv:physics/0602049.
[648] A. Donini, S. Palomares-Ruiz, J. Salvado, Nat. Phys. 15 (1) (2019) 37–40, http://dx.doi.org/10.1038/s41567-018-0319-1, arXiv:1803.05901.
[649] C. Rott, A. Taketa, D. Bose, Sci. Rep. 5 (2015) 15225, http://dx.doi.org/10.1038/srep15225, arXiv:1502.04930.
[650] W. Winter, Nuclear Phys. B 908 (2016) 250–267, http://dx.doi.org/10.1016/j.nuclphysb.2016.03.033, arXiv:1511.05154.
111

http://dx.doi.org/10.1103/PhysRevD.24.1275
http://dx.doi.org/10.1103/PhysRevD.103.055019
http://arxiv.org/abs/2011.13387
http://arxiv.org/abs/2011.13387
http://arxiv.org/abs/2011.13387
http://arxiv.org/abs/1504.04956
http://dx.doi.org/10.1088/1367-2630/ab1502
http://arxiv.org/abs/1607.06876
http://dx.doi.org/10.1088/1126-6708/2007/10/015
http://arxiv.org/abs/0705.1729
http://arxiv.org/abs/1807.10334
http://arxiv.org/abs/1601.05471
http://arxiv.org/abs/1512.06148
http://arxiv.org/abs/1601.05823
http://arxiv.org/abs/1601.02984
http://arxiv.org/abs/1412.4673
http://dx.doi.org/10.1093/ptep/ptv061
http://arxiv.org/abs/1502.05199
http://dx.doi.org/10.1093/ptep/pty044
http://arxiv.org/abs/1611.06118
http://arxiv.org/abs/1805.04163
http://arxiv.org/abs/1206.0294
http://dx.doi.org/10.1140/epjc/s10052-015-3378-9
http://arxiv.org/abs/1412.5987
http://arxiv.org/abs/1310.1437
http://arxiv.org/abs/1710.09325
http://arxiv.org/abs/1710.09325
http://arxiv.org/abs/1710.09325
http://dx.doi.org/10.1016/j.nuclphysb.2014.05.016
http://dx.doi.org/10.1016/j.nuclphysb.2014.05.016
http://dx.doi.org/10.1016/j.nuclphysb.2014.05.016
http://arxiv.org/abs/1309.7022
http://dx.doi.org/10.1109/TNS.2018.2875668
http://arxiv.org/abs/1806.02220
http://arxiv.org/abs/1806.02220
http://arxiv.org/abs/1806.02220
http://dx.doi.org/10.1016/j.nima.2015.05.065
https://www.sciencedirect.com/science/article/pii/S016890021500724X
http://dx.doi.org/10.1016/j.nima.2018.12.057
http://arxiv.org/abs/1812.05694
http://nutools.ornl.gov
http://dx.doi.org/10.1103/PhysRevApplied.8.054050
http://arxiv.org/abs/1606.06309
http://dx.doi.org/10.1088/1748-0221/13/02/C02008
http://arxiv.org/abs/2103.13910
http://dx.doi.org/10.3390/app11062455
http://arxiv.org/abs/2103.06395
http://dx.doi.org/10.1103/PhysRevC.89.015502
http://arxiv.org/abs/1306.6106
http://dx.doi.org/10.1088/1748-0221/13/01/P01006
http://arxiv.org/abs/1710.05109
http://dx.doi.org/10.1088/1748-0221/14/09/P09020
http://arxiv.org/abs/1907.07512
http://dx.doi.org/10.1103/PhysRevC.44.R931
http://dx.doi.org/10.1038/s41586-019-1169-4
http://arxiv.org/abs/1806.10694
http://dx.doi.org/10.1103/PhysRevA.76.023404
http://arxiv.org/abs/physics/0702122
http://dx.doi.org/10.1103/PhysRevLett.120.132504
http://arxiv.org/abs/1711.04782
http://dx.doi.org/10.1088/1475-7516/2016/11/017
http://dx.doi.org/10.1088/1475-7516/2016/11/017
http://arxiv.org/abs/1409.5864
http://dx.doi.org/10.1088/1748-0221/14/11/P11007
http://arxiv.org/abs/1908.03334
http://dx.doi.org/10.1103/PhysRevLett.126.041804
http://arxiv.org/abs/2011.00210
http://arxiv.org/abs/2011.00210
http://arxiv.org/abs/2011.00210
http://dx.doi.org/10.1140/epjc/s10052-017-5068-2
http://arxiv.org/abs/1704.04320
http://dx.doi.org/10.1103/PhysRevLett.84.242
http://dx.doi.org/10.1103/PhysRevC.91.035505
http://arxiv.org/abs/1502.03497
http://dx.doi.org/10.22323/1.074.0145
http://dx.doi.org/10.1016/j.nima.2016.06.125
http://dx.doi.org/10.2172/877507
http://dx.doi.org/10.2172/1462233
http://dx.doi.org/10.1007/s41781-018-0018-8
http://arxiv.org/abs/1712.06982
http://dx.doi.org/10.1007/s41781-019-0026-3
http://arxiv.org/abs/1902.09857
http://dx.doi.org/10.1140/epjc/s10052-020-08777-z
http://arxiv.org/abs/2009.13981
http://dx.doi.org/10.1007/s11038-006-9101-y
http://arxiv.org/abs/physics/0602049
http://dx.doi.org/10.1038/s41567-018-0319-1
http://arxiv.org/abs/1803.05901
http://dx.doi.org/10.1038/srep15225
http://arxiv.org/abs/1502.04930
http://dx.doi.org/10.1016/j.nuclphysb.2016.03.033
http://arxiv.org/abs/1511.05154


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[651] W. Winter, Phys. Rev. D 72 (2005) 037302, http://dx.doi.org/10.1103/PhysRevD.72.037302, arXiv:hep-ph/0502097.
[652] I. Tamborra, F. Hanke, B. Müller, H.-T. Janka, G. Raffelt, Phys. Rev. Lett. 111 (12) (2013) 121104, http://dx.doi.org/10.1103/PhysRevLett.111.

121104, arXiv:1307.7936.
[653] L. Walk, I. Tamborra, H.-T. Janka, A. Summa, D. Kresse, Phys. Rev. D 101 (12) (2020) 123013, http://dx.doi.org/10.1103/PhysRevD.101.123013,

arXiv:1910.12971.
[654] L. Walk, I. Tamborra, H.-T. Janka, A. Summa, Phys. Rev. D 98 (12) (2018) 123001, http://dx.doi.org/10.1103/PhysRevD.98.123001, arXiv:

1807.02366.
[655] S.M. Adams, C.S. Kochanek, J.F. Beacom, M.R. Vagins, K.Z. Stanek, Astrophys. J. 778 (2013) 164, http://dx.doi.org/10.1088/0004-637X/778/2/164,

arXiv:1306.0559.
[656] A. Gallo Rosso, S. Abbar, F. Vissani, M.C. Volpe, J. Cosmol. Astropart. Phys. 12 (2018) 006, http://dx.doi.org/10.1088/1475-7516/2018/12/006,

arXiv:1809.09074.
[657] A.M. Suliga, I. Tamborra, M.-R. Wu, J. Cosmol. Astropart. Phys. 12 (2019) 019, http://dx.doi.org/10.1088/1475-7516/2019/12/019, arXiv:

1908.11382.
[658] A. de Gouvêa, I. Martinez-Soler, M. Sen, Phys. Rev. D 101 (4) (2020) 043013, http://dx.doi.org/10.1103/PhysRevD.101.043013, arXiv:1910.01127.
[659] A. Das, A. Dighe, M. Sen, J. Cosmol. Astropart. Phys. 05 (2017) 051, http://dx.doi.org/10.1088/1475-7516/2017/05/051, arXiv:1705.00468.
[660] H. Nunokawa, J.T. Peltoniemi, A. Rossi, J.W.F. Valle, Phys. Rev. D 56 (1997) 1704–1713, http://dx.doi.org/10.1103/PhysRevD.56.1704, arXiv:hep-

ph/9702372.
[661] I. Tamborra, G.G. Raffelt, L. Hudepohl, H.-T. Janka, J. Cosmol. Astropart. Phys. 01 (2012) 013, http://dx.doi.org/10.1088/1475-7516/2012/01/013,

arXiv:1110.2104.
[662] S. Shalgar, I. Tamborra, M. Bustamante, Phys. Rev. D 103 (12) (2021) 123008, http://dx.doi.org/10.1103/PhysRevD.103.123008, arXiv:1912.09115.
[663] P. Carenza, B. Fore, M. Giannotti, A. Mirizzi, S. Reddy, Phys. Rev. Lett. 126 (2021) 071102, http://dx.doi.org/10.1103/PhysRevLett.126.071102,

arXiv:2010.02943.
[664] C.J. Stapleford, D.J. Väänänen, J.P. Kneller, G.C. McLaughlin, B.T. Shapiro, Phys. Rev. D 94 (9) (2016) 093007, http://dx.doi.org/10.1103/PhysRevD.

94.093007, arXiv:1605.04903.
[665] A. Arcones, F.K. Thielemann, J. Phys. G 40 (2013) 013201, http://dx.doi.org/10.1088/0954-3899/40/1/013201, arXiv:1207.2527.
[666] J.J. Cowan, C. Sneden, J.E. Lawler, A. Aprahamian, M. Wiescher, K. Langanke, G. Martínez-Pinedo, F.-K. Thielemann, Rev. Modern Phys. 93 (1)

(2021) 15002, http://dx.doi.org/10.1103/RevModPhys.93.015002, arXiv:1901.01410.
[667] M. Petropoulou, S. Coenders, G. Vasilopoulos, A. Kamble, L. Sironi, Mon. Not. R. Astron. Soc. 470 (2) (2017) 1881–1893, http://dx.doi.org/10.

1093/mnras/stx1251, arXiv:1705.06752.
[668] K. Murase, Phys. Rev. D 97 (8) (2018) 081301, http://dx.doi.org/10.1103/PhysRevD.97.081301, arXiv:1705.04750.
[669] K. Murase, T.A. Thompson, B.C. Lacki, J.F. Beacom, Phys. Rev. D84 (2011) 043003, http://dx.doi.org/10.1103/PhysRevD.84.043003, arXiv:astro-

ph/1012.2834.
[670] V.N. Zirakashvili, V.S. Ptuskin, Astropart. Phys. 78 (2016) 28–34, http://dx.doi.org/10.1016/j.astropartphys.2016.02.004, arXiv:1510.08387.
[671] B. Follin, L. Knox, M. Millea, Z. Pan, Phys. Rev. Lett. 115 (9) (2015) 091301, http://dx.doi.org/10.1103/PhysRevLett.115.091301, arXiv:1503.07863.
[672] D.D. Baumann, F. Beutler, R. Flauger, D.R. Green, A. Slosar, M. Vargas-Magaña, B. Wallisch, C. Yèche, Nat. Phys. 15 (2019) 465–469,

http://dx.doi.org/10.1038/s41567-019-0435-6, arXiv:1803.10741.
[673] D.F.G. Fiorillo, A. Van Vliet, S. Morisi, W. Winter, J. Cosmol. Astropart. Phys. 07 (2021) 028, http://dx.doi.org/10.1088/1475-7516/2021/07/028,

arXiv:2103.16577.
[674] W. Winter, Adv. High Energy Phys. 2012 (2012) 586413, http://dx.doi.org/10.1155/2012/586413, arXiv:1201.5462.
[675] K. Murase, M. Ahlers, B.C. Lacki, Phys. Rev. D88 (12) (2013) 121301, http://dx.doi.org/10.1103/PhysRevD.88.121301, arXiv:1306.3417.
[676] K. Bechtol, M. Ahlers, M. Di Mauro, M. Ajello, J. Vandenbroucke, Astrophys. J. 836 (1) (2017) 47, http://dx.doi.org/10.3847/1538-4357/836/1/47,

arXiv:1511.00688.
[677] K. Murase, D. Guetta, M. Ahlers, Phys. Rev. Lett. 116 (7) (2016) 071101, http://dx.doi.org/10.1103/PhysRevLett.116.071101, arXiv:astro-

ph/1509.00805.
[678] S. Gao, A. Fedynitch, W. Winter, M. Pohl, Nat. Astron. 3 (2019) 88–92, http://dx.doi.org/10.1038/s41550-018-0610-1, arXiv:1807.04275.
[679] K. Mannheim, Astron. Astrophys. 269 (1993) 67, arXiv:astro-ph/9302006.
[680] M. Cerruti, A. Zech, C. Boisson, G. Emery, S. Inoue, J.-P. Lenain, Mon. Not. R. Astron. Soc. 483 (1) (2019) L12–L16, http://dx.doi.org/10.1093/

mnrasl/sly210, arXiv:1807.04335.
[681] A. Keivani, K. Murase, M. Petropoulou, D.B. Fox, S.B. Cenko, S. Chaty, A. Coleiro, J.J. DeLaunay, S. Dimitrakoudis, P.A. Evans, J.A. Kennea, F.E.

Marshall, A. Mastichiadis, J.P. Osborne, M. Santand er, A. Tohuvavohu, C.F. Turley, Astrophys. J. 864 (2018) 84, http://dx.doi.org/10.3847/1538-
4357/aad59a, arXiv:1807.04537.

[682] X. Rodrigues, S. Garrappa, S. Gao, V.S. Paliya, A. Franckowiak, W. Winter, Astrophys. J. 912 (1) (2021) 54, http://dx.doi.org/10.3847/1538-
4357/abe87b, arXiv:2009.04026.

[683] A. Reimer, M. Böttcher, S. Buson, Astrophys. J. 881 (1) (2019) 46, http://dx.doi.org/10.3847/1538-4357/ab2bff, arXiv:1812.05654.
[684] X. Rodrigues, S. Gao, A. Fedynitch, A. Palladino, W. Winter, Astrophys. J. 874 (2) (2019) L29, http://dx.doi.org/10.3847/2041-8213/ab1267,

arXiv:1812.05939.
[685] K. Hayasaki, R. Yamazaki, Neutrino emissions from tidal disruption remnants 2019, http://dx.doi.org/10.3847/1538-4357/ab44ca, arXiv:

1908.10882.
[686] W. Winter, C. Lunardini, Nat. Astron. (2021) http://dx.doi.org/10.1038/s41550-021-01305-3, arXiv:2005.06097.
[687] K. Murase, S.S. Kimura, B.T. Zhang, F. Oikonomou, M. Petropoulou, Astrophys. J. 902 (2) (2020) 108, http://dx.doi.org/10.3847/1538-4357/abb3c0,

arXiv:2005.08937.
[688] E. Waxman, J.N. Bahcall, Phys. Rev. D59 (1999) 023002, http://dx.doi.org/10.1103/PhysRevD.59.023002, arXiv:hep-ph/9807282.
[689] R. Abbasi, et al., IceCube Collaboration, The IceCube high-energy starting event sample: Description and flux characterization with 7.5 years

of data 2020, http://dx.doi.org/10.1103/PhysRevD.104.022002, arXiv:2011.03545.
[690] A. van Vliet, R. Alves Batista, J.R. Hörandel, Phys. Rev. D 100 (2) (2019) 021302, http://dx.doi.org/10.1103/PhysRevD.100.021302, arXiv:

1901.01899.
[691] X. Rodrigues, J. Heinze, A. Palladino, A. van Vliet, W. Winter, Phys. Rev. Lett. 126 (19) (2021) 191101, http://dx.doi.org/10.1103/PhysRevLett.

126.191101, arXiv:2003.08392.
[692] K. Fang, K. Murase, Phys. Lett. 14 (2018) 396, http://dx.doi.org/10.1038/s41567-017-0025-4, arXiv:1704.00015; Nature Phys. 14 (4) (2018)

396.
[693] D. Boncioli, D. Biehl, W. Winter, Astrophys. J. 872 (1) (2019) 110, http://dx.doi.org/10.3847/1538-4357/aafda7, arXiv:1808.07481.
[694] S. Ando, et al., Rev. Modern Phys. 85 (4) (2013) 1401–1420, http://dx.doi.org/10.1103/RevModPhys.85.1401, arXiv:1203.5192.
[695] S.S. Kimura, K. Murase, P. Mészáros, K. Kiuchi, Astrophys. J. Lett. 848 (1) (2017) L4, http://dx.doi.org/10.3847/2041-8213/aa8d14, arXiv:

1708.07075.
[696] K. Fang, B.D. Metzger, Astrophys. J. 849 (2) (2017) 153, http://dx.doi.org/10.3847/1538-4357/aa8b6a, arXiv:1707.04263.
112

http://dx.doi.org/10.1103/PhysRevD.72.037302
http://arxiv.org/abs/hep-ph/0502097
http://dx.doi.org/10.1103/PhysRevLett.111.121104
http://dx.doi.org/10.1103/PhysRevLett.111.121104
http://dx.doi.org/10.1103/PhysRevLett.111.121104
http://arxiv.org/abs/1307.7936
http://dx.doi.org/10.1103/PhysRevD.101.123013
http://arxiv.org/abs/1910.12971
http://dx.doi.org/10.1103/PhysRevD.98.123001
http://arxiv.org/abs/1807.02366
http://arxiv.org/abs/1807.02366
http://arxiv.org/abs/1807.02366
http://dx.doi.org/10.1088/0004-637X/778/2/164
http://arxiv.org/abs/1306.0559
http://dx.doi.org/10.1088/1475-7516/2018/12/006
http://arxiv.org/abs/1809.09074
http://dx.doi.org/10.1088/1475-7516/2019/12/019
http://arxiv.org/abs/1908.11382
http://arxiv.org/abs/1908.11382
http://arxiv.org/abs/1908.11382
http://dx.doi.org/10.1103/PhysRevD.101.043013
http://arxiv.org/abs/1910.01127
http://dx.doi.org/10.1088/1475-7516/2017/05/051
http://arxiv.org/abs/1705.00468
http://dx.doi.org/10.1103/PhysRevD.56.1704
http://arxiv.org/abs/hep-ph/9702372
http://arxiv.org/abs/hep-ph/9702372
http://arxiv.org/abs/hep-ph/9702372
http://dx.doi.org/10.1088/1475-7516/2012/01/013
http://arxiv.org/abs/1110.2104
http://dx.doi.org/10.1103/PhysRevD.103.123008
http://arxiv.org/abs/1912.09115
http://dx.doi.org/10.1103/PhysRevLett.126.071102
http://arxiv.org/abs/2010.02943
http://dx.doi.org/10.1103/PhysRevD.94.093007
http://dx.doi.org/10.1103/PhysRevD.94.093007
http://dx.doi.org/10.1103/PhysRevD.94.093007
http://arxiv.org/abs/1605.04903
http://dx.doi.org/10.1088/0954-3899/40/1/013201
http://arxiv.org/abs/1207.2527
http://dx.doi.org/10.1103/RevModPhys.93.015002
http://arxiv.org/abs/1901.01410
http://dx.doi.org/10.1093/mnras/stx1251
http://dx.doi.org/10.1093/mnras/stx1251
http://dx.doi.org/10.1093/mnras/stx1251
http://arxiv.org/abs/1705.06752
http://dx.doi.org/10.1103/PhysRevD.97.081301
http://arxiv.org/abs/1705.04750
http://dx.doi.org/10.1103/PhysRevD.84.043003
http://arxiv.org/abs/astro-ph/1012.2834
http://arxiv.org/abs/astro-ph/1012.2834
http://arxiv.org/abs/astro-ph/1012.2834
http://dx.doi.org/10.1016/j.astropartphys.2016.02.004
http://arxiv.org/abs/1510.08387
http://dx.doi.org/10.1103/PhysRevLett.115.091301
http://arxiv.org/abs/1503.07863
http://dx.doi.org/10.1038/s41567-019-0435-6
http://arxiv.org/abs/1803.10741
http://dx.doi.org/10.1088/1475-7516/2021/07/028
http://arxiv.org/abs/2103.16577
http://dx.doi.org/10.1155/2012/586413
http://arxiv.org/abs/1201.5462
http://dx.doi.org/10.1103/PhysRevD.88.121301
http://arxiv.org/abs/1306.3417
http://dx.doi.org/10.3847/1538-4357/836/1/47
http://arxiv.org/abs/1511.00688
http://dx.doi.org/10.1103/PhysRevLett.116.071101
http://arxiv.org/abs/astro-ph/1509.00805
http://arxiv.org/abs/astro-ph/1509.00805
http://arxiv.org/abs/astro-ph/1509.00805
http://dx.doi.org/10.1038/s41550-018-0610-1
http://arxiv.org/abs/1807.04275
http://arxiv.org/abs/astro-ph/9302006
http://dx.doi.org/10.1093/mnrasl/sly210
http://dx.doi.org/10.1093/mnrasl/sly210
http://dx.doi.org/10.1093/mnrasl/sly210
http://arxiv.org/abs/1807.04335
http://dx.doi.org/10.3847/1538-4357/aad59a
http://dx.doi.org/10.3847/1538-4357/aad59a
http://dx.doi.org/10.3847/1538-4357/aad59a
http://arxiv.org/abs/1807.04537
http://dx.doi.org/10.3847/1538-4357/abe87b
http://dx.doi.org/10.3847/1538-4357/abe87b
http://dx.doi.org/10.3847/1538-4357/abe87b
http://arxiv.org/abs/2009.04026
http://dx.doi.org/10.3847/1538-4357/ab2bff
http://arxiv.org/abs/1812.05654
http://dx.doi.org/10.3847/2041-8213/ab1267
http://arxiv.org/abs/1812.05939
http://dx.doi.org/10.3847/1538-4357/ab44ca
http://arxiv.org/abs/1908.10882
http://arxiv.org/abs/1908.10882
http://arxiv.org/abs/1908.10882
http://dx.doi.org/10.1038/s41550-021-01305-3
http://arxiv.org/abs/2005.06097
http://dx.doi.org/10.3847/1538-4357/abb3c0
http://arxiv.org/abs/2005.08937
http://dx.doi.org/10.1103/PhysRevD.59.023002
http://arxiv.org/abs/hep-ph/9807282
http://dx.doi.org/10.1103/PhysRevD.104.022002
http://arxiv.org/abs/2011.03545
http://dx.doi.org/10.1103/PhysRevD.100.021302
http://arxiv.org/abs/1901.01899
http://arxiv.org/abs/1901.01899
http://arxiv.org/abs/1901.01899
http://dx.doi.org/10.1103/PhysRevLett.126.191101
http://dx.doi.org/10.1103/PhysRevLett.126.191101
http://dx.doi.org/10.1103/PhysRevLett.126.191101
http://arxiv.org/abs/2003.08392
http://dx.doi.org/10.1038/s41567-017-0025-4
http://arxiv.org/abs/1704.00015
http://dx.doi.org/10.3847/1538-4357/aafda7
http://arxiv.org/abs/1808.07481
http://dx.doi.org/10.1103/RevModPhys.85.1401
http://arxiv.org/abs/1203.5192
http://dx.doi.org/10.3847/2041-8213/aa8d14
http://arxiv.org/abs/1708.07075
http://arxiv.org/abs/1708.07075
http://arxiv.org/abs/1708.07075
http://dx.doi.org/10.3847/1538-4357/aa8b6a
http://arxiv.org/abs/1707.04263


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[697] A. Albert, et al., ANTARES, IceCube, Pierre Auger, LIGO Scientific, Virgo Collaboration, Astrophys. J. Lett. 850 (2) (2017) L35, http://dx.doi.org/
10.3847/2041-8213/aa9aed, arXiv:1710.05839.

[698] A.D. Avrorin, et al., Baikal-GVD Collaboration, JETP Lett. 108 (12) (2018) 787–790, http://dx.doi.org/10.1134/S0021364018240025, arXiv:
1810.10966.

[699] D. Biehl, J. Heinze, W. Winter, Mon. Not. R. Astron. Soc. 476 (1) (2018) 1191–1197, http://dx.doi.org/10.1093/mnras/sty285, arXiv:1712.00449.
[700] A. Albert, et al., ANTARES, IceCube, LIGO, Virgo Collaboration, Astrophys. J. 870 (2) (2019) 134, http://dx.doi.org/10.3847/1538-4357/aaf21d,

arXiv:1810.10693.
[701] C.A. Arguelles, M. Bustamante, A. Kheirandish, S. Palomares-Ruiz, J. Salvado, A.C. Vincent, PoS ICRC2019 (2020) 849, http://dx.doi.org/10.22323/

1.358.0849, arXiv:1907.08690.
[702] S.L. Glashow, NATO Sci. Ser. B 61 (1980) 687, http://dx.doi.org/10.1007/978-1-4684-7197-7_15.
[703] D. Wyler, L. Wolfenstein, Nucl. Phys. B 218 (1983) 205–214, http://dx.doi.org/10.1016/0550-3213(83)90482-0.
[704] R. Mohapatra, Phys. Rev. Lett. 56 (1986) 561–563, http://dx.doi.org/10.1103/PhysRevLett.56.561.
[705] R. Mohapatra, J. Valle, Phys. Rev. D 34 (1986) 1642, http://dx.doi.org/10.1103/PhysRevD.34.1642.
[706] E.K. Akhmedov, M. Lindner, E. Schnapka, J. Valle, Phys. Rev. D 53 (1996) 2752–2780, http://dx.doi.org/10.1103/PhysRevD.53.2752, arXiv:hep-

ph/9509255.
[707] S. Barr, Phys. Rev. Lett. 92 (2004) 101601, http://dx.doi.org/10.1103/PhysRevLett.92.101601, arXiv:hep-ph/0309152.
[708] M. Malinsky, J. Romao, J. Valle, Phys. Rev. Lett. 95 (2005) 161801, http://dx.doi.org/10.1103/PhysRevLett.95.161801, arXiv:hep-ph/0506296.
[709] A. Zee, Phys. Lett. B 93 (1980) 389, http://dx.doi.org/10.1016/0370-2693(80)90349-4; Phys.Lett.B 95 (1980) 461, Erratum.
[710] E. Ma, Phys. Rev. D 73 (2006) 077301, http://dx.doi.org/10.1103/PhysRevD.73.077301, arXiv:hep-ph/0601225.
[711] A. Zee, Nuclear Phys. B 264 (1986) 99–110, http://dx.doi.org/10.1016/0550-3213(86)90475-X.
[712] K. Babu, Phys. Lett. B 203 (1988) 132–136, http://dx.doi.org/10.1016/0370-2693(88)91584-5.
[713] S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566–1570, http://dx.doi.org/10.1103/PhysRevLett.43.1566.
[714] A. de Gouvea, J. Jenkins, Phys. Rev. D 77 (2008) 013008, http://dx.doi.org/10.1103/PhysRevD.77.013008, arXiv:0708.1344.
[715] P.W. Angel, N.L. Rodd, R.R. Volkas, Phys. Rev. D 87 (7) (2013) 073007, http://dx.doi.org/10.1103/PhysRevD.87.073007, arXiv:1212.6111.
[716] R. Cepedello, M. Hirsch, J. Helo, J. High Energy Phys. 07 (2017) 079, http://dx.doi.org/10.1007/JHEP07(2017)079, arXiv:1705.01489.
[717] G. Anamiati, O. Castillo-Felisola, R.M. Fonseca, J. Helo, M. Hirsch, J. High Energy Phys. 12 (2018) 066, http://dx.doi.org/10.1007/JHEP12(2018)066,

arXiv:1806.07264.
[718] G. Altarelli, F. Feruglio, Rev. Modern Phys. 82 (2010) 2701–2729, http://dx.doi.org/10.1103/RevModPhys.82.2701, arXiv:1002.0211.
[719] S.F. King, C. Luhn, Rep. Progr. Phys. 76 (2013) 056201, http://dx.doi.org/10.1088/0034-4885/76/5/056201, arXiv:1301.1340.
[720] Z.-z. Xing, Phys. Rep. 854 (2020) 1–147, http://dx.doi.org/10.1016/j.physrep.2020.02.001, arXiv:1909.09610.
[721] F. Feruglio, A. Romanino, Rev. Modern Phys. 93 (1) (2021) 015007, http://dx.doi.org/10.1103/RevModPhys.93.015007, arXiv:1912.06028.
[722] H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada, M. Tanimoto, Progr. Theoret. Phys. Suppl. 183 (2010) 1–163, http://dx.doi.org/10.

1143/PTPS.183.1, arXiv:1003.3552.
[723] X. He, G.C. Joshi, H. Lew, R. Volkas, Phys. Rev. D 43 (1991) 22–24, http://dx.doi.org/10.1103/PhysRevD.43.R22.
[724] R. Foot, Modern Phys. Lett. A 6 (1991) 527–530, http://dx.doi.org/10.1142/S0217732391000543.
[725] X.-G. He, G.C. Joshi, H. Lew, R. Volkas, Phys. Rev. D 44 (1991) 2118–2132, http://dx.doi.org/10.1103/PhysRevD.44.2118.
[726] P. Binetruy, S. Lavignac, S.T. Petcov, P. Ramond, Nuclear Phys. B 496 (1997) 3–23, http://dx.doi.org/10.1016/S0550-3213(97)00211-3, arXiv:

hep-ph/9610481.
[727] W. Altmannshofer, S. Gori, M. Pospelov, I. Yavin, Phys. Rev. D 89 (2014) 095033, http://dx.doi.org/10.1103/PhysRevD.89.095033, arXiv:

1403.1269.
[728] A. Crivellin, G. D’Ambrosio, J. Heeck, Phys. Rev. Lett. 114 (2015) 151801, http://dx.doi.org/10.1103/PhysRevLett.114.151801, arXiv:1501.00993.
[729] S.T. Petcov, A.V. Titov, Phys. Rev. D 97 (11) (2018) 115045, http://dx.doi.org/10.1103/PhysRevD.97.115045, arXiv:1804.00182.
[730] P. Frampton, S. Petcov, W. Rodejohann, Nuclear Phys. B 687 (2004) 31–54, http://dx.doi.org/10.1016/j.nuclphysb.2004.03.014, arXiv:hep-

ph/0401206.
[731] S. King, J. High Energy Phys. 08 (2005) 105, http://dx.doi.org/10.1088/1126-6708/2005/08/105, arXiv:hep-ph/0506297.
[732] I. Girardi, S. Petcov, A. Titov, Eur. Phys. J. C 75 (2015) 345, http://dx.doi.org/10.1140/epjc/s10052-015-3559-6, arXiv:1504.00658.
[733] P. Ballett, S.F. King, C. Luhn, S. Pascoli, M.A. Schmidt, Phys. Rev. D 89 (1) (2014) 016016, http://dx.doi.org/10.1103/PhysRevD.89.016016,

arXiv:1308.4314.
[734] J. Barry, W. Rodejohann, Nuclear Phys. B 842 (2011) 33–50, http://dx.doi.org/10.1016/j.nuclphysb.2010.08.015, arXiv:1007.5217.
[735] L. Dorame, D. Meloni, S. Morisi, E. Peinado, J. Valle, Nuclear Phys. B 861 (2012) 259–270, http://dx.doi.org/10.1016/j.nuclphysb.2012.04.003,

arXiv:1111.5614.
[736] S.F. King, A. Merle, A.J. Stuart, J. High Energy Phys. 12 (2013) 005, http://dx.doi.org/10.1007/JHEP12(2013)005, arXiv:1307.2901.
[737] W. Grimus, M. Rebelo, Phys. Rep. 281 (1997) 239–308, http://dx.doi.org/10.1016/S0370-1573(96)00030-0, arXiv:hep-ph/9506272.
[738] F. Feruglio, C. Hagedorn, R. Ziegler, J. High Energy Phys. 07 (2013) 027, http://dx.doi.org/10.1007/JHEP07(2013)027, arXiv:1211.5560.
[739] M. Holthausen, M. Lindner, M.A. Schmidt, J. High Energy Phys. 04 (2013) 122, http://dx.doi.org/10.1007/JHEP04(2013)122, arXiv:1211.6953.
[740] M.-C. Chen, M. Fallbacher, K. Mahanthappa, M. Ratz, A. Trautner, Nuclear Phys. B 883 (2014) 267–305, http://dx.doi.org/10.1016/j.nuclphysb.

2014.03.023, arXiv:1402.0507.
[741] P. Coloma, S. Pascoli, Theory and phenomenology of mass ordering and CP violation 2018, pp. 497–542, http://dx.doi.org/10.1142/

9789813226098_0013, 28.
[742] F. Feruglio, From My Vast Repertoire ...: Guido Altarelli’s Legacy, 2019, pp. 227–266, http://dx.doi.org/10.1142/9789813238053_0012, arXiv:

1706.08749.
[743] J. Penedo, S. Petcov, Nuclear Phys. B 939 (2019) 292–307, http://dx.doi.org/10.1016/j.nuclphysb.2018.12.016, arXiv:1806.11040.
[744] J.C. Criado, F. Feruglio, SciPost Phys. 5 (5) (2018) 042, http://dx.doi.org/10.21468/SciPostPhys.5.5.042, arXiv:1807.01125.
[745] T. Kobayashi, K. Tanaka, T.H. Tatsuishi, Phys. Rev. D 98 (1) (2018) 016004, http://dx.doi.org/10.1103/PhysRevD.98.016004, arXiv:1803.10391.
[746] T. Kobayashi, N. Omoto, Y. Shimizu, K. Takagi, M. Tanimoto, T.H. Tatsuishi, J. High Energy Phys. 11 (2018) 196, http://dx.doi.org/10.1007/

JHEP11(2018)196, arXiv:1808.03012.
[747] G.-J. Ding, S.F. King, X.-G. Liu, J. High Energy Phys. 09 (2019) 074, http://dx.doi.org/10.1007/JHEP09(2019)074, arXiv:1907.11714.
[748] S. Petcov, Sov. J. Nucl. Phys. 25 (1977) 340; Sov.J.Nucl.Phys. 25 (1977) 698, Erratum; Yad.Fiz. 25 (1977) 1336, Erratum.
[749] A. de Gouvea, P. Vogel, Prog. Part. Nucl. Phys. 71 (2013) 75–92, http://dx.doi.org/10.1016/j.ppnp.2013.03.006, arXiv:1303.4097.
[750] L. Calibbi, G. Signorelli, Riv. Nuovo Cimento 41 (2) (2018) 71–174, http://dx.doi.org/10.1393/ncr/i2018-10144-0, arXiv:1709.00294.
[751] E.J. Chun, K.Y. Lee, S.C. Park, Phys. Lett. B 566 (2003) 142–151, http://dx.doi.org/10.1016/S0370-2693(03)00770-6, arXiv:hep-ph/0304069.
[752] A. Baldini, et al., MEG II Collaboration, Eur. Phys. J. C 78 (5) (2018) 380, http://dx.doi.org/10.1140/epjc/s10052-018-5845-6, arXiv:1801.04688.
[753] A. Blondel, et al., Research proposal for an experiment to search for the decay µ → eee 2013, arXiv:1301.6113.
[754] L. Bartoszek, et al., Mu2e Collaboration, Mu2e technical design report 2014, http://dx.doi.org/10.2172/1172555, arXiv:1501.05241.
[755] R. Abramishvili, et al., COMET Collaboration, PTEP 2020 (3) (2020) 033C01, http://dx.doi.org/10.1093/ptep/ptz125, arXiv:1812.09018.
113

http://dx.doi.org/10.3847/2041-8213/aa9aed
http://dx.doi.org/10.3847/2041-8213/aa9aed
http://dx.doi.org/10.3847/2041-8213/aa9aed
http://arxiv.org/abs/1710.05839
http://dx.doi.org/10.1134/S0021364018240025
http://arxiv.org/abs/1810.10966
http://arxiv.org/abs/1810.10966
http://arxiv.org/abs/1810.10966
http://dx.doi.org/10.1093/mnras/sty285
http://arxiv.org/abs/1712.00449
http://dx.doi.org/10.3847/1538-4357/aaf21d
http://arxiv.org/abs/1810.10693
http://dx.doi.org/10.22323/1.358.0849
http://dx.doi.org/10.22323/1.358.0849
http://dx.doi.org/10.22323/1.358.0849
http://arxiv.org/abs/1907.08690
http://dx.doi.org/10.1007/978-1-4684-7197-7_15
http://dx.doi.org/10.1016/0550-3213(83)90482-0
http://dx.doi.org/10.1103/PhysRevLett.56.561
http://dx.doi.org/10.1103/PhysRevD.34.1642
http://dx.doi.org/10.1103/PhysRevD.53.2752
http://arxiv.org/abs/hep-ph/9509255
http://arxiv.org/abs/hep-ph/9509255
http://arxiv.org/abs/hep-ph/9509255
http://dx.doi.org/10.1103/PhysRevLett.92.101601
http://arxiv.org/abs/hep-ph/0309152
http://dx.doi.org/10.1103/PhysRevLett.95.161801
http://arxiv.org/abs/hep-ph/0506296
http://dx.doi.org/10.1016/0370-2693(80)90349-4
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb709
http://dx.doi.org/10.1103/PhysRevD.73.077301
http://arxiv.org/abs/hep-ph/0601225
http://dx.doi.org/10.1016/0550-3213(86)90475-X
http://dx.doi.org/10.1016/0370-2693(88)91584-5
http://dx.doi.org/10.1103/PhysRevLett.43.1566
http://dx.doi.org/10.1103/PhysRevD.77.013008
http://arxiv.org/abs/0708.1344
http://dx.doi.org/10.1103/PhysRevD.87.073007
http://arxiv.org/abs/1212.6111
http://dx.doi.org/10.1007/JHEP07(2017)079
http://arxiv.org/abs/1705.01489
http://dx.doi.org/10.1007/JHEP12(2018)066
http://arxiv.org/abs/1806.07264
http://dx.doi.org/10.1103/RevModPhys.82.2701
http://arxiv.org/abs/1002.0211
http://dx.doi.org/10.1088/0034-4885/76/5/056201
http://arxiv.org/abs/1301.1340
http://dx.doi.org/10.1016/j.physrep.2020.02.001
http://arxiv.org/abs/1909.09610
http://dx.doi.org/10.1103/RevModPhys.93.015007
http://arxiv.org/abs/1912.06028
http://dx.doi.org/10.1143/PTPS.183.1
http://dx.doi.org/10.1143/PTPS.183.1
http://dx.doi.org/10.1143/PTPS.183.1
http://arxiv.org/abs/1003.3552
http://dx.doi.org/10.1103/PhysRevD.43.R22
http://dx.doi.org/10.1142/S0217732391000543
http://dx.doi.org/10.1103/PhysRevD.44.2118
http://dx.doi.org/10.1016/S0550-3213(97)00211-3
http://arxiv.org/abs/hep-ph/9610481
http://arxiv.org/abs/hep-ph/9610481
http://arxiv.org/abs/hep-ph/9610481
http://dx.doi.org/10.1103/PhysRevD.89.095033
http://arxiv.org/abs/1403.1269
http://arxiv.org/abs/1403.1269
http://arxiv.org/abs/1403.1269
http://dx.doi.org/10.1103/PhysRevLett.114.151801
http://arxiv.org/abs/1501.00993
http://dx.doi.org/10.1103/PhysRevD.97.115045
http://arxiv.org/abs/1804.00182
http://dx.doi.org/10.1016/j.nuclphysb.2004.03.014
http://arxiv.org/abs/hep-ph/0401206
http://arxiv.org/abs/hep-ph/0401206
http://arxiv.org/abs/hep-ph/0401206
http://dx.doi.org/10.1088/1126-6708/2005/08/105
http://arxiv.org/abs/hep-ph/0506297
http://dx.doi.org/10.1140/epjc/s10052-015-3559-6
http://arxiv.org/abs/1504.00658
http://dx.doi.org/10.1103/PhysRevD.89.016016
http://arxiv.org/abs/1308.4314
http://dx.doi.org/10.1016/j.nuclphysb.2010.08.015
http://arxiv.org/abs/1007.5217
http://dx.doi.org/10.1016/j.nuclphysb.2012.04.003
http://arxiv.org/abs/1111.5614
http://dx.doi.org/10.1007/JHEP12(2013)005
http://arxiv.org/abs/1307.2901
http://dx.doi.org/10.1016/S0370-1573(96)00030-0
http://arxiv.org/abs/hep-ph/9506272
http://dx.doi.org/10.1007/JHEP07(2013)027
http://arxiv.org/abs/1211.5560
http://dx.doi.org/10.1007/JHEP04(2013)122
http://arxiv.org/abs/1211.6953
http://dx.doi.org/10.1016/j.nuclphysb.2014.03.023
http://dx.doi.org/10.1016/j.nuclphysb.2014.03.023
http://dx.doi.org/10.1016/j.nuclphysb.2014.03.023
http://arxiv.org/abs/1402.0507
http://dx.doi.org/10.1142/9789813226098_0013
http://dx.doi.org/10.1142/9789813226098_0013
http://dx.doi.org/10.1142/9789813226098_0013
http://dx.doi.org/10.1142/9789813238053_0012
http://arxiv.org/abs/1706.08749
http://arxiv.org/abs/1706.08749
http://arxiv.org/abs/1706.08749
http://dx.doi.org/10.1016/j.nuclphysb.2018.12.016
http://arxiv.org/abs/1806.11040
http://dx.doi.org/10.21468/SciPostPhys.5.5.042
http://arxiv.org/abs/1807.01125
http://dx.doi.org/10.1103/PhysRevD.98.016004
http://arxiv.org/abs/1803.10391
http://dx.doi.org/10.1007/JHEP11(2018)196
http://dx.doi.org/10.1007/JHEP11(2018)196
http://dx.doi.org/10.1007/JHEP11(2018)196
http://arxiv.org/abs/1808.03012
http://dx.doi.org/10.1007/JHEP09(2019)074
http://arxiv.org/abs/1907.11714
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb748
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb748
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb748
http://dx.doi.org/10.1016/j.ppnp.2013.03.006
http://arxiv.org/abs/1303.4097
http://dx.doi.org/10.1393/ncr/i2018-10144-0
http://arxiv.org/abs/1709.00294
http://dx.doi.org/10.1016/S0370-2693(03)00770-6
http://arxiv.org/abs/hep-ph/0304069
http://dx.doi.org/10.1140/epjc/s10052-018-5845-6
http://arxiv.org/abs/1801.04688
http://arxiv.org/abs/1301.6113
http://dx.doi.org/10.2172/1172555
http://arxiv.org/abs/1501.05241
http://dx.doi.org/10.1093/ptep/ptz125
http://arxiv.org/abs/1812.09018


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[756] G. Hiller, M. Schmaltz, Phys. Rev. D 90 (2014) 054014, http://dx.doi.org/10.1103/PhysRevD.90.054014, arXiv:1408.1627.
[757] M. Bauer, M. Neubert, Phys. Rev. Lett. 116 (14) (2016) 141802, http://dx.doi.org/10.1103/PhysRevLett.116.141802, arXiv:1511.01900.
[758] O. Catà, T. Mannel, Linking lepton number violation with B anomalies 2019, arXiv:1903.01799.
[759] M. Drewes, et al., J. Cosmol. Astropart. Phys. 01 (2017) 025, http://dx.doi.org/10.1088/1475-7516/2017/01/025, arXiv:1602.04816.
[760] S. Dodelson, L.M. Widrow, Phys. Rev. Lett. 72 (1994) 17–20, http://dx.doi.org/10.1103/PhysRevLett.72.17, arXiv:hep-ph/9303287.
[761] X.-D. Shi, G.M. Fuller, Phys. Rev. Lett. 82 (1999) 2832–2835, http://dx.doi.org/10.1103/PhysRevLett.82.2832, arXiv:astro-ph/9810076.
[762] A. Boyarsky, O. Ruchayskiy, M. Shaposhnikov, Ann. Rev. Nucl. Part. Sci. 59 (2009) 191–214, http://dx.doi.org/10.1146/annurev.nucl.010909.

083654, arXiv:0901.0011.
[763] M. Laine, M. Shaposhnikov, J. Cosmol. Astropart. Phys. 06 (2008) 031, http://dx.doi.org/10.1088/1475-7516/2008/06/031, arXiv:0804.4543.
[764] K.N. Abazajian, Phys. Rep. 711–712 (2017) 1–28, http://dx.doi.org/10.1016/j.physrep.2017.10.003, arXiv:1705.01837.
[765] A. Boyarsky, M. Drewes, T. Lasserre, S. Mertens, O. Ruchayskiy, Prog. Part. Nucl. Phys. 104 (2019) 1–45, http://dx.doi.org/10.1016/j.ppnp.2018.

07.004, arXiv:1807.07938.
[766] E. Bulbul, M. Markevitch, A. Foster, R.K. Smith, M. Loewenstein, S.W. Randall, Astrophys. J. 789 (2014) 13, http://dx.doi.org/10.1088/0004-

637X/789/1/13, arXiv:1402.2301.
[767] A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, J. Franse, Phys. Rev. Lett. 113 (2014) 251301, http://dx.doi.org/10.1103/PhysRevLett.113.251301,

arXiv:1402.4119.
[768] T.E. Jeltema, S. Profumo, Mon. Not. R. Astron. Soc. 450 (2) (2015) 2143–2152, http://dx.doi.org/10.1093/mnras/stv768, arXiv:1408.1699.
[769] E. Carlson, T. Jeltema, S. Profumo, J. Cosmol. Astropart. Phys. 02 (2015) 009, http://dx.doi.org/10.1088/1475-7516/2015/02/009, arXiv:1411.1758.
[770] J. Baur, N. Palanque-Delabrouille, C. Yèche, C. Magneville, M. Viel, J. Cosmol. Astropart. Phys. 08 (2016) 012, http://dx.doi.org/10.1088/1475-

7516/2016/08/012, arXiv:1512.01981.
[771] V. Iršič, et al., Phys. Rev. D 96 (2) (2017) 023522, http://dx.doi.org/10.1103/PhysRevD.96.023522, arXiv:1702.01764.
[772] C. Yèche, N. Palanque-Delabrouille, J. Baur, H. du Mas des Bourboux, J. Cosmol. Astropart. Phys. 06 (2017) 047, http://dx.doi.org/10.1088/1475-

7516/2017/06/047, arXiv:1702.03314.
[773] J. Baur, N. Palanque-Delabrouille, C. Yeche, A. Boyarsky, O. Ruchayskiy, E. Armengaud, J. Lesgourgues, J. Cosmol. Astropart. Phys. 12 (2017)

013, http://dx.doi.org/10.1088/1475-7516/2017/12/013, arXiv:1706.03118.
[774] S. Centelles Chuliá, E. Ma, R. Srivastava, J.W.F. Valle, Phys. Lett. B 767 (2017) 209–213, http://dx.doi.org/10.1016/j.physletb.2017.01.070,

arXiv:1606.04543.
[775] C. Pérez de los Heros, PoS EPS-HEP2019 (2020) 694, http://dx.doi.org/10.22323/1.364.0694, arXiv:2001.06193.
[776] J. Billard, L. Strigari, E. Figueroa-Feliciano, Phys. Rev. D 89 (2) (2014) 023524, http://dx.doi.org/10.1103/PhysRevD.89.023524, arXiv:1307.5458.
[777] J.H. Davis, J. Cosmol. Astropart. Phys. 03 (2015) 012, http://dx.doi.org/10.1088/1475-7516/2015/03/012, arXiv:1412.1475.
[778] F. Ruppin, J. Billard, E. Figueroa-Feliciano, L. Strigari, Phys. Rev. D 90 (8) (2014) 083510, http://dx.doi.org/10.1103/PhysRevD.90.083510,

arXiv:1408.3581.
[779] P. Grothaus, M. Fairbairn, J. Monroe, Phys. Rev. D 90 (5) (2014) 055018, http://dx.doi.org/10.1103/PhysRevD.90.055018, arXiv:1406.5047.
[780] C.A.J. O’Hare, A.M. Green, J. Billard, E. Figueroa-Feliciano, L.E. Strigari, Phys. Rev. D 92 (6) (2015) 063518, http://dx.doi.org/10.1103/PhysRevD.

92.063518, arXiv:1505.08061.
[781] J.B. Dent, B. Dutta, J.L. Newstead, L.E. Strigari, Phys. Rev. D 93 (7) (2016) 075018, http://dx.doi.org/10.1103/PhysRevD.93.075018, arXiv:

1602.05300.
[782] C. Boehm, D. Cerdeño, P. Machado, A. Olivares-Del Campo, E. Perdomo, E. Reid, J. Cosmol. Astropart. Phys. 01 (2019) 043, http://dx.doi.org/

10.1088/1475-7516/2019/01/043, arXiv:1809.06385.
[783] T. Hambye, New J. Phys. 14 (2012) 125014, http://dx.doi.org/10.1088/1367-2630/14/12/125014, arXiv:1212.2888.
[784] K. Dick, M. Lindner, M. Ratz, D. Wright, Phys. Rev. Lett. 84 (2000) 4039–4042, http://dx.doi.org/10.1103/PhysRevLett.84.4039, arXiv:hep-

ph/9907562.
[785] W. Buchmuller, P. Di Bari, M. Plumacher, Ann. Physics 315 (2005) 305–351, http://dx.doi.org/10.1016/j.aop.2004.02.003, arXiv:hep-ph/0401240.
[786] B. Dev, M. Garny, J. Klaric, P. Millington, D. Teresi, Internat. J. Modern Phys. A 33 (2018) 1842003, http://dx.doi.org/10.1142/

S0217751X18420034, arXiv:1711.02863.
[787] M. Drewes, B. Garbrecht, P. Hernandez, M. Kekic, J. Lopez-Pavon, J. Racker, N. Rius, J. Salvado, D. Teresi, Internat. J. Modern Phys. A 33 (05n06)

(2018) 1842002, http://dx.doi.org/10.1142/S0217751X18420022, arXiv:1711.02862.
[788] E. Chun, et al., Internat. J. Modern Phys. A 33 (05n06) (2018) 1842005, http://dx.doi.org/10.1142/S0217751X18420058, arXiv:1711.02865.
[789] D. Bodeker, W. Buchmuller, Baryogenesis from the weak scale to the GUT scale 2020, arXiv:2009.07294.
[790] S. Pascoli, S. Petcov, A. Riotto, Nucl. Phys. B 774 (2007) 1–52, http://dx.doi.org/10.1016/j.nuclphysb.2007.02.019, arXiv:hep-ph/0611338.
[791] A. Anisimov, S. Blanchet, P. Di Bari, J. Cosmol. Astropart. Phys. 04 (2008) 033, http://dx.doi.org/10.1088/1475-7516/2008/04/033, arXiv:

0707.3024.
[792] K. Moffat, S. Pascoli, S. Petcov, J. Turner, J. High Energy Phys. 03 (2019) 034, http://dx.doi.org/10.1007/JHEP03(2019)034, arXiv:1809.08251.
[793] M.J. Dolan, T.P. Dutka, R.R. Volkas, J. Cosmol. Astropart. Phys. 06 (2018) 012, http://dx.doi.org/10.1088/1475-7516/2018/06/012, arXiv:

1802.08373.
[794] E.K. Akhmedov, V. Rubakov, A. Smirnov, Phys. Rev. Lett. 81 (1998) 1359–1362, http://dx.doi.org/10.1103/PhysRevLett.81.1359, arXiv:hep-

ph/9803255.
[795] L. Canetti, M. Drewes, T. Frossard, M. Shaposhnikov, Phys. Rev. D 87 (2013) 093006, http://dx.doi.org/10.1103/PhysRevD.87.093006, arXiv:

1208.4607.
[796] L. Canetti, M. Drewes, M. Shaposhnikov, Phys. Rev. Lett. 110 (6) (2013) 061801, http://dx.doi.org/10.1103/PhysRevLett.110.061801, arXiv:

1204.3902.
[797] S. Alekhin, et al., Rep. Progr. Phys. 79 (12) (2016) 124201, http://dx.doi.org/10.1088/0034-4885/79/12/124201, arXiv:1504.04855.
[798] P. Agrawal, et al., Feebly-interacting particles:FIPs 2020 workshop report 2021, arXiv:2102.12143.
[799] T. Asaka, K. Ishiwata, T. Moroi, Phys. Rev. D 73 (2006) 051301, http://dx.doi.org/10.1103/PhysRevD.73.051301, arXiv:hep-ph/0512118.
[800] J. Elias-Miro, J.R. Espinosa, G.F. Giudice, G. Isidori, A. Riotto, A. Strumia, Phys. Lett. B 709 (2012) 222–228, http://dx.doi.org/10.1016/j.physletb.

2012.02.013, arXiv:1112.3022.
[801] F. Vissani, Phys. Rev. D 57 (1998) 7027–7030, http://dx.doi.org/10.1103/PhysRevD.57.7027, arXiv:hep-ph/9709409.
[802] J. Casas, J. Espinosa, I. Hidalgo, J. High Energy Phys. 11 (2004) 057, http://dx.doi.org/10.1088/1126-6708/2004/11/057, arXiv:hep-ph/0410298.
[803] A. Abada, C. Biggio, F. Bonnet, M. Gavela, T. Hambye, J. High Energy Phys. 12 (2007) 061, http://dx.doi.org/10.1088/1126-6708/2007/12/061,

arXiv:0707.4058.
[804] J.D. Clarke, R. Foot, R.R. Volkas, Phys. Rev. D 91 (7) (2015) 073009, http://dx.doi.org/10.1103/PhysRevD.91.073009, arXiv:1502.01352.
[805] A. Davidson, Phys. Rev. D 20 (1979) 776, http://dx.doi.org/10.1103/PhysRevD.20.776.
[806] R.N. Mohapatra, R. Marshak, Phys. Rev. Lett. 44 (1980) 1316–1319, http://dx.doi.org/10.1103/PhysRevLett.44.1316; Phys.Rev.Lett. 44 (1980)

1643, Erratum.
[807] R. Marshak, R.N. Mohapatra, Phys. Lett. B 91 (1980) 222–224, http://dx.doi.org/10.1016/0370-2693(80)90436-0.
114

http://dx.doi.org/10.1103/PhysRevD.90.054014
http://arxiv.org/abs/1408.1627
http://dx.doi.org/10.1103/PhysRevLett.116.141802
http://arxiv.org/abs/1511.01900
http://arxiv.org/abs/1903.01799
http://dx.doi.org/10.1088/1475-7516/2017/01/025
http://arxiv.org/abs/1602.04816
http://dx.doi.org/10.1103/PhysRevLett.72.17
http://arxiv.org/abs/hep-ph/9303287
http://dx.doi.org/10.1103/PhysRevLett.82.2832
http://arxiv.org/abs/astro-ph/9810076
http://dx.doi.org/10.1146/annurev.nucl.010909.083654
http://dx.doi.org/10.1146/annurev.nucl.010909.083654
http://dx.doi.org/10.1146/annurev.nucl.010909.083654
http://arxiv.org/abs/0901.0011
http://dx.doi.org/10.1088/1475-7516/2008/06/031
http://arxiv.org/abs/0804.4543
http://dx.doi.org/10.1016/j.physrep.2017.10.003
http://arxiv.org/abs/1705.01837
http://dx.doi.org/10.1016/j.ppnp.2018.07.004
http://dx.doi.org/10.1016/j.ppnp.2018.07.004
http://dx.doi.org/10.1016/j.ppnp.2018.07.004
http://arxiv.org/abs/1807.07938
http://dx.doi.org/10.1088/0004-637X/789/1/13
http://dx.doi.org/10.1088/0004-637X/789/1/13
http://dx.doi.org/10.1088/0004-637X/789/1/13
http://arxiv.org/abs/1402.2301
http://dx.doi.org/10.1103/PhysRevLett.113.251301
http://arxiv.org/abs/1402.4119
http://dx.doi.org/10.1093/mnras/stv768
http://arxiv.org/abs/1408.1699
http://dx.doi.org/10.1088/1475-7516/2015/02/009
http://arxiv.org/abs/1411.1758
http://dx.doi.org/10.1088/1475-7516/2016/08/012
http://dx.doi.org/10.1088/1475-7516/2016/08/012
http://dx.doi.org/10.1088/1475-7516/2016/08/012
http://arxiv.org/abs/1512.01981
http://dx.doi.org/10.1103/PhysRevD.96.023522
http://arxiv.org/abs/1702.01764
http://dx.doi.org/10.1088/1475-7516/2017/06/047
http://dx.doi.org/10.1088/1475-7516/2017/06/047
http://dx.doi.org/10.1088/1475-7516/2017/06/047
http://arxiv.org/abs/1702.03314
http://dx.doi.org/10.1088/1475-7516/2017/12/013
http://arxiv.org/abs/1706.03118
http://dx.doi.org/10.1016/j.physletb.2017.01.070
http://arxiv.org/abs/1606.04543
http://dx.doi.org/10.22323/1.364.0694
http://arxiv.org/abs/2001.06193
http://dx.doi.org/10.1103/PhysRevD.89.023524
http://arxiv.org/abs/1307.5458
http://dx.doi.org/10.1088/1475-7516/2015/03/012
http://arxiv.org/abs/1412.1475
http://dx.doi.org/10.1103/PhysRevD.90.083510
http://arxiv.org/abs/1408.3581
http://dx.doi.org/10.1103/PhysRevD.90.055018
http://arxiv.org/abs/1406.5047
http://dx.doi.org/10.1103/PhysRevD.92.063518
http://dx.doi.org/10.1103/PhysRevD.92.063518
http://dx.doi.org/10.1103/PhysRevD.92.063518
http://arxiv.org/abs/1505.08061
http://dx.doi.org/10.1103/PhysRevD.93.075018
http://arxiv.org/abs/1602.05300
http://arxiv.org/abs/1602.05300
http://arxiv.org/abs/1602.05300
http://dx.doi.org/10.1088/1475-7516/2019/01/043
http://dx.doi.org/10.1088/1475-7516/2019/01/043
http://dx.doi.org/10.1088/1475-7516/2019/01/043
http://arxiv.org/abs/1809.06385
http://dx.doi.org/10.1088/1367-2630/14/12/125014
http://arxiv.org/abs/1212.2888
http://dx.doi.org/10.1103/PhysRevLett.84.4039
http://arxiv.org/abs/hep-ph/9907562
http://arxiv.org/abs/hep-ph/9907562
http://arxiv.org/abs/hep-ph/9907562
http://dx.doi.org/10.1016/j.aop.2004.02.003
http://arxiv.org/abs/hep-ph/0401240
http://dx.doi.org/10.1142/S0217751X18420034
http://dx.doi.org/10.1142/S0217751X18420034
http://dx.doi.org/10.1142/S0217751X18420034
http://arxiv.org/abs/1711.02863
http://dx.doi.org/10.1142/S0217751X18420022
http://arxiv.org/abs/1711.02862
http://dx.doi.org/10.1142/S0217751X18420058
http://arxiv.org/abs/1711.02865
http://arxiv.org/abs/2009.07294
http://dx.doi.org/10.1016/j.nuclphysb.2007.02.019
http://arxiv.org/abs/hep-ph/0611338
http://dx.doi.org/10.1088/1475-7516/2008/04/033
http://arxiv.org/abs/0707.3024
http://arxiv.org/abs/0707.3024
http://arxiv.org/abs/0707.3024
http://dx.doi.org/10.1007/JHEP03(2019)034
http://arxiv.org/abs/1809.08251
http://dx.doi.org/10.1088/1475-7516/2018/06/012
http://arxiv.org/abs/1802.08373
http://arxiv.org/abs/1802.08373
http://arxiv.org/abs/1802.08373
http://dx.doi.org/10.1103/PhysRevLett.81.1359
http://arxiv.org/abs/hep-ph/9803255
http://arxiv.org/abs/hep-ph/9803255
http://arxiv.org/abs/hep-ph/9803255
http://dx.doi.org/10.1103/PhysRevD.87.093006
http://arxiv.org/abs/1208.4607
http://arxiv.org/abs/1208.4607
http://arxiv.org/abs/1208.4607
http://dx.doi.org/10.1103/PhysRevLett.110.061801
http://arxiv.org/abs/1204.3902
http://arxiv.org/abs/1204.3902
http://arxiv.org/abs/1204.3902
http://dx.doi.org/10.1088/0034-4885/79/12/124201
http://arxiv.org/abs/1504.04855
http://arxiv.org/abs/2102.12143
http://dx.doi.org/10.1103/PhysRevD.73.051301
http://arxiv.org/abs/hep-ph/0512118
http://dx.doi.org/10.1016/j.physletb.2012.02.013
http://dx.doi.org/10.1016/j.physletb.2012.02.013
http://dx.doi.org/10.1016/j.physletb.2012.02.013
http://arxiv.org/abs/1112.3022
http://dx.doi.org/10.1103/PhysRevD.57.7027
http://arxiv.org/abs/hep-ph/9709409
http://dx.doi.org/10.1088/1126-6708/2004/11/057
http://arxiv.org/abs/hep-ph/0410298
http://dx.doi.org/10.1088/1126-6708/2007/12/061
http://arxiv.org/abs/0707.4058
http://dx.doi.org/10.1103/PhysRevD.91.073009
http://arxiv.org/abs/1502.01352
http://dx.doi.org/10.1103/PhysRevD.20.776
http://dx.doi.org/10.1103/PhysRevLett.44.1316
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb806
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb806
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb806
http://dx.doi.org/10.1016/0370-2693(80)90436-0


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[808] A. Masiero, J. Nieves, T. Yanagida, Phys. Lett. B 116 (1982) 11–15, http://dx.doi.org/10.1016/0370-2693(82)90024-7.
[809] R.N. Mohapatra, G. Senjanovic, Phys. Rev. D 27 (1983) 254, http://dx.doi.org/10.1103/PhysRevD.27.254.
[810] W. Buchmuller, C. Greub, P. Minkowski, Phys. Lett. B 267 (1991) 395–399, http://dx.doi.org/10.1016/0370-2693(91)90952-M.
[811] J.C. Pati, A. Salam, Phys. Rev. D 10 (1974) 275–289, http://dx.doi.org/10.1103/PhysRevD.10.275; Phys.Rev.D 11 (1975) 703, Erratum.
[812] R. Mohapatra, J.C. Pati, Phys. Rev. D 11 (1975) 2558, http://dx.doi.org/10.1103/PhysRevD.11.2558.
[813] R.N. Mohapatra, J.C. Pati, Phys. Rev. D 11 (1975) 566–571, http://dx.doi.org/10.1103/PhysRevD.11.566.
[814] G. Senjanovic, R.N. Mohapatra, Phys. Rev. D 12 (1975) 1502, http://dx.doi.org/10.1103/PhysRevD.12.1502.
[815] G. Senjanovic, Nuclear Phys. B 153 (1979) 334–364, http://dx.doi.org/10.1016/0550-3213(79)90604-7.
[816] G. Senjanovic, Modern Phys. Lett. A 32 (04) (2017) 1730004, http://dx.doi.org/10.1142/S021773231730004X, arXiv:1610.04209.
[817] G.G. Ross, Grand unified theories 1985.
[818] B. Dutta, Y. Mimura, R. Mohapatra, Phys. Rev. Lett. 94 (2005) 091804, http://dx.doi.org/10.1103/PhysRevLett.94.091804, arXiv:hep-ph/0412105.
[819] B. Dutta, Y. Mimura, R. Mohapatra, Phys. Rev. D 72 (2005) 075009, http://dx.doi.org/10.1103/PhysRevD.72.075009, arXiv:hep-ph/0507319.
[820] G. Senjanovic, GUSTAVOFEST: Symposium In Honor Of Gustavo C. Branco: CP Violation And The Flavor Puzzle, 2006, arXiv:hep-ph/0612312.
[821] S. Bertolini, T. Schwetz, M. Malinsky, Phys. Rev. D 73 (2006) 115012, http://dx.doi.org/10.1103/PhysRevD.73.115012, arXiv:hep-ph/0605006.
[822] A. Takenaka, et al., Super-Kamiokande Collaboration, Phys. Rev. D 102 (11) (2020) 112011, http://dx.doi.org/10.1103/PhysRevD.102.112011,

arXiv:2010.16098.
[823] M. Drewes, Internat. J. Modern Phys. E 22 (2013) 1330019, http://dx.doi.org/10.1142/S0218301313300191, arXiv:1303.6912.
[824] T. Asaka, M. Shaposhnikov, Phys. Lett. B 620 (2005) 17–26, http://dx.doi.org/10.1016/j.physletb.2005.06.020, arXiv:hep-ph/0505013.
[825] T. Ohlsson, Rep. Progr. Phys. 76 (2013) 044201, http://dx.doi.org/10.1088/0034-4885/76/4/044201, arXiv:1209.2710.
[826] Y. Farzan, M. Tortola, Front. Phys. 6 (2018) 10, http://dx.doi.org/10.3389/fphy.2018.00010, arXiv:1710.09360.
[827] P.S. Bhupal Dev, et al., Neutrino non-standard interactions: A status report 2019, p. 001, http://dx.doi.org/10.21468/SciPostPhysProc.2.001, 2,

arXiv:1907.00991.
[828] K.S. Babu, D. Gonçalves, S. Jana, P.A.N. Machado, Phys. Lett. B 815 (2021) 136131, http://dx.doi.org/10.1016/j.physletb.2021.136131, arXiv:

2003.03383.
[829] I. Esteban, M. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, J. Salvado, J. High Energy Phys. 08 (2018) 180, http://dx.doi.org/10.1007/

JHEP08(2018)180, arXiv:1805.04530; JHEP 12 (2020) 152, Addendum.
[830] Y. Farzan, I.M. Shoemaker, J. High Energy Phys. 07 (2016) 033, http://dx.doi.org/10.1007/JHEP07(2016)033, arXiv:1512.09147.
[831] S.-F. Ge, S.J. Parke, Phys. Rev. Lett. 122 (21) (2019) 211801, http://dx.doi.org/10.1103/PhysRevLett.122.211801, arXiv:1812.08376.
[832] K.S. Babu, G. Chauhan, P.S. Bhupal Dev, Phys. Rev. D 101 (9) (2020) 095029, http://dx.doi.org/10.1103/PhysRevD.101.095029, arXiv:1912.13488.
[833] S. Kovalenko, M.I. Krivoruchenko, F. Simkovic, Phys. Rev. Lett. 112 (14) (2014) 142503, http://dx.doi.org/10.1103/PhysRevLett.112.142503,

arXiv:1311.4200.
[834] V. Cirigliano, A. Garcia, D. Gazit, O. Naviliat-Cuncic, G. Savard, A. Young, Precision beta decay as a probe of new physics 2019, arXiv:1907.02164.
[835] I. Bischer, W. Rodejohann, Nuclear Phys. B 947 (2019) 114746, http://dx.doi.org/10.1016/j.nuclphysb.2019.114746, arXiv:1905.08699.
[836] J.L. Bernal, L. Verde, A.G. Riess, J. Cosmol. Astropart. Phys. 10 (2016) 019, http://dx.doi.org/10.1088/1475-7516/2016/10/019, arXiv:1607.05617.
[837] E. Aprile, et al., XENON Collaboration, Phys. Rev. D 102 (7) (2020) 072004, http://dx.doi.org/10.1103/PhysRevD.102.072004, arXiv:2006.09721.
[838] S. Antusch, C. Biggio, E. Fernandez-Martinez, M. Gavela, J. Lopez-Pavon, J. High Energy Phys. 10 (2006) 084, http://dx.doi.org/10.1088/1126-

6708/2006/10/084, arXiv:hep-ph/0607020.
[839] E. Fernandez-Martinez, J. Hernandez-Garcia, J. Lopez-Pavon, J. High Energy Phys. 08 (2016) 033, http://dx.doi.org/10.1007/JHEP08(2016)033,

arXiv:1605.08774.
[840] S. Parke, M. Ross-Lonergan, Phys. Rev. D 93 (11) (2016) 113009, http://dx.doi.org/10.1103/PhysRevD.93.113009, arXiv:1508.05095.
[841] A. De Gouvêa, K.J. Kelly, G. Stenico, P. Pasquini, Phys. Rev. D 100 (1) (2019) 016004, http://dx.doi.org/10.1103/PhysRevD.100.016004,

arXiv:1904.07265.
[842] F. Escrihuela, D. Forero, O. Miranda, M. Tórtola, J. Valle, New J. Phys. 19 (9) (2017) 093005, http://dx.doi.org/10.1088/1367-2630/aa79ec,

arXiv:1612.07377.
[843] C. Giunti, A. Studenikin, Phys. Atom. Nucl. 72 (2009) 2089–2125, http://dx.doi.org/10.1134/S1063778809120126, arXiv:0812.3646.
[844] G.G. Raffelt, Phys. Rep. 320 (1999) 319–327, http://dx.doi.org/10.1016/S0370-1573(99)00074-5.
[845] A.S. Joshipura, S. Mohanty, Phys. Lett. B 584 (2004) 103–108, http://dx.doi.org/10.1016/j.physletb.2004.01.057, arXiv:hep-ph/0310210.
[846] J.A. Grifols, E. Masso, Phys. Lett. B 579 (2004) 123–126, http://dx.doi.org/10.1016/j.physletb.2003.10.078, arXiv:hep-ph/0311141.
[847] J. Heeck, W. Rodejohann, J. Phys. G 38 (2011) 085005, http://dx.doi.org/10.1088/0954-3899/38/8/085005, arXiv:1007.2655.
[848] M. Bustamante, S.K. Agarwalla, Phys. Rev. Lett. 122 (6) (2019) 061103, http://dx.doi.org/10.1103/PhysRevLett.122.061103, arXiv:1808.02042.
[849] A.Y. Smirnov, X.-J. Xu, J. High Energy Phys. 12 (2019) 046, http://dx.doi.org/10.1007/JHEP12(2019)046, arXiv:1909.07505.
[850] P. Coloma, M.C. Gonzalez-Garcia, M. Maltoni, J. High Energy Phys. 01 (2021) 114, http://dx.doi.org/10.1007/JHEP01(2021)114, arXiv:2009.14220.
[851] M. Bustamante, J.F. Beacom, K. Murase, Phys. Rev. D 95 (6) (2017) 063013, http://dx.doi.org/10.1103/PhysRevD.95.063013, arXiv:1610.02096.
[852] P.B. Denton, I. Tamborra, Phys. Rev. Lett. 121 (12) (2018) 121802, http://dx.doi.org/10.1103/PhysRevLett.121.121802, arXiv:1805.05950.
[853] G.L. Fogli, E. Lisi, A. Marrone, G. Scioscia, Phys. Rev. D 59 (1999) 117303, http://dx.doi.org/10.1103/PhysRevD.59.117303, arXiv:hep-ph/9902267.
[854] A.M. Gago, R.A. Gomes, A.L.G. Gomes, J. Jones-Perez, O.L.G. Peres, J. High Energy Phys. 11 (2017) 022, http://dx.doi.org/10.1007/JHEP11(2017)022,

arXiv:1705.03074.
[855] S. Choubey, D. Dutta, D. Pramanik, J. High Energy Phys. 08 (2018) 141, http://dx.doi.org/10.1007/JHEP08(2018)141, arXiv:1805.01848.
[856] Y.P. Porto-Silva, S. Prakash, O.L.G. Peres, H. Nunokawa, H. Minakata, Eur. Phys. J. C 80 (10) (2020) 999, http://dx.doi.org/10.1140/epjc/s10052-

020-08573-9, arXiv:2002.12134.
[857] R. Picoreti, M.M. Guzzo, P.C. de Holanda, O.L.G. Peres, Phys. Lett. B 761 (2016) 70–73, http://dx.doi.org/10.1016/j.physletb.2016.08.007,

arXiv:1506.08158.
[858] G. Barenboim, J.Z. Chen, S. Hannestad, I.M. Oldengott, T. Tram, Y.Y.Y. Wong, J. Cosmol. Astropart. Phys. 03 (2021) 087, http://dx.doi.org/10.

1088/1475-7516/2021/03/087, arXiv:2011.01502.
[859] J.A. Frieman, H.E. Haber, K. Freese, Phys. Lett. B 200 (1988) 115–121, http://dx.doi.org/10.1016/0370-2693(88)91120-3.
[860] G. Anamiati, V. De Romeri, M. Hirsch, C.A. Ternes, M. Tórtola, Phys. Rev. D 100 (3) (2019) 035032, http://dx.doi.org/10.1103/PhysRevD.100.

035032, arXiv:1907.00980.
[861] A.S. Joshipura, S.D. Rindani, Phys. Lett. B 494 (2000) 114–123, http://dx.doi.org/10.1016/S0370-2693(00)01148-5, arXiv:hep-ph/0007334.
[862] J.F. Beacom, N.F. Bell, D. Hooper, J.G. Learned, S. Pakvasa, T.J. Weiler, Phys. Rev. Lett. 92 (2004) 011101, http://dx.doi.org/10.1103/PhysRevLett.

92.011101, arXiv:hep-ph/0307151.
[863] A. de Gouvea, W.-C. Huang, J. Jenkins, Phys. Rev. D 80 (2009) 073007, http://dx.doi.org/10.1103/PhysRevD.80.073007, arXiv:0906.1611.
[864] R. Allahverdi, B. Dutta, R.N. Mohapatra, Phys. Lett. B 695 (2011) 181–184, http://dx.doi.org/10.1016/j.physletb.2010.11.006, arXiv:1008.1232.
[865] G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, Phys. Rev. D 67 (2003) 093006, http://dx.doi.org/10.1103/PhysRevD.67.093006, arXiv:hep-

ph/0303064.
115

http://dx.doi.org/10.1016/0370-2693(82)90024-7
http://dx.doi.org/10.1103/PhysRevD.27.254
http://dx.doi.org/10.1016/0370-2693(91)90952-M
http://dx.doi.org/10.1103/PhysRevD.10.275
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb811
http://dx.doi.org/10.1103/PhysRevD.11.2558
http://dx.doi.org/10.1103/PhysRevD.11.566
http://dx.doi.org/10.1103/PhysRevD.12.1502
http://dx.doi.org/10.1016/0550-3213(79)90604-7
http://dx.doi.org/10.1142/S021773231730004X
http://arxiv.org/abs/1610.04209
http://refhub.elsevier.com/S0146-6410(22)00008-4/sb817
http://dx.doi.org/10.1103/PhysRevLett.94.091804
http://arxiv.org/abs/hep-ph/0412105
http://dx.doi.org/10.1103/PhysRevD.72.075009
http://arxiv.org/abs/hep-ph/0507319
http://arxiv.org/abs/hep-ph/0612312
http://dx.doi.org/10.1103/PhysRevD.73.115012
http://arxiv.org/abs/hep-ph/0605006
http://dx.doi.org/10.1103/PhysRevD.102.112011
http://arxiv.org/abs/2010.16098
http://dx.doi.org/10.1142/S0218301313300191
http://arxiv.org/abs/1303.6912
http://dx.doi.org/10.1016/j.physletb.2005.06.020
http://arxiv.org/abs/hep-ph/0505013
http://dx.doi.org/10.1088/0034-4885/76/4/044201
http://arxiv.org/abs/1209.2710
http://dx.doi.org/10.3389/fphy.2018.00010
http://arxiv.org/abs/1710.09360
http://dx.doi.org/10.21468/SciPostPhysProc.2.001
http://arxiv.org/abs/1907.00991
http://dx.doi.org/10.1016/j.physletb.2021.136131
http://arxiv.org/abs/2003.03383
http://arxiv.org/abs/2003.03383
http://arxiv.org/abs/2003.03383
http://dx.doi.org/10.1007/JHEP08(2018)180
http://dx.doi.org/10.1007/JHEP08(2018)180
http://dx.doi.org/10.1007/JHEP08(2018)180
http://arxiv.org/abs/1805.04530
http://dx.doi.org/10.1007/JHEP07(2016)033
http://arxiv.org/abs/1512.09147
http://dx.doi.org/10.1103/PhysRevLett.122.211801
http://arxiv.org/abs/1812.08376
http://dx.doi.org/10.1103/PhysRevD.101.095029
http://arxiv.org/abs/1912.13488
http://dx.doi.org/10.1103/PhysRevLett.112.142503
http://arxiv.org/abs/1311.4200
http://arxiv.org/abs/1907.02164
http://dx.doi.org/10.1016/j.nuclphysb.2019.114746
http://arxiv.org/abs/1905.08699
http://dx.doi.org/10.1088/1475-7516/2016/10/019
http://arxiv.org/abs/1607.05617
http://dx.doi.org/10.1103/PhysRevD.102.072004
http://arxiv.org/abs/2006.09721
http://dx.doi.org/10.1088/1126-6708/2006/10/084
http://dx.doi.org/10.1088/1126-6708/2006/10/084
http://dx.doi.org/10.1088/1126-6708/2006/10/084
http://arxiv.org/abs/hep-ph/0607020
http://dx.doi.org/10.1007/JHEP08(2016)033
http://arxiv.org/abs/1605.08774
http://dx.doi.org/10.1103/PhysRevD.93.113009
http://arxiv.org/abs/1508.05095
http://dx.doi.org/10.1103/PhysRevD.100.016004
http://arxiv.org/abs/1904.07265
http://dx.doi.org/10.1088/1367-2630/aa79ec
http://arxiv.org/abs/1612.07377
http://dx.doi.org/10.1134/S1063778809120126
http://arxiv.org/abs/0812.3646
http://dx.doi.org/10.1016/S0370-1573(99)00074-5
http://dx.doi.org/10.1016/j.physletb.2004.01.057
http://arxiv.org/abs/hep-ph/0310210
http://dx.doi.org/10.1016/j.physletb.2003.10.078
http://arxiv.org/abs/hep-ph/0311141
http://dx.doi.org/10.1088/0954-3899/38/8/085005
http://arxiv.org/abs/1007.2655
http://dx.doi.org/10.1103/PhysRevLett.122.061103
http://arxiv.org/abs/1808.02042
http://dx.doi.org/10.1007/JHEP12(2019)046
http://arxiv.org/abs/1909.07505
http://dx.doi.org/10.1007/JHEP01(2021)114
http://arxiv.org/abs/2009.14220
http://dx.doi.org/10.1103/PhysRevD.95.063013
http://arxiv.org/abs/1610.02096
http://dx.doi.org/10.1103/PhysRevLett.121.121802
http://arxiv.org/abs/1805.05950
http://dx.doi.org/10.1103/PhysRevD.59.117303
http://arxiv.org/abs/hep-ph/9902267
http://dx.doi.org/10.1007/JHEP11(2017)022
http://arxiv.org/abs/1705.03074
http://dx.doi.org/10.1007/JHEP08(2018)141
http://arxiv.org/abs/1805.01848
http://dx.doi.org/10.1140/epjc/s10052-020-08573-9
http://dx.doi.org/10.1140/epjc/s10052-020-08573-9
http://dx.doi.org/10.1140/epjc/s10052-020-08573-9
http://arxiv.org/abs/2002.12134
http://dx.doi.org/10.1016/j.physletb.2016.08.007
http://arxiv.org/abs/1506.08158
http://dx.doi.org/10.1088/1475-7516/2021/03/087
http://dx.doi.org/10.1088/1475-7516/2021/03/087
http://dx.doi.org/10.1088/1475-7516/2021/03/087
http://arxiv.org/abs/2011.01502
http://dx.doi.org/10.1016/0370-2693(88)91120-3
http://dx.doi.org/10.1103/PhysRevD.100.035032
http://dx.doi.org/10.1103/PhysRevD.100.035032
http://dx.doi.org/10.1103/PhysRevD.100.035032
http://arxiv.org/abs/1907.00980
http://dx.doi.org/10.1016/S0370-2693(00)01148-5
http://arxiv.org/abs/hep-ph/0007334
http://dx.doi.org/10.1103/PhysRevLett.92.011101
http://dx.doi.org/10.1103/PhysRevLett.92.011101
http://dx.doi.org/10.1103/PhysRevLett.92.011101
http://arxiv.org/abs/hep-ph/0307151
http://dx.doi.org/10.1103/PhysRevD.80.073007
http://arxiv.org/abs/0906.1611
http://dx.doi.org/10.1016/j.physletb.2010.11.006
http://arxiv.org/abs/1008.1232
http://dx.doi.org/10.1103/PhysRevD.67.093006
http://arxiv.org/abs/hep-ph/0303064
http://arxiv.org/abs/hep-ph/0303064
http://arxiv.org/abs/hep-ph/0303064


M.S. Athar, S.W. Barwick, T. Brunner et al. Progress in Particle and Nuclear Physics 124 (2022) 103947
[866] L.A. Anchordoqui, H. Goldberg, M.C. Gonzalez-Garcia, F. Halzen, D. Hooper, S. Sarkar, T.J. Weiler, Phys. Rev. D72 (2005) 065019, http:
//dx.doi.org/10.1103/PhysRevD.72.065019, arXiv:hep-ph/0506168.

[867] N.E. Mavromatos, A. Meregaglia, A. Rubbia, A. Sakharov, S. Sarkar, Phys. Rev. D 77 (2008) 053014, http://dx.doi.org/10.1103/PhysRevD.77.
053014, arXiv:0801.0872.

[868] T. Stuttard, M. Jensen, Phys. Rev. D 102 (11) (2020) 115003, http://dx.doi.org/10.1103/PhysRevD.102.115003, arXiv:2007.00068.
[869] J.S. Diaz, Symmetry 8 (2016) 105, http://dx.doi.org/10.3390/sym8100105, arXiv:1609.09474.
[870] H. Murayama, T. Yanagida, Phys. Lett. B 520 (2001) 263–268, http://dx.doi.org/10.1016/S0370-2693(01)01136-4, arXiv:hep-ph/0010178.
[871] G. Barenboim, L. Borissov, J.D. Lykken, A.Y. Smirnov, J. High Energy Phys. 10 (2002) 001, http://dx.doi.org/10.1088/1126-6708/2002/10/001,

arXiv:hep-ph/0108199.
[872] G. Barenboim, N.E. Mavromatos, J. High Energy Phys. 01 (2005) 034, http://dx.doi.org/10.1088/1126-6708/2005/01/034, arXiv:hep-ph/0404014.
[873] A. de Gouvêa, K.J. Kelly, Phys. Rev. D 96 (9) (2017) 095018, http://dx.doi.org/10.1103/PhysRevD.96.095018, arXiv:1709.06090.
[874] J. Liao, D. Marfatia, Phys. Rev. D 97 (2018) 041302, http://dx.doi.org/10.1103/PhysRevD.97.041302, arXiv:1711.09266.
[875] A.G. Cohen, S.L. Glashow, Phys. Rev. Lett. 107 (2011) 181803, http://dx.doi.org/10.1103/PhysRevLett.107.181803, arXiv:1109.6562.
[876] T. Adam, et al., OPERA Collaboration, J. High Energy Phys. 10 (2012) 093, http://dx.doi.org/10.1007/JHEP10(2012)093, arXiv:1109.4897.
[877] V.A. Kostelecky, M. Mewes, Phys. Rev. D 69 (2004) 016005, http://dx.doi.org/10.1103/PhysRevD.69.016005, arXiv:hep-ph/0309025.
[878] V.A. Kostelecky, Phys. Rev. D 69 (2004) 105009, http://dx.doi.org/10.1103/PhysRevD.69.105009, arXiv:hep-th/0312310.
[879] J.S. Diaz, V.A. Kostelecky, M. Mewes, Phys. Rev. D 80 (2009) 076007, http://dx.doi.org/10.1103/PhysRevD.80.076007, arXiv:0908.1401.
[880] T. Katori, C.A. Argüelles, J. Salvado, 7th Meeting On CPT And Lorentz Symmetry (CPT 16) Bloomington, Indiana, United States, June 20-24,

2016, 2016, arXiv:hep-ph/1607.08448.
[881] S. Kumar Agarwalla, M. Masud, Eur. Phys. J. C 80 (8) (2020) 716, http://dx.doi.org/10.1140/epjc/s10052-020-8303-1, arXiv:1912.13306.
116

http://dx.doi.org/10.1103/PhysRevD.72.065019
http://dx.doi.org/10.1103/PhysRevD.72.065019
http://dx.doi.org/10.1103/PhysRevD.72.065019
http://arxiv.org/abs/hep-ph/0506168
http://dx.doi.org/10.1103/PhysRevD.77.053014
http://dx.doi.org/10.1103/PhysRevD.77.053014
http://dx.doi.org/10.1103/PhysRevD.77.053014
http://arxiv.org/abs/0801.0872
http://dx.doi.org/10.1103/PhysRevD.102.115003
http://arxiv.org/abs/2007.00068
http://dx.doi.org/10.3390/sym8100105
http://arxiv.org/abs/1609.09474
http://dx.doi.org/10.1016/S0370-2693(01)01136-4
http://arxiv.org/abs/hep-ph/0010178
http://dx.doi.org/10.1088/1126-6708/2002/10/001
http://arxiv.org/abs/hep-ph/0108199
http://dx.doi.org/10.1088/1126-6708/2005/01/034
http://arxiv.org/abs/hep-ph/0404014
http://dx.doi.org/10.1103/PhysRevD.96.095018
http://arxiv.org/abs/1709.06090
http://dx.doi.org/10.1103/PhysRevD.97.041302
http://arxiv.org/abs/1711.09266
http://dx.doi.org/10.1103/PhysRevLett.107.181803
http://arxiv.org/abs/1109.6562
http://dx.doi.org/10.1007/JHEP10(2012)093
http://arxiv.org/abs/1109.4897
http://dx.doi.org/10.1103/PhysRevD.69.016005
http://arxiv.org/abs/hep-ph/0309025
http://dx.doi.org/10.1103/PhysRevD.69.105009
http://arxiv.org/abs/hep-th/0312310
http://dx.doi.org/10.1103/PhysRevD.80.076007
http://arxiv.org/abs/0908.1401
http://arxiv.org/abs/hep-ph/1607.08448
http://dx.doi.org/10.1140/epjc/s10052-020-8303-1
http://arxiv.org/abs/1912.13306

	Status and perspectives of neutrino physics
	Introduction
	Physics of neutrino sources
	Introduction
	Reactor neutrinos 
	Introduction
	Current status and open questions
	Future outlook

	Accelerator neutrinos 
	Conventional beams
	Novel neutrino beams

	Solar neutrinos 
	Supernova neutrinos
	Atmospheric neutrinos 
	High-energy astrophysical neutrinos
	Introduction
	Current status
	Future outlook

	Geoneutrinos 
	Introduction
	Current status
	Future prospects

	Cosmological neutrinos 
	Introduction
	Direct detection experiments

	Neutrino sources: Summary

	Neutrino oscillations
	Introduction
	Atmospheric neutrino experiments
	Introduction
	Measurement of 23 and m322
	Measurement of the mass ordering
	Projected oscillation measurements with atmospheric neutrinos
	Possibilities with atmospheric neutrinos

	Solar neutrino experiments
	Measurement of 12 and m212
	Matter effects in solar neutrino oscillations
	Projected oscillation measurements with solar neutrinos

	Reactor neutrino experiments
	Measurement of 12 and m221
	Measurement of 13 and m2ee
	Projected oscillation measurements with reactors

	Accelerator neutrino experiments
	Measurement of 23 and m232 
	Measurement of mass ordering and CP 
	Projected oscillation measurements with accelerators
	Possibilities with accelerators

	Global fits
	Neutrino oscillations: Summary

	Absolute masses
	Introduction
	Kinematic measurements of neutrino mass
	Direct mass measurements with e 
	Direct mass measurements with  and 
	Neutrino mass from supernova neutrino detection

	Neutrinoless double beta decay
	General aspects
	Experimental aspects

	Cosmology
	Main experimental approaches to constrain m 
	Parameter degeneracies
	Upcoming and proposed experiments 

	Theoretical interpretation and complementarity of approaches
	Neutrino mass: Summary

	Neutrino interactions
	Introduction
	Electron, muon and tau neutrinos

	Scattering from atomic electrons
	Neutrino interactions with nucleons
	Quasi-elastic scattering
	Cross sections and polarization observables in quasi-elastic processes
	Inelastic scattering
	Deep inelastic scattering 

	Neutrino interactions with nuclei
	Neutrino energy determination
	Neutrino interaction rate determination
	Multi-nucleon correlation effects
	Final state interactions 
	Random phase approximation and spectral functions
	Neutrino interactions in the few tens of MeV range
	Coherent elastic neutrino-nucleus scattering
	Ultra high energy neutrino cross sections
	Present and future experiments

	Neutrino interactions: Summary

	The number of neutrinos
	Introduction 
	Sterile neutrinos and accelerators 
	Current status 
	Future prospects

	Sterile neutrinos and reactors 
	Current status
	Future prospects

	Sterile neutrinos and other experiments
	Radioactive sources 
	Neutrino mass experiments
	Solar and atmospheric neutrinos 

	eV-scale sterile neutrinos and cosmology 
	Global fits 
	Searches for sterile neutrinos beyond eV
	The number of neutrinos: Summary

	New technologies, cross-over to other science, and frameworks for neutrino physics
	Introduction and community
	Technologies and capabilities
	Infrastructure
	Supporting capabilities for the science at underground facilities
	Supporting capabilities for low background experiments
	Test beams for detector development and calibration

	Theory
	Impact and societal benefits

	Physics implications
	Learning about sources
	Better understanding the interior of the earth
	Learning about the sun
	Learning about the death of massive stars
	Learning about the cosmos

	High-energy neutrino astrophysics
	Neutrino production from cosmic-ray interactions
	Connection with electromagnetic radiation
	Multi-messenger source models
	Neutrinos and the origin and transport of the UHECRs
	Neutrinos from gravitational wave sources?
	Astrophysical neutrinos and BSM physics

	Theoretical implications of neutrino mass and lepton mixing
	Dirac Or majorana neutrinos? 
	Origin of neutrino mass
	Flavor symmetries

	Connections of neutrinos to beyond the standard model physics
	Flavor physics
	Dark matter
	The baryon asymmetry of the universe
	Unification

	Sterile neutrinos
	New physics in neutrino experiments
	Non-standard interactions
	Unitarity violation
	Magnetic moments and other electromagnetic features
	Other possibilities


	Declaration of competing interest
	Acknowledgments
	Appendix. Executive Summary of the IUPAP Report
	Our charge
	This report
	The pattern of masses and couplings of elementary particles
	New physics beyond the Standard Model
	Neutrinos in Cosmology and Astrophysics
	Addressing the Future Challenge of Neutrino Physics


	References


