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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
of neutrinos, it is useful to summarize the parameters that govern neutrino physics. As all SM fermions, neutrinos come
in three generations, that is, there are three flavor states ve, v, and v, which live together with their charged lepton
counterparts e~, 4~ and 7~ in weak interaction doublets. The neutrinos have well-defined quantum numbers under the
SM gauge symmetries, which fix their interactions with the W and Z bosons of the electroweak interactions. Diagonalizing
the mass matrices of leptons and neutrinos yields the three known charged lepton masses. In addition to those, three
neutrino masses mj 3 are present, corresponding to the mass states v ;3. Another consequence of diagonalization is
the 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, v, = U,;v;. 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, 613, 613
and 6,3, plus a phase §cp 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 o and ), 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 to ms; > m; > my,
or Am%l > 0, while the inverted mass ordering corresponds to m, > m; > ms, or Am%1 < 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
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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

CEvNS Coherent Elastic Neutrino-Nucleus Scattering

CC Charged Current

CL 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

10 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

\\ Watt

P(vy = vg) Neutrino oscillation probability

Ui PMNS matrix element,« = e, u,7,i=1,2,3

612 Mixing angle mainly for solar and LBL reactor neutrinos

613 Mixing angle mainly for SBL reactor and LBL accelerator neutrinos
023 Mixing angle mainly for atmospheric and LBL accelerator neutrinos
Am%1 Mass-squared difference mainly for solar and LBL reactor neutrinos
Am3, 2 Mass-squared difference mainly for accelerator, atmospheric and SBL reactor neutrinos
Scp (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

be grouped as follows:
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a, B (Majorana) CP phases in neutrinoless double beta decay

mi3 Active neutrino mass eigenstates

Ve Electron neutrino, SU(2)-partner of electron

Uy Muon neutrino, SU(2)-partner of muon

Vr tauon neutrino, SU(2)-partner of tauon

Vs Hypothetical sterile neutrino

n Mass of hypothetical sterile neutrino

Am3, Mass-squared difference involving sterile neutrino

Nege Effective number of neutrino families in cosmology

OvBp 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 o and B (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
612 Oscillations solar, reactor known
O3 Oscillations atmospheric, accelerator known
613 Oscillations reactor, accelerator known
Scp Oscillations accelerator hints

o, B Rare processes double beta decay unknown
Am2, Oscillations reactor, solar known
|Am§1| Oscillations reactor, accelerator, atmospheric known
Ordering (sgn Am%l) Oscillations reactor, accelerator, atmospheric hints
mio3 Kinematics B decay, cosmology limits

e 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
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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.

o 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.

o 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 233U and 23Th are especially interesting because they produce neutrinos
beyond the inverse beta decay threshold. This information can be used to learn about the magnitude and distribution
of the Earth’s radioactivity — and may even be used for an independent determination of the Earth’s age. On the other
hand, neutrinos interact with Earth matter by coherent forward scattering affecting oscillations (MeV to GeV energies)
and by increasing cross sections (beyond TeV energies), which can be used to study the interior of the Earth in terms of
composition, density and structure. Another example is the use of neutrinos for nuclear non-proliferation, as the burning
material 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
communities with vastly different scientific techniques and methods. This includes a huge range of energies spanning
over 30 orders of magnitude, distance scales ranging from thousands of Megaparsec down to 10~2° meters or even below,
experiments with high event rates and a small number of events in huge experiments. Theoretical physics is here very
important since it helps to combine results from completely different experiments, including non-neutrino experiments,
into one coherent overall physics picture. The combination leads to very important tests of the SM and to very powerful
searches for new BSM physics which often cannot be done by the individual experiments. Theory is also important in
guiding experiments by calculating the expected signals of BSM scenarios and to point out detection strategies within
one 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
sizes and time scales. In order to fully exploit the unique potential of neutrinos, coordination is needed. This review
sketches the status quo of neutrino physics, points out future directions and recommendations on the need to balance
different types and sizes of experiments and to make best use of resources by looking for synergies in R&D efforts and in
large-scale experiments.

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

2. Physics of neutrino sources

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

2.1. Introduction

Neutrinos are the 2nd most abundant particles after photons in the visible Universe, yet very hard to work with
because they only interact very weakly. Reactors are in addition a very intense man-made source of electron antineutrinos
(~2 x 10?2 i, per Giga-Watt thermal power, GWy,). The Earth can also be considered as a “natural” reactor emitting
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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 x 10" y,/cm?/[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 (7,)! 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%) 2*°U is used as fuel, there are four main isotopes, 23U,
239py, 238y, and 2*'Pu, which contribute to the production of more than 99% 7, 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 v, with
energy up to about 10 MeV.

1 In this section, reactor antineutrinos will be called reactor neutrinos for brevity.
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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:

isotopes

Zisotopesﬁ x E; Z fl X ¢i(Ev)’ (2'1)

where Py, f;, E;, and ¢;(E,) represent, respectively, reactor thermal power, fission fraction of each isotope determined
by reactor core simulation, energy released per fission, and neutrino spectrum of each fission isotope [4,5]. The fission
fraction, f;, changes as a function of time while the reactor thermal power Py, is usually kept constant unless they are
turned 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
reactor neutrino spectrum. Reactor neutrinos are usually detected through an IBD process, v, +p — e™ + n, and only
neutrinos with energy larger than 1.8 MeV can participate in the IBD process. Once the IBD process occurs the positron
carries away most of the original neutrino energy and the neutron scatters around until it is thermalized and then captured
by a nucleus. Loading liquid scintillators with gadolinium (Gd) or other metals such as Li or Cd, significantly improves the
neutron capture efficiency. The positron annihilates immediately producing a prompt signal, and the neutron captured by
a H (Gd) nucleus produces a delayed signal of 2.2 MeV (~8 MeV). Depending on whether H or Gd capture the neutron,
the average time of the delayed signal is different, ~200 psec or ~28 psec (for 0.1% Gd by weight), respectively.

The historical development of reactor neutrino experiments is found in Ref. [7]. Modern reactor neutrino experiments,
Double Chooz, Daya Bay and RENO, in the mid 2000 started building two or more identical detectors at near and far sites
to reduce systematic uncertainties, which was required to measure the at the time unknown smallest neutrino mixing
angle 63. In 2012 the first discovery of non-zero 613 was made by Daya Bay [8] and RENO [9], independently, with earlier
indications from T2K [10], MINOS [11] and Double Chooz [12].

P,
®(E,) = 't

2.2.2. Current status and open questions

Neutrino oscillations have been very well understood by measuring so far the neutrino mixing parameters 615, 6,3, 613,
Am%1 and |Am§]| (see Section 3.1 for more details). Especially the measurement of a not too small 8,3 using reactor
neutrinos in 2012 has opened the possibility to measure CP violation in the lepton sector using the next generation
of neutrino detectors currently being constructed. Detailed measurements of flux and shape of the emitted neutrino
spectrum from reactors showed a discrepancy from the expected spectra. These discrepancies will be called here “reactor
v, flux anomaly” and “shape anomaly” (or “5 MeV excess”). In the following subsections these two well known anomalies
are discussed. Understanding these two anomalies would lead to a better understanding of reactor neutrinos.

Absolute reactor flux anomaly. Until 2011, there had been a 3% deficit of the measured reactor neutrino flux compared
to the predicted one in very short baseline (VSBL), i.e. <100 m, reactor neutrino experiments. In 2011 Mueller et al. [5]
re-evaluated the prediction of reactor neutrino spectrum for the four main isotopes and found that the deficit has further
increased to about 6%. Huber’s independent re-evaluation also confirmed the result of [5] for 23U, 22°Pu and 24!Pu isotopes,
for averaged antineutrino energy spectra. Short-baseline, O(1 km), reactor neutrino experiments Daya Bay, Double Chooz
and RENO have measured the absolute reactor neutrino flux using their near detectors and observed a flux deficit of
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Fig. 2.4. IBD yield per fission from 233U vs. 23Pu by Daya Bay (left) and RENO (right) from Refs. [16,17], respectively.

0.952 + 0.014 (exp) [13], 0.9254+0.002 (stat) 4= 0.010 (exp) [ 14] and 0.940 + 0.001 (stat) & 0.020 (syst) [15], respectively,
in comparison with the Huber-Mueller model. All measurements share the same additional model uncertainty of £0.023.
This 6% deficit is called the reactor antineutrino anomaly (RAA), and one of the immediately suggested explanations was
that it is caused by neutrino oscillations from active to eV-scale sterile neutrinos. The various hints and aspects of such
sterile neutrinos are separately discussed in Section 6. A summary of measurements can be found in Fig. 2.3. Unlike past
VSBL experiments, most of modern VSBL experiments use relative spectral shape distortion to search for eV-scale sterile
neutrinos rather than absolute flux measurements.

Towards solving the flux anomaly, Daya Bay and RENO independently observed that the predicted IBD yield per fission
from 23U is higher than the measured ones at 3o levels (see Fig. 2.4). More precise measurements on the IBD yield per
fission from 23°U and 23°Pu would be necessary to fully clarify the situation, even though the two independent experiments
showed very similar results. In parallel, two new reactor neutrino flux calculations [18,19] were performed. However, the
disagreement with measurement has not been resolved, as one model predicts more [18] and the other less [19] flux than
that of H-M model. Recently a new measurement of the ratio of beta-spectra from 23°U and 23°Pu was presented [20],
which is (1.054 + 0.0002) times smaller than the ILL result used for predictions of the reactor antineutrino flux. This
reduces the predicted antineutrino flux very close to the experimental results [20], and would mean that the basis of the
RAA is in question.
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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).

Shape anomaly. The shape anomaly, or so-called the “5 MeV excess”, was first reported by in 2014 [21-23]. Later in 2014
Daya Bay [24] also confirmed the 5 MeV excess compared to Huber-Mueller model (see Fig. 2.5). The origin of the excess,
however, has not been fully identified yet. In 2014 it was also shown that the excess is correlated to the reactor thermal
power [21-23], implying that this is very likely caused by reactor neutrinos unpredicted by the model. Recently, RENO
and Daya Bay showed 3.20 [15] and 40 [25] evidences of the correlation between the 5 MeV excess and the 23°U flux.

Most of the VSBL reactor neutrino experiments (see Section 6.3) use research reactors, in which 23U is highly enriched.
They are expected to nail down the correlation between the excess and 2*>U. Among the VSBL experiments, NEOS using
a commercial reactor has clearly observed the excess for the first time in 2017, thanks to high statistics and good energy
resolution. Recently, PROSPECT also showed the 5 MeV excess with increased data (total of 96 calendar days of reactor-ON
data) and disfavored it being from only (no) 23U at 2.4 (2.2)c CL [26]. STEREO has released the first measurement [27]
of the antineutrino energy spectrum from 23U at the ILL reactor and found an excess of 12.1 £3.4% (3.5¢) 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 2*°U,
239py, and 24!Pu fission at ILL in Grenoble, France in the 1980s and converts the beta spectra to neutrino spectra [4,5].
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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 2>°U, 23°Pu, and ?4!Pu isotopes.

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

2.2.3. Future outlook

Double Chooz and Daya Bay have shut down in 2018 and December 2020, respectively, and RENO is taking data
through 2021. More data and upcoming improved analyses of existing data will be useful to understand the two anomalies
discussed in the previous section. The JUNO collaboration plans to install a 3 ton Gadolinium liquid scintillator (GdLS)
detector with 47 photo-coverage of Silicon Photomultipliers (SiPMs) operating at —50° C at a very short baseline (30 m)
from a reactor (4.6 GWy,) in the Taishan Nuclear Power Plant. This project is called JUNO-TAO (Taishan Antineutrino
Observatory) or TAO, and its main goal is to measure the reactor neutrino spectrum very precisely with very good energy
resolution, to understand the fundamental physics of the very complex beta decay processes in reactors, clarify the origin
of the 5 MeV excess, as well as sterile neutrino search [29]. The energy resolution goal is <2% at 1 MeV, and its operation
is expected to start in 2022.

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

2.3. Accelerator neutrinos

2.3.1. Conventional beams

Accelerator-based neutrino sources had their start in the early 1960s [33] and led to the discovery that the electron
and muon neutrino are distinct particles. Most modern neutrino sources use the same basic concepts as those original
experiments.? 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].
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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 (v,) and antimuons (u™),
while negative pions produce antineutrinos (v, ) and muons (x~). 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 Il 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 u~ — ve.e~v,. 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 vSTORM [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~ —* He + 2v, + 26.73 MeV,

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.® 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].
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the beam energy.
Source: 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~ (with the exponential factor given in the last column). For the measured fluxes, the first error is statistical

and the second error systematical.

Solar v B16-GS98 (HZ) B16-AGSS09met (LZ) Measurement Exp
pp-cycle
p 5.98(1.0 + 0.006) 6.03(1.0 + 0.005) 6.1+ 05102 [50] 1010
"Be 4.93(1.0 +0.06) 4.50(1.0 £ 0.06) 4.99 4 0.117595 [50] 10°
5.8240.98 [51] 10°
pep 1.44(1.0 £ 0.01) 1.46(1.0 + 0.009) 1.27 £0.1975% [50] 108
B 5.46(1.0 4 0.12) 4.50(1.0 +0.12) 5.4 40.02+ 0.1 [52] 106
5.25+0.167512 [53] 10°
5.68°031043 [50] 106
5950754028 54 108
hep 7.98(1.0 £ 0.30) 8.25(1.0 £0.12) <23 (90% C.L.) [55] 10%
<150 (90% C.L.) [56] 103
<180 (90% C.L.) [57] 10°
CNO 4.88(1.0 £0.11) 3.51(1.0 £ 0.11) 7.0139 [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
part shows the energy spectrum of solar neutrinos. The flux of solar neutrinos is dominated by pp neutrinos (order of
10'° s=1 cm~2) having a continuous energy spectrum with a 420 keV endpoint. In the pp-chain, also mono-energetic ’Be
(0.384 MeV and 0.862 MeV) and pep (1.44 MeV) neutrinos are produced, as well as ®B neutrinos characterized by lower
flux (order of 10° s~' cm™2) and a continuous energy spectrum extending up to about 15 MeV. Measurements of solar
neutrinos interaction rates, with energy-dependent deficits with respect to solar model calculations, were the first hint
of neutrino oscillations. For the history of solar neutrinos, see Ref. [48]. The determination of the relevant solar neutrino
parameters is discussed in Section 3.3.

Solar neutrinos were first detected by radiochemical detection methods [59-61] revealing information about integral
fluxes above a certain threshold. The technologies using water Cherenkov and liquid-scintillator detectors provide an
opportunity to perform real-time precision spectroscopy of solar neutrinos. Table 2.1 summarizes solar neutrino fluxes
as predicted by the Standard Solar Model (SSM) [49] compared to the existing measurements.

The most precise measurements of the pp, 'Be, and pep neutrinos are provided by Borexino (LNGS, Italy) [50]
characterized by unprecedented levels of radiopurity of its liquid scintillator. High precision measurements of B neutrinos
come from water Cherenkov detectors SNO (Sudbury, Canada) [53] and Super-Kamiokande (Kamioka, Japan) [52,62]. For
the hep neutrinos with a very low expected flux only upper limits exist: the most stringent from SNO [55] is still about a
factor of three higher than the expected SSM flux. Detection of neutrinos from the CNO fusion cycle is complicated due
to the degeneracy of its spectral shape with those of 2!°Bi contaminating the liquid scintillator and of pep solar neutrinos.
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Source: Taken from [50].

Additionally, the cosmogenic ''C background from muon spallation further complicates the CNO solar neutrino detection.
Borexino has recently observed for the first time CNO solar neutrinos with 50 C.L. [58], as shown in Fig. 2.11. This was
achieved through the upper-limit constraint on the 2!°Bi contamination of the liquid scintillator, made possible thanks to
an 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
insight about the core of the Sun. The implications of solar neutrino measurements towards our understanding of neutrino
oscillations are discussed in Section 3.3. These include determination of the 6, mixing angle, Am%l mass splitting, study
of the matter effects in the Sun (energy dependence of the survival probability) and during their journey while traversing
through the Earth (day-night effect). Concerning solar physics, in the first place, neutrinos are the only direct evidence
that indeed nuclear fusion is powering our closest star. In addition, by comparing the luminosity of photons and neutrinos
emitted from the Sun, one may study the thermal equilibrium of the Sun on a time scale of 10° years. This is the time it
takes photons to escape from the solar core, while neutrinos can freely traverse the dense solar matter. Special attention
is needed to understand the so-called “metallicity problem” in solar physics, where by metallicity we mean the solar
abundances of elements heavier than hydrogen — an important input to the Standard Solar Models. The fact is that
newer, more precise spectroscopy measurements of the solar photosphere yielded lower abundances of these elements,
which spoiled the earlier agreement between the helioseismology measurements and the SSM predictions of the radial
dependency of the speed of sound waves across the Sun. This argument is discussed in detail in [49], where also the SSM
predictions for solar neutrino fluxes are given separately for low (LZ) and high (HZ) metallicity (see also Table 2.1). The
metallicity influences the opacity of the Sun and consequently also the temperature in the core and the fusion rates. There
is a sizeable difference of 9% and 19% between the HZ and LZ SSM predictions of ’Be and ®B fluxes, respectively. This fact is
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Fig. 2.11. Spectral fit of the Borexino Phase-IIl 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 ®B
neutrinos, see Table 2.1), that weakens if global fits of all solar neutrino data are considered. The largest difference between
the fluxes predicted by the LZ and HZ SSM results for the CNO cycle, which is directly catalyzed by heavy elements and
amounts to about 32%. Thus, the Borexino observation of CNO solar neutrinos [58] paves the way towards the solution
of this problem. Borexino might increase the precision of its CNO measurement, which is also among the scientific goals
of SNO+ [63], currently filling its detector with liquid scintillator at SNOLAB in Sudbury, Canada. The future Jinping solar
neutrino experiment [64] aims to perform precision spectroscopy of CNO neutrinos, taking advantage of its shielding
against 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 B neutrinos down
to 2.5MeV [66]. The future water-Cherenkov Hyper-Kamiokande detector plans 187 kton fiducial volume for detection
of B neutrino and hep neutrinos [67]. Next generation experiments with novel techniques also aim at measuring solar
neutrinos. THEIA [68] considers a few-tens-of-kton-scale detector filled with water-based liquid scintillator, combining
the advantages of water (directional Cherenkov light) and liquid scintillator (high light yield) detectors. The two-phase
liquid argon time projection chambers under development for direct Dark Matter WIMP searches (DarkSide-20k [69] and
its long time-scale successor Argo) are also considered for solar neutrino spectroscopy [70]. The DARWIN [71] project aims
at the realization of a future astroparticle observatory in Europe. While its main goal is the direct detection of dark matter
in a sensitive time projection chamber using a multi-ton target of liquid xenon, it would also be capable of a precision
spectroscopy of low-energy neutrinos, especially pp neutrinos [72] (see Section 3.3.3).

2.5. Supernova neutrinos

Core-collapse supernovae originate from the death of massive stars and are among the most powerful sources of
neutrinos: about 10°® neutrinos are emitted during the burst. This brilliant burst of neutrinos has been observed just once,
in 1987 A. This core collapse of a blue supergiant in the Large Magellanic Cloud, about 55 kpc away from us resulted in
a supernova and a ~10-second long burst of few-tens-of-MeV neutrinos observed in water Cherenkov and scintillator
detectors [73-75]. The number of neutrino interactions seen was small, and the recorded neutrino events were primarily
Ve seen via inverse beta decay; nevertheless the observation was sufficient to confirm our understanding of the general
mechanism of core collapse.

Neutrinos play a fundamental role in supernovae, transporting energy and lepton number. According to our current
understanding, the supernova explosion occurs through the delayed neutrino-driven explosion mechanism [76], i.e.
neutrinos revive the stalled shockwave, triggering the explosion. Hydrodynamical simulations of supernovae have recently
achieved the three-dimensional frontier [77]. However, despite the level of sophistication reached by neutrino transport,
neutrino flavor mixing is not included in hydrodynamical simulations. In addition, magneto-hydrodynamical effects are
yet to be explored.

Stellar core collapses are expected to happen a few times a century in the Milky Way, and perhaps twice as often
within a MPc radius, including Andromeda and the Local Group. The next observed burst of neutrinos from a core collapse
will bring a wealth of information about the astrophysics of core collapse. Because neutrinos carry information from
deep inside the supernova thanks to the weakness of their interactions, we will learn about the explosion processes. The
neutrino 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
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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
emitted from the supernova. Furthermore, the neutrino density may be so high that neutrino-neutrino interactions come
into play, resulting in complex, exotic non-linear effects on the flavor content. Our understanding of neutrino mixing in
the source is preliminary [80-83] and subject of an active field of research. Neutrino-neutrino interactions are responsible
for making the flavor evolution non-linear and, contrary to common intuition, neutrinos of different energies collectively
oscillate to another flavor. In addition, the flavor evolution is crucially affected by the neutrino angular divergence. A
recent development in the field concerns the possible occurrence of flavor conversions triggered by pairwise scattering
of neutrinos among themselves [82,83]. If this should be the case, then it would be necessary to include neutrino flavor
conversions in hydrodynamical simulations. The observed fluxes may depend strongly on the neutrino mass ordering [84],
though currently the believe is that answering this question independently from terrestrial oscillation experiments is
unlikely. 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
fraction of energy emission into new degrees of freedom, which would modify the energy emission scale of the neutrino
burst; the observed burst of 1987 A has resulted in a number of limits on exotic physics [85], and a future high-statistics
observation will enable yet more stringent limits or possibly point the way to new physics. The observables that will give
us a window on both core-collapse and particle physics associated with the event are the neutrino flavors and energy
spectra as a function of time [80].

While gravitational-energy-powered core collapses are known signals a few times a century, other types of astrophys-
ical events, such as Type I (thermonuclear) supernovae will emit neutrinos as well, although will need to be relatively
near 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
least a few tens of kpc range [88]. Fig. 2.12 shows a summary of approximate event counts expected in current and future
large detectors. Current detectors are primarily sensitive to the v, 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 v, via IBD on free protons [93,94]. “Long-string” water Cherenkov detectors such as IceCube also have
primary sensitivity to v., 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 v, 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
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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
detector [98] will provide vast statistics. Upgrades to IceCube, as well as KM3NeT [99], will also improve the time profile
information. Notably, DUNE [100] in its 40 kton of LArTPCs (Liquid Argon Time Projection Chambers), will provide unique
sensitivity to the v, flavor, thanks to a relatively high charged-current cross section on argon nuclei. Smaller LArTPC
detectors such as MicroBooNE [101] will have sensitivity as well. Furthermore, there are opportunities for more NC
sensitivity, to the entire flavor profile, via elastic scattering (ES) interactions: scintillator detectors are sensitive to ES
on protons, whereas a new generation of DM detectors (for example the 40-ton DARWIN [71,102]) will observe a burst of
coherent elastic neutrino-nucleus scattering events (see Section 5.4.7). Neutral-current elastic scattering channels are not
affected by uncertainties related to flavor conversion physics; therefore detectors sensitive to these channels will offer a
complementary view with respect to other detection technologies. The observed energy distribution of recoils also gives
information 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.
However, 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
for the impending supernova, given that the first electromagnetic observations may not be possible for hours or longer.
The Supernova Early Warning System (SNEWS) [104,105] is a world-wide network of neutrino detectors which will
provide a fast warning to astronomers for a reported neutrino burst. Some pointing information may be available from
the observed neutrino signal. The highest-quality pointing will likely be from anisotropic interactions; elastic scattering
on electrons is the most promising [106], although other channels have some potential anisotropies as well [107-109].
Triangulation holds some promise for fast information, as well [110-112]. The prospects for multi-messenger astronomy
with supernova neutrinos are excellent, too. Notably, the gravitational wave signal from a core-collapse signal will be
prompt, and coincident detection with neutrinos should be possible [113] (and see Section 4.2.3 for a discussion on
neutrino mass limits from supernova observations). An upgrade to SNEWS, SNEWS 2.0 [114] is currently underway, which
will enhance multimessenger capabilities. High joint up-time and long-timescale running of large future supernova-burst-
sensitive detectors will be of importance to increase the likelihood of capturing maximum information from a supernova
burst.

Up to two or three supernovae may occur in our Galaxy per century, however, a supernova explodes every second
somewhere in the Universe. Hence, another possible observable is the flux of all past explosions, the Diffuse Supernova
Background (DSNB). Measuring the DSNB is challenging, but may give valuable information on the star formation rate in
the Universe and on fundamental physics [115,116]. Recent developments point towards possible important effects on the
DSNB signal coming from the presence of binaries and large theoretical uncertainties are currently linked to the supernova
rate [117-119]. The Super-Kamiokande experiment has been enriched with gadolinium [120] and is expected to observe
the DSNB flux [121]. Also, future experiments like DUNE, JUNO or Hyper-Kamiokande have interesting prospects for DSNB
observation [119].

2.6. Atmospheric neutrinos

Atmospheric neutrinos provide a natural beam of high-energy neutrinos that can be used to probe neutrino properties.
They are produced when primary cosmic ray protons and heavier nuclei interact with atoms from Earth’s atmosphere,
resulting in atmospheric air showers. These air showers contain large numbers of energetic charged pions and kaons, as
well 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
carried out in the Kolar Gold Field mines in India and the East Rand Proprietary mine in South Africa. They were performed
in extremely deep underground laboratories at the depth of about 8000 meters water equivalent to shield the experiments
from the background of atmospheric muons. The next generation of atmospheric neutrino experiments began in the mid-
1980s in Europe (NUSEX [123] and Frejus [124] detectors), USA (IMB-3 detector [125]), and Japan (Kamiokande [126] and
later in 1990s Super-Kamiokande [127])

The so-called conventional atmospheric neutrinos arise from pion and kaon decay. The atmospheric neutrino spectrum
peaks around a GeV, and at higher energies can be described by a power-law, which is steeper by 1/E, than that of
the primary cosmic ray spectrum (this is because above the critical energies of 115 (850) GeV, the pions (kaons) more
likely interact before they decay). Current uncertainties arise from the less well constrained pion-to-kaon ratio, as well
as uncertainties in the primary cosmic ray spectrum and composition. The flux of conventional atmospheric neutrinos
has been observed over a large energy range, from sub-GeV to ~100 TeV [128,129], above which cosmic neutrinos start
dominating the flux [130].

Neutrinos resulting from the decay of heavier mesons, containing charm or heavier quarks are called prompt neutrinos,
as they originate from a prompt decay, and as a result the flux follows the primary cosmic ray spectrum more closely. The
onset of the prompt component depends on the poorly constrained cross-section for forward charm production, which is
being constrained from above by observing the high-energy part of the spectrum [130]. Interestingly, these uncertainties
can 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
atmospheric neutrino events above 100 MeV [129]. Above several tens of GeV, ANTARES and IceCube have also detected
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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 6,3 and Am%2 are being constrained also by neutrino beam experiments. In addition, tau neutrinos,
which are not directly produced in the atmosphere in significant amounts, appear due to oscillations of atmospheric muon
neutrinos. They have been recently observed by Super-Kamiokande [135] and IceCube-DeepCore [136]. The neutrino mass
ordering also has an imprint on the atmospheric neutrino flux (most notable around 10 GeV for vertical directions). A
new generation of atmospheric neutrino detectors, Hyper-Kamiokande [98], ORCA [137] and IceCube-Upgrade [138] is
capable to observe mixing parameters, as well as the unique signature of the neutrino mass-ordering, due to significantly
improved sensitivity.

2.7. High-energy astrophysical neutrinos

High-energy neutrinos escape energetic and dense astrophysical environments that are opaque to electromagnetic
radiation. In addition, at PeV (10'® eV) energies, extragalactic space becomes opaque to electromagnetic radiation due
to the scattering of high-energy photons (y rays) on the cosmic microwave background and other radiation fields (see
Fig. 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 10%° eV, which
is a factor of 107 times higher than the most powerful man-made particle accelerators.

2.7.1. Introduction

Astrophysical neutrinos are produced from the interactions between cosmic rays and matter or radiation; they
therefore trace the origin of cosmic rays. The dominant neutrino production modes are pp and py interactions, where
relativistic protons (or nuclei) interact with gas and radiation, respectively. The relative importance of these production
modes depends on the gas or radiation (target) density, as well as the energy spectrum of the radiation. For pp interactions,
one roughly obtains 7%, 7~ and #° in equal fractions, whereas py interactions are at threshold dominated by the
A(1232)-resonance

n+nxt 1ofall cases
AT 2.2
Pty = _){p+zr° gofallcases (2.2)
The pions decay via the usual weak decay chains such as
7t =+,
nt— et v+, (2.3)

where in this standard picture v, : v, : v, are produced in the ratio 1:2:0 if neutrinos and antineutrinos are not
distinguished. Flavor mixing (averaged neutrino oscillations), described by P,g = ), |Ua,-|2|Uﬂ,-|2, then is widely believed
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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,
the path towards discovery was a stony one [141]. However, the technical problems were overcome and by now, the
concept of open water/ice neutrino telescopes, that are sensitive from tens of GeV to beyond PeV energies, has been
successfully demonstrated in several places world-wide: the Baikal collaboration deployed a first functional detector in
lake-water [142], the ANTARES collaboration deployed the first successful undersea detector [143] and the AMANDA
collaboration installed the first in-ice neutrino detector [144]. The detection principle is similar for all detectors:
Cherenkov-light produced by charged particles - either background muons produced in air showers above the detector, or
particles produced in a neutrino interaction - is recorded by a three-dimensional array of photomultiplier tubes (PMTs)
contained in appropriate pressure-resisting glass housings. The arrival time allows reconstructing the direction of the
particles (to better than a degree for muons), while the total number of photons recorded is used to reconstruct its energy.
Arrival direction, energy and topology allows to distinguish background from neutrino-induced events. A more refined
analysis 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
High Energy) region (10'® 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 y-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 - 3.50.

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 y-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 y-ray blazars does not produce evidence of a correlation and results in an upper bound of ~30% as the
maximum contribution from these blazars to the diffuse astrophysical neutrino flux below 100 TeV [151]. Accordingly, a
blazar 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,
for example, been proposed for radio-bright blazars [155,156] and intermediate/high frequency-peaked BL Lacs [157].

Apart from the association with a y-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 y-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 y 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 km>. 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 km?>. The plan is to further extend the effective
volume in the years after, reaching a volume of up to 1.5 km>.

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).
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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
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largely 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
Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056 from September 2017 [148]. The uncertainty ellipses of the
IceCube 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
interactions in the ice using their radio signature (ARIANA200 [177], RNO-G [178]), or the search for tau neutrinos which
are just skimming the Earth, interacting near the surface, so that the tau lepton can escape the dense environment to decay
in 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
have the sensitivity to probe the leading models. Finally, entirely new detection methods are being developed, such as
the 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
technologies for neutrinos — optical and radio, will provide order of magnitude improved event rates of astrophysical
neutrinos in the PeV range and five times the sensitivity to point sources compared to IceCube and for the first time
provide a comparative sensitivity in the EHE range [184]. Construction of its low-energy core has already started as part
of the IceCube Upgrade project [185] that is a smaller realization of the PINGU concept [186]. The completion of the
IceCube-Gen2 construction is foreseen for 2032.

2.8. Geoneutrinos

2.8.1. Introduction

Geoneutrinos are antineutrinos produced by natural radioactivity in the Earth [191]. Most geoneutrinos come from
the decay of “°K and relatively smaller contributions come from the decays of 232Th and 23%U. Together these three
nuclear isotopes account for more than 99% of the heat generated by Earth’s radioactivity. The distribution of radiogenic
heating between the crust, mantle, and core gives unique insights about the formation and evolution of Earth. The
direct connection between geoneutrinos and radiogenic heating makes antineutrino detectors important instruments for
geophysical research.

The geoneutrino generating elements (K, Th, U) are lithophilic, according to the Goldschmidt classification. They exhibit
geochemical affinity for the Earth’s outer rocky crust and mantle layers but not for the metallic core. Their distributions,
which are not fully known, throughout these silicate layers smooths over the effect of neutrino oscillations on the
geoneutrino fluxes. An average oscillation probability provides an accuracy at the level of a few percent [192], which is
comparable to the uncertainties in the oscillation parameters. For comparison, these uncertainties are small compared
with those introduced by the geological modeling. Assessments of the concentrations of K, Th, and U in the largely
inaccessible rocky layers of the Earth typically come with non-Gaussian uncertainties at the level of tens of percent. These
uncertainties carry through to the predicted geoneutrino fluxes. Geoneutrino flux measurements, with their statistical and
systematic uncertainties presently at the level exceeding 10%, fail to inform on neutrino oscillations and other neutrino
properties.

Predictions of the fluxes of geoneutrinos, originating from terrestrial “°K, 232Th, 238U, along with other less important
nuclear isotopes, began to appear in the scientific literature about a decade after the discovery of the neutrino [193].
Successive refinements [194-196], including geothermal, seismic, and geochemical constraints, converged on a reference
model [197,198]. The general conclusion is that geoneutrino fluxes are largest over continents and smallest over ocean
basins. A less prominent result is a slightly softer energy spectrum over continents than over ocean basins. This is due
to a higher ratio of Th to U in continental crust than in the mantle. Interestingly, the difference could be the imprint of
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Table 2.2
Geoneutrino measurements at Japan [204] and Italy [205] compared with a model prediction [198].
Japan Italy
¢y = 1o ¢t = 1o Th/U £ 1o ¢y = 1o ¢m £ 1o Th/U £ 1o
Measurements 1.7973%0 2.00*119 53180 1.9%04 47422 -
Model prediction 3.4779% 3.0375%7 411730 434703 4.23%}% 4.59M1

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 (*2Ac, 2'?Bi) and 238U (?34™Ppa, 214Bi) series, have endpoint energy above the 1.806 MeV threshold for inverse
beta decay of the free proton. Antineutrinos from “°K and the 2*°U series, with the exception of a very rare decay (?°Bi),
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 “°K. 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 x 10%? proton-years, rejects the zero signal hypothesis from Th and U at 1.68¢ and 3.15¢, respectively. The Borexino
measurement, which results from an exposure of 1.3 x 1032 proton-years, rejects the zero signal hypothesis from Th as well
as U at ~2.40. The measurements of KamLAND and Borexino, which clearly demonstrate the detection of geoneutrinos
from Th and U, are compared with predictions from a reference model in Table 2.2. Although differences in the relative
strengths of the fluxes from continental crust and the mantle at different locations lead to predicted surface variations in
the 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
from further analysis of the measurements [206]. Due to the lithophilic nature of K, Th, and U, the reference model specifies
that the geoneutrino fluxes originate in the crust and mantle only. The standard analysis respects this guidance, making the
mantle contributions simply the differences between the calculated total fluxes and the estimated fluxes from the crust.
At underground locations the reference model predicts larger geoneutrino fluxes from the crust than from the mantle.
For the present measurements the mantle fluxes are the differences of two larger fluxes with uncertainties that impede
resolution. The standard analysis constrains the shape of the measured energy spectrum to conform to the cosmochemical
value of Th/U = 3.9 [207]. This constraint, which is due to the limited statistics of the measurements, reduces the reported
uncertainties and brings the calculated fluxes of the observed Th and U geoneutrinos into agreement with the reference
model.

The present observations of the geoneutrino fluxes from Th and U by KamLAND and Borexino are outstanding scientific
achievements. They represent decades-long efforts to build and operate detectors capable of real-time monitoring of
the heat generated by global radioactivity. The initial assessments of radiogenic heating benefit from reference model
constraints. Resolving the geoneutrino fluxes from the mantle with more model-independent analyses requires greater
exposures and more favorable detector locations than afforded by the existing measurements. The challenges remaining
for future geoneutrino observations include detecting the flux from K and gaining more direct sensitivity to fluxes from
the 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
of neutrino oscillations and solar fusion. Several upcoming neutrino detectors, which are motivated by fundamental
questions in physics and astrophysics, forecast sensitivity to geoneutrinos. The sitting of these neutrino detectors is
motivated by access to overburden to reduce background due to cosmic rays and often by proximity to nuclear power
reactors for an intense source of antineutrinos. These underground locations optimize the ability to perform the physics
and astrophysics experiments rather than those enabled by geoneutrino measurements. The deep mines and tunnels
beneath high mountains are typically in geologically complex regions with corresponding challenges in estimating
the geoneutrino fluxes from the crust. Nonetheless, the upcoming detectors are planning to perform geoneutrino
measurements.

One detector nearing operation with reported sensitivity to geoneutrinos is SNO+ [209]. This is the former Solar
Neutrino Observatory in Sudbury, Canada, reconfigured to search for neutrinoless double beta decay, see Section 4.3. The
detector site is one of the deepest in the world, greatly reducing cosmogenic sources of background. Unlike KamLAND
and Borexino, it is located well inside a continent with the prediction of strong geoneutrino fluxes from the crust. Using
a target mass of 780 tons of scintillating liquid, the expected rate of recorded geoneutrino interactions is about 20 per
year, assuming 80% detection efficiency. Using these values, it would take about eight years of detector operation to
accumulate the measurement precision afforded by the 165 recorded interactions already reported by KamLAND [204].
It is not clear if the precision of the SNO+ geoneutrino flux measurements over this period would provide evidence of
surface variation. The error bars of the projected SNO+ measurements could still overlap with those of the KamLAND and
Borexino measurements. There is certainty that the geoneutrino Th/U measurement from SNO+ over this period finds no
disparity with those from KamLAND and Borexino.

Another detector, which plans to begin operation within the next several years and with reported sensitivity to
geoneutrinos, is JUNO [65]. This is a new detector, carefully situated about 53 km from several nuclear reactor complexes
to maximize sensitivity to the neutrino mass ordering. The detector site in South China is near the continental shelf
and offers an overburden of ~2000 meters of water equivalent (m.w.e.), making it similar in shielding to the KamLAND
site. The distinguishing characteristics of JUNO are its size and sensitivity. At 20 kton of scintillating liquid it is about 25
times larger than SNO+ and the projected detector resolutions are unprecedented. Without question, the world sample of
recorded geoneutrino interactions more than doubles after one year of operation of the JUNO detector. The main obstacle
in measuring the geoneutrino fluxes is accurate knowledge of the reactor antineutrino rate and spectrum. Even with
perfect subtraction of the reactor antineutrinos and with the superb precision projected by the unprecedented size and
sensitivity of JUNO, the site location may be geologically too similar to Japan to provide evidence of surface or spectral
variation 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 (>10)
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-
based scintillating liquid is suggested for the Homestake Mine, which is a deep site, 4300 m.w.e., in the Black Hills of
South Dakota [68]. Assessment of the subdominant mantle fluxes expected at the Baksan, Jinping, and Homestake sites
entails 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
detector exposures at distinct locations. Measurements with a precision of about 5% are desirable to constrain model
predictions. Comparing measurements made near thick continental crust with those made over thin oceanic crust in the
deep ocean would be a very favorable scenario [212]. A high statistics assessment of the mantle fluxes at an oceanic
site would be relieved of model dependencies associated with existing assessments at continental sites. While there are
suggestions for deploying antineutrino observatories in the deep ocean, underwater locations do not offer compelling
advantages 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
geoneutrino fluxes through their directions is emerging from the joint physics and astrophysics quest to measure CNO
solar neutrinos [213]. Adding direction information reduces sources of isotropic background, gaining sensitivity to signal
from the source. Several efforts are underway for selectively collecting the directional Cherenkov light in scintillating
liquid [211,214]. The potential for improving the identification of inverse beta decay and reducing background is apparent
with 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
the magnitude and distribution of Earth’s radioactivity. New detectors in Canada and China are expected to soon begin
augmenting the ongoing flux measurements from Japan and Italy. Proposed multi-kton detectors in central China and the
Caucasus mountains hopefully move forward. They would contribute substantially to demonstrating surface variation of
the geoneutrino fluxes from Th and U. Advanced detection techniques are poised to enable measurement of geoneutrino
source directions, leading to the rich reward of resolving geoneutrino fluxes from K and the mantle.
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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
kinetic energy, according to the Standard Cosmology Model. After decoupling from the thermal bath of the hot Big Bang at
under 1 s, Big Bang neutrinos, also known as the Cosmic Neutrino Background (CvB) or relic neutrinos, have continued to
influence the Hubble expansion and rates of large-scale structure formation during over 13.7 billion years to the present
day. Due to the finite mass splittings measured through flavor oscillations, an important transition from relativistic to
non-relativistic energies is believed to have already transpired for at least two massive states of the neutrinos. As a result,
the CvB 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
evidence that the CvB neutrinos continue to pervade all of space with a predicted average number density of 336 particles
per cubic centimeter, assuming three flavors of light neutrinos and making no assumptions on whether the neutrino is
distinct from the antineutrino. Indirect hints of its existence are discussed in Section 8.1.4. The experimental effort on
detecting the CvB is being advanced on two fronts. One is through a new generation of precision cosmology measurements
to detect the sub-percent fraction of the critical energy density from massive neutrinos, and the second is through the
development of direct detection methods based on neutrino capture on g-decaying nuclei.

2.9.2. Direct detection experiments

Several methods to detect relic neutrinos have been proposed. Most of them have estimated sensitivities many orders
of magnitude too low to detect relic neutrinos. However, one of them — neutrino capture on S-decaying nuclei, looks
conceivable with major improvements in the detection techniques. The idea was suggested by Weinberg [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 g-decay by about two neutrino masses. Therefore, the separation of the
neutrino capture process from the overwhelming background from usual S-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~% yr~!. 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 §-
decaying nuclei using correlations between the neutrino direction and the spin of the 8-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)

25



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

3.1. Introduction

If neutrinos have mass it is conceivable that their flavor changes periodically with distance over energy while they
propagate. The huge mass differences of charged fermions and quarks (which in addition almost immediately hadronize)
makes neutrinos the only elementary fermions where such oscillations can be observed. Such neutrino-flavor oscillations
are triggered by non-zero masses as well as by a non-trivial Pontecorvo-Maki-Nakagawa-Sakata (PMNS) lepton mixing
matrix [226-228], which is the analogue of the Cabibbo-Kobayashi-Maskawa (CKM) matrix of the quark sector [229-231].
Neutrino oscillations were discovered by the Super-Kamiokande collaboration in 1998 [134] and by the SNO collaboration
in 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
mass eigenstates, v;, i = 1, 2, 3. The probability, P(v, — vg), that a neutrino created in an eigenstate of flavor o and
which travels through a vacuum is detected in flavor state 8 is given by [233]:

Ami |
P(vy = vg) = Y UwiU5UzUgj exp |:— 21: E:| : (3.1)
ij

Here E is the neutrino energy, L is the distance between source and detector, and Amjzi = mj2 — m,.z. The first observations
of neutrino oscillations exploited muon neutrinos produced in the cosmic-ray bombardment of the Earth’s atmosphere
and the electron neutrinos produced in nuclear processes in the Sun. These observations, subsequently confirmed using
neutrinos 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
atmospheric muon neutrinos, is characterized by a large mass-squared difference and a mixing angle that is approximately
45°. The second, describing the oscillations of solar electron neutrinos, is characterized by a small mass-squared splitting
and a large (~35°) mixing angle. These observations allow the unitary PMNS matrix, U, to be parameterized in terms of
three mixing angles, 6; and one phase parameter cp:

1 0 0 C13 0 5136718Cp C12 s, 0
U= 0 C23 523 0 ) 1 0 —S12 C12 0 . (32)
0 —s23 C23 —sy3eicr 0 C13 0 0 1

Here ¢; = cos6; and s; = sin6y; 6,3 is referred to as the “atmospheric mixing angle” as it determines at leading order
the oscillations of atmospheric muon neutrinos while 6, is referred to as the solar mixing angle as it is used, at leading
order, to describe the oscillations of solar electron neutrinos. The mixing angle 6,3 is small, accounting for the approximate
decoupling of the atmospheric and solar oscillations. For Majorana neutrinos there are two additional phases (“Majorana
phases”), which can be put in a diagonal phase matrix to the right* 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.
Such a calculation yields terms in the expression for the oscillation formulathat depend on sin dcp and for which the sign
differs depending on whether the expression is for the oscillation of neutrinos or antineutrinos. Therefore, if sin §cp # 0,
CP invariance is violated in neutrino oscillations. Two additional phases that might arise if neutrinos are Majorana
particles cannot be measured in neutrino-oscillation experiments and are omitted from Eq. (3.2). We will discuss them
in Section 4.3. Since a hierarchy in the mass-squared splittings Am%l < |Am§1| is present, which neutrino oscillation
observations have revealed, the two-flavor case is in many cases a reasonable approximation and nicely illustrates the
features of oscillations. That probability reads for flavor changes

2

Am-“L
P(vy — Vgzy) = sin? 26 sin? , (3.3)
B# 4F

where 0 and Am? = m% — m% 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
scattering is very small. However, coherent scattering is dominated by events in which very little energy is transferred
between the incident neutrino and the target particle. As a result, the coherent-scattering amplitude is strongly peaked
for neutrinos that continue to propagate in the forward direction. Since the scatter is coherent, i.e. the quantum numbers
of the final state are the same as those of the initial state, the scattered neutrino wave can interfere with the unscattered
wave. The effect of this interference may be expressed in the form of an effective matter potential that causes observable
variations in the rate of neutrino oscillations. The oscillation probabilities for neutrinos passing through matter are
therefore modified from the vacuum probabilities given by Egs. (3.1), (3.3). In the two-flavor limit from Eq. (3.3) the
probability takes the same form, but with parameters § and Am? changed to 6,, and Am2,, taking into account the matter
effects. In particular, for constant matter density one finds
2
sin? 26,, = sin” 26 , (3.4)
(A/Am? — cos 20)? + sin® 20

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+/2G¢N.E with N, the electron number density. The size of the matter effect depends on the density
and composition of the medium and on the oscillation parameters. In particular, the matter effect may be exploited
to determine the octant of the mixing angles and the sign of the mass-squared differences. Moreover, the matter effect
is different for neutrinos and antineutrinos because for the latter A changes sign. The difference between the oscillation
probabilities of neutrinos and antineutrinos that arises from the matter effect must be taken into account in searches for
CP-invariance violation.

Neutrino oscillations are studied using both terrestrial and astrophysical sources of neutrinos. The oscillation channels
that can be studied using a particular source are determined by the neutrino-energy spectrum. Atmospheric neutrinos are
produced in the decay of mesons created when cosmic rays strike the upper atmosphere, see Section 2.6. The atmospheric-

neutrino flux contains (ﬁ)ﬂ and (f))e in a ratio of approximately 2 : 1, which decreases with energy as the muons do not
decay. The effective baseline at which the effect of oscillation is observed is a function of the zenith angle of the neutrino-
production point. The atmospheric neutrino energy spectrum falls with energy, providing a measurable flux at energies in
excess of 10 GeV. As a result, atmospheric neutrinos allow oscillation effects to be studied over a wide range of energies
and baselines. The dominant oscillation channel, v, — v, - indirectly tested by the disappearance of muon neutrinos -
was key to the discovery of neutrino oscillations. This channel constrains the parameters 6,3 and |Am3|.

Solar neutrinos are produced through fusion processes in the core of the Sun, see Section 2.4. A variety of fusion
and decay processes result in an electron-neutrino energy spectrum that drops sharply for energies above ~20 MeV.
The measurement of the solar neutrino flux and its energy dependence has been critical for the establishment of the
three-neutrino mixing paradigm, where the adiabatic neutrino flavor conversions between the Sun’s core and “surface”
are governed by the so-called MSW-effect [236,237]. The parameters that are constrained are mainly 6, and Am%l, where
for 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
flux of reactor antineutrinos with an energy spectrum that runs from a few keV to several MeV. A detector placed at an
appropriate baseline (from ~1 km to ~100 km) from the core is able to make precise measurements of the oscillation
parameters 613, 61, and |Am§]|. Reactor neutrino experiments provide the most precise measurement of the smallest
mixing angle, 61s.

Accelerator neutrino beams are produced from the decay of mesons generated when high-energy proton beams strike
nuclear targets, see Section 2.3. Magnetic focusing at the target is used to select the sign of the secondary meson beam
and to direct it to a decay channel. If negative mesons are selected a neutrino beam dominated by muon neutrinos is
produced; a beam dominated by muon antineutrinos is produced if positive mesons are selected. Such beams have been
used 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 (612, 013
and 6,3), two independent mass splittings (Am§1 and Am§2, or Amé), and one CP phase (§cp). The measurements made
using astrophysical and terrestrial sources have been combined in global fits (see Section 3.6) to determine the values for
all the mixing angles and Am%1 as well as the magnitude of Am%z. The value of the CP-invariance violating phase, §cp,
and the sign of Am%2 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
determination of the parameters, it will be important to establish whether the model is correct as a description of nature.
To do this requires redundant and precise measurements of 6,3, the degree to which it differs from /4, 6,3, and 6;,.
Ideally, the precision of these measurements will approach that with which the CKM matrix elements are known. Such
measurements will be important to establish deviations from the three-neutrino-mixing paradigm, test the unitarity of
the neutrino-mixing matrix and other new physics effects, and to seek relationships between the parameters that govern
neutrino oscillations and those that govern quark mixing.

The quantum mechanical treatment of neutrino oscillations induces correction terms to the standard probability
formula (3.1), see e.g. [238]. This is associated to the separation of the wave packets associated to the mass eigenstates.
In the correct treatment (reviews on the subtle quantum mechanical issues are [239,240]), one takes into account that a
produced flavor neutrino is described by neutrinos having different masses, thus their corresponding wave packets move
with different speed. If those two packets do not overlap anymore, the oscillation pattern is lost. The correction term
is given by exp{—(LAm? /(4\/5 E?5))%}, where o 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~ eV2. Assuming a wave packet uncertainty governed by the size of the decaying
nucleus of 10 fm, implies that Amz/(4ﬁEza) ~ 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 (v, — v.) at L/E ~ 450km/GeV. Indeed, atmospheric neutrinos provided the first
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Table 3.1
Summary of atmospheric neutrino mixing measurements from atmospheric neutrino experiments.
Experiment sin’63 |Am2,|[10-%eV?]
Antares [244] 0.50*52 2.0M04
IceCube [245] 0.51+5%7 2314500
Super-Kamiokande (Super-K) [246] 0.5887903% 2.5010)3
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Fig. 3.1. Neutrino mixing parameter measurements from both atmospheric (Super-Kamiokande [246] and IceCube [245]) and accelerator (T2K [247],
NOvVA [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 §cp. 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. LE" dependence) and the ability to observe oscillation-induced v, 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 6,3 and Am%2

Atmospheric neutrino oscillations are dominated by transitions driven by a phase and amplitude governed by Am%2 and
6,3, 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 6,3 octant. At present all measurements are consistent with maximal
mixing, though Super-K has a weak (& 1¢) 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 v,, — v, appearance probability and a suppression of the v, — v,, 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 ©(1) GeV
energies and above. Indeed, the flux at these higher energies is nearly three orders of magnitude smaller than that at
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Table 3.2

Summary of sensitivity to the neutrino mass ordering (MO) with atmospheric neutrino experiments. Here values
assuming sin’ 6,3 is close to 0.5 are used for all experiments other than ORCA (ICAL-INO), which assumes 0.56
(marginalized over its 30 range). The number of years of operation to achieve the listed sensitivity is presented in the
column headed “Years”.

Experiment MO Sensitivity (o) 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 10) 3
IceCube Upgrade [138] 3.8 NO (1.8 10) 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 v, charged current interactions from v, 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 ~ 1.80. 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 — 0.65¢ [249], this represents an important
proof-of-principle for IceCube’s future physics searches. Due to weak degeneracies between 6,3 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 v, disappearance serve this purpose, though accelerator neutrino experiments place tighter
bounds on the range of 6,3. Indeed, the Super-K sensitivity was shown to improve by 0.20 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
Am%l [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 6,5 octant at 2o if |sin?6,; — 0.5] > 0.06.
Hyper-Kamiokande (Hyper-K), the next-generation water Cherenkov experiment in Kamioka, will be able to resolve the
6,3 octant at the same level within 10 years for |sin?6,5 — 0.5| > 0.07 [98]. Both Super-K [135] and IceCube [136] have
observed oscillation-induced v, events and these measurements will be extended at their successor experiments. In terms
of the normalization of the v, 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 sin? 653 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].
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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
data (blue), and the combined result (red). The filled regions give the 30 C.L. results, the other contours shown are at the 1 and 20 C.L. (for the
solar analyses also 4 and 50 C.L.). (a) Allowed regions for Am3, vs sin? 61, [52]. (b) Allowed contours of sin® fy3 vs sin? 6y, [62]. The yellow band

is the sin® #;3 measurement from reactor neutrino data [263].

3.3. Solar neutrino experiments

Solar neutrinos are powerful probes of both the Sun and the properties of the neutrino. The energy spectra and fluxes
of solar neutrinos, as predicted by the Standard Solar Model (SSM) as well as measured by neutrino experiments, are
discussed in Section 2.4. In this section we present the solar neutrino measurements from the point of view of oscillation
physics. These measurements have the best sensitivity to constrain the so-called solar mixing angle 6, and, to a lesser
degree, the Am3, mass splitting, as it is shown in Section 3.3.1. Assuming the validity of the SSM predictions for solar
neutrino fluxes, the electron-neutrino survival probability (P.) of solar neutrinos can be measured for different solar
neutrino species and energy ranges from below 1 MeV up to about 15 MeV. In the dense solar matter, solar neutrinos
undergo the process of adiabatic flavor conversion described by the MSW mechanism [237,262] predicting a strong energy
dependence for P, and a transition from the so-called vacuum to the matter-dominated region. Deviations from this
model, especially in the transition region at around 3 MeV, could indicate the presence of new physics beyond the Standard
Model. The current status of measurements of P, for solar neutrinos as well as direct observation of the Earth’s matter
effects will be discussed in Section 3.3.2. The latter effect leads to the regeneration of the electron flavor during the passage
of neutrinos through the Earth during the night. This effect has a particular sensitivity to Am%l.

3.3.1. Measurement of 61, and Am2,

The currently allowed regions for the oscillation parameters based on the solar-neutrino data compared to that
based on the KamLAND reactor antineutrino data, as well as the respective combined result, are shown in Fig. 3.2.
The high-precision measurements of 8B solar neutrinos by Super-K [52,62] and SNO [54] dominate the combined fit
to all solar neutrino data. In part (a), the figure shows the parameter space for Amg1 versus sin® 6;,. Some tension at
the level of 20 between the solar neutrino and reactor antineutrino measurements of the solar mass splitting Am3,
was previously reported [62], stemming from the Super-Kamiokande measurement of the day/night asymmetry for °B
neutrinos (Section 3.3.2). This tension has recently strongly reduced (Fig. 3.2(a)) thanks to the updated Super-Kamiokande
analysis, as it was reported at the Neutrino 2020 conference [52]. Solar neutrinos have only a very mild sensitivity to the
6,3 mixing angle, as it is shown in Fig. 3.2(b).

3.3.2. Matter effects in solar neutrino oscillations

The measured interaction rates of pp, ’Be, pep, and 2B solar neutrinos (see Section 2.4) can be used to infer the electron
neutrino survival probability at different energies. Assuming the high-metallicity® SSM fluxes (see [49] and Table 2.1),
Borexino obtained the electron-neutrino survival probabilities for each solar-neutrino component, as it is shown in
Fig. 3.3(a) [50]. Borexino provides the most precise measurement of P, in the low energy region, below 1.5 MeV, where
flavor conversion is vacuum-dominated. At higher energies above 5 MeV, where flavor conversion is dominated by the
matter 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.
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Fig. 3.3. Electron neutrino survival probability P, 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 +=10 prediction of the MSW mechanism in matter, while the gray band
is 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
parameters. From [50]. (b) Allowed survival probability 1o band from the combined ®B solar neutrino data of Super-Kamiokande and SNO (red).
The pastel colored bands are the separate Super-Kamiokande (green) and SNO (blue) fits. The solid lines are the MSW predictions using particular
oscillation parameters resulting from the fit: to all solar data (green), all solar + KamLAND data (blue), to Super-Kamiokande and SNO data (robin
egg blue). Taken from [52].

Super-Kamiokande [52,62] and SNO [53]. Borexino is the only experiment that can simultaneously test neutrino flavor
conversion both in the vacuum and in the matter-dominated regime and disfavors the vacuum only oscillation hypothesis
at 98.2% C.L. Fig. 3.3(b) shows the recently updated [52] survival probability above 3 MeV for ®B solar neutrinos as
measured 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
the detector. Thus the matter density of the Earth affects solar neutrino oscillations through the MSW mechanism and
leads to an enhancement of the v, flavor content during the nighttime. As a consequence, the rate of events measured
via the neutrino elastic scattering off an electron, predominantly sensitive to electron flavor, increases at night. This is
often called a “day/night effect” resulting in an asymmetry between the experimental rates observed during the day
and at night. This effect is energy dependent and according to the current knowledge of the oscillation parameters,
expected to be of some importance only for the high energy part of B solar neutrinos. Defining @p (®y) as the day
(night) flux with zenith angle cos6, < 0 (> 0), the asymmetry is defined as (®p — Q>N)/%((DD + @y). An extended
maximum likelihood fit to the amplitude of the solar zenith angle variation of the neutrino-electron elastic scattering
rate in Super-Kamiokande results in a day/night asymmetry of (—3.3 + 1.0 (stat) 4 0.5 (syst))% [62], where the SK-IV
phase contributes (—3.6 & 1.6 (stat) & 0.6 (syst))% [62]. At Neutrino 2020, Super-Kamiokande reported an updated value
for SK-IV of (—2.1 & 1.1 (stat))% [52], with the systematic error and combination with other SK phases still ongoing.
Borexino excluded the day-night asymmetry for 0.867 MeV ’Be solar neutrinos [264] (A = 0.001 % 0.012 (stat) =+ 0.007
(syst)), in agreement with the prediction of the MSW solution for neutrino oscillations.

3.3.3. 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
generation experiments. Borexino has recently reported the first observation of neutrinos from the CNO fusion cycle [58].
This experimentally confirms the existence of this process in nature, which is extremely important for our understanding
of stellar physics. Super-Kamiokande is working on the final analysis of all SK-IV phase data, that could improve the
precision concerning the observed day-night asymmetry and the low-energy part of the 8B spectrum. SNO+, a successor
of the SNO experiment in Sudbury, Canada, has the main goal to measure neutrinoless double beta (OvS8) decay using
the liquid scintillator loaded with *°Te. Thanks to its depth (nearly 6000 m.w.e.) and a relatively big volume (780 ton,
3 times more than Borexino), it has a large potential in solar neutrino physics [63]. The experiment is currently filling
the detector with liquid scintillator, after a phase with pure water during which 8B neutrinos above 5 MeV have been
observed [54]. Before loading the scintillator with 3°Te, a period of several months of data taking has the potential to
provide precise low-energy solar neutrino spectroscopy, the extent of which will be dictated by the final levels of the
radiopurity reached. During the several years long *°Te phase, only the 8B neutrinos will be measured, possibly down to
about 2.5 MeV. Coming back to low-energy solar neutrino physics after the Ov88 phase, is among the open possibilities.

JUNO is the next generation liquid scintillator detector under construction in Jiangmen, China that has its main goal
determination of the neutrino mass ordering with reactor antineutrinos (Section 3.4.3). In spite of its relatively shallow
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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
energy threshold might be feasible [66]. Combined with high achievable statistics, JUNO will be able to perform precision
tests of the transition region of P.., a measurement of the day-night asymmetry, and consequently, determination of
the 61, and Am%l parameters. JUNO will be the only experiment able to determine these parameters both with solar as
well as reactor neutrinos (Section 3.4). The future Jinping neutrino experiment [64] plans to deploy a 2 kton target for
precision solar neutrino physics in the world’s deepest underground laboratory located in China. The project aims to use
new detection techniques, for example the slow liquid scintillator. This could enable a separation of the Cherenkov and
scintillation light, what would significantly help in background suppression utilizing directionality of the Cherenkov light,
while keeping the high light yield of about 500 photoelectrons per MeV. Further tests of the P, transition region with
high statistics would however require a larger target mass, possibly using multi-modular neutrino detectors. The proposed
THEIA [68] detector collaboration also plans to exploit Cherenkov light to observe particle direction while having excellent
energy resolution and low threshold with a next generation, few-tens-of-kton-scale detector using water-based liquid
scintillator. Additional improvement might be possible by loading the scintillator with, for example ”Li, that would enable
the measurement of solar neutrinos in addition to elastic scattering using charged current interactions. Another possible
technique for precision solar spectroscopy could be based on two-phase liquid argon time projection chambers [70]. This
technique is under development for direct Dark Matter WIMP searches within the DarkSide-20k [69] collaboration at LNGS
in Italy. Argo, its long-time scale successor planned to be located at SNOLAB, is conceived to accumulate an exposure of
1000 ton-yr, free of backgrounds other than that induced by coherent scattering of neutrinos. Thus, Argo would also enable
precision measurements of solar neutrino fluxes, representing the “neutrino floor” for the Dark Matter searches. DARWIN
as a two-phase xenon detector will also observe neutrinos from the Sun [71]. Precise observations of pp and ’Be neutrinos
will be possible, allowing the measurement of the v, survival oscillation probability at low energies and contributing to
distinguishing the low and high metallicity scenarios [72].

3.4. Reactor neutrino experiments

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

Pf,e_”je =1- Sil’l2 2913 (C052 612 Sil’l2 Az + Sil‘l2 912 Sil‘l2 A32) — COS4 9]3 sin2 2912 sin2 Ajq, (35)

where Aj = AmZL/(4E) = (m? — m?)L/(4E), in which L is the baseline and E is the antineutrino energy. Note that from
this expression one can define a mass splitting |Am§e|, which can be safely approximated as cos? 012Am§1 +sin? 912Am§2
at baselines of ©(1 km).

Due to the low energy, the oscillation effect can only be observed via the disappearance of electron antineutrinos. CP-
invariance violation, which is only present in the appearance channel, cannot be measured directly with reactor neutrinos.
For the same reason, it does not rely on unknown parameters thus has advantages in precision measurements of relevant
oscillation parameters. Therefore, reactor experiments are complementary to accelerator, atmospheric and solar neutrino
oscillation experiments. The combination of these measurements can significantly improve our knowledge of physics of
neutrino oscillation.

3.4.1. Measurement of 1, and Am2,

KamLAND observed neutrino oscillation with reactors for the first time in 2002 [89]. It detects antineutrinos from
more than 50 reactors at an average baseline of ~180 km with a 1-kton LS detector. The measurement allowed the
determination of the Large Mixing Angle (LMA) MSW solution of the solar neutrino problem. In particular, the solar
mass-splitting Am%1 was determined to high precision. The latest results from three-flavor neutrino oscillation analyses
with constraints from solar and short-baseline reactor neutrino experiments are [266]

tan* 0y, = 0.436700%, Am3, =7.53+0.18 x 107> eV2.

Reactor neutrino flux and spectrum models have been found to deviate in recent measurements, i.e. the rate deficit
and the shape anomalies discussed in Section 2.2. However, the impact to the above measurements is found to be very
small. The value of 6;, is consistent with the solar neutrino results, while Am%1 differs from the Super-K measurement
Am2, = 4.872 x 107> eV? [62] and the SNO measurement Am2, = 5.6"]9 x 107> eV? [53] by about 20.. The tension on
Am%l between solar and reactor measurements is an interesting topic for future oscillation experiments and could in fact
be explained by new physics. Recent Super-Kamiokande data seems however to weaken this tension considerably [52].
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Table 3.3
Measurements and projected ultimate precision on sin®26;3 and |Am2,|. Data are taken from Refs. [270-272]. The
ultimate precision is estimated with current systematics and increased statistics to the end of the operation.

sin? 20,3 [Am2,| [x1073 eV?]

Current Ultimate Current Ultimate
Daya Bay 0.0856 =+ 0.0029 ~2.7% 2.52270058 ~2.1%
Double Chooz 0.102 £ 0.012 ~10% NA NA
RENO 0.0892 + 0.0063 ~6.9% 2.74+0.12 ~ 4.5%
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Fig. 3.4. Expected energy spectrum of reactor antineutrinos in JUNO. The black curve shows the un-oscillated spectrum. The dashed curve shows
the spectrum assuming 613 = 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 613 and Am?,

The negative results of the CHOOZ [267] and Palo Verde [268] experiments, at a baseline of ~ 1 km from reactors,
demonstrated that atmospheric neutrino oscillations do not involve electron neutrinos and set an upper limit of
sin? 2613 < 0.12 at 90% C.L. Proposed in the early 2000s, Daya Bay [8], Double Chooz [269], and RENO [9] determined
that 6,3 is non-zero in 2012. All three experiments detect reactor antineutrinos with LS detectors of fiducial masses of
tens of tons by near-far relative measurements, with the far detector(s) at a baseline of ~ 1 km. The measurements of
013 and |Am£€ (see comment after Eq. (3.5)) by Daya Bay, Double Chooz, and RENO are listed in Table 3.3. The fit results
on Am3, 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
impact on the 643 and |Am§e| measurements.

3.4.3. 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
power plant (six 2.9 GWy, cores) and Taishan power plant (two 4.6 GWy, cores and another two to be built). The detector
is located at 700 m underground and consists of 20 kton liquid scintillator viewed by 17,612 20-inch photomultiplier
tubes (PMTs) and 25,600 3-inch PMTs. The energy resolution is designed to be <3% at 1 MeV, driven by its main physics
goal to determine the neutrino mass ordering [274,275].

The neutrino mass ordering can be revealed using the oscillation interplay between Am§l and Am%2 [265]. As shown
in Fig. 3.4, see also Eq. (3.5), the difference in the multiple oscillation cycles in the oscillated spectra can be used to
determine the neutrino mass ordering, with a sensitivity of 3 — 40 in 6 years by JUNO [65]. Note that the mass ordering
is measured with vacuum oscillation with reactor neutrinos, while accelerator and atmospheric experiments measure it
by matter effects. When combining the measurements from the reactor, accelerator, and atmospheric experiments, the
interplay in the vacuum oscillation, the matter effects, and the difference in the Am? measurements will provide a robust
determination and a significantly boosted sensitivity [251,276,277]. JUNO will also measure 3 out of 6 neutrino mixing
parameters to a precision of better than 1% and a 4th to 10%, as demonstrated in Fig. 3.4, while its science endeavor will
extend beyond particle physics, covering astrophysics, Earth science, and cosmology. JUNO started the civil construction
in 2015 and expects to start data-taking in 2023.

JUNO is anticipated to operate for more than 20 years. The relative precision of sin’ 6, |Am§2| and |Am§1| is shown
in 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 |Am2, | Am, sin® 0y, sin® 013
6 years of data 3 —40 ~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 sin® 6;3, as
shown in Fig. 3.5. The projected relative precision of oscillation parameters is also listed in Table 3.4, comparing with
the current knowledge [278]. Inputs from JUNO-TAO [29] have been considered in these evaluations to avoid the model
dependence due to the reactor antineutrino flux and spectrum anomalies and lack of knowledge on the fine structure in
the spectrum (see Section 2.2).

Strong motivation might emerge to further improve the precision of oscillation parameters, e.g. if hints of broken
unitarity are found by future experiments. Reactor neutrino experiments could continue playing important roles. In a
JUNO-like detector, statistics dominates the precision of |Am§2| since the sensitivity comes from the multi-cycle oscillation
pattern in the observed spectrum. The precision can be improved to below 0.1% with a moderate increase of exposure.
Measurement of the solar oscillation parameters sin® 6y, and |Am§1| relies on precise understanding of the reactor
neutrino flux and spectrum shape, in addition to the statistics. A better model prediction of the spectrum including the
spent fuel and non-equilibrium contributions, or implementing dedicated near detector(s), could significantly improve
the precision. Precision of these 3 parameters can be improved by a factor of 2-3 to below 0.1% with current technology.
Daya Bay has a target mass of 80 ton at the oscillation maximum. At larger exposure, shape distortion will dominate the
sin? 65 sensitivity. The precision could be improved by a factor of 3 or more with a kton-scale detector. The precision
foreseen by JUNO will allow unitarity tests on the first row of the PMNS matrix on the percent-level [280]. Since the upper
limit on the half-life of neutrinoless double beta decay for the inverted mass ordering depends strongly on 61, [281], the
experiment will have ramifications for this process as well, see Section 4.3.

3.5. Accelerator neutrino experiments

Neutrino oscillations cause the flavor-composition of a neutrino beam to evolve as it travels from source to detector.
Muon neutrinos dominate the flux of neutrino beams produced from meson decay at proton-accelerator facilities, see
Section 2.3. The evolution of the flavor composition of the flux may therefore be described in terms of the “survival”
probability, P, ,,, that a muon-neutrino produced at the source is detected as a muon-neutrino, and the “appearance”
probability, P,, ., that a neutrino undergoes the transition v, — vyx. The “atmospheric parameters”, 6,3 and Am%z,
may be extracted from measurements of the disappearance channel. The search for CP-invariance violation and the
determination of the mixing angle 613 requires the measurement of the v, appearance channel.

Important contributions to the measurement of the atmospheric parameters have been made by the MINOS experi-
ment. The MINOS experiment was a magnetized iron-scintillator tracking calorimeter placed on the axis of the neutrino
beam produced by the 120 GeV Main Injector at Fermilab. The “NuMI” beam line is able to produce neutrino beams over
a wide range of energies. Most of the MINOS data were taken in a low-energy configuration which delivered a relatively
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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 6,3 and Am§2 are used. The ratio of
the measured spectrum to the unoscillated spectrum is shown in the lower panel. The blue line shows the expectations of the best-fit spectrum.
Source: Taken from Ref. [278].

broad neutrino spectrum peaked at 3 GeV. Today, the accelerator-based experiments most sensitive to the parameters 6,3
and Am%2 are NOvA and T2K. The T2K experiment exploits the 30 GeV proton beam from the J-PARC Main Ring to create

a (ﬁ)u beam that illuminates the SK water-Cherenkov detector. The distance from the source of the J-PARC neutrino beam
to 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 6,3 and Am%z

The parameters 6,3 and Am§2 may be extracted from the shape of the neutrino energy spectrum measured at the far
detector in LBL experiments for which the baseline exceeds ~250 km. An example of such a spectrum, taken from the
T2K experiment, is shown in Fig. 3.6. The position of the oscillation minimum on the “Reconstructed neutrino energy”
axis is sensitive to |Am§2|, while the depth of the minimum is sensitive to 6,35. The parameters 6,3 and Am_%)2 extracted
from fits to the data obtained by the T2K and NOvVA 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 &cp

The determination of the parameters 613 and dcp requires the measurement of electron-neutrino appearance in a
muon-neutrino beam. The CP-invariance violation arising from §cp 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: P, ., P, 5, Py,—v, and P;,.5,. Both the NOvA and T2K collaborations exploit the particle-identification
capabilities of their detectors to partition their data into four samples enriched in events corresponding to the four
disappearance and appearance channels. The oscillation parameters 613 and 3¢p are determined in a likelihood fit that takes
into account the constraints imposed by near-detector measurements, the far-detector simulation, and matter effects.
Two fits are performed; one assuming normal mass ordering; the second assuming inverted ordering. The values of the
oscillation parameters extracted in this way are summarized in Fig. 3.7. Both the T2K and the NOvVA collaborations present
their results as allowed regions in the sin® 63 — Scp plane. The T2K collaboration presents its results for §cp in the range
—m < dcp < 7 while the NOVA collaboration presents its data over the range 0 < §cp < 2. When the inverted ordering
is assumed, neither collaboration finds allowed solutions inside the 1o confidence level; at the 20 and 3o confidence
levels, the regions allowed by the two collaborations overlap.® When normal ordering is assumed, both collaborations
find solutions within the 1o confidence level. The T2K data show a clear preference for cp ~ —7 (maximal CP-invariance
violation); CP-conserving values of §cp = 0,  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 sin?6;3 — 8cp plane assuming normal ordering. The result
using T2K data only is shown using the solid light blue line. When the T2K data are combined with the reactor-neutrino constraint on 63 (shown
as 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.
The middle plot shows the 68.27% (dashed white line) and 99.73% (solid white line) confidence-level allowed regions in the sin? 6,3 — 8cp plane
assuming normal ordering for T2K data combined with the reactor-neutrino constraint on 6;3. The bottom plot shows 68.27% (dark-blue shaded
region) and 99.73% (horizontal error bar) dcp confidence intervals using T2K data combined with the reactor 63 constraint for both normal and
inverted ordering. Taken from Ref. [247] Right panel: The top plot shows the 1o, 20, and 30 allowed regions in the sin 6,3 — 8cp plane assuming
normal ordering using NOvA data. The best-fit point is shown by the black markers lying on the dcp = 0, 27 axes. The bottom plot shows the 2o
and 3o allowed regions in the sin? 6,3 — 8cp plane assuming inverted ordering. Taken from Ref. [248]..

3.5.3. 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
magnet power supply will reduce the cycle time by almost a factor of two by 2022. Second harmonic RF will also be
installed so that the beam power on target will increase above 700 kW in 2022. Incremental upgrades to the RF system
will bring the power on target to 1 MW by 2025 and 1.3 MW by 2028. Improvements to the beam will be complemented
by upgrades to the near detectors designed to reduce the systematic uncertainties in the oscillation analysis below 4%.
Gadolinium salts will be added to the water in the Super-K detector to enhance its neutron-detection capability. A second
phase of the experiment (T2K-II) will exploit the upgraded beam and detectors until 2027 to search for CP-invariance
violation with a sensitivity of 3¢ in case of maximal CP-invariance violation.

NOvVA will continue to take data until 2026. Improvements to the NuMI beam will allow the accumulation of equal
proton-on-target exposures using neutrino and antineutrino beams. The results of test beam measurements will be
combined with improved analysis techniques at the near and far detectors to enhance the oscillation analysis. In the
absence of CP-invariance violation, NOVA data alone will provide sensitivity to the mass ordering at the 2 — 30 confidence
level by 2025. If the present preference for maximal CP-invariance violation with §cp 2~ —7 is confirmed, NOvA data will
allow the mass ordering to be determined at the 4 — 5o level. The sensitivity to the mass ordering is below the 1o level
if acp ~ 1.

To takze the program beyond the reach of the T2K and NOvA experiments requires large, high-precision data sets. Two
experiments have been initiated to deliver such measurements: the Deep Underground Neutrino Experiment (DUNE)
served by the Fermilab Long Baseline Neutrino Facility (LBNF) and the Hyper-K experiment served by the ]J-PARC
neutrino beam. The primary oscillation-physics goals and projected timescales for the two experiments are similar. The
complementary of the two experiments [283] rests on key differences in their specification. Hyper-K will be sited 295
km from J-PARC, while DUNE will be located 1300 km from Fermilab. With these baselines, the energy at which the first
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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
off-axis angle of 2.5°, yielding a narrow neutrino-energy spectrum peaked at ~600 MeV with a high signal-to-background
ratio in the critical v, — v, channel. DUNE will be located on-axis so that the beam with which it will be illuminated
will 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
use a water Cherenkov detector since the technique is proven for the detection of neutrino interactions up to ~1 GeV
where low multiplicity channels such as quasi-elastic and resonant single-pion production dominate. Thanks to scalability
and cost effectiveness of the water Cherenkov technique, Hyper-K will feature a far detector of 260 ktons, more than 8
times larger than its predecessor, SuperKamiokande. DUNE will exploit the high granularity and fine tracking capabilities
of the liquid-argon time-projection chamber (LAr-TPC) technology, which allows the reconstruction of the more complex
events resulting from neutrino interactions at energies > 2 GeV. The fully exclusive reconstruction of the final state will
enable 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-
tries in the neutrino and antineutrino oscillations will be dominated by “vacuum” effects such as CP-invariance violation.
Indeed, Hyper-K features very large sensitivity to CP-asymmetry thanks to the huge mass of the far detector, enabling
very large statistics for the electron-(anti)neutrino appearance. Matter effects will be instead significant for DUNE, allowing
a detailed study of related phenomena and the resolution of the mass ordering at 50 for all possible values of §¢cp after
7 years of running. The deep underground location of both experiments permits detailed studies of atmospheric neutrinos
to be made over a large range of energies and baselines. The study of the atmospheric-neutrino sample is a complementary
probe 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
known mass ordering (and normal ordering). The evolution of DUNE sensitivity takes into account the staging in three
years 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
data-taking. A combined uptime and efficiency of the accelerator complex and beamline of 56% is assumed. The evolution
of Hyper-K sensitivity considers a beam of 1.3 MW as a function of 'Snowmass years’, corresponding to 32% availability
of the beam.

In case of maximal CP-asymmetry (§cp = — 75 ) Hyper-K can establish CP-invariance violation at the 30 (50') confidence
level after less than 1 (3) years of operation. In case of non-maximal violation, Hyper-K reaches in 5 years 50 sensitivity
to CP-invariance violation for 50% of all values of dcp and 3o sensitivity to CP-invariance violation for 70% of all values of
Scp. In case of maximal CP-asymmetry DUNE can establish CP-invariance violation at the 30 (50) confidence level after 4
(8) years of operation. In case of non-maximal violation, 5¢ sensitivity to CP-invariance violation is obtained with DUNE
for 50% of §cp values after approximately 10-years of running; after 13 years 3o sensitivity is reached over 70% of all
values of 8cp.

Beyond the establishment of mass ordering and CP-invariance violation, DUNE and Hyper-K feature a long-term
physics program of precision measurements of oscillation parameters, inside and beyond the standard PMNS paradigm. An
unprecedented control of systematic uncertainties, due to detector effects and modeling of neutrino-nucleus interactions,
will be needed. For instance, in case of maximal CP-invariance violation, in order to meet the target precision on §cp of
better than 20 degrees, a control of about 1% on the scale of neutrino energy reconstruction is needed. The comparison
and, eventually, combination of DUNE and Hyper-K will be crucial to meet this challenge and to have a robust cross-
check of possible biases due to systematic effects. This is made possible by the different detector technology, energy
reconstruction technique and nuclear effects at play in the two experiments. Finally, it is worth mentioning that the
standard parametrization of neutrino oscillations assumes minimal three-flavor scenario, standard matter effects and
standard neutrino production and detection. Establishing the fundamental properties of neutrino oscillation in a more
general (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.

3.5.4. 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
neutrino and neutron production [284,285]. A neutrino beam with a mean energy of 0.4 GeV could be produced
to illuminate a megaton-scale underground water-Cherenkov detector located 540 km from the ESS at the second
oscillation maximum where the effect of CP-invariance violation is approximately three times larger than at the first
oscillation maximum. The low neutrino-beam energy reduces the background from inelastic scattering. Assuming a ten-
year exposure with five years running time in neutrino mode and five years in antineutrino mode, CP-invariance violation
could be established with a significance of 50 over more than 70% of all values of 5cp and with an error in the measurement
of the phase of less than 8 degrees for all values of §cp.

The next generation of accelerator-based neutrino-oscillation experiments, DUNE and Hyper-K, will demonstrate
detection techniques that are at once extremely precise and capable of instrumenting enormous sensitive volumes. These
techniques represent the culmination of many years of innovation and development. By contrast, the neutrino-beam
production techniques that will serve DUNE and Hyper-K are incremental developments of that pioneered at CERN in the
1960s. Each exploits a Van der Meer horn which was first used to focus pions produced using protons extracted from the
Proton Synchroton. Such horn-focused beams have been used at CERN, ANL, BNL, FNAL, IHEP, KEK, and J-PARC, first to
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Fig. 3.8. Left panel: DUNE sensitivity to CP-invariance violation (i.e. 5cp 7# 0 or m) for the case when écp = 7% and for 50% and 75% of all possible

true Scp values, as a function of time. The normal mass ordering is assumed. The width of the band shows the impact of applying an external
constraint on sin? 20;3. Taken from Ref. [109]. Right panel: Hyper-K sensitivity to CP-invariance violation for 8cp = —% and 8cp = — 7 as a function
of time. The normal mass ordering is assumed. The width of the band show the impact of systematic uncertainties.

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.
The neutrino flux produced by conventional, horn-focused, meson-decay beams is contaminated with neutrino flavors

other than the dominant (f))ﬂ contribution. The presence of such contamination produces systematic uncertainties and
systematic biases in the extraction of the oscillation parameters. LBL experiments manage these systematic effects using
sophisticated near detectors to constrain the unoscillated neutrino flux and detailed measurements of the particle spectra
produced in the proton-target interaction.

To reach the precision required to determine whether the three-neutrino-mixing model is a good description of nature
and to study the unitarity of the neutrino-mixing matrix is likely to require novel neutrino beams in which the composition
of the neutrino flux and its energy spectrum are both precisely known. Two possible routes to the production of such
beams are presently under study. The first exploits intense muon beams of low emittance to produce neutrino beams
with equal fluxes of electron- and muon-neutrinos. The charge-to-mass ratio of the muon makes it possible to optimize
such a “neutrino factory” so that the neutrino-beam energy is matched to a particular choice of detector technology and
source-detector distance. The feasibility of the implementation of the “Neutrinos from Stored Muons”, vSTORM, facility
at CERN has been established in the context of the Physics Beyond Colliders study group [42]. vSTORM has the potential
to provide definitive, %-level measurements of neutrino-nucleus scattering, exquisitely sensitive searches for light sterile
neutrinos, and to provide a test bed for the development of the technologies required to deliver a multi-TeV muon collider.
An alternative approach, being studied by the ENUBET collaboration, is to tag the electron or positron produced in kaon
decay to produce a tagged electron-neutrino beam in which the decay kinematics is used to estimate the energy of each
Ve. 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
coincidence with the distant neutrino interaction. This technique has been explored many times but has historically run
into the technical challenge of detecting the right meson decay out of the billions needed to produce a single neutrino
interaction. A letter of interest has been submitted for the P20 experiment [286] which would use a tagged neutrino
beam originating at Protvino at the KM3Net/ORCA detector. The extremely large size of the KM3Net detector would allow
a lower beam intensity, which combined with advances in tracking technology could allow efficient tagging of the initial
decays.

3.6. Global fits

The combination of data from different experiments plays a crucial role in constraining the oscillation parameters. Solar
neutrino experiments, namely radio-chemical ones, Super-Kamiokande, SNO and Borexino, and the long-baseline reactor
neutrino experiment KamLAND probe the v, — v, disappearance channel, whose oscillation probability is controlled
by Am%l, 612 and 63. In particular, they provide the most precise determination of Am%1 and 6;,. Reactor neutrino
experiments, Daya Bay and at sub-leading level RENO and Double CHOOZ, test the electron antineutrino disappearance
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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 Am3, = Am%, > 0 for NO and Am?}, = Am3, < 0 for I0.

Source: Taken from Refs. [287,288].

Normal Ordering (best fit) Inverted Ordering (Ax? = 2.7)
bfp £10 30 range bfp £10 30 range
sin® 012 0.30475913 0.269 — 0.343 0.3047591 0.269 — 0.343
612/° 33.441078 31.27 — 35.86 33.457078 31.27 — 35.87
sin® 623 057015938 0.407 — 0.618 0.57510507 0.411 — 0.621
023/° 49.0%}) 39.6 > 51.8 49.3%19 39.9 — 52.0
sin® 13 0.02221+0:50068 0.02034 — 0.02430 0.02240+5.90062 0.02053 — 0.02436
without SK atmospheric data 0.3 Lo.12
013/° 8.577013 8.20 — 8.97 8.617512 8.24 — 8.98
Scr/° 195151 107 — 403 28612 192 — 360
_Amy 7.42+021 6.82 — 8.04 7.42+021 6.82 — 8.04
105 eV? “F4-0.20 . . “4-0.20 . .
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- e
Normal Ordering (best fit) Inverted Ordering (Ax? =7.1)
bfp 1o 30 range bfp 1o 30 range
sin® 012 0.30475912 0.269 — 0.343 0.30479013 0.269 — 0.343
612/° 33.447077 31.27 — 35.86 33.451078 31.27 — 35.87
sin® 63 05735976 0.415 — 0.616 0.57510318 0.419 — 0.617
023/° 492109 40.1 — 51.7 49.3199 40.3 —> 51.8
sin® 613 0.02219+3:55062 0.02032 — 0.02410 0.02238+0.90063 0.02052 — 0.02428
with SK atmospheric data Loz 012
013/° 8.57° 013 8.20 — 8.93 8.60701 8.24 — 8.96
Scp/° 19712 120 — 369 28272 193 — 352
_Amh 7.42152 6.82 — 8.04 7.421528 6.82 — 8.04
10-5 eV? 32020 04 = O, ‘24020 62 = o
Am?
]0373‘\/2 +2.51715:92 +2.435 — +2.598 —2.49810:028 —2.581 — —2.414
e : )

channel with a probability dependent on Am%l, and, sub-dominantly, on Am%r These experiments also give the best
measurements of 6;3. Long baseline accelerator neutrino experiments, mainly T2K, NOvA and MINOS, measure both the
v, — v, disappearance and the v, — v, appearance oscillation probabilities in the neutrino and antineutrino modes.
These oscillations are driven by Am§1, 63, and 613, with sub-leading but important effects due to the mass ordering (normal
or inverted, NO or I0) and §¢p. This is the main source of information on the mass ordering (MO) and on the violation of
the leptonic CP symmetry, especially when combined with the reactor-neutrino constraint on 6;3. 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 Am% is known at better than 3% (at 10) mainly thanks to KamLAND reactor
antineutrino data. 6,5 is also precisely determined at around 2%. As discussed in Section 3.3.1, a mild tension between the
value of Am%l 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 613 whose 1o error is smaller than 2%, thanks to the reactor data and in particular Daya Bay.
The angle 6,5 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 613 between accelerator and reactor neutrino data, that is reduced for relatively large 6,3.

The value of Am3, (Am%,) for NO (I0) is known to better than 2% (at 1o) 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 ~3¢ level prior to the summer 2020 NOvA and T2K
data, has significantly decreased to around ~1.60 (without Super-Kamiokande atmospheric neutrino results) [287,288].
Exploiting matter effects in long-baseline neutrino oscillations, T2K is better compatible with NO and é¢cp ~ 37 /2 while
NOVA data is better fitted with NO and 8cp ~ 71 /2 or 10 and §¢p close to 37 /2. The combination of the two would point
towards 10 and Scp ~ 37 /2. Once reactor neutrino experiments are included, using the complementarity between the
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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 §cp > 180°. The key information comes from the T2K
and NOvA appearance channels combined with the precise measurement of 63 from reactors. Global analyses disfavor
CP conservation for §cp = 0 at above 20 for both mass orderings and for dcp = 7 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 §cp = 0
and §cp = 7 excluded at 95% C.L. [247]. For 10, both T2K and NOvVA point towards maximal CP violation at §cp ~ 37 /2.
For NO, which is mildly preferred as discussed above, the tension between these two experiments broadens the allowed

40



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

range of §cp and shifts its best-fit value towards dcp ~ 7, 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 m,, >~ m,zJ /Mg; here mp is the scale
of the electroweak symmetry breaking and Mz > 10 GeV the scale of the heavy Majorana neutrinos (where the constraint
on My 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 | Am?| <« m? 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 (OvBf), beta decay, and cosmology (panels)
as a function of the lightest neutrino mass. Dark-colored shadings refer to the uncertainties of the Majorana phases only, whereas light colored
shadings include the current oscillation parameter uncertainties (parameters varied within their 30 regions taken from Ref. [287], NuFit 5.0). Current
bounds (upper gray-shaded regions) are taken from KamLAND-Zen [303] (90% CL, conservative nuclear matrix element), KATRIN [304] (90% CL), and
Planck [305] (95% C.L., CMB lensing and galaxy clustering, incl. BAO) for Ov8p, beta decay, and cosmology, respectively. The right gray-shaded areas
are indirect bounds from cosmology, derived from the direct bound in the right panel (for the normal ordering).

in the Lagrangian describing neutrino mass will be very different in the normal hierarchical, inverted hierarchical, and
degenerate cases, see Section 8.3.3.

If the neutrino mixing matrix, mass ordering and mass-squared splittings are fixed, the absolute neutrino mass scale
can be parameterized by one remaining free parameter. A frequent choice is the lightest neutrino mass m, which can be
either my (normal ordering) or ms (inverted ordering). This parameter is, however, not directly accessible to experiments
or observations, as discussed in detail in this section. Focusing on three active neutrinos, the three most prominent
experimentally accessible combinations