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1 Executive Summary
Neutrino physics lies at the heart of many of the fundamental questions in contemporary
physics: from why the Universe exists in its current form, to the mechanisms by which
stars burn and explode thereby populating the galaxies with foundational elements, to the
fundamental properties and interactions of sub-atomic elementary particles, the neutrino
holds the key to our understanding. Initially thought to be impossible to observe, the
dramatic progress over the last few decades in neutrino experiments and theory has led to
eight individuals receiving the Nobel prize for studies into this fundamental particle. This
impressive canon of work has already illuminated many of the secrets of the elusive neutrino,
yet several essential questions remain about its intrinsic properties, its interactions with
other families of sub-atomic particles, its role in astrophysical and cosmological processes,
and possibilities for discovering new physics. Neutrino physics has already been an incredibly
fruitful area of research, yet the future research programs foreseen in this field promise even
greater rewards.

A comprehensive, extensive and globally collaborative research program is required to
fully realize the bright scientific potential of neutrino physics and the opportunities afforded,
including applications for societal benefit. The projects required to understand the properties
and sources of neutrinos are generally growing in scale, cost and complexity, and are becoming
international and interdisciplinary in nature.

Our charge

It is in the context of promoting cooperation in neutrino physics that the International Union
of Pure and Applied Physics (IUPAP) established an international panel on neutrino physics.
This panel has the mandate “to promote international cooperation in the development of an
experimental program to study the properties of neutrinos and to promote international
collaboration in the development of future neutrino experiments to establish the properties
of neutrinos”. The specific objective defined was the creation of a community-informed
science-driven white paper following the mandate of the panel:

• To carry out a review of the present status of the global neutrino physics program and
the development that can be expected on a 5 to 10-year timescale

• To give an overview of the measurements and R&D (including software development)
that are required for the near-term (< 10-year) and medium- to long-term (10˘25-year)
programs to fulfill their potential

• To identify opportunities within neutrino physics, mutual benefits of global connections
within neutrino physics and other fields, as well as the synergies of an international
program.

This report

This report is the output from that process. It gives a scientific overview of the current
status of the various research directions within neutrino physics, the opportunities that will
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arise in the medium and far term, and the challenges to realizing these opportunities. It
describes the required developments to optimally deliver the most promising and exciting
physics program, by encouraging international cooperation and the most effective use of
world-wide resources. Not intended as a road-map, the structure and length of this report
is based on the scientific opportunities and concepts and is not an attempt to define the
specific research projects required. Instead, this white paper aims at demonstrating that
neutrinos are very special particles with unique features and many exciting opportunities.

Looking in more detail at the scientific questions that research into neutrinos can illu-
minate, the last two to three decades have been highly successful with the discovery that
neutrinos must have mass, and that they must have quantum-mechanical “mixing” to ex-
plain the observed oscillations from one type (flavor) of neutrino to another. Laboratory
measurements and cosmology have constrained the number of active neutrino species and
their interactions. Progress within particle physics in recent years has also been augmented
by studies of neutrinos from various astronomical sources and in cosmology. Following these
spectacular achievements, there remain several key questions which will guide this research
field and the opportunities for the future:

The pattern of masses and couplings of elementary particles

One of the main unresolved questions of particle physics is the origin of flavor, i.e. why three
generations of all elementary matter particles exist. Apparent regularities in the masses and
mixings of the elementary particles strongly suggest some underlying principle. The fact
that neutrino masses are tiny compared to quark and lepton masses suggests furthermore
a special mechanism. Future neutrino physics can provide ever more precise measurements
which will lead to stringent tests of theories and mechanisms aiming at describing their
properties and this underlying principle.

New physics beyond the Standard Model

Many of the well-motivated theoretical reasons for the incompleteness of the current Standard
Model of particle physics imply new neutrino-like states and/or new interactions. Future
neutrino experiments have a unique potential to explore these new sectors. An important il-
lustrative example is lepton number violation, which is potentially connected to the mystery
of why there is much more matter than antimatter in the Universe, i.e. why the Universe ex-
ists in its current form. Other examples of similar importance are the existence of light sterile
neutrinos, enhanced neutrino magnetic moments, non-standard interactions and connections
of neutrinos to dark matter. Understanding these threads will guide the development of a
new understanding of Nature.

Neutrinos in Cosmology and Astrophysics

Neutrinos play a very important role in cosmology and in astrophysics. The distribution
of matter, the synthesis of elements, stellar evolution and their violent end in supernovae
have strong connections with neutrino properties and interactions. This connection provides
a beneficial synergy between fields, with neutrino physics providing far reaching insights to
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astronomical models, and neutrino physics benefiting from cosmological and astronomical
observations.

Solar, astronomical, cosmological, atmospheric, geological and artificially created neutri-
nos allow unique insights into the sources and production mechanisms of neutrinos. Neutrinos
are unique messengers – they allow us to peer into the inner cores of stars and through in-
terstellar dust, revealing astrophysical systems that are otherwise invisible. Solar neutrinos
allow us, for example, to test our model of the Sun as a template for stellar evolution and
nuclear fusion; supernova neutrinos provide information about the processes and dynamics
of the stellar progenitors. At high energies, neutrinos allow us to understand the origin of
the most extreme particle accelerators in the cosmos and may eventually even lead to joint
observations of sources of gravitational waves. Finally, observing neutrinos from reactors
opens routes to verifying nuclear safeguarding treaties.

Addressing the Future Challenge of Neutrino Physics

To address even the sub-set of challenging questions detailed above requires a diverse program
of research, with no single experiment or approach being able to address the full spectrum of
opportunities in neutrino science. Collectively, a portfolio of various approaches, experiments
and infrastructures is therefore required to maximize the potential of the field.

An optimal global program requires a diverse set of experimental efforts aiming at differ-
ent exciting questions. This requires balancing of many aspects, including the scale of the
experimental projects and infrastructures; ensuring a diversity of technologies and timescales;
the maturity of research R&D and experimental techniques; mechanisms for nurturing new
ideas and approaches; sustaining a vibrant theory community; and ensuring the availability
of long-term research infrastructures. Such an optimal program will provide substantial sci-
entific synergies between projects which study the neutrino from different perspectives, and
provide synergies with other fields of research through the development of multi-purpose or
multi-disciplinary experiments.

By ensuring a portfolio of projects with different objectives, scale, timescale, technologies
and complexity, the community can ensure a continuous flow of new knowledge and oppor-
tunities. An optimal balance would ensure investments to occur in projects that improve
measurements of known physics parameters, and also those which are exploring new physics,
with commensurately higher risks and rewards. Ensuring a diversity of technologies reduces
risk to the program, as does maintaining a vibrant R&D program to exploit new technologies
and new concepts. Ensuring support for a strong theory community provides the connec-
tions between different approaches and perspectives, putting all studies into a consistent
global framework, whilst also ensuring new directions are illuminated. Many infrastructures
utilized in neutrino research are large-scale, and therefore a balance also needs to be main-
tained between the local demands of operating these infrastructures and the ability to fully
exploit their capabilities through international cooperation. Here one should also keep in
mind that the same infrastructure helps also other fields. One example is low background
conditions and measurement technologies required for both neutrino experiments and direct
dark matter detection experiments.

This optimization requires coordination between many stakeholders including the re-
search community, national funding agencies and research platforms and institutes. Such
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coordination will be facilitated through theoretical advances which establish the physics
connections between very different experimental methods or which even establish new di-
rections with exciting opportunities. To illuminate the path forward, academic exchanges
including conferences, workshops and activities such as this IUPAP-sponsored report are
essential in order to refine and as much as possible agree on the scientific value and potential
of research directions. Such a broad scientific process which includes the wide spectrum of
neutrino physics is an essential basis for discussions and negotiations between national facil-
ities and funding agencies. By evaluating the current status of the field and future potential
opportunities, this report is intended to highlight potential areas of synergy and coopera-
tion, especially those requiring international cooperation due to the scale, complexity, new
idea/technology or location of research projects.

This report also highlights the potential direct societal benefits from research into neu-
trinos, either directly or through the technologies that are developed that find use in other
fields such as medical imaging and national security. Because neutrinos are so hard to detect,
the field has already driven extensive and imaginative work in detection techniques, many of
which are synergistic with other fields of science. In addition to these technological benefits,
the training and development of highly skilled individuals whose skill-sets are applied more
broadly is a core benefit – this is facilitated due to the inspiring nature of neutrino research
that attracts the next generation of researchers. It is thus important to ensure a healthy
distribution of projects geographically to attract and educate early career researchers from
many countries and regions.

In conclusion, this report highlights the strong, creative and dynamic neutrino science
community addressing some of the most challenging questions in contemporary physics.
Great progress has been made over the last few decades in understanding the intrinsic prop-
erties and interactions of the neutrino, and its influence on nuclear and particle physics,
astronomy and cosmology. To address remaining challenges will require a coordinated and
nimble global program of research, with a broad portfolio of experiments and theoretical ap-
proaches. International discussions and coordination will be essential to maximize synergies
between communities and projects, using a science-driven approach to determine an optimal
program and best use of resources. We hope this report can facilitate such discussion.
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2 Introduction
Neutrinos are very special particles which have led again and again to surprising and im-
portant 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) ex-
ist, 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 νe, νµ and ντ , which live together with their charged lepton
counterparts e−, µ− and τ− 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. Diagonalising the mass matrices of leptons and
neutrinos yields the three known charged lepton masses. In addition to those, three neutrino
masses m1,2,3 are present, corresponding to the mass states ν1,2,3. Another consequence of
diagonalisation 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, νe = Ueiνi. For vanishing neutrino masses
the PMNS matrix would be the identity matrix, because one can identify their interaction
eigenstates with the corresponding mass eigenstates up to phase redefinition. The PMNS
matrix contains three mixing angles, θ12, θ13 and θ23, plus a phase δCP responsible for CP
violation. In case neutrinos are their own antiparticles, i.e. if they are Majorana fermions,
two additional phases exist (denoted for instance by α and β), which only appear in lepton-
number violating processes, and in particular do not influence neutrino oscillations.
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Parameter Main method(s) Source(s) Status
θ12 Oscillations solar, reactor known
θ23 Oscillations atmospheric, accelerator known
θ13 Oscillations reactor, accelerator known
δCP Oscillations accelerator hints
α, β Rare processes double beta decay unknown
∆m2

21 Oscillations reactor, solar known
|∆m2

31| Oscillations reactor, accelerator, atmospheric known
Ordering (sgn ∆m2

31) Oscillations reactor, accelerator, atmospheric hints
m1,2,3 Kinematics β decay, cosmology limits

Table 2: Standard neutrino parameters, the main method(s) to determine them, the most important
source(s) for the determination and the current status. Except the phases α and β (for the case
of Majorana neutrinos), all unknown parameters are expected to be determined within the next 10
years.

These standard parameters are summarized in Tab. 2, 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 m3 > m2 > m1, or ∆m2

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

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

Apart from this standard paradigm of three massive (Majorana) neutrinos mixing with
each other, more neutrino states may exist, which must be sterile, i.e. not participating in
SM interactions except for via mixing with the active states. Additional parameters such
as magnetic moments may exist, or neutrinos may participate in new interactions beyond
the SM. Furthermore, the mechanism that generates neutrino mass may come with new
particles, energy states and parameters, whose main methods of determination needs 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:

• 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.
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• 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 exis-
tence 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 1987A 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 processes, the origin of cosmic
rays remains a mystery. Recent indications for neutrinos from jets in Active Galactic
Nuclei and from the astrophysical phenomena accompanying the tidal disruption of
massive stars approaching a black hole can be therefore interpreted as the first direct
evidence for the origin of cosmic rays at PeV energies. Since ultra-high-energy cosmic
rays interact with the cosmic background radiation, secondary neutrinos originating
from such processes (frequently called “cosmogenic neutrinos”) are an indicator for the
composition of cosmic rays as well.

• Extreme environments: Apart from their role as messengers to study their sources,
neutrinos and their properties govern the physics of astrophysical objects and even the
whole Universe in a wide range of processes: they control the explosions of core-collapse
supernovae, drive the winds from neutron star merger accretion disks, determine the
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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 ele-
ments. Because of the importance of neutrinos in such extreme environments, it is also
natural to expect that astrophysical environments constrain potential BSM properties
of neutrinos; prominent examples are cosmological constraints on neutrino mass and
on the effective number of neutrinos constraining models with sterile neutrinos.

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

The above attempt to classify the vast set of topics of neutrino physics unavoidably leaves
some interesting topics out. For instance, by detecting neutrinos produced in radioactive
decay chains of heavy elements found inside our planet, one can study the Earth’s interior.
The isotopes 238U and 232Th are especially interesting because they produce neutrinos 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 rang-
ing from thousands of Megaparsec down to 10−20 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 combi-
nation 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 the wide spectrum of
technologies, growing detector sizes and time scales led IUPAP to set up a neutrino panel
with the mandate to promote international cooperation in the development of an
experimental program to study the properties of neutrinos and to promote in-
ternational collaboration in the development of future neutrino experiments to
establish the properties of neutrinos. This white paper is the report of this panel
sketching the status quo, pointing to future directions and recommendations on the need to
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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 neu-
trino 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.
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3 Physics of Neutrino Sources

3.1 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 × 1020 ν̄e per Giga-Watt
thermal power, GWth). The Earth can also be considered as a “natural” reactor emitting
electron antineutrinos from beta decay of radioactive elements present in the mantle and
core of the Earth. Electron neutrinos are produced in the core of the Sun through nuclear
fusion processes and reach us in enormous numbers (∼ 7 × 1010 νe/cm2/sec). 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 acceler-
ation 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.

Figure 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.

3.2 Reactor Neutrinos

3.2.1 Introduction

Reactor antineutrinos (ν̄e)1 were used to discover neutrinos in 1956. However, the reactor
neutrino flux itself is still not fully understood, due to the well known anomalies observed
in both its absolute flux and spectral shape.

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

In commercial light-water reactors, where low-enriched (3−5%) 235U is used as fuel, there
are four main isotopes, 235U, 239Pu, 238U, and 241Pu, which contribute to the production of
more than 99% ν̄e from beta decays in the decay chain of these isotopes’ fission products.
On average, each fission releases about 200 MeV energy [2,3] and produces six ν̄e with energy
up to about 10 MeV.

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

Φ(Eν) =
Pth∑isotopes

i fi × Ei

isotopes∑
i

fi × φi(Eν), (1)

where Pth, fi, Ei, and φi(Eν) 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, fi, changes as a function of time
while the reactor thermal power Pth is usually kept constant unless they are turned off for
fuel exchange or maintenance.

Figure 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, ν̄e + p → e+ + n, and only neutrinos with energy larger
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Figure 2: Reactor neutrino fluxes for the four main isotopes (black, violet, green and orange), IBD
cross section (blue) and corresponding measurable neutrino spectrum (red).

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 µsec
or ∼ 28 µsec (for 0.1% Gd by weight), respectively.

The historical development of reactor neutrino experiments is found in Ref. [6]. 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 uncertain-
ties, which was required to measure the at the time unknown smallest neutrino mixing angle
θ13. In 2012 the first discovery of non-zero θ13 was made by Daya Bay [7] and RENO [8],
independently, with earlier indications from T2K [9], MINOS [10] and Double Chooz [11].

3.2.2 Current Status and open Questions

Neutrino oscillations have been very well understood by measuring so far the neutrino mixing
parameters θ12, θ23, θ13, ∆m2

21 and |∆m2
31| (see Section 4.1 for more details). Especially

the measurement of a not too small θ13 using reactor neutrinos in 2012 has opened the
possibility to measure CP violation in the lepton sector using the next generation of neutrino
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Figure 3: The ratio of measured reactor antineutrino yield to the Huber-Mueller theoretical predic-
tion as a function of the distance from reactor to detector. The blue shaded region represents the
global average and its 1σ uncertainty.

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 ν̄e 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.

3.2.2.1 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 235U, 239Pu and 241Pu 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 0.952 ± 0.014 (exp) [12], 0.925± 0.002 (stat) ± 0.010 (exp) [13] and 0.940 ±
0.001 (stat) ± 0.020 (syst) [14], 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
Sec. 7.8. A summary of measurements can be found in Fig. 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 235U is higher than the measured ones at 3σ levels (see
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Figure 4: IBD yield per fission from 235U vs. 239Pu by Daya Bay (left) and RENO (right) from
Refs. [15] and [16], respectively.

Fig. 4). More precise measurements on the IBD yield per fission from 235U and 239Pu 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 [17, 18]
were performed. However, the disagreement with measurement has not been resolved, as
one model predicts more [17] and the other less [18] flux than that of H-M model. Recently
a new measurement of the ratio of beta-spectra from 235U and 239Pu was presented [19],
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 [19], and would mean that the basis of the RAA is in question.

3.2.2.2 Shape Anomaly The shape anomaly, or so-called the “5 MeV excess”, was first
reported by in 2014 [20–22]. Later in 2014 Daya Bay [23] also confirmed the 5 MeV excess
compared to Huber-Mueller model (see Fig. 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 [20–22], implying that this is very likely caused by reactor neutrinos
unpredicted by the model. Recently, RENO and Daya Bay showed 3.2σ [14] and 4σ [24]
evidences of the correlation between the 5 MeV excess and the 235U flux.

Most of the VSBL reactor neutrino experiments (see Section 7.3.2) use research reactors,
in which 235U is highly enriched. They are expected to nail down the correlation between
the excess and 235U. 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) 235U at 2.4
(2.2)σ CL [25]. STEREO has released the first measurement [26] of the antineutrino energy
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Figure 5: The 5 MeV excess measurements in 2014 by RENO [20], Double Chooz [21] and Daya
Bay [23] (from top to bottom).

spectrum from 235U at the ILL reactor and found an excess of 12.1 ±3.4% (3.5σ) at 5.3 MeV
neutrino energy, which is a little bit lower in energy (0.5 MeV) than other experiments.

There have been many efforts to understand the “5 MeV excess” in the nuclear theory
community by re-evaluating reactor neutrino flux and energy spectrum in two different meth-
ods: summation (or ab-initio) and conversion methods. A summation method is based on
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nuclear databases and sums up beta decay spectra from all possible fission products in the
databases to obtain neutrino spectra [18,27]. A conversion method is based on the measured
beta spectra from 235U, 239Pu, and 241Pu fission at ILL in Grenoble, France in the 1980’s
and converts the beta spectra to neutrino spectra [4, 5]. The conversion method is known
to be more precise but there is only a single measurement of the beta spectra at ILL. The
Huber-Mueller model is also based on the conversion method for 235U, 239Pu, and 241Pu
isotopes.
Along with the other theoretical and experimental studies being performed by various groups,
the International Atomic 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.

3.2.3 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 4π photo-coverage of Silicon Photomultipliers (SiPMs) operating at −50o C at a very
short baseline (30 m) from a reactor (4.6 GWth) 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 [28]. 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
Sec. 8.2.

3.3 Accelerator Neutrinos

3.3.1 Conventional Beams

Accelerator-based neutrino sources had their start in the early 1960’s [29] 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 experiments2. A beam of protons
is aimed at a target and produces charged pions and kaons that are focused to create a
collimated sign-selected beam which then enters a decay region where they decay to neutrinos
and the appropriate lepton species. The remaining hadrons hit an absorber, while the muons
are ranged out in rock or other material leaving a neutrino beam. Positive pion decays are
dominated by 2-body decays to muon neutrinos (νµ) and antimuons (µ+), while negative
pions produce antineutrinos (ν̄µ) and muons (µ−). Kaon and muon decays produce a small

2For a historical review please see reference [30].
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Figure 6: The NuMI beamline at Fermilab as described in [31].

Figure 7: Composition of the low energy T2K [32] (left) and high energy (800 GeV protons) TeV II
neutrino beam [33] at Fermilab (right, the relative contribution to the flux is indicated).

contamination of electron neutrinos. Figure 6 shows the NuMI [31] beamline at Fermilab.
Figure 7 illustrates the composition of the pion-dominated low-energy T2K [32] antineutrino
and the high-energy TeV II [33] neutrino beams created, respectively, by 30 and 800 GeV
protons at J-PARC and Fermilab. In the TeV II beam a lower energy peak around 70 GeV
due to pion decay is present. Kaons in the secondary beam produce a second peak in the
muon neutrino distribution around 200 GeV as well as high energy electron neutrinos.

Most accelerator-based neutrino beams follow this same basic design and produce neu-
trino 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 nar-
rower neutrino energy spectrum can be achieved by using an off-axis configuration that takes
advantage of the Jacobian peak (see Fig. 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
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Figure 8: Dependence of neutrino energy on pion energy and angle relative to the secondary beam
axis for the NuMI beamline [34] (left). Energy spectra for the off-axis T2K [35] beamline (right).
The on-axis spectrum is shown, along with the optimized off-axis distribution.

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 [36] by
parasitic use of the NuMI beam dump and the MiniBooNE detector located on the surface
above the dump.

3.3.2 Novel Neutrino Beams

The conventional beams described above rely on the decay of pions and kaons, but other beta
decay processes can produce neutrino beams as well. Muon storage rings, in principle, can
produce intense and very well defined neutrino beams from the 3-body decay µ− → ν̄ee

−νµ.
Decays of a monochromatic muon beam generated in the straight section of a muon storage
ring result in very well defined neutrino spectra, see Fig. 9. Using this principle, high flux
“neutrino factories” have been proposed [37–39] but await the development of cooled muon
beams to be practical. A first step is the νSTORM [40,41] experiment recently proposed at
CERN [41].

Radioactive ion storage rings have been proposed as a source of electron neutrino “beta-
beams” [42, 43], stopped ions have been proposed for an “IsoDAR” beam [44, 45]. See also
the end of Sec. 4.5.4 and Sec. 8.2 for a discussion.

3.4 Solar Neutrinos

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

4p+ 2e− →4 He + 2νe + 26.73 MeV,
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Figure 9: Neutrino spectra from a 20 GeV muon storage ring. For a given muon polarization, P ,
the muon and electron neutrino spectra are fixed by the beam energy.

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 cycle3. In the latter
process, expected to be the dominant energy source for 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. Figure 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 1010 s−1 cm−2) having a continuous energy
spectrum with a 420 keV endpoint. In the pp-chain, also mono-energetic 7Be (0.384 MeV and
0.862 MeV) and pep (1.44 MeV) neutrinos are produced, as well as 8B neutrinos characterized
by lower flux (order of 106 s−1 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. [47]. The determination of the relevant solar
neutrino parameters is discussed in Sec. 4.3.

Solar neutrinos were first detected by radiochemical detection methods [58–60] 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 pre-
cision spectroscopy of solar neutrinos. Table 3 summarizes solar neutrino fluxes as predicted
by the Standard Solar Model (SSM) [57] compared to the existing measurements.

The most precise measurements of the pp, 7Be, and pep neutrinos are provided by Borex-
ino (LNGS, Italy) [48] characterized by unprecedented levels of radiopurity of its liquid
scintillator. High precision measurements of 8B neutrinos come from water Cherenkov de-
tectors SNO (Sudbury, Canada) [51] and Super-Kamiokande (Kamioka, Japan) [50,61]. For
the hep neutrinos with a very low expected flux only upper limits exist: the most stringent

3Less important are neutrinos in the keV energy range produced from thermal processes such as
bremsstrahlung, plasmon decay or pair emission, see Ref. [46]
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Solar ν B16-GS98 (HZ) B16-AGSS09met (LZ) Measurement Exp
pp-cycle
pp 5.98(1.0± 0.006) 6.03(1.0± 0.005) 6.1± 0.5+0.3

−0.5 [48] 1010

7Be 4.93(1.0± 0.06) 4.50(1.0± 0.06) 4.99± 0.11+0.06
−0.08 [48] 109

5.82± 0.98 [49] 109

pep 1.44(1.0± 0.01) 1.46(1.0± 0.009) 1.27± 0.19+0.08
−0.12 [48] 108

8B 5.46(1.0± 0.12) 4.50(1.0± 0.12) 5.4 ± 0.02 ± 0.1 [50] 106

5.25± 0.16+0.11
−0.13 [51] 106

5.68+0.39
−0.41

+0.03
−0.03 [48] 106

5.95+0.75
−0.71

+0.28
−0.30 [52] 106

hep 7.98(1.0± 0.30) 8.25(1.0± 0.12) < 23 (90% C.L.) [53] 103

< 150 (90% C.L.) [54] 103

< 180 (90% C.L.) [55] 103

CNO 4.88(1.0± 0.11) 3.51(1.0± 0.11) 7.0+3.0
−2.0 [56] 108

Table 3: Solar neutrino fluxes predicted by the Standard Solar Models B16-GS98 (High Metallicity)
and B16-AGSS09met (Low Metallicity) [57] and as measured by various experiments in units of
cm−2 s−1 (with the exponential factor given in the last column). For the measured fluxes, the first
error is statistical and the second error systematical.

from SNO [53] 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 210Bi contaminating the liquid scintillator and of pep solar neutrinos.
Additionally, the cosmogenic 11C background from muon spallation further complicates the
CNO solar neutrino detection. Borexino has recently observed for the first time CNO solar
neutrinos with 5σ C.L. [56], as shown in Fig. 11. This was achieved through the upper-limit
constraint on the 210Bi contamination of the liquid scintillator, made possible thanks to an
exceptional thermal stabilisation of the detector achieved over five years.

Measurements of solar neutrinos are a source of information about the neutrino proper-
ties. 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
Sec. 4.3. These include determination of the θ12 mixing angle, ∆m2

21 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 105

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
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Figure 10: Top: Nuclear fusion sequences occurring in the core of the Sun: schematic view of
the pp-chain and the CNO cycle. Bottom: Solar neutrino energy spectrum with fluxes from [57].
The flux (vertical scale) is given in cm−2 s−1 MeV−1 for continuous sources and in cm−2 s−1 for
mono-energetic ones. From [48].
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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 helio-
seismology 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 [57], where also the SSM
predictions for solar neutrino fluxes are given separately for low (LZ) and high (HZ) metal-
licity (see also Tab. 3). 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 7Be and 8B fluxes, respectively. This fact
is at the base of a slight preference toward HZ SSM reported by Borexino [48] (based on its
measurement of both 7Be and 8B neutrinos, see Tab. 3), 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 [56] 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+ [62], currently filling its
detector with liquid scintillator at SNOLAB in Sudbury, Canada. The future Jinping solar
neutrino experiment [63] 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 [64], the
20 kton liquid scintillator detector under construction in south China, might be able to mea-
sure 8B neutrinos down to 2.5MeV [65]. The future water-Cherenkov Hyper-Kamiokande
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detector plans 187 kton fiducial volume for detection of 8B neutrino and hep neutrinos [66].
Next generation experiments with novel techniques also aim at measuring solar neutrinos.
THEIA [67] considers a few-tens-of-kton-scale detector filled with water-based liquid scintil-
lator, combining the advantages of water (directional Cherenkov light) and liquid scintillator
(high light yield) detectors. The two-phase liquid argon time projection chambers under de-
velopment for direct Dark Matter WIMP searches (DarkSide-20k [68] and its long time-scale
successor Argo) are also considered for solar neutrino spectroscopy [69]. The DARWIN [70]
project aims at the realisation 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 [71] (see Sec. 4.3.3).

3.5 Supernova Neutrinos

Core-collapse supernovae originate from the death of massive stars and are among the most
powerful sources of neutrinos: about 1058 neutrinos are emitted during the burst. This
brilliant burst of neutrinos has been observed just once, in 1987A. 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 [72–74]. The number of neutrino interactions seen was small, and the
recorded neutrino events were primarily ν̄e 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 num-
ber. According to our current understanding, the supernova explosion occurs through the
delayed neutrino-driven explosion mechanism [75], i.e. neutrinos revive the stalled shockwave,
triggering the explosion. Hydrodynamical simulations of supernovae have recently achieved
the three-dimensional frontier [76]. 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” [77].
Neutrinos will also tell us about non-explosions – an unknown fraction of core 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 [78].

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
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Figure 12: Approximate predicted event counts for each flavor for several current and future detec-
tors for an observed core-collapse burst at 10 kpc.

source is preliminary [79–82] and subject of an active field of research. Neutrino-neutrino in-
teractions 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 de-
velopment in the field concerns the possible occurrence of flavor conversions triggered by
pairwise scattering of neutrinos among themselves [81, 82]. 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 [83], though cur-
rently 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 1987A
has resulted in a number of limits on exotic physics [84], and a future high-statistics obser-
vation 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 [79].
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While gravitational-energy-powered core collapses are known signals a few times a cen-
tury, other types of astrophysical 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 [85,86].

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 [87]. Figure 12 shows a summary of
approximate event counts expected in current and future large detectors. Current detectors
are primarily sensitive to the ν̄e component of the burst, via inverse beta decay (IBD) on free
protons as the dominant interaction channel. These include liquid scintillator detectors, such
as KamLAND [88], LVD [89], Borexino [90], and Daya Bay [91]. Water Cherenkov detectors,
like Super-Kamiokande, also have dominant sensitivity to ν̄e via IBD on free protons [92,93].
“Long-string” water Cherenkov detectors such as IceCube also have primary sensitivity to
ν̄e, but detect an integrated Cherenkov glow as a coincident single-photoelectron count rate
increase, rather than detecting interactions as fully reconstructed events [94,95]. HALO ob-
serves supernova neutrino interactions via ejected final-state neutrons from charged-current
ν̄e interactions on lead [96]. All of these detectors have subdominant neutrino interaction
channels as well. Neutrino-electron elastic scattering is notable as a highly anisotropic inter-
action; detectors able to exploit the anisotropy (e.g., Cherenkov ring-imaging detectors) can
use this interaction to point back to a supernova. The future large-scale detectors planned
for the next decade will enhance statistics and have richer flavor sensitivity. JUNO [64], at
20-kton scale, will increase the scintillator signal by a factor of ∼ 20. The 374-kton Hyper-K
detector [97] will provide vast statistics. Upgrades to IceCube, as well as KM3NeT [98], will
also improve the time profile information. Notably, DUNE [99] in its 40 kton of LArTPCs
(Liquid Argon Time Projection Chambers), will provide unique sensitivity to the νe flavor,
thanks to a relatively high charged-current cross section on argon nuclei. Smaller LArTPC
detectors such as MicroBooNE [100] 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 [70,101]) will observe a burst of coherent
elastic neutrino-nucleus scattering events (see Sec. 6.4.7). Neutral-current elastic scatter-
ing 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 [102].

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 elec-
tromagnetic observations may not be possible for hours or longer. The Supernova Early
Warning System (SNEWS) [103, 104] 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 point-
ing will likely be from anisotropic interactions; elastic scattering on electrons is the most
promising [105], although other channels have some potential anisotropies as well [106–108].
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Triangulation holds some promise for fast information, as well [109–111]. The prospects for
multi-messenger astronomy with supernova neutrinos are excellent, too. Notably, the gravi-
tational wave signal from a core-collapse signal will be prompt, and coincident detection with
neutrinos should be possible [112] (and see Sec. 5.2.3 for a discussion on neutrino mass limits
from supernova observations). An upgrade to SNEWS, SNEWS 2.0 [113] is currently under-
way, 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 super-
nova 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 [114, 115]. Recent developments point towards possi-
ble important effects on the DSNB signal coming from the presence of binaries and large
theoretical uncertainties are currently linked to the supernova rate [116–118]. The Super-
Kamiokande experiment has been enriched with gadolinium [119] and is expected to observe
the DSNB flux [120]. Also, future experiments like DUNE, JUNO or Hyper-Kamiokande
have interesting prospects for DSNB observation [118].

3.6 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. [121]).

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 [122] and Frejus [123]
detectors), USA (IMB-3 detector [124]), and Japan (Kamiokande [125] and later in 1990s
Super-Kamiokande [126])

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/Eν 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 [127, 128], above which cosmic neutrinos start dominating the
flux [129].

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
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follows the primary cosmic ray spectrum more closely. The onset of the prompt compo-
nent 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 [129].
Interestingly, these uncertainties can be reduced through future accelerator experiments (see
e.g. [130]).

Today, atmospheric neutrinos are being observed in large quantities, e.g. Super-Kamiokande
has observed 40, 000 atmospheric neutrino events above 100 MeV [128]. Above several tens of
GeV, ANTARES and IceCube have also detected both the muon and electron atmospheric
neutrino components [131], e.g. IceCube at the South Pole has already detected 800, 000
muon-neutrino events [132] (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 [133], while today the mixing
parameters θ23 and ∆m2

32 are being constrained also by neutrino beam experiments. In addi-
tion, 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 [134] and IceCube-DeepCore [135]. 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 [97],
ORCA [136] and IceCube-Upgrade [137] is capable to observe mixing parameters, as well as
the unique signature of the neutrino mass-ordering, due to significantly improved sensitivity.

3.7 High-Energy Astrophysical Neutrinos

High-energy neutrinos escape energetic and dense astrophysical environments that are opaque
to electromagnetic radiation. In addition, at PeV (1015 eV) energies, extragalactic space be-
comes opaque to electromagnetic radiation due to the scattering of high-energy photons (γ
rays) on the cosmic microwave background and other radiation fields (see Fig. 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 UHE-
CRs reach energies of more than 1020 eV, which is a factor of 107 times higher than the most
powerful man-made particle accelerators.

3.7.1 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 produc-
tion modes are pp and pγ 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 π+, π− and π0 in equal fractions, whereas pγ interactions
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Figure 13: Distance horizon at which the Universe becomes intransparent to electromagnetic radi-
ation [138].

are at threshold dominated by the ∆(1232)-resonance

p+ γ → ∆+ →
{
n+ π+ 1

3
of all cases

p+ π0 2
3
of all cases

. (2)

The pions decay via the usual weak decay chains such as

π+ → µ+ + νµ ,

µ+ → e+ + νe + ν̄µ , (3)

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

∑
i |Uαi|2|Uβi|2, then is widely believed to lead to a flavor composition

close to 1 : 1 : 1 at detection; see [139] 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 9.2.

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 [140]. 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 func-
tional detector in lake-water [141], the ANTARES collaboration deployed the first successful
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undersea detector [142] and the AMANDA collaboration installed the first in-ice neutrino
detector [143]. 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 photomultipler 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. Ar-
rival 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 (1018 eV) through a diverse range of technolo-
gies. 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 multimes-
senger sources (e.g. AGN, GRBs, TDEs, SNe or kilonovae, see below and Sec. 9.2 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.

3.7.2 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

37



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., [144]).

With the first detection of high-energy neutrinos of extraterrestrial origin in 2013 by the
IceCube Neutrino Observatory [145], 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 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 [146] 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-170922A) in spatial and temporal coincidence with an enhanced
γ-ray emission state of the blazar TXS 0506+056 [147]. 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 [148]. The individual chance probabilities of the blazar-neutrino
association and the observed excess in the IceCube data alone are each at a significance level
of 3 – 3.5σ.

Additional events of a similar nature are required to provide definitive statements about
the production mechanism of neutrinos in blazars. At the same time, it is becoming in-
creasingly clear that γ-ray blazars can not explain the majority of astrophysical neutrinos
observed by IceCube: the number of observed coincidences is smaller than expected if com-
pared to the total number of cosmic neutrino events [147,149]. Further, a comparison of the
full set of IceCube neutrinos with a catalog of γ-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 [150]. Accordingly,
a blazar population responsible for the whole astrophysical neutrino flux would have to be
appropriately dim in gamma-rays (see, e.g. [151–153]). Empirical correlations between some
astrophysical neutrinos and specific blazar populations have, for example, been proposed for
radio-bright blazars [154,155] and intermediate/high frequency-peaked BL Lacs [156].

Apart from the association with a γ-ray blazar, a neutrino from the Tidal Disruption
Event (TDE) AT2019dsg has been observed very recently [157], which points towards an-
other (probably sub-dominant) source population producing astrophysical neutrinos; it is
therefore likely that several source populations contribute to the diffuse astrophysical neu-
trino flux. Another widely considered candidate source of extragalactic neutrinos are γ-ray
bursts (GRBs); because of their short duration atmospheric backgrounds can be efficiently
reduced for this transient population, yielding perhaps the best sensitivity in IceCube. Simi-
lar 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 [158]. In spite of individual source
associations, the distribution of astrophysical neutrinos in the sky is largely consistent with
isotropy to date (see Fig. 14), implying that the dominant contribution to the astrophysical
neutrino flux is of extragalactic origin. However, a contribution of neutrinos from Galac-
tic sources, such as supernova remnants, or a diffuse component from interactions between
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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 [159], events that start inside the instrumented volume [160],
through-going events [161], as well as first candidates for “double-bang” tau-neutrino events
[162] 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 [163].

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 [164] and one electron antineutrino
candidate at the Glashow resonance of 6.3 PeV [165] 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 [166], the balloon borne experiment ANITA [167] (which
has, however, observed interesting anomalous events [168]), or experiments operating on the
surface or at shallow depth of the Antarctic ice sheet (ARA [169] and ARIANNA [170]).
IceCube has also set limits in the energy range [171]. 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.

3.7.3 Future Outlook

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

Furthermore, more elaborate multi-messenger studies which combine information from
various observatories, ranging from γ rays, via X-rays to the UV, optical and radio bands,
and including gravitational waves, are pointing the way for more associations of high-energy
neutrinos with their sources; see Sec. 9.2 for a more theoretical perspective.
To reach the goals mentioned above and in Sec. 3.7.1, work for a new generation of instru-
ments 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 [98,172], 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-
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ORCA, focusing on lower energy neutrinos (10 GeV) and the other one called KM3NeT-
ARCA focusing on the energy regime of IceCube. As of today (summer 2021), 6 strings of
ORCA and further 6 strings of ARCA have been deployed and are operational. Completion
of KM3NeT is expected for 2026.

The construction of the Baikal-GVD detector was started in 2016. The current (summer
2021) effective volume of the detector for cascade events in the energy range 100 TeV – 10 PeV
is about 0.4 km3. In this energy range, first cascade-events, candidates for neutrino events of
astrophysical origin, have been detected already [173]. By 2024, the effective volume of the
detector that is already funded is expected to reach about 0.7 km3. The plan is to further
extend the effective volume in the years after, reaching a volume of up to 1.5 km3.

Another site in the northeast Pacific Ocean, 200 kilometers off the Canadian coast, was
recently optically qualified [174]. The 2.6 kilometers deep site is being explored to host the
Pacific Ocean Neutrino Experiment (P-ONE) [175], a neutrino telescope that will be based
at an existing underwater facility (Ocean Network Canada).

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 (ARI-
ANA200 [176], RNO-G [177]), 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 environ-
ment to decay in the atmosphere. Such upgoing air shower events can be observed using air
Cherenkov and flurescence telescopes (POEMMA [178], TRINITY [179]) or using again their
radio signature (GRAND [180], BEACOM [181]). 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 [182].

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 [183]. Construction of its low-energy core has
already started as part of the IceCube Upgrade project [184] that is a smaller realization of
the PINGU concept [185]. The completion of the IceCube-Gen2 construction is foreseen for
2032.

3.8 Geoneutrinos

3.8.1 Introduction

Geoneutrinos are antineutrinos produced by natural radioactivity in the Earth [190]. Most
geoneutrinos come from the decay of 40K and relatively smaller contributions come from
the decays of 232Th and 238U. 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 evolu-
tion 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 Gold-
schmidt classification. They exhibit geochemical affinity for the Earth’s outer rocky crust
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Figure 14: The current sky map of highly energetic neutrino events detected by IceCube. Shown are
upgoing track events [129,186], the high-energy starting events (HESE) and cascades [160,187,188],
and additional track events published as public alerts [189]. The distribution of the events is 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 centred on TXS 0506+056 from September 2017 [147]. The uncertainty ellipses of the
IceCube neutrino event IC-170922A are shown for reference.

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 [191], which is comparable to the uncertainties in the oscillation parameters.
For comparison, these uncertainties are small compared with those introduced by the geolog-
ical 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. Geoneu-
trino 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 40K, 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 [192]. Successive refinements [193–195],
including geothermal, seismic, and geochemical constraints, converged on a reference model
[196, 197]. 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 biological
activity [198]. 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 [199], 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
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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 [200].

The energy spectra of geoneutrinos emitted from K, Th, and U [201] are known at the level
of ∼ 1%. These spectra clearly show the endpoint energies of the many contributing nuclear
beta decays. Only four of these decays, two each in the 232Th (228Ac, 212Bi) and 238U (234mPa,
214Bi) series, have endpoint energy above the 1.806 MeV threshold for inverse beta decay of
the free proton. Antineutrinos from 40K and the 235U series, with the exception of a very rare
decay (215Bi), have maximum energy below this threshold. The cross sections for inverse beta
decay of free protons [202] and elastic scattering off atomic electrons, are known at the percent
level or better, see Sec. 6.5. Electron elastic scattering has no threshold energy, providing
sensitivity to geoneutrinos from 40K. Sensitivity through inverse beta decay of nuclear targets
other than hydrogen is possible [193] 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 mea-
sured 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.

3.8.2 Current Status

There are measurements of the geoneutrino fluxes from Th and U at Japan by Kam-
LAND [203] and at Italy by Borexino [204]. Both detectors efficiently (∼ 80%) record
geoneutrino interactions by inverse beta decay on free protons in scintillating liquid. After
subtraction of well studied sources of background, measurements resolve the energies, but
not the directions, of the interacting geoneutrinos. The KamLAND measurement, which
results from an exposure of 7.2 × 1032 proton-years, rejects the zero signal hypothesis from
Th and U at 1.68σ and 3.15σ, respectively. The Borexino measurement, which results from
an exposure of 1.3 × 1032 proton-years, rejects the zero signal hypothesis from Th as well
as U at ∼ 2.4σ. The measurements of KamLAND and Borexino, which clearly demonstrate
the detection of geoneutrinos from Th and U, are compared with predictions from a ref-
erence model in Tab. 4. 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 [205]. 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
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Japan Italy
φU ± 1σ φTh ± 1σ Th/U± 1σ φU ± 1σ φTh ± 1σ Th/U± 1σ

Measurements 1.79+0.60
−0.57 2.00+1.19

−1.19 5.3+6.0
−3.6 1.9+1.1

−0.8 4.7+2.2
−2.0 −

Model prediction 3.47+0.65
−0.53 3.03+0.67

−0.43 4.11+1.19
−0.86 4.34+0.96

−0.75 4.23+1.26
−0.80 4.59+1.45

−1.17

Table 4: Geoneutrino measurements at Japan [203] and Italy [204] compared with a model prediction
[197].

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 [206]. 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 [207].

3.8.3 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 siting 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+ [208].
This is the former Solar Neutrino Observatory in Sudbury, Canada, reconfigured to search for
neutrinoless double beta decay, see Section 5.3. The detector site is one of the deepest in the
world, greatly reducing cosmogenic sources of background. Unlike KamLAND and Borexino,
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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 [203]. 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 [64]. 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 geoneu-
trino fluxes significantly (> 1σ) different from the KamLAND and the high statistics future
JUNO measurements. This promise stems from the proposed multi-kton target masses for
the needed exposures and the deep continental locations for the predicted strong crust fluxes.
It appears less likely that measurements of Th/U by these detectors would be significantly
different from the JUNO measurement. A detector with 10 kton of scintillating liquid is
planned at Baksan, which is a very deep site (4760 m.w.e.) beneath the Caucasus moun-
tains [209]. 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 [210]. 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 sug-
gested for the Homestake Mine, which is a deep site, 4300 m.w.e., in the Black Hills of South
Dakota [67]. 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 [211]. A high statistics assessment of the mantle fluxes at
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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 [212]. 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 [210, 213]. 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 [214].

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.

3.9 Cosmological Neutrinos

3.9.1 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 second, Big Bang neutrinos,
also known as the Cosmic Neutrino Background (CνB) 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
CνB is the largest known source of non-relativistic neutrinos.

Despite the unequivocal importance of neutrinos in shaping the expansion of the Universe,
there is no present-day evidence that the CνB 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 Sec. 9.1.4. The experimental
effort on detecting the CνB 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 β-decaying nuclei.
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3.9.2 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 β-decaying nuclei, looks conceivable with major improvements in
the detection techniques. The idea was suggested by Weinberg [215] for massless neutrinos.
Cocco et al. [216] have noticed that for massive neutrinos the energy of the electrons from the
neutrino capture process exceeds the maximum energy in the β-decay by about two neutrino
masses. Therefore, the separation of the neutrino capture process from the overwhelming
background from usual β-decays would be feasible with an extremely good energy resolution
of about 50 meV or even better. Effects of zero-point motion of tritium atoms absorbed to
graphene or other materials were recently discussed in Refs. [217, 218], they may challenge
the observation of light relic neutrinos.

The capture rate of Majorana neutrinos is twice as large as for Dirac neutrinos [219],
but this effect is degenerate with potential relic neutrino clustering, which however would
enhance the rate [220]. To illustrate the challenging nature of an observation, note that in
the currently world-leading neutrino mass experiment KATRIN the rate of capture of relic
neutrinos on tritium is of order 10−6 yr−1. Nevertheless, the PTOLEMY collaboration [221]
performs active R&D [222] in order to demonstrate the feasibility of such a goal. The
possibility to detect the neutrino capture on β-decaying nuclei using correlations between
the neutrino direction and the spin of the β-decaying nucleus was discussed recently [223,224].
Results of the relic neutrino searches could also be sensitive to physics beyond the SM, like
sterile neutrinos or neutrino decays [219].

3.10 Neutrino Sources: Summary

There are many natural sources of neutrinos: the early Universe, Earth, the Sun, the at-
mosphere, 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 metalicity 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.
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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.
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4 Neutrino Oscillations

4.1 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 elemen-
tary 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 [225–227], which is the analogue of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix of the quark sector [228–230]. Neutrino oscillations were discov-
ered by the Super-Kamiokande collaboration in 1998 [133] and by the SNO collaboration in
2001 [231]. 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, νi, i = 1, 2, 3. The probability, P (να → νβ),
that a neutrino created in an eigenstate of flavor α and which travels through a vacuum is
detected in flavor state β is given by [232]:

P (να → νβ) =
∑
i,j

UαiU
∗
βiU

∗
αjUβj exp

[
−i∆m

2
ji

2

L

E

]
. (4)

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

m2
j−m2

i . 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 os-
cillations of Eq. (4) 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, de-
scribing 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, θij and one phase parameter
δCP:

U =

 1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13

 c12 s12 0
−s12 c12 0

0 0 1

 . (5)

Here cij = cos θij and sij = sin θij; θ23 is referred to as the “atmospheric mixing angle” as
it determines at leading order the oscillations of atmospheric muon neutrinos while θ12 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 θ13 is small, accounting for the approximate
decoupling of the atmospheric and solar oscillations. For Majorana neutrinos there are two
additional phases (“Majorana phases”), which an be put in a diagonal phase matrix to the
right4 of Eq. (5). See Sec. 5.3 for a discussion.

4The original “symmetrical” parameterization gives each individual rotation a phase [233] and provides
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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 formulæthat depend on sin δCP and for which the sign differs depending on whether
the expression is for the oscillation of neutrinos or antineutrinos. Therefore, if sin δCP 6= 0,
CP invariance is violated in neutrino oscillations. Two additional phases that might arise
if neutrinos are Majorana particles can not be measured in neutrino-oscillation experiments
and are omitted from Eq. (5). We will discuss them in Sec. 5.3. Since a hierarchy in the
mass-squared splittings ∆m2

21 � |∆m2
31| 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

P (να → νβ 6=α) = sin2 2θ sin2 ∆m2L

4E
, (6)

where θ and ∆m2 = m2
2−m2

1 are the only mixing angle and mass-squared difference, respec-
tively, 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 Eqs. (4, 6). In the
two-flavor limit from Eq. (6) the probability takes the same form, but with parameters θ
and ∆m2 changed to θm and ∆m2

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

sin2 2θm =
sin2 2θ

(A/∆m2 − cos 2θ)2 + sin2 2θ
, (7)

where A = 2
√

2GFNeE with Ne 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 neutri-
nos. 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 Sec. 3.6. The atmospheric-
neutrino flux contains

(−)

ν µ and
(−)

ν e in a ratio of approximately 2 : 1, which decreases with

slightly more insight when discussing lepton number violating processes [234].
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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 10GeV. As a result, atmospheric neutrinos allow oscillation effects to be studied over a
wide range of energies and baselines. The dominant oscillation channel, νµ → ντ – indi-
rectly tested by the disappearance of muon neutrinos – was key to the discovery of neutrino
oscillations. This channel constrains the parameters θ23 and |∆m2

31|.
Solar neutrinos are produced through fusion processes in the core of the Sun, see Sec. 3.4.

A variety of fusion and decay processes result in an electron-neutrino energy spectrum that
drops sharply for energies above ∼ 20MeV. 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 [235,236]. The parameters that are
constrained are mainly θ12 and ∆m2

21, 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 Sec.
3.2.3, 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
θ13, θ12 and |∆m2

31|. Reactor neutrino experiments provide the most precise measurement of
the smallest mixing angle, θ13.

Accelerator neutrino beams are produced from the decay of mesons generated when high-
energy proton beams strike nuclear targets, see Sec. 3.3.2. 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 (θ12, θ13 and θ23), two independent mass splittings (∆m2

21 and ∆m2
32, or

∆m2
31), and one CP phase (δCP). The measurements made using astrophysical and terrestrial

sources have been combined in global fits (see Section 4.6) to determine the values for all the
mixing angles and ∆m2

21 as well as the magnitude of ∆m2
32. The value of the CP-invariance

violating phase, δCP, and the sign of ∆m2
32 are not known, though first hints have emerged.

The formalism outlined above is able to describe the majority of data on neutrino oscilla-
tions. 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 θ23, the degree to which it differs from π/4, θ13, and θ12. Ideally,
the precision of these measurements will approach that with which the CKM matrix ele-
ments 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 (4), see e.g. [237]. This is associated to the separation of
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the wave packets associated to the mass eigenstates. In the correct treatment (reviews on
the subtle quantum mechanical issues are [238,239]), 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 os-
cillation pattern is lost. The correction term is given by exp{−(L∆m2/(4

√
2E2σ))2}, where

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

√
2E2σ) ' 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 os-
cillations [240,241].

4.2 Atmospheric Neutrino Experiments

4.2.1 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 dis-
covery of oscillations with this source, which was best described by two-neutrino mixing
(νµ → ντ ) at L/E ≈ 450 km/GeV. Indeed, atmospheric neutrinos provided the first in-
dication of disappearance consistent with the L/E dependence characteristic of neutrino
oscillations [133, 242]. With the subsequent discovery of mixing between all active neutrino
flavors it is now clear that atmospheric neutrinos are also sensitive to the neutrino mass
ordering via matter effects at low energies and to a lesser extent to δCP. Furthermore, the
large range of L/E available to atmospheric neutrinos has made them a useful probe of
exotic scenarios (classified by a different oscillatory behavior, e.g. LEn dependence) and the
ability to observe oscillation-induced ντ in their flux gives unique access to deviations from
unitarity in the mixing matrix. The status of each of these topics is reviewed in the following
pages.

4.2.2 Measurement of θ23 and ∆m2
32

Atmospheric neutrino oscillations are dominated by transitions driven by a phase and ampli-
tude governed by ∆m2

32 and θ23, respectively. The signal manifests as the disappearance of
upward-going muon-like interactions and the subsequent appearance of tau-like interactions
when the latter can be reconstructed. Figure 15 shows current constraints on these mix-
ing parameters for both atmospheric and long-baseline accelerator neutrino measurements.
Since atmospheric measurements have no a priori knowledge of the incoming neutrino direc-
tion, 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 atmo-
spheric neutrinos is shown in Tab. 5.

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
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Experiment sin2θ23 |∆m2
32| [10−3eV2]

Antares [243] 0.50+0.2
−0.19 2.0+0.4

−0.3

IceCube [244] 0.51+0.07
−0.09 2.31+0.11

−0.13

Super-Kamiokande (Super-K) [245] 0.588+0.031
−0.064 2.50+0.13

−0.20

Table 5: Summary of atmospheric neutrino mixing measurements from atmospheric neutrino ex-
periments.
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Figure 15: Neutrino mixing parameter measurements from both atmospheric (Super-
Kamiokande [245] and IceCube [244]) and accelerator (T2K [246], NOvA [247], and MINOS [31])
neutrino experiments.

additional constraints on mixing with a higher energy threshold than Super-K and beam ex-
periments, but it also serves as a proof-of-concept for oscillation studies proposed at upgrades
of these facilities. Second, due to enhanced oscillation effects for neutrinos traversing the
Earth, atmospheric neutrino measurements bring additional sensitivity to the θ23 octant. At
present all measurements are consistent with maximal mixing, though Super-K has a weak
(≈ 1σ) preference for the second octant.

4.2.3 Measurement of the Mass Ordering

At energies between two and ten GeV, upward-going neutrinos that traverse the Earth’s core
and mantle experience enhanced oscillation effects due to their interaction with matter along
their trajectory. However, the enhancement is present only for neutrinos if the mass ordering
is normal and only for antineutrinos if the ordering is inverted. Assuming normal ordering,
an increase in the νµ → νe appearance probability and a suppression of the νµ → νµ survival
probability are expected for these neutrinos.
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Since there are both neutrinos and antineutrinos in the atmospheric flux, experiments
are sensitive to the ordering via modulations in the rate of both upward-going electron-like
and muon-like events. For Super-K, although its energy threshold is sufficiently small (≈ 100
MeV) and it has a 22.5 kton fiducial volume, it suffers for statistics at O(1) GeV energies and
above. Indeed, the flux at these higher energies is nearly three orders of magnitude smaller
than that at 600 MeV. IceCube, in contrast, has a considerably larger volume, but a higher
threshold (5 GeV in DeepCore [248]) that cuts into the region between two and 10 GeV,
where mass ordering-sensitive matter effects are largest. There are additional challenges in
separating νe charged current interactions from νx neutral current interactions, meaning there
are larger backgrounds in its appearance sample. Both experiments suffer from an inability
to cleanly distinguish neutrinos from antineutrinos, though Super-K has demonstrated some
ability to do so statistically [245].

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 in-
verted ordering by between 81.2% and 96.7%, depending upon assumptions about the other
oscillation parameters [245], with an expected sensitivity of between 1 ∼ 1.8σ. On the other
hand, IceCube measurements with three years of DeepCore data showed a similarly mild
preference (53.3%) for the normal ordering. Though its sensitivity is only 0.45−0.65σ [248],
this represents an important proof-of-principle for IceCube’s future physics searches. Due to
weak degeneracies between θ23 and the mass ordering, the sensitivity of these experiments
is expected to improve with stronger constraints on the mixing angle, in particular. Mea-
surements of atmospheric νµ disappearance serve this purpose, though accelerator neutrino
experiments place tighter bounds on the range of θ23. Indeed, the Super-K sensitivity was
shown to improve by 0.2σ when constrained with only a fraction of the currently-available
T2K data [245].

4.2.4 Projected Oscillation Measurements with Atmospheric Neutrinos

Though each of the measurements presented above will continue at existing facilities, they
will likely be superseded by next-generation experiments. In the following only constraints
from atmospheric neutrinos are presented. Several experiments are anticipating combined
measurements with beam or reactor data to improve sensitivity overall, but they are not
considered here.

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

31 [249], making it comparable to current long-baseline
experiments. After three years of operation the KM3NeT/ORCA project can determine
this parameter to better than 4% and distinguish the θ23 octant at 2σ if |sin2θ23 − 0.5| >
0.06. Hyper-Kamiokande (Hyper-K), the next-generation water Cherenkov experiment in
Kamioka, will be able to resolve the θ23 octant at the same level within 10 years for |sin2θ23−
0.5| > 0.07 [97]. Both Super-K [134] and IceCube [135] have observed oscillation-induced ντ
events and these measurements will be extended at their successor experiments. In terms of
the normalization of the ντ cross section, Hyper-K expects better than 15% [97] sensitivity
and IceCube Upgrade better than 10% [249] after one year of operation. KM3NeT/ORCA
can place a 7% constraint on the normalization with three years of data [136].

Atmospheric neutrino measurements will a have strong impact on our understanding of
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Experiment MO Sensitivity (σ) Years
DUNE [108] 4.0 10
Hyper-Kamiokande [97] 3.0 10
ICAL-INO [251] 3.0 10
KM3NeT/ORCA [136] 4.4 NO (2.3 IO) 3
IceCube Upgrade [137] 3.8 NO (1.8 IO) 6

Table 6: Summary of sensitivity to the neutrino mass ordering (MO) with atmospheric neutrino
experiments. Here values assuming sin2 θ23 is close to 0.5 are used for all experiments other than
ORCA (ICAL-INO), which assumes 0.56 (marginalized over its 3σ range). The number of years of
operation to achieve the listed sensitivity is presented in the column headed “Years”.

the neutrino mass ordering. These measurements are expected to include both muon-like
and electron-like interactions and are summarized in Tab. 6. In the table sin2 θ23 is mostly
assumed to be near 0.5 for comparison purposes, though the sensitivity of these experiments
typically improves (degrades) for larger (smaller) values. Combining atmospheric measure-
ments with other approaches to the mass ordering such as JUNO are expected to improve
the situation further [137,250].

4.2.5 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 [243], IceCube [252], and Super-Kamiokande [253], have
all searched for sterile neutrinos with this source and the latter two have placed tight con-
straints on Lorentz-violating oscillations (cf. [254] and [255], 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 Secs. 7.4.3 and 9.6. Often their effects are mostly independent from those
expected from the mass ordering and CP-violation. These measurements (e.g. [256–258]) are
therefore complimentary to the future long-baseline neutrino program where these effects can
be largely degenerate [259,260].

4.3 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 Sec. 3.4. 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 θ12 and,
to a lesser degree, the ∆m2

21 mass splitting, as it is shown in Sec. 4.3.1. Assuming the validity
of the SSM predictions for solar neutrino fluxes, the electron-neutrino survival probability
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(Pee) of solar neutrinos can be measured for different solar neutrino species and energy ranges
from below 1MeV up to about 15MeV. In the dense solar matter, solar neutrinos undergo the
process of adiabatic flavor conversion described by the MSW mechanism [236,261] predicting
a strong energy dependence for Pee and a transition from the so-called vacuum to the matter-
dominated region. Deviations from this model, especially in the transition region at around
3MeV, could indicate the presence of new physics beyond the Standard Model. The current
status of measurements of Pee for solar neutrinos as well as direct observation of the Earth’s
matter effects will be discussed in Sec. 4.3.2. 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 ∆m2

21.

4.3.1 Measurement of θ12 and ∆m2
21

The currently allowed regions for the oscillation parameters based on the solar-neutrino data
compared to that based on the KamLAND reactor antineutrino data, as well as the respective
combined result, are shown in Fig. 16. The high-precision measurements of 8B solar neutrinos
by Super-K [50, 61] and SNO [52] dominate the combined fit to all solar neutrino data. In
part (a), the figure shows the parameter space for ∆m2

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

21 was previously reported [61], stemming from the Super-Kamiokande
measurement of the day/night asymmetry for 8B neutrinos (Sec. 4.3.2). This tension has
recently strongly reduced (Fig. 16(a)) thanks to the updated Super-Kamiokande analysis, as
it was reported at the Neutrino 2020 conference [50]. Solar neutrinos have only a very mild
sensitivity to the θ13 mixing angle, as it is shown in Fig. 16(b).

4.3.2 Matter Effects in Solar Neutrino Oscillations

The measured interaction rates of pp, 7Be, pep, and 8B solar neutrinos (see Sec. 3.4) can be
used to infer the electron neutrino survival probability at different energies. Assuming the
high-metallicity5 SSM fluxes (see [57] and Tab. 3), Borexino obtained the electron-neutrino
survival probabilities for each solar-neutrino component, as it is shown in Fig. 17(a) [48].
Borexino provides the most precise measurement of Pee 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 Super-Kamiokande [50, 61]
and SNO [51]. 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 vac-
uum only oscillation hypothesis at 98.2% C.L. Figure 17(b) shows the recently updated [50]
survival probability above 3 MeV for 8B 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

5We recall that metallicity means the relative abundance of heavy elements to that of hydrogen in the
Sun.
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Figure 16: 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 3σ C.L. results, the other contours shown are at the 1 and 2σ
C.L. (for the solar analyses also 4 and 5σ C.L.). (a) Allowed regions for ∆m2

21 vs sin2 θ12 [50].
(b) Allowed contours of sin2 θ13 vs sin2 θ12 [61]. The yellow band is the sin2 θ13 measurement from
reactor neutrino data [262].

νe 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 8B solar neutrinos. Defining ΦD (ΦN)
as the day (night) flux with zenith angle cos θz < 0 (> 0), the asymmetry is defined as
(ΦD −ΦN)/1

2
(ΦD + ΦN). An extended 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) ± 0.5 (syst))% [61], where the SK-
IV phase contributes (−3.6 ± 1.6 (stat) ± 0.6 (syst))% [61]. At Neutrino 2020, Super-
Kamiokande reported an updated value for SK-IV of (−2.1 ± 1.1 (stat))% [50], with the
systematic error and combination with other SK phases still ongoing. Borexino excluded the
day-night asymmetry for 0.867MeV 7Be solar neutrinos [263] (A = 0.001 ± 0.012 (stat) ±
0.007 (syst)), in agreement with the prediction of the MSW solution for neutrino oscillations.

4.3.3 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 [56]. This experimentally confirms the
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Figure 17: Electron neutrino survival probability Pee as a function of their energy. (a) Data points
represent the Borexino results, in which the error bars include experimental and theoretical uncer-
tainties. The pink band is the ±1σ prediction of the MSW mechanism in matter, while the grey
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 [48]. (b) Allowed survival
probability 1σ band from the combined 8B 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). From [50].

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 (0νββ) decay
using the liquid scintillator loaded with 130Te. 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 [62]. The experiment is currently filling the detector with liquid
scintillator, after a phase with pure water during during which 8B neutrinos above 5 MeV
have been observed [52]. Before loading the scintillator with 130Te, 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 130Te 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 0νββ phase, is
among the open possibilities.

JUNO is the next generation liquid scintillator detector under construction in Jiangmen,
China that has its main goal determination of the neutrino mass ordering with reactor an-
tineutrinos (Sec. 4.4.3). In spite of its relatively shallow depth of about 700 m, thanks to a
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huge mass of 20 kton and extremely high energy resolution of 3% at 1 MeV, it has also a
potential in solar neutrino physics [64]. In particular, measurement of 8B neutrinos down to
a unprecedented 2MeV energy threshold might be feasible [65]. Combined with high achiev-
able statistics, JUNO will be able to perform precision tests of the transition region of Pee,
a measurement of the day-night asymmetry, and consequently, determination of the θ12 and
∆m2

21 parameters. JUNO will be the only experiment able to determine these parameters
both with solar as well as reactor neutrinos (Sec. 4.4). The future Jinping neutrino experi-
ment [63] 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
utilising directionality of the Cherenkov light, while keeping the high light yield of about
500 photoelectrons per MeV. Further tests of the Pee transition region with high statistics
would however require a larger target mass, possibly using multi-modular neutrino detectors.
The proposed THEIA [67] 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. Ad-
ditional improvement might be possible by loading the scintillator with, for example 7Li,
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 [69]. This technique
is under development for direct Dark Matter WIMP searches within the DarkSide-20k [68]
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 [70]. Precise observations of pp and 7Be neutrinos will be possible, allowing
the measurement of the νe survival oscillation probability at low energies and contributing
to distinguishing the low and high metallicity scenarios [71].

4.4 Reactor Neutrino Experiments

The flux and spectrum of reactor antineutrinos have been extensively studied, and are de-
scribed in Sec. 3.2.3. The inverse β-decay (IBD) reaction, νe + 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 an-
tineutrinos with liquid scintillator (LS). Roughly, the event rate without oscillation is ∼ 1
(ton·GWth·day)−1 at 1 km distance from the reactor, where ton is the unit of the target mass
of the liquid scintillator and GWth is the unit of the thermal power of the reactors. The
reactor antineutrino survival probability in vacuum can be written as [264]

Pν̄e→ν̄e = 1− sin2 2θ13

(
cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32

)
− cos4 θ13 sin2 2θ12 sin2 ∆21, (8)

where ∆ij = ∆m2
ijL/(4E) = (m2

i − m2
j)L/(4E), in which L is the baseline and E is the

antineutrino energy. Note that from this expression one can define a mass splitting |∆m2
ee|,58



which can be safely approximated as cos2 θ12∆m2
31 + sin2 θ12∆m2

32 at baselines of O(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 measure-
ments can significantly improve our knowledge of physics of neutrino oscillation.

4.4.1 Measurement of θ12 and ∆m2
21

KamLAND observed neutrino oscillation with reactors for the first time in 2002 [88]. 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
∆m2

21 was determined to high precision. The latest results from three-flavor neutrino oscil-
lation analyses with constraints from solar and short-baseline reactor neutrino experiments
are [265]

tan2 θ12 = 0.436+0.029
−0.025 , ∆m2

21 = 7.53± 0.18× 10−5 eV2 .

Reactor neutrino flux and spectrum models have been found to deviate in recent measure-
ments, i.e. the rate deficit and the shape anomalies discussed in Sec. 3.2.3. However, the
impact to the above measurements is found to be very small. The value of θ12 is con-
sistent with the solar neutrino results, while ∆m2

21 differs from the Super-K measurement
∆m2

21 = 4.8+1.5
−0.8 × 10−5 eV2 [61] and the SNO measurement ∆m2

21 = 5.6+1.9
−1.4 × 10−5 eV2 [51]

by about 2σ. The tension on ∆m2
21 between solar and reactor measurements is an interest-

ing 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 [50].

4.4.2 Measurement of θ13 and ∆m2
ee

The negative results of the CHOOZ [266] and Palo Verde [267] 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 sin2 2θ13 < 0.12 at 90% C.L. Proposed in the early
2000s, Daya Bay [7], Double Chooz [268], and RENO [8] determined that θ13 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 θ13 and |∆m2

ee| (see comment after Eq. (8)) by Daya Bay,
Double Chooz, and RENO are listed in Tab. 7. The fit results on ∆m2

32 are also reported by
Daya Bay and RENO for normal and inverted mass ordering.

Thanks to the near-far relative measurement, the deviation of reactor neutrino flux and
spectrum model has negligible impact on the θ13 and |∆m2

ee| measurements.
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sin2 2θ13 |∆m2
ee| [×10−3eV2]

Current Ultimate Current Ultimate
Daya Bay 0.0856± 0.0029 ∼ 2.7% 2.522+0.068

−0.070 ∼ 2.1%
Double Chooz 0.102± 0.012 ∼ 10% NA NA

RENO 0.0892± 0.0063 ∼ 6.9% 2.74± 0.12 ∼ 4.5%

Table 7: Measurements and projected ultimate precision on sin2 2θ13 and |∆m2
ee|. Data are taken

from Ref. [269–271]. The ultimate precision is estimated with current systematics and increased
statistics to the end of the operation.

4.4.3 Projected Oscillation Measurements with Reactors

The JUNO experiment [272] is located in Jiangmen in southern China, at equal distance of
∼ 53 km to the Yangjiang power plant (six 2.9 GWth cores) and Taishan power plant (two
4.6 GWth 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 [273,274].

The neutrino mass ordering can be revealed using the oscillation interplay between ∆m2
31

and ∆m2
32 [264]. As shown in Fig. 18, see also Eq. (8), the difference in the multiple oscil-

lation cycles in the oscillated spectra can be used to determine the neutrino mass ordering,
with a sensitivity of 3−4σ in 6 years by JUNO [64]. Note that the mass ordering is measured
with vacuum oscillation with reactor neutrinos, while accelerator and atmospheric experi-
ments 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 ∆m2 measurements will provide a robust determination and
a significantly boosted sensitivity [250,275,276]. 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. 18, 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 sin2 θ12,
|∆m2

32| and |∆m2
21| is shown in Fig. 19, where 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. At 53 km baseline, JUNO also has certain
sensitivity to sin2 θ13, as shown in Fig. 19. The projected relative precision of oscillation
parameters is also listed in Tab. 8, comparing with the current knowledge [277]. Inputs from
JUNO-TAO [28] 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 Sec. 3.2.3).

Strong motivation might emerge to further improve the precision of oscillation param-
eters, 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
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Figure 18: Expected energy spectrum of reactor antineutrinos in JUNO. The black curve shows the
un-oscillated spectrum. The dashed curve shows the spectrum assuming θ13 = 0. The blue and
red curves correspond to expected spectra for normal and inverted mass ordering, respectively. The
features in the spectrum reflecting the sensitivity in oscillation parameters are demonstrated.

Mass Ordering |∆m2
32| ∆m2

21 sin2 θ12 sin2 θ13

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

Table 8: Projected relative precision of oscillation parameter measurements by JUNO [278].

dominates the precision of |∆m2
32| since the sensitivity comes from the multi-cycle oscilla-

tion 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 sin2 θ12

and |∆m2
21| 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 sin2 θ13

sensitivity. The precision could be improved by a factor of 3 or more with a kton-scale detec-
tor. The precision foreseen by JUNO will allow unitarity tests on the first row of the PMNS
matrix on the percent-level [279]. Since the upper limit on the half-life of neutrinoless double
beta decay for the inverted mass ordering depends strongly on θ12 [280], the experiment will
have ramifications for this process as well, see Sec. 5.3.
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JUNO Simulation Preliminary

Figure 19: 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. Taken from [278].

4.5 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 Sec. 3.3.2. The evolution of the flavor
composition of the flux may therefore be described in terms of the “survival” probability,
Pνµ→νµ , that a muon-neutrino produced at the source is detected as a muon-neutrino, and
the “appearance” probability, Pνµ→νX that a neutrino undergoes the transition νµ → νX .
The “atmospheric parameters”, θ23 and ∆m2

32, may be extracted from measurements of the
disappearance channel. The search for CP-invariance violation and the determination of the
mixing angle θ13 requires the measurement of the νe appearance channel.

Important contributions to the measurement of the atmospheric parameters have been
made by the MINOS experiment. 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 broad neutrino spectrum peaked at 3 GeV. Today, the accelerator-based
experiments most sensitive to the parameters θ23 and ∆m2

32 are NOvA and T2K. The T2K
experiment exploits the 30 GeV proton beam from the J-PARC Main Ring to create a

(−)

ν µ

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
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Figure 20: Neutrino energy spectrum measured using the Super-K detector (top). The data (solid
points) are compared to the expected distribution in the absence of oscillations (black histogram)
and the distribution that results when the best-fit values for θ23 and ∆m2

32 are used. The ratio of
the measured spectrum to the unoscillated spectrum is shown in the lower panel. The blue line
shows the expectations of the best-fit spectrum.

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.

4.5.1 Measurement of θ23 and ∆m2
32

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

spectrum measured at the far detector in LBL experiments for which the baseline exceeds
∼ 250 km. An example of such a spectrum, taken from the T2K experiment, is shown in Fig.
20. The position of the oscillation minimum on the “Reconstructed neutrino energy” axis
is sensitive to |∆m2

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

32 extracted from fits to the data obtained by the T2K and NOvA collabora-
tions are compared with those obtained by Super-K and IceCube in Fig. 15. The various
determinations are broadly consistent.

4.5.2 Measurement of Mass Ordering and δCP

The determination of the parameters θ13 and δCP requires the measurement of electron-
neutrino appearance in a muon-neutrino beam. The CP-invariance violation arising from
δCP must be distinguished from that which arises due to the matter effect. This can be
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accomplished by exploiting the differences in the modulations of the four oscillation proba-
bilities: Pνµ→νe , Pν̄µ→ν̄e , Pνe→νµ and Pν̄e→ν̄µ . Both the NOvA and T2K collaborations exploit
the particle-identification capabilities of their detectors to partition their data into four sam-
ples enriched in events corresponding to the four disappearance and appearance channels.
The oscillation parameters θ13 and δCP are determined in a likelihood fit that takes into ac-
count 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. 21. Both the T2K and the NOvA collaborations present their results
as allowed regions in the sin2 θ23 − δCP plane. The T2K collaboration presents its results
for δCP in the range −π ≤ δCP < π while the NOvA collaboration presents its data over
the range 0 ≤ δCP < 2π. When the inverted ordering is assumed, neither collaboration
finds allowed solutions inside the 1σ confidence level; at the 2σ and 3σ confidence levels,
the regions allowed by the two collaborations overlap6. When normal ordering is assumed,
both collaborations find solutions within the 1σ confidence level. The T2K data show a
clear preference for δCP ≈ −π

2
(maximal CP-invariance violation); CP-conserving values of

δCP = 0, π being ruled out at the 95% confidence level [246].

4.5.3 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 3σ in case of maximal CP-invariance
violation.

NOvA will continue to take data until 2026. Improvements to the NuMI beam will allow
the accumulation of equal 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
2−3σ confidence level by 2025. If the present preference for maximal CP-invariance violation
with δCP ' −π

2
is confirmed, NOvA data will allow the mass ordering to be determined at

the 4− 5σ level. The sensitivity to the mass ordering is below the 1σ level if δCP ∼ π
2
.

To take the programme beyond the reach of the T2K and NOvA experiments requires
large, high-precision data sets. Two experiments have been initiated to deliver such mea-
surements: 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

6Also new data by NOvA with a 50% increase in neutrino data does not show any significant difference
to T2K [281].
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and far detector data. We perform several analyses using
both Bayesian and frequentist statistical paradigms. Ex-
clusive measurements of (anti)neutrino candidates in the
near detector, one of which is shown in Figure 4, strongly
constrain the neutrino production and interaction mod-
els, reducing the uncertainty on the predicted number of
events in the four single-lepton SK samples from 13-17%
to 4-9%, depending on the sample. The electron-like with
additional charged pion sample’s uncertainty is reduced
from 22% to 19%.

A neutrino’s oscillation probability depends on its en-
ergy, as shown in Eqs. 2 and 3. While the energy dis-
tribution of the T2K neutrino beam is well understood,
we cannot directly measure the energy of each incoming
neutrino. Instead the neutrino’s energy must be inferred
from the momentum and direction of the charged lepton
that results from the interaction. This inference relies on
the correct modeling of the nuclear physics of neutrino-
nucleus interactions. Modeling the strong nuclear force
in multi-body problems at these energies is not computa-
tionally tractable, so approximate theories are used [26–
29]. The potential biases introduced by approximations
in these theories constitute the largest sources of sys-
tematic uncertainties in this measurement. Furthermore,
as well as CCQE interactions, there are non-negligible
contributions from interactions where additional parti-
cles are present in the final state but were not detected
by T2K’s detectors. To check for bias from incorrect
modeling of neutrino-nucleus interactions, we performed
fits to simulated data sets generated assuming a range
of di↵erent models of neutrino interactions [27, 28]. We
compared the measurements of the oscillation parame-
ters obtained from these fits with the measurement from
a fit to simulated data generated assuming our default
model. We observed no significant biases in the obtained
�CP best-fit values or changes in the interval sizes from
any model tested. Any biases seen in the other oscilla-
tion parameters are incorporated as additional sources of
error in the analysis.

The observed number of events at SK can be seen in
Figure 1. The probability to observe an excess over pre-
diction in one of our five samples at least as large as
that seen in the electron-like charged pion sample is 6.9%
for the best-fit value of the oscillation parameters. We
find the data shows a preference for the normal mass
ordering with a posterior probability of 89%, giving a
Bayes factor of 8. We find sin2(✓23) = 0.53+0.03

�0.04 for
both mass orderings. Assuming the normal (inverted)
mass ordering we find �m2

32 = (2.45 ± 0.07) ⇥ 10�3

(�m2
13 = (2.43±0.07)⇥10�3) eV2/c4. For �CP our best-

fit value and 68% (1�) uncertainties assuming the nor-
mal (inverted) mass ordering are �1.89+0.70

�0.58(�1.38+0.48
�0.54),

with statistical uncertainty dominating. Our data show
a preference for values of �CP which are near maximal
CP violation (see Figure 3), while both CP conserv-
ing points, �CP = 0 and �CP = ⇡, are ruled out at
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FIG. 3. The upper panel shows 2D confidence intervals at
the 68.27% confidence level for �CP vs sin2 ✓13 in the normal
ordering. The intervals labelled T2K only indicate the mea-
surement obtained without using the external constraint on
sin2 ✓13, while the T2K + Reactor intervals do use the exter-
nal constraint. The star shows the best-fit point of the T2K +
Reactors fit in the preferred normal mass ordering. The mid-
dle panel shows 2D confidence intervals at the 68.27% and
99.73% confidence level for �CP vs sin2 ✓23 from the T2K +
Reactors fit in the normal ordering, with the colour scale rep-
resenting the value of the likelihood for each parameter value.
The lower panel shows 1D confidence intervals on �CP from
the T2K + Reactors fit in both the normal (NO) and inverted
(IO) orderings. The vertical line in the shaded box shows the
best-fit value of �CP , the shaded box itself shows the 68.27%
confidence interval, and the error bar shows the 99.73% con-
fidence interval. It is notable that there are no values in the
inverted ordering inside the 68.27% interval.

the 95% confidence level, consistent with the previous
T2K measurement [8]. Here, we also produce 99.73%
(3�) confidence and credible intervals on �CP . In the
normal ordering the interval contains [�3.41,�0.03] (ex-
cluding 46% of the range of parameter space), while in
the inverted ordering the interval contains [-2.54,-0.32]
(excluding 65% of the parameter space). The 99.73%
credible interval marginalized across both mass order-

candidate events at the FD, reflecting a significant sup-
pression from the unoscillated expectation of 476. We find
27 ν̄μ → ν̄e candidate events with an estimated background
of 10.3þ0.6

−0.5 , a 4.4σ excess over the predicted background.

This observation is the first evidence of ν̄e appearance in a
ν̄μ beam over a long baseline. These new antineutrino data
are analyzed together with 113 νμ and 58 νμ → νe candi-
dates from the previous data set.
Table IV shows the overall best-fit parameters and the

best fits for each choice of θ23 octant and hierarchy. The
best-fit point is found for the normal hierarchy with θ23 in
the upper octant where −2 lnL ¼ 157.1 for 175 degrees of
freedom (goodness of fit p ¼ 0.91 from simulated experi-
ments). The measured values of θ23 and Δm2

32 are con-
sistent with the previous NOvAmeasurement [21] that used
only neutrino data, and are consistent with maximal mixing
within 1.2σ.
Confidence intervals for the oscillation parameters are

determined using the unified approach [62,63]. Figure 2
compares the 90% confidence level contours in Δm2

32 and
sin2 θ23 with those of other experiments [19,20,64,65].
Figure 3 shows the allowed regions in sin2 θ23 and δCP.
These results exclude δCP values in the inverted mass
hierarchy from −0.04 to 0.97π in the lower θ23 octant and
0.04 to 0.91π in the upper octant by more than 3σ. The data
prefer the normal hierarchy with a significance of 1.9σ
(p ¼ 0.057, CLs ¼ 0.091 [66]) and the upper θ23 octant
with a significance of 1.6σ (p ¼ 0.11) [67].
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Figure 21: Left panel: The top plot shows 68.27% confidence-level allowed regions in the sin2 θ13 −
δCP 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 θ13 (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 sin2 θ23 − δCP plane assuming
normal ordering for T2K data combined with the reactor-neutrino constraint on θ13. The bottom
plot shows 68.27% (dark-blue shaded region) and 99.73% (horizontal error bar) δCP confidence
intervals using T2K data combined with the reactor θ13 constraint for both normal and inverted
ordering.
Right panel: The top plot shows the 1σ, 2σ, and 3σ allowed regions in the sin2 θ23 − δCP plane
assuming normal ordering using NOvA data. The best-fit point is shown by the black markers lying
on the δCP = 0, 2π axes. The bottom plot shows the 2σ and 3σ allowed regions in the sin2 θ23− δCP

plane assuming inverted ordering.

neutrino beam. The primary oscillation-physics goals and projected timescales for the two
experiments are similar. The complementary of the two experiments [282] rests on key dif-
ferences 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
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 spec-
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trum peaked at ∼ 600 MeV with a high signal-to-background ratio in the critical νµ → νe
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 programme at Hyper-K will be small and neutrino-
oscillation effects such as asymmetries 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 5σ for all possible values of δCP 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 Sec. 4.2.4.

The sensitivity to CP-invariance violation of the DUNE and Hyper-K experiments is
summarized in Fig. 22, 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 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 (δCP = −π
2
) Hyper-K can establish CP-invariance

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

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 pa-
rameters, inside and beyond the standard PMNS paradigm. An unprecedented control of
systematic uncertainties, due to detector effects and modeling of neutrino-nucleus interac-
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Figure 22: Left panel: DUNE sensitivity to CP-invariance violation (i.e. δCP 6= 0 or π) for the case
when δCP = −π

2 and for 50% and 75% of all possible true δCP values, as a function of time. The
normal mass ordering is assumed. The width of the band shows the impact of applying an external
constraint on sin2 2θ13.
Right panel: Hyper-K sensitivity to CP-invariance violation for δCP = −π

2 and δCP = −π
4 as a

function of time. The normal mass ordering is assumed. The width of the band show the impact of
systematics uncertainties.

tions, will be needed. For instance, in case of maximal CP-invariance violation, in order to
meet the target precision on δCP 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 tech-
nology, 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-flavour scenario, standard matter effects and standard neutrino pro-
duction 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.

4.5.4 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 [283, 284]. 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

67



mode and five years in antineutrino mode, CP-invariance violation could be established
with a significance of 5σ over more than 70% of all values of δCP and with an error in the
measurement of the phase of less than 8 degrees for all values of δCP.

The next generation of accelerator-based neutrino-oscillation experiments, DUNE and
Hyper-K, will demonstrate detection techniques that are at once extremely precise and ca-
pable of instrumenting enormous sensitive volumes. These techniques represent the cul-
mination 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 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 con-
taminated with neutrino flavors other than the dominant

(−)

ν µ contribution. The presence
of such contamination produces systematic uncertainties and systematic biases in the ex-
traction 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”, νSTORM, facility at CERN has been established in the context of the Physics
Beyond Colliders study group [41]. νSTORM 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
νe. ENUBET is the subject of an EU-funded design study.

An interesting proposal is the use of tagged neutrino beams, where the muon from the
meson decay is detected in coincidence with the distant neutrino interaction. This tech-
nique 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 P2O experiment [285] 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
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combined with advances in tracking technology could allow efficient tagging of the initial
decays.

4.6 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 Kam-
LAND probe the νe → νe disappearance channel, whose oscillation probability is controlled
by ∆m2

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

and θ12. Reactor neutrino experiments, Daya Bay and at sub-leading level RENO and
Double CHOOZ, test the electron antineutrino disappearance channel with a probability
dependent on ∆m2

31, and, sub-dominantly, on ∆m2
21. These experiments also give the best

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

31, θ32 and θ13, with sub-leading but important effects due to the mass ordering (normal
or inverted, NO or IO) and δCP. 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 θ13. Atmospheric neutrino data is sensitive to the same
parameters but in different combinations, providing a synergy in extracting their values.
Super-Kamiokande and IceCube-DeepCore are the most important sources of information,
with some contribution by ANTARES.

The main results on the oscillation parameters are reported in Tab. 9 and Fig. 23, taken
from [286, 287]. Two independent analyses by Ref. [288, 289] and Ref. [290, 291] find similar
results, using data available up to May 2020. In the solar sector, the mass-squared difference
∆m2

21 is known at better than 3% (at 1σ) mainly thanks to KamLAND reactor antineutrino
data. θ12 is also precisely determined at around 2%. As discussed in Sec. 4.3.1, a mild tension
between the value of ∆m2

21 obtained by KamLAND and other solar-neutrino experiments has
been reduced with the inclusion of the latest Super-Kamiokande Phase IV results [50, 286,
287]. Overall, the data show a very good consistency and allow a very precise determination
of the oscillation parameters in the solar sector.

The best-known angle is θ13 whose 1σ error is smaller than 2%, thanks to the reactor data
and in particular Daya Bay. The angle θ23 is the least known. Its value is constrained to be
very close to maximal (see Tab. 9) but the octant is not yet determined at high significance.
There is a mild preference for the second octant, arising from some tension in the values of
θ13 between accelerator and reactor neutrino data, that is reduced for relatively large θ23.

The value of ∆m2
31 (∆m2

32) for NO (IO) is known to better than 2% (at 1σ) but its sign
remains undetermined. All experiments, both using accelerator and atmospheric neutrinos,
provide consistent results for the value of the mass-squared difference. The preference for
NO, which was around the ∼ 3σ level prior to the summer 2020 NOvA and T2K data, has
significantly decreased to around ∼ 1.6σ (without Super-Kamiokande atmospheric neutrino
results) [286, 287]. Exploiting matter effects in long-baseline neutrino oscillations, T2K is
better compatible with NO and δCP ∼ 3π/2 while NOvA data is better fitted with NO and
δCP ∼ π/2 or IO and δCP close to 3π/2. The combination of the two would point towards IO
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Normal Ordering (best fit) Inverted Ordering (∆χ2 = 2.7)

bfp ±1σ 3σ range bfp ±1σ 3σ range

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

−0.012 0.269→ 0.343

θ12/
◦ 33.44+0.78

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

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

−0.021 0.411→ 0.621

θ23/
◦ 49.0+1.1

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

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

−0.00062 0.02053→ 0.02436

θ13/
◦ 8.57+0.13

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

δCP/
◦ 195+51

−25 107→ 403 286+27
−32 192→ 360

∆m2
21

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

−0.20 6.82→ 8.04

∆m2
3`

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

−0.028 −2.583→ −2.412

w
it

h
S

K
a
tm

o
sp

h
er

ic
d

a
ta

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

bfp ±1σ 3σ range bfp ±1σ 3σ range

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

−0.012 0.269→ 0.343

θ12/
◦ 33.44+0.77

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

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

−0.019 0.419→ 0.617

θ23/
◦ 49.2+0.9

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

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

−0.00062 0.02052→ 0.02428

θ13/
◦ 8.57+0.12

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

δCP/
◦ 197+27

−24 120→ 369 282+26
−30 193→ 352

∆m2
21

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

−0.20 6.82→ 8.04

∆m2
3`

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

−0.028 −2.581→ −2.414

Table 9: Oscillation parameters from a fit of the global data as of July 2020, version NuFit-5.0. The
results in the lower (upper) sections are obtained (without) including atmospheric neutrino data
from Super-Kamiokande. Note that ∆m2

3` = ∆m2
31 > 0 for NO and ∆m2

3` = ∆m2
32 < 0 for IO.

Taken from Ref. [286,287].
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Figure 23: Allowed values of the oscillation parameters at 1σ, 90%, 2σ, 99%, 3σ C.L. (2 dof). Each
panel shows the two dimensional projection after marginalisation with respect to the undisplayed
parameters. In the lower 4 panels, the results are minimized with respect to the mass ordering.
Colored regions (black contour curves) do not (do) include Super-Kamiokande atmospheric neutrino
data. Taken from [286,287], version NuFit-5.0.
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and δCP ∼ 3π/2. Once reactor neutrino experiments are included, using the complementarity
between the 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 [286,287].

Data also show some hints in favor of leptonic CP violation with δCP > 180o. The key
information comes from the T2K and NOvA appearance channels combined with the precise
measurement of θ13 from reactors. Global analyses disfavor CP conservation for δCP = 0
at above 2σ for both mass orderings and for δCP = π at a smaller significance for NO. In
particular, recent T2K results have provided further hints in favor of CP violation, with
both CP conserving values δCP = 0 and δCP = π excluded at 95% C.L. [246]. For IO,
both T2K and NOvA point towards maximal CP violation at δCP ∼ 3π/2. For NO, which is
mildly preferred as discussed above, the tension between these two experiments broadens the
allowed range of δCP and shifts its best-fit value towards δCP ∼ π, weakening the previous
hints of CP-violation. These conclusions are evolving as new data from accelerator neutrino
experiments becomes available.

It should be noted that new physics beyond the 3-neutrino mixing scheme, e.g. non-
standard interactions and non-unitarity of the mixing matrix, could affect the results dis-
cussed above, see Sec. 9.6. Future even more precise data will be able to shed further light
on these issues.

4.7 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.
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5 Absolute Masses

5.1 Introduction

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

D/MR; here mD is the scale of the electroweak
symmetry breaking and MR & 1014 GeV the scale of the heavy Majorana neutrinos (where
the constraint on MR is inferred from the current bounds on the absolute neutrino mass
scale). This mechanism is established as the see-saw mechanism (type I) [292–295]; it is
attractive because it describes the smallness of neutrino mass, has a potential connection
to leptogenesis (cf. Sec. 9.4.3), 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 Sec. 9.3.3 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 [233, 296–300] and
type-III [301] 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, Sec. 9.3.1 and Sec. 9.3.2 discuss general aspects and implications.

Recall that the absolute neutrino masses emerge from the theory as mass eigenstates of
the effective light neutrino mass matrix. While neutrino oscillation experiments can measure
the mass-squared splittings among these and even the ordering of the masses, they cannot
access the absolute neutrino mass scale, which corresponds to the overall normalization of
that mass matrix. Neutrino oscillations imply lower bounds for the sum of the neutrino
masses of 0.06 eV and 0.10 eV for the normal and inverted orderings, respectively, while the
current upper bounds are . 1 eV using different methods. If the sum of the neutrino masses
is close to the lower bound, we speak of a hierarchical mass scheme with the lightest neutrino
mass closer to (or equal to) zero compared to both mass splittings. If it is close to the upper
bound, we speak of degenerate neutrino masses, because the splittings |∆m2| � m2 are small
compared to the masses. Neutrino mass ordering and mass scale are important indicators for
theoretical models, because the underlying structure of flavor in the Lagrangian describing
neutrino mass will be very different in the normal hierarchical, inverted hierarchical, and
degenerate cases, see Sec. 9.3.3.

If the neutrino mixing matrix, mass ordering and mass-squared splittings are fixed, the
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Figure 24: Experimentally observable combinations of neutrino mass in neutrinoless double beta
decay (0νββ), 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 3σ
regions taken from Ref. [286], NuFit 5.0). Current bounds (upper grey-shaded regions) are taken
from KamLAND-Zen [302] (90% CL, conservative nuclear matrix element), KATRIN [303] (90%
CL), and Planck [304] (95% C.L., CMB lensing and galaxy clustering, incl. BAO) for 0νββ, beta
decay, and cosmology, respectively. The right grey-shaded areas are indirect bounds from cosmology,
derived from the direct bound in the right panel (for the normal ordering).

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 m1 (normal ordering) or
m3 (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 of neutrino mass are described
as follows:

Cosmological tests of neutrino mass are sensitive to the sum of the neutrino masses∑
mν = m1 +m2 +m3 . (9)

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

mβ ≡
√
|Ue1|2m2

1 + |Ue2|2m2
2 + |Ue3|2m2

3 . (10)

Neutrinoless double beta decay experiments test the combination

mββ ≡
∣∣U2

e1m1 + U2
e2m2 + U2

e3m3

∣∣ (11)

if the light neutrinos have Majorana masses. Note that for Majorana neutrinos, the
mixing matrix carries two additional phases, the so-called Majorana phases often de-
noted by φ1 and φ2 (or α1 and α2). They do not influence neutrino oscillations [305,306],
and can for instance be included by writing U2

e2 = |Ue2|2eiφ1 and U2
e3 = |Ue3|2eiφ2 , where

|Ue2,3|2 can be parametrized as in Eq. (5). They can have a strong impact on the pre-
diction of mββ. 74



If the existing information on masses and mixings from neutrino oscillations is applied
to Eqs. (9) to (11), these combinations can be expressed in terms of the lightest neutrino
mass m. We therefore show the experimentally observable combinations of neutrino mass
in 0νββ, beta decay, and cosmology as a function of the lightest neutrino mass in Fig. 24.
The current oscillation parameter uncertainties (denoted by the light-colored shadings) are
already so small that extremely good predictions for the observables as a function of m can
be made. Only for 0νββ the uncertainties are much larger and come from the (unknown)
Majorana phases (dark colors).

The results depend in all cases on the mass ordering, as is most obvious in the right panel
for m = 0, where the limits discussed earlier are recovered. The most complicated case is
0νββ, where cancellations are possible for the normal ordering in the appropriate range of
m. Note that the horizontal grey-shaded regions in Fig. 24 are current direct experimental
bounds on the observables on the vertical axes, while the vertical bound on m is indirectly
derived from the right panel from the bound on

∑
mν (where the gray-shaded areas meet); it

will obviously depend somewhat on the mass ordering. From any panel, it can be read off that
m� 0.1 eV corresponds to the degenerate regime in which the observable is proportional to
m and the impact of the mass ordering is negligible. For m < 0.1 eV, there are substantial
differences in the observables; we will discuss the direct correlations between the observables
at the end of this section after explaining in detail the various approaches to gain insight
into the mass of neutrinos.

5.2 Kinematic Measurements of Neutrino Mass

5.2.1 Direct Mass Measurements with νe

A largely model-independent way to access the absolute neutrino mass scale in a laboratory
measurement is offered by precision kinematics measurements of weak decays. The imprint
of the effective electron-based neutrino mass mβ, see Eq. (10), consists both of a reduction of
the kinematic endpoint (E0−mβ) and of a spectral shape modification close to the endpoint.
The latter is the signature more readily exploited by experiments.

Current experimental efforts are focused on two nuclides which are particularly suitable
in terms of their half-life (accessible event rate), spectral range (low kinematic endpoint),
and isotopic availability: the β− emitter tritium (3H) and the electron capture isotope 163Ho
(see Tab. 10). The two approaches are highly complementary due to the widely different
experimental techniques they rely on. Interestingly, they allow to addressmβ(νe) andmβ(νe)
independently, which are expected to be identical in the case of CPT conservation. Since
both methods are based on relativistic energy-momentum conservation, the experimentally
accessible observable in either case is the squared mass m2

β, which illustrates the difficulty
in gaining an extra order of magnitude in sensitivity on the neutrino mass. We note here
that in principle, such kinematic experiments can also be used for a lab-based direct search
for sterile neutrinos (essentially by expanding Eq. (10) to a fourth neutrino mass state and
its corresponding mixing matrix entry). This will be discussed in Sec. 7.4.2.

5.2.1.1 Tritium Beta-Decay For tritium-based experiments, the spectroscopic method
utilizing an electrostatic retardation spectrometer with magnetic adiabatic collimation to
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Decay type Project Staged goals and projected timelines
β−-decay of 3H2 KATRIN First 2 science runs (2019), mβ < 0.8 eV (90% C.L.) [303]

Data-taking for 0.2 eV sensitivity (2019− 2024)
R&D on differential read-out and novel source concepts
Detector upgrade for keV-sterile ν search (> 2025)

IC of 83mKr Project 8 Phase I: demonstration of CRES technique (2014− 2016) [307]
β−-decay of 3H2 Phase II: tritium demonstrator (2015− 2020)
β−-decay of 3H2 Phase III: large-volume CRES demonstrator, atomic source develop.

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

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

νe capture on 3H PTOLEMY R&D stage, target mβ sensitivity < 100 meV*

EC of 163Ho ECHo ECHo-1k: Medium-sized array (∼ 100 detectors)
First science run (2018), mβ < 150 eV (95% C.L.) [308]
Data-taking for 10− 20 eV sensitivity (2019− 2020)
ECHo-100k: Large array (∼ 12000 detectors)
Production phase, starting 2021 for 1− 2 eV sensitivity

EC of 163Ho HOLMES Short-term (2020− 2021): Medium-sized array (∼100 ch.)
for 10− 20 eV sensitivity
Medium–term (2021− 2023): Increase no. of deployed arrays
(∼ 1000 channels) for 1− 2 eV sensitivity

Table 10: Overview of current and upcoming experimental approaches in direct kinematic mass
measurements using β−-decay of molecular and atomic tritium or electron capture in 163Ho. Most
experiments are taking a phased approach towards improving sensitivity on the neutrino mass.
— *) The PTOLEMY project is intended to become a tritium-based observatory for cosmic relic
neutrinos. Its potential to probe neutrino masses is currently being investigated.

maximize angular acceptance (MAC-E filter) [309,310] has yielded the most stringent bounds
obtained thus far (see [311,312] and [313,314] for a comprehensive review). The KATRIN ex-
periment exploits the full reach of this technology both in terms of its high-luminosity gaseous
tritium source (1011 decays per second) and dimensions of the high-resolution spectrometer
(10 m diameter), which allows a highly precise measurement of the β-decay spectrum with
low systematic uncertainties. In its four-week first neutrino-mass run, KATRIN has achieved
an upper limit of 1.1 eV (90% C.L.) [315], followed by a second measurement campaign that
was the first ever to have sub-eV sensitivity. The limit of 0.9 eV was combined with the
first neutrino-mass run to achieve an upper limit of 0.8 eV (90% C.L.) [303]. KATRIN will
continue data-taking for a total of ∼ 1000 measurement days to reach its design sensitivity of
0.2 eV (90% C.L.) [316]. Because of its unprecedented statistics measuring a super-allowed
decay, the KATRIN experiment is also sensitive to eV-scale light sterile neutrinos [317] (see
Sec. 7.4.2) and other BSM physics. A program to search for keV-scale sterile neutrinos with
the TRISTAN detector upgrade [318] is in the R&D phase. The option of turning the inte-
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gral spectrum measurement of the high-pass MAC-E filter into a differential measurement
by adding time-of-flight information is also being investigated [319, 320]. Another possible
improvement is related to the fact that a MAC-E filter collects low-energy electrons, released
by several background processes within its large volume, and accelerates them to the focal-
plane detector. Such low-energy electrons, which cannot be differentiated energy-wise by
the detector, typically have much smaller transverse energies or incident angles. R&D on
developing a novel “active transverse energy filter” (aTEF) detector for KATRIN is on-going.

The technology used in KATRIN cannot easily be pushed further since the windowless
gaseous tritium source is already nearly opaque to electrons. This limitation is circumvented
by a new approach proposed in [321] which employs the cyclotron radiation emitted by elec-
trons stored in a magnetic trap for a non-destructive measurement of the β-decay spectrum
via radiofrequency detection. A successful proof-of-principle of the cyclotron radiation emis-
sion spectroscopy (CRES) technique has been performed by Project 8 using monoenergetic
internal conversion (IC) electrons from 83mKr [307], and, subsequently, spectroscopic infor-
mation was acquired for first β-electrons from a small volume containing gaseous tritium. In
future project phases, an open receiver array encompassing a large source volume is foreseen
in order to obtain neutrino-mass sensitivity at the 3−5 eV scale [322]. Moreover, R&D work
has started towards the development of an atomic tritium source which holds the promise
to surpass the fundamental sensitivity limitation (around 100 meV) due to the population
of excited molecular final states. An effort to combine a large-scale CRES detector with an
atomic tritium source to reach eV neutrino mass sensitivity is under investigation. Explo-
rative studies of techniques to approach the hierarchical mass scale are under way, either
using trapped tritium atoms (as proposed by Project 8) or quasi-atomic sources on substrates
(as discussed, for instance, for the PTOLEMY study [323]). A sensitivity of ∼ 40 meV, as
envisioned for Project 8, would cover the inverted mass ordering range (see Fig. 24), and a
null result of mβ at that level would point towards the normal hierarchy.

5.2.1.2 Electron Capture in 163Ho An alternative path towards kinematic neutrino–
mass determination through electron capture (EC) in 163Ho was opened in the 1980s [324].
More recently, substantial progress in the development of cryogenic microcalorimeters has
kindled major incentives leading to a new generation of holmium-based neutrino-mass exper-
iments: ECHo [325] and HOLMES [326]. The required amount of 163Ho nuclei is produced
through neutron irradiation and subsequent purification of the source material. In the two
experiments, the source nuclei are implanted into two different types of cryogenic detectors:
ECHo has already successfully demonstrated the acquisition of high-resolution EC spec-
tra with arrays of holmium-implanted Metallic Magnetic Calorimeters (MMC) [327, 328],
whereas the HOLMES technology is based on Transition Edge Sensors (TES) [329] which
have been shown to exhibit excellent detector properties in characterization measurements
prior to implantation with holmium. Among the challenges in setting up a large-scale
neutrino-mass experiment of eV- to sub-eV sensitivity are the control of the pile-up frac-
tion, key detector characteristics such as energy resolution and signal rise time of implanted
calorimeters, and the operation and multiplexed read-out of large detector arrays on the
order of tens of thousands of individual detectors to acquire sufficient event statistics. These
challenges are being addressed by current experiments, with near-term goals targeting a
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sensitivity around 10 − 20 eV. Towards the medium-term goal of approaching the 1 − 2 eV
benchmark, the two collaborations have developed different concepts for leveraging array
size (i.e., number of channels) against activity load of individual detectors. New ideas with
the aim of reaching sub-eV sensitivities of 200 meV or even beyond are being investigated
for future stages of calorimetric arrays. Next to further developments on the experimental
methods, obtaining an improved model of the calorimetric EC spectrum, including both the
theoretical spectral shape [308,330,331] and the detector response, is of vital importance for
inference of the neutrino mass.

5.2.1.3 Outlook With several experiments now operational and more projects in prepa-
ration (cf. Tab. 10), direct neutrino mass search is entering a decisive phase. The next
years are about to bring the scientific return of long-standing development work. The reach
of current, proven technologies extending present-day sensitivity by a factor of 5 down to
∼ 200 meV forms the foundation for progressive, novel ideas which promise even further
improvement by another order of magnitude.

5.2.2 Direct Mass Measurements with νµ and ντ

Direct mass measurements of νµ and ντ are performed using π → µ + νµ and τ → nπ + ντ
decays. These decays are sensitive to the incoherent sum of the neutrino masses coupling
to the muon and tau flavors like in Eq. (10). The best limits on the masses of νµ and ντ
are 0.19 MeV [277]and 18.2 MeV [332], respectively. In the case of νµ, a near surface muon
beam was used in order to reduce the energy losses in the target material and to determine
very precisely the µ+ momentum in the π+ decay. The limit on the νµ mass was obtained
using the measured value of the muon momentum and known masses of π+ and µ+. In the
case of ντ , the 5 and 6 pion τ decays with large invariant masses of the multi-pion system
provided the strongest limits on the ντ mass. Considerable improvements on the ντ mass
accuracy can be made by the Belle II and BES III experiments mainly because of larger
statistics, better multi-pion invariant mass resolution especially in case of BES III, and good
energy-scale determination. It should be noted that in all known scenarios those masses are
very close to the electron neutrino mass from beta-decay.

5.2.3 Neutrino Mass from Supernova Neutrino Detection

Another possible kinematic method for learning about the neutrino absolute mass scale is via
detection of a burst of neutrinos from a core-collapse supernova. More detailed information
about supernova neutrinos can be found in Sec. 3.5; in short, the core collapse of a massive
star will yield an intense flash of neutrinos of all flavors with energies from a few to a few
tens of MeV, over a few tens of seconds. The detectable range for current large neutrino
detectors is approximately the Milky Way (tens of kpc); next-generation detectors such as
Hyper-K will observe a handful of neutrino events from Andromeda, ∼ 700 kpc away. The
idea for constraining neutrino mass is that neutrino propagation over the very long distance
from a supernova will result in an energy-dependent time delay with respect to propagation
at c according to ∆t [s] = 0.515 (mν [eV]/Eν [MeV])2 D [kpc] for distance to the supernova
D. Over Galactic distances, given current experimental limits on the absolute neutrino mass
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scale, the expected kinematic delay is much smaller than the spread of emission times from
the supernova, making it a challenge to extract information about neutrino mass. The time
spread of the observed ν̄e burst from SN1987A 55 kpc away, about 13 seconds, enabled some
of the best mass limits of the era, mν < 20 eV [84] (improved with updated analysis to
around 6 eV [333,334]). Although it will be hard to compete with KATRIN’s final expected
sensitivity, nevertheless some information may be extracted with high-statistics and low
energy thresholds of the next core-collapse supernova burst, with expected sensitivity down
to around the eV scale [335–337]. Possible improvements to this measurement could result
from a sharp emission cutoff of neutrino luminosity due to formation of a black hole [338] or
the coincident observation of a gravitational wave burst [339]; both of these would help set
a t0 for relative delay and would improve the constraints.

5.3 Neutrinoless Double Beta Decay

One of the most interesting questions in neutrino physics concerns the character of the
neutrinos, i.e. whether these fermions are Majorana or Dirac particles. The necessity of
performing sophisticated experiments to determine the Majorana nature of neutrinos lies
in the V − A structure of weak interactions. This implies that the difference of Dirac and
Majorana neutrinos is of order mν/E on the amplitude level, where mν is the neutrino mass
and E the energy scale of the process. Indeed, all other processes in principle sensitive to the
Majorana nature of light neutrinos, like Z decays in neutrino pairs or neutrino-antineutrino
oscillations, are not suited to probe the Majorana nature. Another difference is given by the
fact that for Dirac neutrinos the right-handed neutrinos are independent particles (in contrast
to Majorana neutrinos, where they are related). Hence, these species would contribute to
the relativistic number of degrees of freedom, see Sec. 5.4.1. However, the smallness of
neutrino mass implies that they do not thermalize in the early Universe and thus contribute
in negligible amounts.

5.3.1 General Aspects

Neutrinoless double beta decay (0νββ) is one of the most sensitive probes for physics beyond
the Standard Model of Particle Physics. In this decay mode, two beta particles are emitted
in the final state but no neutrino,

(Z,A) → (Z + 2, A) + 2e− . (12)

Here, the atomic number Z changes by two units while the mass number A remains un-
changed. Such a decay violates lepton number conservation, which is an accidental symme-
try in the SM, by two units and would imply that the neutrino is a Majorana particle [340].
Equivalent decay modes in neutron-deficient nuclei are 0νβ+β+, 0νEC EC (double Electron
Capture), and 0νβ+EC. However, in β+β+ and β+EC decays the Q-value is reduced by
4me and 2me, respectively, which results in slower decay rates. The reduced Q-value, i.e.,
emitted energy, further limits the sensitivity of experiments since the background rate typi-
cally increases for decreasing energies (see, e.g., [341] for a review of EC EC, including the
resonant option). Therefore, the decay mode presented in Eq. (12) is generally preferred in
searches for lepton number violation.
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Figure 25: Nuclear Matrix Elements (NMEs) calculated in different theoretical models for 0νββ
isotopes under investigation by current experiments. For these calculations an unquenched gA = 1.27
has been used. Figure reproduced from [343], original figure and references can be found in [344].
Abbreviations: EDF – energy-density functional; IBM – interacting boson model; QRPA – quasi-
particle random-phase approximation; SM – Shell Model.

An observation of 0νββ would have far-reaching implications for our understanding of
the Universe: it would be the first observation of a fundamental particle with properties that
are completely different from all other known fermions. Lepton number violation in weak
decays could help explain the observed matter-antimatter imbalance in our Universe [342],
as most ideas to suppress neutrino mass or explain the matter-antimatter asymmetry of the
Universe predict lepton number violation, see Secs. 9.3.1, 9.3.2 and 9.4.3. Furthermore, an
observation of 0νββ could, depending on the underlying physics, allow the extraction of
the effective neutrino mass mββ (see Eq. (11)) and has ramifications on particle physics and
possibly cosmology.

Neutrinoless double beta decay can only occur in isotopes that undergo Standard-Model
allowed 2νββ decay. This is a second-order weak process that can only occur if single-β decay
is energetically forbidden or highly suppressed as in 48Ca. Thirty-five ββ decay isotopes have
been identified [345], of which ≈ 10 are considered for 0νββ searches due to their availability
and ββ endpoint energies above 2 MeV. The latter is essential for a potential signal-of-interest
to lie above most naturally occurring backgrounds.

The arguably best-motivated scenario studied in the literature is the light-Majorana
exchange mechanism (see, e.g., [343] and references therein). In this theoretical model the
effective Majorana neutrino mass mββ can be extracted from the decay rate of the transition

Γ0ν = g4
A G0ν |M0ν |2 (mββ)2 , (13)

where G0ν is the phase-space factor which is calculated using Dirac wave functions [346,347]
and gA is the axial-vector coupling for free nucleons. The crucial nuclear matrix element
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(NME) is given by M0ν ; it is calculated in various theoretical frameworks. Reviews of such
frameworks and calculations of the associated NMEs are presented, e.g., in [344, 348, 349].
However, when comparing NMEs calculated in different frameworks their values vary by
factors of a few depending on isotope and method. The situation is illustrated in Fig. 25
and discussed in detail in, e.g., [344]. The relatively large spread in values suggests that
underlying models are incomplete and missing certain features. The discrepancy between
different NMEs directly translates into a spread in limits on the effective neutrino mass
extracted from experimental half-life limits making a direct comparison between experiments
based on their reached mass limits problematic. Furthermore, following an observation
of 0νββ, the uncertainties in NMEs will limit the precision at which mββ can be known.
However, with the increase in computational power and progress in nuclear theory, the
situation is expected to improve. Especially recent progress in first-principle calculations
in light- and medium-mass nuclei [350] offers an interesting novel approach to calculating
0νββ decay NMEs for all isotopes of interest. Increasingly helpful are also the approaches
undertaken by the lattice community [351].

Another open question in nuclear theories describing ββ is whether the weak axial-vector
coupling strength gA is quenched as has been observed in β decays, or not. In the description
of β and 2νββ decays, gA is quenched by a factor q to calculate an effective value of gA as
geffA = q gfreeA in order to reproduce experimental values, with gfreeA = 1.27 being the free-
nucleon axial-vector coupling measured in neutron beta decay. The quenching factor q
significantly impacts the reach of experimental 0νββ searches as gA enters Eq. (11) at the
fourth power. The situation is discussed in detail in [352] and references therein. There are
arguments that the quenching factor in 0νββ, which has a larger momentum scale as β and
2νββ decays, is closer to 1.

5.3.2 Experimental Aspects

In direct 0νββ searches, the energy of the emitted electrons is measured in calorimeter-type
detectors. No neutrinos are emitted in the process and all energy is carried away by the two
electrons. A positive 0νββ signal will manifest itself as a peak in the energy spectrum at
the ββ decay endpoint energy Qββ. The region of interest (ROI) where experiments search
for an excess of events is chosen based on the detector energy resolution ∆E at Qββ. The
sensitivity of an experiment depends on the actual number of 0νββ events detected in this
ROI. Background events in the ROI limit a detector sensitivity, which scales according to

T 0ν
1/2 ∝

{
aM ε t with no background,

a ε
√

M t
B∆E

with background.
(14)

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

√
t/B in experiments with background events in the ROI.

However, in large monolithic detectors the spectrum is extracted by a simultaneous fit of
the data in energy, event multiplicity, and event location within the detector volume. This
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approach studies the signal as a function of the depth within the detector [353]. As a result
the background index is no longer a good measure of sensitivity in these detectors.

A worldwide search for 0νββ is ongoing in several isotopes. Groups are pursuing dif-
ferent detector technologies which are influenced by the isotope under investigation and its
availability. Natural abundance and the ability to enrich an isotope are crucial factors in
the selection of the target isotope, along with achievable background levels and energy res-
olution. While there is no obvious isotope of choice to search for 0νββ, experiments aim
to maximize their discovery potential by optimizing the parameters in Eq. (14). Current
experiments typically reach half-life sensitivities on the order of 1025− 1026 years depending
on the isotope under investigation as well as the detection technology (see Tab. 11). The
most stringent limits on T 0ν

1/2 are 1.8 × 1026 years [354] and 1.1 × 1026 years [302] in 76Ge
and 136Xe, respectively, translating into limits on the effective Majorana neutrino mass of
0.07−0.16 eV (76Ge) and 0.06−0.17 eV (136Xe). The global limit as well as parameter space
disfavored by ββ experiments is shown in Fig. 24. In the parametrization of mββ versus
lightest mass m, current experiments exclude the degenerate region. Planned upgrades to
current experiments, such as SNO+ Phase I, SuperNEMO, LEGEND-200 and KamLAND-
Zen800, aim to probe into the horizontal parameter band of the inverted ordering in Fig. 24.
However, in order to completely probe the parameter space allowed in the inverted ordering,
next-generation detectors with sensitivities close to or exceeding 1028 years are required.
Several experiments are being prepared in order to probe the parameter space allowed in
the inverted ordering including LEGEND-1000 (76Ge), CUPID (100Mo), AMoRE (100Mo),
SNO+ Phase II (130Te), JUNO (136Xe), KamLAND2-Zen (136Xe), nEXO (136Xe), NEXT HD
(136Xe), and PANDAX 1k (136Xe).

Future multi-ton dark matter direct detection experiments using xenon as target ma-
terial automatically contain a considerable amount of 136Xe (natural isotopic abundance
≈ 8.9%), which allows for 0νββ searches with predicted sensitivities on the order of 1026

years (LUX [355] and PandaX [356]) to 1027 years (DARWIN [357]). This is one of the
interesting connections of dark matter and neutrino experiments. However, it should be
pointed out that the latter experiments are designed to maximize the sensitivity to dark
matter interactions. These experiments focus on reducing backgrounds that would mimic
dark matter interactions. Thus, the predicted 0νββ half life sensitivity is less than that of
next-generation ββ decay experiments, e.g., DARWIN deploying 50 tons of natural xenon
has a predicted sensitivity of 2.4× 1027 years [357], while the projected sensitivity of nEXO
deploying 5 tons of xenon enriched in 136Xe is 9.2× 1027 years (90% C.L.) [353]. In addition,
the timescale to deploy DARWIN is different from next-generation ββ decay experiments,
which are anticipated to start construction within the next years. While the most sensitive
next-generation experiments will probe the complete parameter space allowed in the inverted
mass ordering, they will also explore a large fraction of the parameter space in a normal mass
ordering scenario. In [358] the discovery probabilities of several experiments are calculated
for both mass orderings. The authors predict a discovery probability of more than 50− 60%
for normal ordering and searches in the isotopes 76Ge (LEGEND-1000), 130Te, and 136Xe
(nEXO). The predicted discovery potential for inverted ordering is more than 80% in the
aforementioned isotopes.

Neutrinoless double beta decay experiments are inherently difficult. Backgrounds must
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Exposure Sensitivity T 0ν
1/2 mββ Experiment

(kg × yr) (×1025 yr) (×1025 yr) (eV)
48Ca 13.5 1.8× 10−3 > 5.8× 10−3 < 3.5− 22 ELEGANT VI [359]

76Ge
127.2 18 > 18 < 0.08− 0.18 GERDA [354]

26.0 4.8 > 2.7 < 0.20− 0.43
Majorana

Demonstrator [360]
82Se 5.29 5.0× 10−1 > 3.5× 10−1 < 0.31− 0.64 CUPID-0 [361]
96Zr (−) (−) > 9.2× 10−4 < 7.2− 19.5 NEMO-3 [362]

100Mo 1.17 (−) > 1.5× 10−1 < 0.31− 0.54 CUPID-Mo [363]
116Cd (−) (−) > 2.2× 10−2 < 1.0− 1.7 Aurora [364]
128Te (−) (−) > 1.1× 10−2 (−) Arnaboldi et al. [365]
130Te 1038.4� 2.8 > 2.2 < 0.09− 0.31 CUORE [366]

136Xe 504† 5.6 > 10.7 < 0.06− 0.17 KamLAND-Zen [302]
234.1 5.0 > 3.5 < 0.09− 0.29 EXO-200 [367]

150Nd 0.19 (−) > 2.0× 10−3 < 1.6− 5.3 NEMO-3 [368]
3H β-endpoint measurement mβ < 0.8 KATRIN [303]

Table 11: Comparison of current experimental limits of 0νββ searches in different isotopes. Limits
are given at the 90% C.L. Fields with (−) indicate where values are not provided in the listed
reference. � is the natTeO2 exposure and † lists the complete xenon dissolved in scintillator. For
comparison, the limit from the direct measurement of mβ is shown as well.

be reduced as much as possible and irreducible backgrounds must be thoroughly studied and
understood. While the sensitivity of an experiment improves with increased energy resolu-
tion, energy alone will not be sufficient in next-generation experiments to claim a discovery.
It will be crucial to also demonstrate that the observed signal at Qββ is inconsistent with
observed backgrounds. At least two experiments are required to unambiguously demonstrate
observation of 0νββ and several technological developments should be pursued in parallel by
the global community. While current and next-generation experiments are focusing on max-
imizing their discovery potential, tracking calorimeters are required to study the underlying
physical principles driving 0νββ once an observation has been made.

The purity and low background rates of double beta decay experiments also allow to
search for a variety of exotic processes, including axions, Majorons, low mass dark matter,
exotic nuclear decay or electron decay [369]. Also precision studies of 2νββ are sensitive to
new physics [370–372].

The projected final sensitivity of next generation experiments is 1027−1028 years. Depend-
ing on isotope and selected NME this sensitivity calculates to effective Majorana neutrino
masses ranging from mββ ≈ 5 − 20 meV. Experiments will reach their final sensitivity in
the second half of the decade 2030− 2040. However, despite the discovery potential of next
generation experiments, even larger multi-tonnes detectors and technological breakthroughs
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(see Sec. 8.2) may be required to observe 0νββ in less favorable scenarios. These experiments
should aim for sensitivities of mββ ≈ 1 meV, as discussed, e.g., in [373,374].

5.4 Cosmology

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

∑
mν and next-generation surveys are aiming at moving from upper bounds to

the first clear measurement of
∑
mν .

As the upper bounds are now approaching the 0.1 eV mass range, thus strongly disfa-
voring quasi-degenerate neutrinos [375], it could seem relevant to account for neutrino mass
hierarchies allowed by neutrino oscillation results [290]. As mentioned in Sec. 5.1, three
different mass hierarchy scenarios can be considered: the normal hierarchy, the inverted hi-
erarchy, and the degenerate case where the three neutrino species equally share the total
mass

∑
mν . It has been shown that the amplitude of the matter power spectrum shifts

by 0.2% at most between these three cases [376], below the level of sensitivity of current
and next-generation experiments. Massive neutrinos have a larger impact on smaller scales.
These are probed with Lyman-α forest flux power-spectrum measurements, where the vari-
ous mass-hierarchy scenarios produce even smaller differences [377]. Neutrino hierarchy can
therefore be neglected in cosmological studies, and assuming that cosmology only constraints∑
mν is a good approximation.

5.4.1 Main Experimental Approaches to Constrain
∑
mν

Promising experimental approaches to a detection of
∑
mν in the next decade are sum-

marized below (from [378] and [379]). Most current bounds are obtained by allowing for
massive neutrinos on top of the six-parameter ΛCDM model parameterized by the densities
in baryons ωb and in cold dark matter ωc, the angular scale of the sound horizon at electron-
proton recombination θs, the amplitude As and scalar index ns of primordial fluctuations,
and the redshift of reionization zreio. We discuss more general models in Sec. 5.4.2.
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CMB alone: CMB alone is not an ideal probe of neutrino masses since all three neu-
trino flavors are still relativistic at the time of neutrino decoupling. Including polarization
information, notably on small scales, in addition to temperature helps in tightening the con-
straints. Current 95% C.L. upper bounds on

∑
mν are in the 0.26−0.54 eV range depending

on the actual choice of CMB data set [304].
CMB lensing: CMB photons are deflected by intervening structures. The deflection

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

∑
mν < 0.24 eV [304].

Galaxy clustering: Galaxies reside in massive halos and can therefore probe the scale-
dependent impact of neutrinos on structure formation [380]. Galaxy surveys measure clus-
tering at smaller redshifts than achievable with CMB lensing, making these two approaches
highly complementary. Combined, CMB lensing and galaxy clustering tighten the limit to∑
mν < 0.12 eV [304]. A complementary approach is to consider the combination of galaxy

clustering, type IA supernaovae and CMB temperature and polarization data, which pushes
the limit to

∑
mν < 0.09 eV [381]. To fully benefit from next-generation LSS spectroscopic

surveys, however, we must improve our modelling of the effect of neutrinos on non-linear
scales with dedicated N -body simulations.

Cluster counts: Massive neutrinos impact the abundance and properties of dark matter
halos, well correlated with massive clusters. Cluster counts as a function of mass and redshift
can therefore constrain

∑
mν [382]. The main drawback of this approach is due to the

complex nature of clusters. The uncertain halo mass function prevents this method from
being competitive today. If systematics can be reduced, however, it provides an independent
handle on neutrino mass.

Lyman-α forest: The absorption of the light from background quasars by intervening
hydrogen produces a characteristic absorption feature in quasar spectra, dubbed Lyman-α
forest. It carries unique information on small scales, where the matter power spectrum is
maximally suppressed by massive neutrinos. Combined with CMB temperature and po-
larization data, this method currently provides one of the most stringent upper bounds,∑
mν < 0.11 eV [383], although tightening it further with similar data is a challenge be-

cause of the extensive hydrodynamical simulations that are required for a proper modeling
of the intergalactic medium. The tightest limit to date,

∑
mν < 0.09 eV, is obtained when

considering in addition CMB lensing and galaxy clustering data [383].

5.4.2 Parameter Degeneracies

The sum of the neutrino masses has non-trivial correlations with several of the parameters
describing the cosmological model, even in the simple ΛCDM scenario. The main correlation
is between

∑
mν and the optical depth of reionization τ (or equivalently the redshift of

reionization, assuming quasi-instantaneous reionization). It affects all results derived from
a combination of CMB and LSS data, since the constraint relies upon a measurement of
the primordial fluctuation amplitude As in order to infer the power suppression induced
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by massive neutrinos. Because CMB surveys constrain Ase−2τ , the improved determination
of τ that next-generation surveys will provide, thanks to a better measurement of large-
scale E-modes, is crucial. Given current sensitivity on the optical depth σ(τ) = 0.007
from the Planck CMB data [304], an optimal combination of next-generation CMB and
LSS measurements can potentially reach a 4σ detection of neutrino mass, assuming minimal
normal mass ordering, with σ(

∑
mν) ∼ 15 meV.

Another source of uncertainty is the degeneracy between
∑
mν and parameters that

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

∑
mν and w(z). Varying dark energy is expected to

loosen the determination of
∑
mν by a factor about 1.5 to 2.0. For exotic modifications of

cosmology or general relativity it is often not known yet how the neutrino mass limits would
change.

The degeneracy between
∑
mν and the effective number of relativistic species Neff has

long been a source of concern. With the advent of the Planck survey, however, this issue
is now solved [304]. With Planck data alone, Neff is constrained to Neff = 2.92 ± 0.37, in
agreement with the standard model prediction Neff = 3.044 [384,385]. Including lensing and
BAO measurements only slightly modifies the limit to Neff = 2.99± 0.34. Allowing for Neff

to float at the same time as the sum of the neutrino masses does not alter the determination
of
∑
mν by more than a few percent, and the combined result is very close to the one on

either Neff or
∑
mν alone. Big Bang Nucleosynthesis (BBN), the generation of light elements

in the early Universe, is also sensitive to the number of relativistic species [386]. Current
constraints from are in the Neff = 3−4 range, and thus consistent with values obtained from
late-Universe observables.

We should note that besides degeneracies, also new physics related in particular to neu-
trinos can modify limits on their mass. Examples are neutrino decay [387, 388] or exotic
scenarios in which neutrino mass varies with time [389].

5.4.3 Upcoming and Proposed Experiments

The next decade is rich in surveys aiming at unveiling the nature of dark energy. These same
projects will provide the ingredients to obtain a detection of

∑
mν at a 3 to 4σ level.

On the LSS side, we highlight three main surveys. The Dark Energy Spectroscopic
Instrument (DESI) will measure BAO over at sub-percent-level precision out to z = 1.85,
providing unique data on galaxy clustering at low redshift [390,391]. DESI began operations
in December 2020 and is expected to run its main survey from mid 2021 to mid 2026. It is
the first survey running that should reach this precision. The Euclid satellite, with a launch
scheduled for 2022, is designed to provide 1% accuracy on galaxy clustering and weak shear
observables.

On the CMB side, the LiteBIRD experiment, currently in phase A, will provide large-
scale polarization information [392]. The ground-based CMB-S4 project, with a smaller
sky coverage but a much better resolution than LiteBIRD, should reach an unprecedented
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Figure 26: Correlations between experimentally observable combinations of neutrino mass in 0νββ
|mee|, beta decay mβ , and cosmology

∑
mν . Dark–colored shadings refer to the uncertainties of

the Majorana phases only, whereas light colored shadings include the current oscillation parameter
uncertainties; see Fig. 24 for references and descriptions of bounds. Future projected exemplary
bounds are indicated with arrows and taken from nEXO [353] (90% C.L., one middle case of nuclear
matrix element, 10 years), Project 8 [322] (90% C.L., phase IV), and an optimal combination of
next-generation CMB and LSS surveys [378] (95% C.L.) for 0νββ, beta decay, and cosmology,
respectively. The different scenarios corresponding to the marked disks are discussed in the main
text.

sensitivity to CMB lensing [393]. Other projects, more ambitious but less advanced in the
approval process, are already under discussion. This is the case for projects like the CORE-
M5 satellite project that would reach both goals (polarisation and lensing) at once [394].
None of those projects has been approved yet.

5.5 Theoretical Interpretation and Complementarity of Approaches

A direct comparison of the experimental observables is shown in Fig. 26 together with the
corresponding bounds on the respective quantities (grey-shaded regions). If a signal is found,
it will lead to a fit region in this parameter space which can be directly inferred from the
observables. In the standard picture (effective light Majorana neutrino masses and self-
consistent measurements) the fit has to lie within the colored regions; see discussion below.
Currently the strongest bound on neutrino mass comes from cosmology, with a sensitivity
close to be able to rule out the inverted mass ordering. Here we highlight the complementarity
of the different approaches, especially pointing out that the cosmological measurements need
to be confirmed by direct tests of neutrino mass.

As far as neutrinoless double beta decay is concerned, its measurement is mainly driven
by the question about the nature of neutrino mass and whether lepton number is violated,
see Section 9.3.1 for a detailed discussion. In this respect, the interpretation of the decay
in terms of neutrino mass is less straightforward than suggested so far. The observation of
0νββ decay can be interpreted in terms of an effective lepton-number-violating operator of
dimension nine

O ∝ ūū dd ēē , (15)
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Figure 27: Left panel: Black box theorem, illustrated. The existence of a (lepton number) effective
operator leading to 0νββ implies loop-generated Majorana neutrino masses from this diagram.
Right panel: the standard mass mechanism for Majorana neutrino masses leads to 0νββ decay; it is
one possible decomposition of the effective operator in Eq. (15). Figures taken from Refs. [395,396].

whose completion (fundamental theory) at high energies is a priori unknown.
It has been demonstrated that this operator always implies Majorana neutrino masses

(“black box theorem” [340]), generated by the diagram shown in the left panel of Fig. 27 by
inserting Eq. (15) into the box. However, as discussed in Ref. [397], this four-loop black-box
diagram itself generates radiatively only mass terms which are many orders of magnitude
too small to explain neutrino masses, which means that translating an observed rate of
neutrinoless double beta decay into neutrino mass would then be potentially misleading.

On the other hand, if the neutrinos are Majorana particles, the diagram in the right
panel of Fig. 27 will inevitably lead to 0νββ decay (if there are no cancellations from the
Majorana phases). The standard interpretations of 0νββ decay in terms of neutrino mass
typically rely on the assumption of its exclusiveness driving it, meaning that this diagram is
the leading contribution to Eq. (15).

So what other mechanisms could lead to 0νββ decay, i.e., the operator in Eq. (15)?
For example, a systematic analysis has been performed in Ref. [395], where all tree-level
decompositions (fundamental theories) leading to Eq. (15) have been identified7. While
more than ten options have been discussed in well-motivated models in the literature before
(such as R-parity violating SUSY, left-right-symmetric, and leptoquark models), even more
possibilities exist; some of these may be tested at the LHC [398]. The fact that lepton-
number-violating TeV-scale physics is currently testable can be understood by the simple
estimate of the 0νββ amplitude being ∝ G2

Fmββ/q
2, with q2 ' (100 MeV)2 the energy scale

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

4/Λ5. This numerically corresponds to the 0νββ amplitude order of magnitude-wise for
Λ = O(TeV), which is in the range currently getting testable by the LHC. Note that realistic
extensions of the Standard Model typically have several possible diagrams for 0νββ, left-
right symmetric theories being one example [396]. In this sense, searches for 0νββ provide
constraints on a large number of models and parameters. Moreover, TeV-scale lepton number
violation has dramatic consequences for leptogenesis, as any lepton asymmetry generated at

7Note that BSM loop contributions may also have a larger contribution to 0νββ decay than Fig. 27, left
panel.
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high energies is washed out by such interactions in the early Universe [399,400].
All possibilities (including the standard mass mechanism) leading to 0νββ decay have

in common that they require new fields and lepton number violation, i.e., physics beyond
the Standard Model. As a consequence, while the discovery of 0νββ decay will imply the
discovery of physics beyond the Standard Model, the interpretation in terms of neutrino
mass is only one (arguably the best-motivated) possibility. Only the combination with other
direct and indirect mass measurements will reveal a self-consistent picture, which means that
the detected neutrino mass is compatible with the colored regions in Fig. 26 to establish
credibility in the Majorana mass mechanism.

We highlight the importance of different complementary approaches to measure neutrino
mass in Fig. 26, where also selected experimental bounds of future potential experiments are
shown for illustration (arrows), and we assume for this discussion that the discovery reach
is similar. In all cases, in principle, the inverted mass ordering can be excluded with a high
enough sensitivity in the future. Several exemplary scenarios are depicted, see marked disks
in the different panels:

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

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

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

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

From these examples it is clear that different complementary techniques are needed to probe
the absolute mass scale of the neutrinos and the nature of neutrino mass, as the most
important discoveries will be made by inconsistencies in these measurements. In most of the
above chosen examples (except for example 1) two of the techniques produce a consistent
result, whereas one measurement is in contradiction. Without a “tie-breaker”, it will not be
possible to identify the origin of such an inconsistency. While cosmological tests of neutrino
mass appear to have extremely good sensitivity, the direct test of neutrino mass and 0νββ
decay provide a straightforward path to neutrino mass and its nature. Finally, note that the
case of one massless neutrino can be falsified by future experiments.

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

5.6 Neutrino Mass: Summary

Tests of the absolute neutrino mass scale and the nature of neutrino mass are currently being
pursued by three avenues: kinematic measurements, neutrinoless double beta decay experi-
ments, and cosmological measurements. These approaches are complementary in the sense
of testing different combinations of neutrino mass eigenstates depending on the parameter
space they can access. Kinematic measurements are the most direct test of neutrino mass
regardless of its nature; however, testing very small mass scales is challenging and requires
detectors with sub-eV energy resolution. Neutrinoless double beta decay experiments are
searching for lepton-number violation in weak interactions to determine whether neutrinos
are so-called Majorana particles, i.e., their own antiparticles. An observation of this decay
may test the absolute scale of the neutrino masses and the nature of the neutrino mass term.
Nuclear matrix element uncertainties affect the translation of lifetime into neutrino mass,
which implies that measurements with different isotopes are required. Cosmological tests of
neutrino mass currently provide the most stringent bounds on neutrino mass; the extraction
depends on astrophysical and cosmological models and is sensitive to different types of sys-
tematics and parameter degeneracies. Establishing a self-consistent picture of neutrino mass
will therefore require all three techniques.

Significant progress has been achieved in improving current experiments and the develop-
ment of next generation experiments. Kinematic measurements are at the verge of pushing
the sensitivity below 1 eV with the goal of achieving sub-100-meV sensitivities. Current neu-
trinoless double beta decay experiments reach halflife limits of 1025−1026 years which convert
to limits on the effective Majorana neutrino mass on the order of 100s meV, depending on
isotope and nuclear matrix element. Next generation experiments are being developed with
the goal of reaching sensitivities of 1028 years or down to the few-meV level in mass space.
Neutrinoless double beta decay and kinematic measurements are extremely challenging ex-
periments. However, the community has been developing technological solutions to push
sensitivities beyond the 100-meV level. Over the next 10− 15 years experiments will probe
the complete parameter space of the inverted mass ordering and a large fraction of the pa-
rameter space in a normal ordering scenario. On a similar time scale, limits from cosmology
are expected to improve with the availability of larger observation times and new telescopes
coming online, so that they are expected to reach sensitivities in which a measurment is
guaranteed, if our standard theories on neutrinos and cosmology are correct.
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6 Neutrino Interactions

6.1 Introduction

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

• Coherent elastic neutrino-nucleus scattering: This process was recently observed
experimentally and can occur at any energy but dominates at lower energies. Its
hallmark is the detection of a very low energy nuclear recoil. See Section 6.4.7.

• Elastic scattering from atomic electrons: Such processes have a much smaller but
more well-known cross section than that for scattering off nucleons or nuclei, hence are
commonly used as a standard candle for neutrino flux determinations and/or BSM
searches. See Section 6.2.

• Scattering from individual nucleons: Neutrinos can also scatter off individual
nucleons, either elastically, quasi-elastically, or leading to the production of a resonant
state. There are multiple processes possible with numerous final state topologies. See
Section 6.3.

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

These neutrino cross sections generally scale with lab energy as:

σ(Eν) ∝
sCM

(M2
W/Z ±Q2)2

, (16)

where sCM is the center-of-mass energy squared (∼ 2mEν if the target mass is neglected,
wherem the mass of the target, Eν is the neutrino energy),MW/Z is the mass of the exchanged
boson, and Q2 is the momentum-transfer squared. The ± corresponds to t-channel scattering
and s-channel annihilation. For |Q| �MW , the cross section grows with energy but at very
high energies it falls as |Q2| grows. Fig. 28 illustrates the charged current (CC) inclusive
neutrino cross section (σCC/Eν) as a function of neutrino energy Eν [277]. It should be noted
that at the very highest energies (not shown), neutrino absorption by the cosmic neutrino
background via the process ν + ν → Z is possible. See [401] for a discussion of the relevant
energy scale ∼ 1012 GeV (depending on the neutrino masses), where these effects become
important.
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Figure 28: Neutrino inclusive cross sections scaled by neutrino energy from [277]. Quasi-elastic
processes dominate at very low energies while partonic processes take over at higher energies.

6.1.1 Electron, Muon and Tau Neutrinos

Electron-type neutrinos are mainly produced in nuclear beta decay in reactors, in the Earth’s
core, and in fusion reactions in the Sun, while most accelerator neutrino beams originate from
light meson decays and are produced as muon neutrinos. Neutrino mixing effects lead to
transformations between species but our ability to tag flavor depends on the presence of
a charged-current neutrino interaction where the charged lepton in the final state can be
identified. This leads to limitations on detectability due to leptonic mass thresholds. For
the simplest charged current scattering process ν` + n → `− + p, the requirement that the
center-of-mass energy squared accommodate the final state particles,

s = (m` +mp)
2 (17)

Eν ≥
(m2

p −m2
n) +m2

` + 2mpm`

2mn

, (18)

leads to an energy threshold of ∼ 100 MeV for muon-neutrino interactions and ∼ 3.5 GeV
for tau neutrinos. Due to these thresholds, only electron-neutrino appearance can be de-
tected in solar and reactor experiments. Appropriate oscillation lengths for detecting the
transformations of muon and tau neutrinos are therefore higher, with L ≥ 50 − 100 km
necessary to reach an oscillation minimum. Despite the difficulties imposed by the high
energy threshold, DONUT was the first experiment to observe tau neutrinos [402] and more
recently, the OPERA collaboration [403] reported their final results on the appearance of
10 tau neutrinos in a muon-neutrino beam with energies ranging from 5 to 30 GeV in 2018.
Very high-energy astrophysical tau-neutrino interactions are detectable in the IceCube ex-
periment [135] as extended cascade from the neutrino scatter and subsequent decay of the
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Figure 29: Feynman diagrams for neutrino electron scattering. The top row shows diagrams that
are possible (although possibly kinematically not allowed) for all neutrino species while the bottom
row shows the different diagrams for electron neutrinos and antineutrinos that lead to differential
matter effects.

tau lepton. Tau-neutrino interactions and oscillations remain, however, a largely unexplored
topic for future experiments.

We begin our discussion of neutrino cross sections with the cross sections for scattering
off free electrons (Sec. 6.2), then free nucleons (Sec. 6.3), followed by the complications that
arise due to nuclear effects (Sec. 6.4).

6.2 Scattering from Atomic Electrons

All flavors of neutrinos can interact with atomic electrons via neutral current interactions,
while electron neutrinos have additional charged current diagrams (shown in Figure 29)
which lead to matter effects when neutrinos traverse dense media. This leads to the matter
effects observed in neutrino mixing as discussed in Chapter 4.

With the advent of high intensity neutrino beams such as the Fermilab NuMI beam,
event rates for the process νµ + e− → νµ + e− are now high enough to provide a statistically
significant standard candle based solely on this pure electroweak process. As an example, the
MINERνA experiment recently reported a measurement of this process in the 1 − 20 GeV
region which resulted in a cross section measurement with 3% accuracy and considerable
improvement in the neutrino flux prediction for the experiment [404].

6.3 Neutrino Interactions with Nucleons

Due to the need for higher event statistics, modern neutrino experiments use heavier nuclear
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Figure 30: Feynman diagrams representing (from left to right) (a) QE, (b) CC meson, (c) CC pion
and kaon production, and (d) DIS processes. In the case of NC-induced processes, the final state
lepton `−(`+) and exchange boson W± are replaced by ν`(ν̄`) and Z, respectively.

targets (C, O, Ar, Fe), although there are historical low-statistics data on hydrogen and
deuterium [277] that provide information on single nucleon interactions. Interactions on
heavy nuclei then combine the physics of single nucleon interactions with nuclear effects that
will be discussed in Section 6.4.

Neutrinos and antineutrinos interact with free nucleons through the following processes
induced by charged currents (CC) and neutral currents (NC):

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

ν`/ν̄`(k) +N(p) −→ `−/`+(k′) +N ′(p′), N,N ′ = n, p (CC), (19)
and ν`/ν̄`(k) +N(p) −→ ν`/ν̄`(k

′) +N(p′) (NC), (20)

leading to a nucleon final state in the ∆S = 0 sector (see Fig. 30a). In the strangeness
sector, meson final states are possible. Such reactions are constrained by the ∆S = ∆Q
and flavor-changing neutral current rules leading to CC reactions induced by antineu-
trinos (Fig. 30b), i.e.:

ν̄`(k) +N(p) −→ `+(k′) + Y (p′), Y = Λ,Σ0,Σ−. (21)

In each case, the quantities in parentheses represent the four momenta of the corre-
sponding particles.

• Inelastic scattering (IE): In CC and NC inelastic processes, single (Fig. 30c) and mul-
tiple mesons are produced in the reactions subject to the absence of flavor-changing
neutral currents. A list of such reactions is given in Tab. 12.

• Deep inelastic scattering (DIS): CC and NC DIS processes (Fig. 30d) are represented
by the same reactions as in Eq. (21) except with the replacement that N,N ′ are now
instead a jet of hadrons rather than a single nucleon in the final state.

We will next go into more detail on each of these possible nucleon-level scattering pro-
cesses.
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S. No. CC induced ν(ν̄) reactions NC induced ν(ν̄) reactions
1. ν`(ν̄`) +N −→ `−(`+) +N ′ + π ν`(ν̄`) +N −→ ν`(ν̄`) +N ′ + π
2. ν`(ν̄`) +N −→ `−(`+) +N ′ + nπ ν`(ν̄`) +N −→ ν`(ν̄`) +N ′ + nπ
3. ν`(ν̄`) +N −→ `−(`+) +N ′ + η ν`(ν̄`) +N −→ ν`(ν̄`) +N ′ + η
4. ν`(ν̄`) +N −→ `−(`+) + Y +K νl(ν̄`) +N −→ ν`(ν̄`) + Y +K
5. ν`(ν̄`) +N −→ `−(`+) +N ′ +K(K̄) ν̄l +N −→ l+ + Y + π

Table 12: Charged- and neutral-current-induced inelastic processes. Here N,N ′ represent proton
and neutron, Y = Λ,Σ represents the hyperons, K = K+,K0 represents the kaons, K̄ = K−, K̄0

represents the antikaons and ` = e, µ represents the leptons.

6.3.1 Quasi-Elastic Scattering

Quasi-elastic scattering events are commonly used in the analysis of accelerator-based and
atmospheric neutrino oscillation measurements. The transition matrix element for such
processes as given in Eqs. (19)–(21), can be simply written as

M = a
GF√

2
[ū(k′)γµ(1± γ5)u(k)] [ū(p′) (V µ − Aµ)u(p)] , (22)

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

ū(p′)V µu(p) = ū(p′)

[
γµfNB1 (Q2) + iσµν

qν
M +MB

fNB2 (Q2)

+
2 qµ

M +MB

fNB3 (Q2)

]
u(p),

ū(p′)Aµu(p) = ū(p′)

[
γµγ5g

NB
1 (Q2) + iσµν

qν
M +MB

γ5g
NB
2 (Q2)

+
2 qµ

M +MB

gNB3 (Q2)γ5

]
u(p), (23)

where B represents a nucleon N or a hyperon Y , M and MB are the masses of the initial
nucleon and final baryon; qµ is the four-momentum transfer with Q2(= −q2) ≥ 0, while
fNB1 (Q2), fNB2 (Q2) and fNB3 (Q2) are the weak vector, magnetic and induced scalar form
factors and gNB1 (Q2), gNB2 (Q2) and gNB3 (Q2) are the axial vector, induced tensor (also known
as weak electric) and pseudoscalar form factors, respectively [405]. T invariance implies that
f1−3(Q2) and g1−3(Q2) are real. In the absence of second class currents, i.e., assuming T -
and G-invariance, fNB3 (Q2) = 0 and gNB2 (Q2) = 0. The hypothesis of a conserved vector
current (CVC), which follows from the assumption that weak vector currents along with the
EM current form an isotriplet, implies that fnp1,2(Q2) = fp1,2(Q2)− fn1,2(Q2). The vector form
factors for the nucleons f1,2 are given in terms of EM form factors fp1,2(Q2) and fn1,2(Q2) which
in turn are expressed in terms of the Sachs electric (Gp,n

E (Q2)) and magnetic (Gp,n
M (Q2)) form

factors of the nucleons. Information from charged lepton scattering can be used to constrain
the vector form factors while the axial form factors are more easily accessible in neutrino
data. For details, please see Ref. [406,407].
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Historically, the axial vector form factor g1(q2) has been parameterized as a dipole given
by

gnp1 (Q2) =
gA(0)(

1 + Q2

M2
A

)2 , (24)

where the axial charge gA(0) = 1.267± 0.003 and the axial dipole mass MA = 1.026± 0.021
GeV is the world average value [408]. Even if its asymptotic behaviour at high Q2 is the
one predicted by perturbative QCD, the dipole ansatz is not theoretically well founded.
Alternative representations have been therefore developed such as the z-expansion, based
on the analytic properties of strong interactions [409]. The partially conserved axial current
(PCAC) assumes that the divergence of the axial current is given in terms of a pion field,
i.e. ∂µAµ(x) = Cπφπ(x) implying that g3(Q2) = 2Mg1(Q2)

m2
π+Q2 .

6.3.2 Cross Sections and Polarization Observables in Quasi-Elastic Processes

The cross sections associated with quasi-elastic scattering are calculated using the matrix
element given in Eq. (22). There are many resulting observations made: total cross sec-
tions (σ), the energy and angular distributions of the final state particles, as well as the
double differential cross sections for the charged lepton and the nucleon in the final state.
If the processes given in Eq. (19) take place with a nucleon bound inside a nucleus, note
that nuclear medium effects are then very important. These nuclear medium effects play
an important role in the final state composition, in interpreting the experimental results,
and in the determination of MA in nuclear target data. It has been also observed that
the quasi-elastic hyperon production induced by antineutrino scattering can give significant
contribution to the pion production arising due to the hyperon decay and is comparable to
the pions arising due to ∆ decay in nuclear targets in the sub-GeV energy region relevant
for atmospheric and accelerator experiments being performed to study neutrino oscillation
phenomenona [406,410–412].

It has also been suggested [406,407] that polarisation measurements of the baryon in the
final state can give important information about the various form factors as has been found
in the case of electron-proton scattering. Moreover, a determination of all the form factors
including f3(q2) and g2(q2) would also help to study the status of G and T -invariance in the
weak interaction. Notwithstanding the experimental difficulties in measuring the nucleon
polarisation in quasi-elastic reactions as it would involve a double scattering experiment, it
is possible to make such polarisation measurements in the case of ν̄ + N → e+ + Y, Y →
Nπ reactions. Those are self analysing by performing measurements on the polarisation
observables and asymmetries in the angular distribution of final nucleons and pions. The
taus produced in charged current ντ (ν̄τ ) interactions are polarized and this tau polarization
affects the distributions of its decay products used in identifying charged current and neutral
current events. Theoretical estimates and the feasibility of measuring these observables have
been recently discussed in the literature along with the implications in determining the
various form factors [406,407].
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Figure 31: Allowed kinematical region for neutrino-nucleon scattering in the (Q2, ν) plane for Eν = 3
GeV (left panel) and Eν = 7 GeV (right panel). The square of the invariant mass is defined as
W 2 = M2

N + 2MNν −Q2 with nucleon mass MN and energy transfer ν. The inelasticity is defined
as y = ν

Eν
= (Eν−El)

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

The elastic limit is x = Q2

2MNν
= 1 and the shallow inelastic scattering (SIS) region is defined as the

region for which MN + Mπ ≤ W ≤ 2 GeV and Q2 ≥ 0 covering both non-resonant and resonant
meson production. The DIS region is defined as the region for which Q2 ≥ 1 GeV2 and W ≥ 2
GeV, and the soft DIS region is defined as Q2 < 1 GeV2 and W ≥ 2 GeV. Notice the yellow
band (MN < W < MN +Mπ), where we do not expect anything from neutrino-nucleon scattering.
However, this region becomes important when the scattering takes place with a nucleon within a
nucleus due to the multi-nucleon correlation effect. In the yellow band process like photon emission
is possible. Soft DIS region is also nothing but the SIS region. The boundaries between regions are
not sharply established and are indicative only.

6.3.3 Inelastic Scattering

Above the QE scattering region the region of inelastic scattering starts with the excitation
of the ∆ resonance followed by excitation of increasingly higher mass resonant states. These
resonances sit atop a continuum of non-resonant π production that starts at hadronic system
mass-squared W 2 = p′ ·p′ = (M +mπ)2 (Fig. 31). The generic Feynman diagrams describing
these reactions are shown in Fig. 32, where one vertex is the weak vertex describing the
weak interactions of leptons with W±(Z) bosons, while the second vertex is a mixed vertex
describing the weak interaction of nucleons and the strong interactions of the meson-baryon
system described by a phenomenological Lagrangian consistent with the symmetries of the
strong interaction or by an effective Lagrangian motivated by the symmetries of QCD like
the chiral symmetry. This resonant plus non-resonant π production region transitions leads
directly into the DIS region (Fig. 31), where the interactions occur on quarks, at a kine-
matically defined regions for most experiments as W ≥ 2.0 GeV and Q2 ≥ 1 GeV2 and
this kinematical cut is adhoc and in most of the experimental analyses the region W ≥ 2.0
GeV and Q2 ≥ 1 GeV2 are considered to be the safe DIS region. The non-resonant pion
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Figure 32: Feynman diagrams contributing to the hadronic current corresponding to W iN →
N ′(N ′′)π±,0, where (i = ±) for charged-current processes and (W i ≡ Z ; i = 0) for neutral current
processes with N,N ′, N ′′ = p or n. The first row (left to right) represents s- and u-channel diagrams
for the resonance production, and the nucleon pole terms and the second row shows the contact,
pion pole and pion-in-flight term.

νl/ν̄l(k)

l−/l+(k′)

W−/W+

N(p)
R(p′)i

Figure 33: Diagrammatic representation of resonance excitations for the charged current induced
ν`(ν̄`) + N → `−(`+) + R process, where R represents the different resonances contributing to the
hadronic current.

production region as well as the region with W ≥ 2.0 GeV and Q2 ≤ 1 GeV2 is the in-
triguing kinematic region now referred to as the shallow-inelastic scattering (SIS) region. In
this transition region, the principle of quark-hadron duality can be very effectively used to
connect the DIS cross section to the cross section in the resonance region, which states that
the nucleon structure functions at low Q2, averaged over a certain energy are similar to the
structure functions of DIS processes at higher Q2 averaged over the same energy. Thus, for
a given energy, the structure functions in the transition region can be equivalently described
either by the inelastic or DIS structure functions with appropriate evolution from low to
high Q2 [413].

The nucleon resonances which are excited in the inelastic reactions (shown in Fig. 33)
are characterized by their mass, parity, spin and isospin and are represented by the symbol
RIJ(MR), where R is the name of the resonance given on the basis of its orbital angular
momentum, i.e., L = 0, 1, 2 and named S, P, D, etc., showing its parity, MR is the mass
while I and J specify their isospin and spin quantum numbers. Near the threshold region
of single pion production, the P33(1232) resonance is dominant while at higher energies the
resonances such as the P11(1440), S11(1535), D13(1520) and P13(1720), lying in the second
and third resonance regions, become increasingly important [413–415].

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

In recent times, many calculations have been performed in the isobar model with or
without explicitly taking into account the final state interaction of the pion-nucleon state.
The existing experimental data on the single pion production process from (almost) free
nucleons are available only from the bubble chamber experiments performed almost 40 years
ago at ANL and BNL with deuteron and hydrogen targets. The ANL and BNL results
differ with each other by about 30 − 40%. Reanalysis of these data has resulted a better
agreement between these two data sets [416]. Nevertheless, it has been strongly felt that
it is important to have a good understanding of the basic inelastic processes on nucleon
targets as current and future neutrino oscillation experiments are being performed using
medium to heavy nuclear targets and neutrino-nucleon scattering cross sections serve as an
important input in all the Monte Carlo generators. The (anti)neutrino induced single kaon
production [417,418], eta production [419] and associated particle production [420,421] have
also been studied recently.

In recent times, many calculations have been performed in the isobar model with or
without taking into account non-resonant contributions. Unitarity, which is absent in tree
level amplitudes, can be accounted for perturbatively using chiral perturbation theory [422]
but this approach is applicable only close to threshold. It can also be approximately restored
by imposing Watson’s theorem [423]. Ultimately, it can be implemented dynamically by
solving the Lippmann-Schwinger equation in coupled channels for the meson-baryon system.
This is the approach followed by the dynamically coupled channel (DCC) model to achieve a
unified description of weak production of Nπ, Nππ, Nη and Y K final states with invariant
masses W . 2 GeV [424].

6.3.4 Deep Inelastic Scattering

For inclusive neutrino and antineutrino induced deep inelastic scattering (DIS) processes on
free nucleons (Fig. 30), the differential cross section is calculated in a quark parton model
using the assumption of approximate Bjorken scaling. The differential scattering cross section
in terms of the Bjorken scaling variables x and y is given by:

d2σN
dxdy

=
G2
FMEν
π

[
y
(
xy +

m2
`

2EνM

)
F1 +

(
1− y − Mxy

2Eν
− m2

`

4E2
ν

)
F2 ±(

xy(1− y

2
)− y m2

`

4MEν

)
F3 +

(
xy

m2
`

2MEν
+

m4
`

4M2E2
ν

)
F4 −

m2
`

2MEν
F5

]
, (25)

where +(−) corresponds to neutrino (antineutrino)-nucleon scattering. In the limit that the
lepton mass m` → 0, only the F1−3 structure functions contribute. In the limit of high Q2
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and energy transfer ν, such that the Bjorken variable x = Q2

2Mν
→ constant, the nucleon

structure functions become a function of the dimensionless variable x only, and F1(x) and
F2(x) satisfy the Callan-Gross relation F2(x) = 2xF1(x). Through the explicit evaluation
of the nucleon structure functions, one may write them in terms of the parton distribution
functions (PDFs) viz. u(x), d(x), etc., which provide information about the momentum
distribution of the partons within the nucleon, and are given by:

FCC
2 (νp) = 2x[d+ s+ ū+ c̄]; xFCC

3 (νp) = 2x[d+ s− ū− c̄] ,
FCC

2 (ν̄p) = 2x[u+ c+ d̄+ s̄]; xFCC
3 (ν̄p) = 2x[u+ c− d̄− s̄] . (26)

If one assumes isospin symmetry, u and d quark distributions are swapped for a neutron
target and expressions of the cross section for neutrino and antineutrino DIS are obtained.
The effect of various perturbative and nonperturbative QCD corrections on the free nucleon
structure functions Fi=1−3 have been studied in the literature such as target mass corrections,
higher twist effects, etc. and emphasis has been made to understand their implications in
the determination of nuclear structure functions [425]. Historically, thanks to the ability
to separate quark and antiquark flavors, neutrino interactions on nuclear targets played
an important role in the early development of parton distributions. Limitations due to the
presence of nuclear effects at the 10−20% level have led to neutrino data being deemphasized
in modern fits intended for proton-proton scattering experiments; pA data sets from the LHC
at CERN have led to renewed interest in these nuclear parton distributions. See Ref. [426]
for a recent comparison of pA and neutrino data.

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

d2σνp

dxdy
=

G2
F sx

π
(d(x) + s(x) + (1− y2)(ū(x) + c̄(x)) , (27)

d2σν̄p

dxdy
=

G2
F sx

π
(d̄(x) + s̄(x) + (1− y2)(u(x) + c(x)) (28)

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

6.4 Neutrino Interactions with Nuclei

Most neutrino oscillation experiments rely on massive detectors to achieve the target mass
necessary to detect sizable statistics of neutrino interactions over large distances. Although
there is some data from hydrogen bubble chambers [427], most detectors use heavier mate-
rials such as scintillator (CH), water (H2O), iron (Fe) or noble liquids (Ar). As a result, the
nucleon phenomenology described above must be expanded to include the effects of interac-
tions within a complex nucleus. To perform precision neutrino oscillation measurements, we
must also understand the flavor (e, µ, τ) and weak-charge (ν, ν) dependence of neutrino inter-
action rates and how the determination of the neutrino energy and the measured scattering
rates depends on those parameters.

100



6.4.1 Neutrino Energy Determination

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

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

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

EQE
ν(ν) '

M2
n(p) − (Mp(n) − Eb)2 −M2

` + 2(Mp(n) − Eb)E`
2(Mp(n) − Eb − Eµ + P` cos θ`)

, (29)

where EQE
ν is the estimated neutrino energy, Mn andMp are the neutron and proton masses,

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

6.4.2 Neutrino Interaction Rate Determination

In order to determine neutrino oscillation parameters, the final state neutrino flavor must
be identified. In theory, this relies only on detecting the final state charged lepton, but
for each target nucleus, detector technology and neutrino flavor, the final state signatures
require unique selection criteria which depend on a large number of model parameters. Ref-
erence [428] lists some of the factors that must be considered in optimizing experimental
sensitivity to oscillations. They include nuclear corrections to quasi-elastic scattering (1p1h),
the presence of correlated nucleon effects (2p2h), resonance production of final state pions,
high-W inelastic scatters in which the nucleon breaks up, and final state interactions (FSI)
in which the outgoing hadronic particles interact in the nucleus and have their type or kine-
matics altered. For recent summaries of the impact of nuclear effects on neutrino interaction
predictions and hence neutrino oscillation measurements, please see [429,430].

Over the past two decades, improvements in detector technology and increased statistical
power have been accompanied by neutrino-nucleus interaction event generators of increasing
sophistication and accuracy, including GENIE [431], NuWro [432], NEUT [433], and GiBUU
[434]. These models now incorporate a wide range of nuclear effects, including short range
interactions, long range screening effects, and final state interactions. The simplest models
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Figure 34: Ratio of reconstructed to true antineutrino energy in quasi-elastic interactions, illus-
trating the effects of resonance production and 2p2h effects. Pure quasi-elastic scattering is spread
out by Fermi motion while most other effects decrease the reconstructed energy. The solid regions
represent interactions where the final state contains no additional pions while the hatched regions
contain additional low energy pions that were below detection threshold. This shows the extent to
which such effects need to be accounted for in order to obtain an accurate neutrino energy estimate.
The effects can be sizable.

start with a Relativistic Fermi Gas (RFG) treatment where the nucleus is modeled as a simple
potential well populated by neutrons and protons [435]. RFG models predict a velocity
distribution for the nucleons inside the nucleus and hence an intrinsic spread EQE

ν around
the true Eν . Fig. 34 shows a GENIE [431] prediction at particle level for the ratio of the
kinematic estimate to true neutrino energy EQE

ν /Eν in antineutrino events in the 2− 6 GeV
region. Pure quasi-elastic events are smeared by Fermi motion but centered on the correct
value of Eν . Almost all other nuclear effects result in an underestimate of the neutrino energy
if EQE is used to estimate the energy for candidate quasi-elastic scattering events.

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

6.4.3 Multi-Nucleon Correlation Effects

There is now substantial evidence from both elastic electron scattering [436] and quasi-elastic
neutrino scattering [437–440] that a significant proportion of neutrino interactions involve
scattering from correlated nucleon pairs. This process is alternately described as a 2p2h
(2-particle 2-hole) or MEC (Meson Exchange Current) process. Figure 35 illustrates this
process schematically while Fig. 36 shows contributing diagrams. In Fig. 34 events from this
process are shown to give an underestimate of the true neutrino energy due to the failure of
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2 particle

2 hole

Figure 35: Illustration of a standard charged current process where an antineutrino interacts with a
single proton and produces a recoil neutron (top) and a 2p2h process where the antineutrino interacts
quasi-elastically with an np pair in the nucleus producing a two nucleon final state (bottom).

the 2-body scattering assumption. A significant body of theoretical work in recent years has
led to improved calculations of such multi-nucleon effects [429,441–449].

6.4.4 Final State Interactions

In nuclei, the products of the initial scatter must traverse the nuclear material. This can
lead to rescattering, production, or absorption of final state hadrons, and results in a final
state that differs from the one that would be expected from the initial neutrino-nucleon
interaction. As one example, Fig. 37 illustrates the way in which final state interactions
of pions from neutrino-induced resonance production can mimic the 2-body signature of
quasi-elastic scattering if a pion is absorbed in the target nucleus. In addition, Fig. 38
shows a comparison of charged pion production data from the MINERνA experiment [450]
with modern models [431,432,434] that highlights the need to include final state interaction
effects.

6.4.5 Random Phase Approximation and Spectral Functions

Other effects include screening effects at low momentum transfer squared, where the neutrino
probe fails to fully resolve the individual nuclei. These can be modeled using a Random Phase
Approximation (RPA) [451, 452] which provides a more accurate prediction of accelerator
and atmospheric neutrino scattering at low Q2 and is also of importance in double beta-decay
matrix element calculations [453].
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Figure 37: Illustration of the effects of final state interactions. In this case, a neutrino interaction
has produced a heavy resonance, which decays to a nucleon and pion, the pion is absorbed within
the nucleus, mimicking a quasi-elastic interaction signature.

6.4.6 Neutrino Interactions in the few Tens of MeV Range

The neutrino energy regime from a few MeV up to around 100 MeV is relevant for detection of
solar and supernova burst neutrinos and for the low-energy tail of the atmospheric neutrino
flux. Reactor neutrinos and neutrinos from pion decay at rest fall in this range as well. In
this regime, neutrinos will interact with nuclei via charged and neutral current interactions,
perhaps changing Z but not leading to a nuclear breakup. Below 100 MeV, only charged
current interactions of νe and ν̄e flavors are kinematically accessible. The final-state e± are
observable for CC interactions, and if the final-state nucleus is left in an excited state, then
there is potentially observable de-excitation debris (e.g., gamma rays or ejected nucleons)
for both CC and NC interactions. The inverse beta decay CC interaction on the simplest
nucleus, a free proton (ν̄e + p → n + e+), is very well understood theoretically. However,
for other nuclei, the interaction cross sections and differential final-state distributions tend
to be highly dependent on the nuclear structure of initial and final states; there are consid-
erable theoretical uncertainties. There are very few measurements of cross sections in this
energy range in the literature. There are existing measurements of CC interactions of νe on
12C [454,455], 127I [456] and Fe [457], and measurement of CC and NC d breakup (reviewed
in [458]) and NC excitation of 12C [459] in this energy regime, but little else. A program of
measurements on nuclei relevant for supernova neutrino detectors – in particular, 16O, 12C,
40Ar, and Pb – is needed. Knowledge of neutrino interaction cross sections on other nuclei
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Figure 38: Differential cross sections of charged pions from the MINERνA experiment at neutrino
energies ∼ 4 GeV. The plot on the left compares the data (solid points) to predictions from GENIE,
NuWro, and GiBUU. The plot on the right shows the components in the GENIE model compared
to the data. The difference between the red-dashed (no-FSI) and solid red (MINERνA) curves
suggests a substantial FSI effect.

is also of value for understanding of nuclear structure and BSM searches.
Neutrinos from pion decay at rest are well suited to measurements of these cross sections.

If positive pions produced by proton collisions on a nuclear target are stopped in a dense
material, they decay at rest, producing, per pion, a νµ, a ν̄µ and a νe with a well understood
energy spectrum extending to about 50 MeV (half the mass of the muon). If the pions are
produced by a pulsed beam, the time distribution can also be well known. The stopped-pion
neutrino spectrum overlaps significantly with the expected neutrino spectrum from a super-
nova burst. Existing and future sources have excellent potential for improved understanding
of neutrino interactions in the few tens of MeV range. Current stopped-pion sources in use
for neutrino physics include the SNS [460], JSNS [461], and Lujan [462]; possible sources in
future are the ESS [463], CSNS [464] and DAEδALUS [465].

Neutrino cross sections in the energy range from about 50 MeV to a few hundred MeV are
perhaps even more poorly understood than those for few-tens-of-MeV interactions. There are
few near-term prospects for well-understood neutrino sources. Beta beams are a possibility,
although the necessary technology does not currently exist.

6.4.7 Coherent Elastic Neutrino-Nucleus Scattering

Coherent elastic neutrino-nucleus scattering (CEνNS) is a process in which a neutrino scat-
ters elastically with an entire nucleus, leaving it intact; the only significant observable from
this process is the tiny recoil energy imparted to the nucleus [466–468]. The differential cross
section with respect to nuclear recoil T is

dσ

dT
=
G2
FM

4π

(
1− MT

2E2
ν

)(
(1− 4 sin2 θW )Z −N

)2
, (30)

where M is the nuclear mass. If the coherence condition is not fulfilled, both Z and N are
modified with nuclear form factors. For reactor neutrinos, coherency is near-exact and those
are ∼ 1. The cross section is relatively large, scaling as the square of the weak charge of
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the nucleus, which is proportional to (N − 4 sin2 θWZ)2. Because the weak mixing angle
is ∼ 1/4, the proton contribution Z to the weak coupling is small, and so the interaction
rate scales as N2, where N is the number of neutrons in the nucleus. A nuclear form factor
F 2(Q), which is a function of the 4-momentum transfer Q, modulates the rate, suppressing
it for Q� 1/R, where R is the nuclear radius. For neutrino energies less than about 50–100
MeV for medium-size nuclei, this low-Q CEνNS process dominates. The maximum recoil
energy of the nucleus is T ∼ 2E2

ν/M , where M is the nuclear mass; this translates to keV-
scale recoils for reactor neutrino energies, and to tens of keV scale recoils for stopped-pion
neutrino energies. Detecting these tiny recoils is a technical challenge.

Studies of CEνNS offer a window into (beyond-the)-Standard-Model physics. If high
enough precision can be reached (percent level), the Weinberg angle could be determined at
low momentum transfer [469], or the nuclear neutron distribution and neutron rms radius
could be measured [470]. The difference of the latter to the proton rms radius is called neu-
tron skin and influences for instance the neutron star equation of state, which links CEνNS
to gravitational waves. Because the uncertainties on the nuclear form factor are small (at
the few percent level), any deviation from the Standard Model expectation in the expected
observables (rate, recoil spectrum and angular distribution as a function of N and Z) could
point to new interactions, mediators, or new particles in the final state [471–474]. An anoma-
lous neutrino magnetic moment could turn up in the spectrum as an upturn at low nuclear
recoil energy [469, 475]. The low energy scale of the process allows to distinguish several
new physics scenarios which give the same effect in higher-energy oscillation experiments.
Furthermore, it offers a new probe of sterile neutrino oscillations [476].

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

In 2017, the COHERENT experiment made the first measurement of the CEνNS process
in Na-doped CsI crystals using the neutrinos from the Spallation Neutron Source [477]. In
2020, COHERENT made the first CEνNS measurement in Ar [478]. COHERENT plans
measurements of CEνNS on Ge and NaI in the near future, and possibly additional targets.
The Coherent Captain Mills experiment is planning to make use of the Los Alamos Lujan
facility [479], and the European Spallation Source [463] offers high power but less sharply
pulsed beam. Fig. 39 summarizes measurements.

The frontier for future CEνNS experiments is at low recoil energy. For the ∼ 30 MeV neu-
trinos from stopped-pion decay, tens-of-keV nuclear recoils are relatively accessible. However
for reactor neutrinos, the required thresholds are less than 1 keV, and in that experimen-
tal regime, achieving good signal to background is technically very challenging in spite of
high reactor fluxes. Nevertheless, a number of experimental collaborations deploying diverse
low-thresholds technologies are taking on this challenge. These include CONUS [480, 481],
CONNIE [482], Ricochet [483], RED [484], MINER [485], Nu-Cleus [486], NuGEN [487], and
NEON [488]. As for dark matter experiments, precise knowledge of the detector response
for nuclear recoils is important.
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Figure 39: CEνNS cross section as a function of the number of neutrons in a nucleus, averaged
over the stopped-pion neutrino spectrum (green, above), the solar 8B spectrum (magenta) and the
reactor spectrum > 0.1 MeV (red, below). The black line represents the flux-averaged cross section
for unity form factor; colored lines include the effect of the nuclear form factor. Indicated also
by black dots are several isotopes for which there are existing experiments. The blue points with
error bars indicate measurements by COHERENT [477,478]. The magenta arrow shows the upper
limit from XENON1T [489] and the red arrows show the upper limits from CONNIE [482] and
CONUS [481].

6.4.8 Ultra High Energy Neutrino Cross Sections

At energies above ∼ 1 TeV, neutrino interactions are dominated by the DIS contribution
and the Q2 dependence of both the weak boson propagator and the structure functions
come into play yielding a decrease in the neutrino cross section σCC/Eν as Eν increases.
Predictions of the neutrino cross section above 10 GeV rely on structure functions evaluated
using global fits to parton distribution functions. While there are no direct measurements
of the neutrino-nucleon cross section above Eν ∼ 350 GeV, the parton distribution functions
in the relevant (x,Q2) ranges are well constrained and there is widespread agreement in
predictions of the cross section for Eν <∼ 107 − 108 GeV [490–498]. At even higher neutrino
energies, small-x extrapolations of the parton distribution functions are less constrained.
For example, with Standard Model perturbative QCD evolution of the parton distribution
functions and Eν = 1011 GeV, the neutrino-nucleon scattering cross section is uncertain by
a factor of ∼ 4 [494, 495]. Allowing non-perturbative QCD evolution [499] can increase the
range of predictions at the same neutrino energy to a factor of ∼ 10, as shown in Ref. [500],
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for example.
What are the prospects for measurements of ultra high energy neutrino cross sections?

The angular-dependent atmospheric and astrophysical neutrino-induced event rates in the
IceCube Neutrino Observatory [501] depend on the cross section through neutrino flux at-
tenuation in the Earth and neutrino interactions in or near the detector [502]. These data
allow an extraction of the neutrino-nucleon cross section [144, 503] and inelasticity distri-
bution [504] in the TeV-PeV neutrino energy range. Cosmic sources of ultra high energy
neutrinos potentially provide fluxes of neutrinos with energies up to Eν = 1012 GeV, where
neutrino-induced horizontal air showers and tau-neutrino-induced upward air showers may
allow for neutrino cross section measurements [505,506]. A first Glashow resonance electron-
antineutrino candidate at 6.3 PeV has been reported by IceCube [507]. A summary of
current and proposed ground-based and space-based neutrino detectors for ultra high energy
neutrinos appears in Ref. [500]. At the LHC, experiments proposed to be positioned along
the beam line for BSM searches will intercept large numbers of muon and electron neutri-
nos and antineutrinos from pions and kaons [508–510], and all three neutrino flavors from
charm hadron decays [508,511]. The FASERν experiment [512], for example, would produce
neutrino cross section measurements that bridge the energy gap between accelerator-based
neutrino and IceCube measurements.

6.4.9 Present and Future Experiments

Neutrino cross section on protons (and deuterium) were historically measured in bubble
chamber experiments prior to 1990 [277, 458]. These measurements have been highly influ-
ential on understanding the basic physics of neutrino-nucleon scattering due to their ability
to fully reconstruct most of the final state. Since 1990, most neutrino experiments have em-
phasized cross section measurements relevant to neutrino oscillations; concentrating on high
statistics, energies in the 0.2−10 GeV energy range and on target nuclei best suited for short
and long-distance neutrino oscillation experiments. Table 13 summarizes the cross section
experiments that have been published recently. Modern neutrino cross section experiments
such as ArgoNeuT, MicroBooNE, MINERνA, MiniBooNE, NOvA, and T2K now have data
samples with hundreds of thousands of neutrino interactions in quasi-elastic and meson fi-
nal state channels. These high statistics measurements have led to increasing refinement of
model parameters. In the future, additional high statistics neutrino-nucleus scattering data
on argon is expected from ICARUS, SBND, and the DUNE near detector. Precise deter-
mination of the cross sections of neutrinos with target material are absolutely necessary to
precisely determine neutrino parameters, and to probe physics beyond the standard neutrino
picture.

6.5 Neutrino Interactions: Summary

Predictions for the rates and topologies of neutrino interactions with matter are a crucial
component in many current investigations within nuclear and astroparticle physics. Ulti-
mately, we need to precisely understand neutrino-matter interactions to enable progress in
high priority physics including neutrino oscillations, supernova dynamics, and BSM searches.
Such improved understanding must in tandem include theoretical calculations of neutrino
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Experiment Neutrino Energies Neutrino Target Websites
ArgoNeuT 1− 20 GeV Ar t962.fnal.gov
COHERENT < 50 MeV Ar, Cs, Ge, Na COHERENT
K2K 0.2− 3 GeV water, scintillator K2K
MiniBooNE 0.2-3 GeV liquid scintillator MiniBooNE
MicroBooNE 0.2− 3 GeV Ar MicroBooNE
MINERνA 1.5− 20 GeV scintillator, He, C, Fe, Pb MINERvA
MINOS 3− 50 GeV Fe MINOS
NOvA 0.8− 4 GeV liquid scintillator NOvA
SciBooNE 0.2− 3 GeV liquid scintillator SciBooNE
T2K INGRID 0.2− 10 GeV scintillator T2K
T2K ND280 0.2− 10 GeV water and scintillator T2K
Table 13: Recent neutrino cross section experiments, their beam energies, and nuclear targets.

processes within a nuclear environment as well as dedicated experimental measurements to
verify such predictions across wide energy ranges and varying nuclei.

Over the past decade, notable advances have been made on both the theoretical calcu-
lations and experimental measurements of neutrino-nucleus scattering. However, neutrino-
nucleus interaction uncertainties remain a limiting factor in many neutrino oscillation searches
at both short and long distances. Experiments using heavier nuclear targets to increase their
signal yields have to contend with the presence of significant nuclear effects impacting neu-
trino interaction rates, particle kinematics, and observed final states. Uncertainties in both
the neutrino interaction cross sections and associated nuclear effects must be understood
to maximize the sensitivity of an experiment to neutrino oscillations, interpret a supernova
neutrino burst observation, and to uncover possible BSM physics in neutrinos. Continued
progress on both the theoretical and experimental fronts is crucial for the success of our en-
deavors in all of these areas. The future is bright with such efforts underway using electron
and neutrino scattering probes, encompassing multiple theoretical approaches, and spanning
a wide kinematic range with a variety of nuclear targets.
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7 The Number of Neutrinos

7.1 Introduction

Sterile neutrinos are singlets of the SM gauge group. Since they do not couple directly to
the gauge bosons they can only participate in weak interactions through mixing with active
neutrinos. The mass and number of these hypothetical particles are unconstrained by theory,
so in spite of any theoretical prejudice, they can be fairly light.

The quest for light sterile neutrinos, in the sub-eV–eV mass scale range, has been mo-
tivated by a series of low energy anomalies which cannot be accounted for by the standard
three-neutrino framework. These involve SBL experiments with neutrinos from accelerators,
nuclear reactors and radioactive sources.

The LSND anomaly, is the 3.8σ excess of events compatible to ν̄e appearance in a ν̄µ
beam observed by the LSND experiment [513], the MiniBooNE anomaly, is the 4.8σ excess
of electron-like events in the MiniBooNE experiment observed in both νµ and ν̄µ beams [514],
the reactor antineutrino anomaly, is the ∼ 6% deficit (a 3σ effect) of ν̄e in reactor SBL (< 100
m) experiments resulting from the re-evaluation of the reactor antineutrino flux [4, 515]
(although there are some doubts about the validity of this hint, see Sec. 3.2) and, finally, the
gallium anomaly, is the deficit of about 15% (a 2.5σ effect) in the observed neutrino count
rate in the calibration runs with radioactive sources of the Ga solar neutrino experiments
GALLEX/GNO and SAGE [516]. Very recently BEST [517] confirmed the gallium anomaly.
The deficit becomes larger (20± 5%) and has a larger significance.

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

SBL ∼ 1 eV2, a substantially higher scale than the solar (∆m2
21) and atmospheric

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

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

width established that there are only three light neutrinos, with masses lower than mZ/2
and SM couplings to this particle [518]. This implies that if there is a fourth light neutrino,
it must be sterile in nature having no direct couplings to the SM bosons.

The simplest implementation of this idea of adding an extra massive state to the neutrino
mass spectrum to solve the SBL anomalies and still provide a good flavor oscillation solution
to the solar and atmospheric data. The PMNS matrix is now a 4×4 matrix, new parameters
of interest are a new mass denoted m4, and PMNS matrix elements Uα4, with α = e, µ, τ .
In the usual parametrization, in particular, |Ue4| = sin θ14. It comes down to two basic
schemes: the (2+2) and the (3+1) schemes. The (2+2) scheme, where two groups of mass
eigenstates, one accounting for the solar and one for the atmospheric mass-squared difference,
are separated by a gap, has been since long discarded by global fits of solar and atmospheric
neutrino data [519]. The (3+1) scheme, however, remains a viable possibility. In the (3+1)
scheme there are four possible mass spectra, depending on the mass ordering. Here the three
(mostly) active mass eigenstates can account for the solar and atmospheric neutrino data in
the usual way and the (mostly) sterile mass eigenstate can be used to explain the anomalies.
It turns out that due to the dominance of the large ∆m2

SBL ≈ ∆m2
41 � ∆m2

21, |∆m2
32| the

survival and the oscillation probabilities for SBL experiments become effectively two-neutrino
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highly correlated probabilities, which in particular implies that νµ → νe appearance will
result in both νe → νe and νµ → νµ disappearance, making it non-trivial to both satisfy the
SBL anomalies and the negative results from disappearance experiments; see Sec. 7.6. That
is why different global analyses including the available data, while they may differ on the
conclusions about the degree of disagreement, seem to indicate tension between appearance
and disappearance SBL data in this scenario.

Non-oscillation experiments that aim to determine the absolute neutrino mass scale [317]
and whether neutrinos are Dirac or Majorana particles [396], can also independently help to
constrain the parameter space spanned by ∆m2

41 and Ue4.
Neutrino properties leave also observable imprints in cosmological observations. Cos-

mological data can be complementary to laboratory experiments by placing limits on the
sum of neutrino masses and the number of relativistic light degrees of freedom. Both seem
to currently challenge the sterile neutrino needed to solve the anomalies. Non-standard ef-
fects [520, 521] may, nevertheless, reduce sterile neutrino production in the early Universe
evading some of these limits.

The existence of light sterile neutrinos is still an open question and some of the afore-
mentioned SBL anomalies may have some other physical origin8, thus they must continue to
be vigorously scrutinized by experiments.

7.2 Sterile Neutrinos and Accelerators

7.2.1 Current Status

Across history, there have been multiple searches for the existence of sterile neutrinos using
accelerator-based neutrino sources and studying both νe appearance and νµ disappearance
oscillation signatures (see Tab. 14). Two experiments have observed anomalous signals. The
first is the LSND experiment which searched for neutrino oscillations using neutrinos from
a stopped pion source at Los Alamos National Laboratory in the mid to late 1990s. Using
the inverse beta decay process, LSND observed a 3.8σ excess of νe events that to this day
remains unexplained [513]. One should note that the KARMEN experiment, using a similar
setup, found no evidence for νe appearance [524], though a combination with LSND still
allows parameter space [525].

More recently, the MiniBooNE experiment has likewise reported 4.7σ νe and 2.7σ νe event
excesses after analyzing its complete data set after ∼ 15 years of operations [514, 526]. The
MicroBooNE [527] experiment at Fermilab uses the same neutrino source as MiniBooNE,
but a different and more capable detector technology, a liquid argon TPC, will be probing
the source of the excess of events seen in MiniBooNE. Results from MicroBooNE using a
variety of analysis strategies and multiple neutrino interaction modes are expected soon.

Both the LSND and MiniBooNE observations were made in the appearance mode. Inter-
estingly, none of the accelerator-based short-baseline neutrino experiments (including Mini-
BooNE itself [528]) have observed the νµ disappearance signature that one would expect
to observe as the muon neutrinos oscillate to electron neutrinos through a sterile neutrino
state. This includes the non-observation of νµ disappearance from CCFR, CDHS, Mini-
BooNE, MINOS, MINOS+, NOvA, and T2K (see Tab. 14). Recently, there has been a large

8Moreover, statistical issues may lead to an over-interpretation of the results [522,523].
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Experiment Baseline [m] Target Material Mode
CCFR 715, 1116 iron, scintillator νµ, νµ disappearance
CDHS 130 solid scintillator νµ disappearance

KARMEN 17.7 liquid scintillator νe appearance
LSND 30 liquid scintillator νe appearance

MicroBooNE 470 liquid argon νe appearance
MiniBooNE 541 mineral oil νe, νe appearance

MiniBooNE/SciBooNE 100, 540 solid scintillator, mineral oil νµ, νµ disappearance
MINOS, MINOS+ 1040, 734 k solid scintillator νµ, νµ disappearance

NOMAD 625 solid scintillator νe appearance
NOvA 1000, 809 k solid scintillator NC disappearance
T2K 280, multiple sub-detectors, NC disappearance,

295 k water Cherenkov νe & νµ disappearance
Table 14: Past and currently operating accelerator-based short-baseline neutrino experiments. In
this list, LSND and MiniBooNE are the two accelerator-based neutrino experiments which have
observed signals, both in appearance mode.

body of theoretical work that attempts to collectively explain the experimental measure-
ments by invoking additional BSM physics including heavy sterile neutrinos, dark portals,
new scalar bosons, and hidden sector sector physics [529, 530]. Such mechanisms tend to
lead to more complex final states (for example, e+e− pairs as opposed to a single electron or
positron), some of which could be observed in current and future liquid argon-based neutrino
experiments.

7.2.2 Future Prospects

There is more to come on the accelerator-based sterile neutrino front, as summarized in Tab.
15. While MicroBooNE is currently operating, it will soon be accompanied by two additional
liquid argon detectors (SBND and ICARUS) as part of the Short-Baseline Neutrino (SBN)
program at Fermilab [531]. This is the first time that a series of liquid argon TPCs will
have been positioned on the same beamline to study neutrino oscillations. The ICARUS
detector is currently being commissioned at Fermilab following an extensive refurbishment
at CERN. The SBND detector is currently under construction and will sit closest to the
Fermilab Booster neutrino source. Data from the SBND near detector to constrain the
un-oscillated neutrino flux, MicroBooNE (with its head start), and ICARUS (with its large
mass and longer baseline) will work together to fully address the sterile neutrino phase space
suggested by the LSND and MiniBooNE anomalies.

In addition, the JSNS2 [532] experiment, which is aiming to provide a direct test of LSND,
is about to start operations at J-PARC in Japan using a detector filled with gadolinium
loaded liquid scintillator exposed to a beam of neutrinos from muon decay at rest. Future
probes of sterile neutrinos will also be possible in the DUNE [533] and Hyper-K [534] near
detectors with extremely high statistics given the intensities of their planned neutrino beams.
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Experiment Baseline [m] Target Material Mode
IsoDAR 16 liquid scintillator νe interactions
JSNS2 24 liquid scintillator νe appearance

νSTORM TBD TBD νe, νe appearance & νµ, νµ appearance
SBN 110, 470, 600 liquid argon νe appearance, νµ disappearance

Table 15: Future planned and proposed accelerator-based short-baseline neutrino experiments that
will search for sterile neutrinos.

Next-generation sterile neutrino searches are also in the planning and include concepts using
a high intensity 8Li beta-decay-at-rest antineutrino source (IsoDAR [44, 45]) and neutrinos
uniquely created from the decay of muons confined within a storage ring (νSTORM [40]).

7.3 Sterile Neutrinos and Reactors

As discussed in Sec. 3.2, the 6% flux deficit compared to the new prediction in 2011 [5] is
called reactor antineutrino anomaly (RAA), and was suggested to be due to active-to-sterile
neutrino oscillation at an eV-scale with best-fit values of ∆m2

41 = 2.4 eV2 and sin2 2θ14 =
0.14 [515]. Recent developments of this particular hint and the current discussion on its va-
lidity can be found in Sec. 3.2.2.1. As discussed in previous sections, evidence of the eV-scale
sterile neutrinos was also observed in accelerator-based (LSND [535], MiniBooNE [536]) ex-
periments and also in calibration measurements of radio-chemical solar neutrino experiments
(GALLEX, SAGE).

7.3.1 Current Status

Uncertainties from each VSBL experiment from the ’80s and the ’90s were large. To reduce
these uncertainties in measurements and to have better understanding of the unexpected
“5 MeV excess”, many VSBL experiments have been created to take data. Table 16 sum-
marizes the VSBL experiments currently operating or being prepared. NuLat and CHAN-
DLER [537, 538] are mainly for nuclear non-proliferation and currently in R&D. Among
these VSBL reactor neutrino experiments, NEOS, STEREO, Neutrino-4 and PROSPECT
are based on liquid scintillators while the others on plastic scintillator. NEOS and DANSS
detect neutrinos from commercial reactors while the others from research reactors, i.e. they
use a 235U enriched neutrino source. PROSPECT and NEOS have the best energy resolution,
4.5% and 5%, respectively while the others have values larger than 10%. Only NEOS has a
homogeneous detector while the others are segmented (2D or 3D), i.e. better for background
rejection.

All the VSBL experiments perform model-independent analyses, and so far no significant
evidence for eV-scale sterile neutrino was observed from these experiments. NEOS’ [540]
spectral shape divided by Daya Bay’s showed an oscillation pattern indicating possibly a
sterile neutrino at 2.5σ but further reduction of systematic uncertainty is needed to claim it.

Neutrino-4 [541] claimed observation of sterile neutrinos with best-fit values of ∆m2
41 ' 7

eV2 and sin2 2θ14 ' 0.4. However, the statistical significance of the result was only 2.8σ.
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Experiment Power Baseline Target mass Target Segmentation
[MWth] [m] or volume material

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

Table 16: Comparison of the current VSBL reactor neutrino experiments [539]. — *) The main
purpose of NuLat, CHANDLER and iDREAM is to monitor reactors by observing neutrinos from
the reactors.

Moreover, the Neutrino-4 analysis method was questioned in Refs. [542–545]. Neutrino-4
replied to these critical comments on their analysis [546, 547] and addressed recently two of
them [548]. A more accurate treatment of energy resolution resulted in the reduction of the
significance from 2.8σ to 2.5σ. With increased data sample the significance of the signal
reached 2.9σ. The MC-based statistical analysis employed now by Neutrino-4 reduced the
significance of the signal from 2.9σ to 2.7σ. The obtained fit results of ∆m2

41 = 7.3 ± 1.17
eV2 and sin2 2θ14 = 0.36± 0.12stat are in tension with limits obtained by Daya Bay, Bugey-3
and RENO (see for example [549]), where the limits are obtained by taking into account
the large uncertainties of the predictions for the antineutrino flux from reactors. However,
the very recent BEST results [517] favor large ∆m2

41 and large sin2 2θ14 in agreement with
the Neutrino-4 best-fit values, see Sec. 7.4.1. The Neutrino-4 results are also in tension
with limits obtained by PROSPECT [25]. A comparison of the Neutrino-4 result with
other experiments was done in Ref. [550]. The Neutrino-4 claim can be tested by upgraded
DANSS [551] and PROSPECT [552]. Currently Neutrino-4 is constructing a new detector
with 3 times better sensitivity in comparison with the existing one [548]. Therefore, situation
with the Neutrino-4 claim will be clarified in 3− 4 years.

Both DANSS [553, 554] and NEOS excluded the RAA best-fit values at 5σ and 4.6σ,
respectively. Recent PROSPECT results using 96 calendar days of reactor-ON data [25]
showed no evidence of sterile neutrinos and also disfavored the RAA best-fit at 2.5σ. Recent
STEREO [555] result using 179-day reactor-ON data rejects the RAA at more than 99.9%
C.L.

7.3.2 Future Prospects

Recently, NEOS has finished its phase-II data-taking in October 2020, and their new results
would be available in 2021 or 2022 with 500-day reactor-ON data, covering a full fuel cycle,
with two sets of reactor-OFF data (before and after the reactor-ON period) for background
subtraction. Neutrino-4 will upgrade their detector (Neutrino-6) with a pulse shape dis-
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crimination capability. DANSS will continue to take data until Spring 2022 to cover one
more reactor-OFF period and will upgrade the spectrometer in 2022 in order to improve
the energy resolution. PROSPECT plans to de-construct, repair and upgrade their detector
because of an unacceptable number of non-functioning PMTs. PROSPECT is expected to
redeploy the detector after its upgrade (PROSPECT-II) for additional years of data taking.
STEREO collected 334-days reactor-ON data and finished data taking. SoLid has collected
196 (146)-day reactor-ON (OFF) data since 2018 and is expected to release new results
hopefully soon.

7.4 Sterile Neutrinos and other Experiments

7.4.1 Radioactive Sources

Radioactive 51Cr and 37Ar neutrino sources have been used for the calibration of the Ga-Ge
solar neutrino experiments GALLEX [556,557] and SAGE [558,559]. Using 71Ge production
by neutrinos from the sources through the charged current reaction 71Ga(νe, e

−)71Ge, the
observed event rate was only 0.88 ± 0.05 of the expected one [559]. This so-called gallium
anomaly could be explained by oscillations of electron neutrinos into sterile ones with mass-
squared difference around eV2 [560]. In order to test this hypothesis, the BEST experiment
used recently a 51Cr source of a huge activity of 3 MCi placed inside a 50-ton liquid Ga
target split into two nested volumes [561,562]. The ratios of the measured and expected rate
were Rin = 0.791 ± 0.05 and Rout = 0.766 ± 0.05 for the inner and outer detector volumes,
respectively [517]. These results are consistent with the gallium anomaly, and fitting all
source experiments gives R = 0.80± 0.05, implying a 4σ hint. This could be interpreted as
oscillation of electron neutrinos into sterile ones with large mixing and ∆m2

41 > 1 eV2 (the
BEST best-fit values are ∆m2

41 = 3.3 eV2 and sin2 2θ14 = 0.42). A large fraction of sterile
neutrino parameter space preferred by BEST including the best-fit point is already excluded
by the DANSS, NEOS, PROSPECT and STEREO experiments. The BEST results are also
in tension with the Daya Bay, Bugey-3 and RENO limits [549] even at large ∆m2

41. On
the other hand, the BEST results are in a perfect agreement with the Neutrino-4 best-fit
point [548], see Sec. 7.3.1.

A 65Zn source was proposed for the next round of sterile neutrino searches at the BEST-2
experiment [563]. A 144Ce source [564, 565] was considered for sterile neutrino searches at
the CeLAND [566] and SOX [567] experiments. Unfortunately both experiments have not
been performed. However the technology of the source production was developed and can
be used in the future. For instance, a possibility to use a 144Ce source for sterile neutrino
searches at Jinping laboratory is considered [568]. Radioactive sources can be used not only
for the sterile neutrino searches but also for other goals. For example a 5 MCi 51Cr source
was proposed [569] for studies of the coherent elastic neutrino-nucleus scattering that can
be sensitive to new physics. see Sec. 6.4.7. Another proposal was to put a 51Cr source in
a liquid xenon dark matter detector in order to test for new physics in neutrino-electron
scattering [570]. Several experiments study the electron capture process for measurements
of the electron neutrino mass and the search for sterile neutrinos in the keV range using
163Ho, 131Cs, and 7Be isotopes [325,571–573].
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7.4.2 Neutrino Mass Experiments

Sterile neutrinos of eV-scale also influence observables related to neutrino mass. The interplay
with cosmological neutrino mass determinations is discussed in Sec. 7.5. For direct mass
experiments, the relevant quantity is now a sum of four terms

m2
β =

4∑
i=1

|Uei|2m2
i , (31)

that is, a sterile neutrino mixing with the electron neutrino would manifest itself as a dis-
tortion of the spectrum of the β-decay electrons, leading to a kink-like signature. It is
important that the same sterile neutrino mixing as the one responsible for the reactor and
gallium anomalies is probed here. The KATRIN experiment has used the same data set that
lead to the groundbreaking neutrino mass limit of 1.1 eV [315] to look for this feature [317]
(see also [574] for a phenomenological study). The result is seen in Fig. 40, which com-
pares the 95% C.L. limits with various other sterile neutrino probes. KATRIN improves the
exclusion of DANSS, PROSPECT, and STEREO reactor spectral ratio measurements for
mass-squared differences larger than 10 eV2; reactor and gallium anomalies are constrained
for 100 < ∆m2

41 < 1000 eV2. The Neutrino-4 hint of large active-sterile mixing is at the
edge of the current exclusion. Also shown in the figure is the expected 5-year sensitivity,
which will improve the global sensitivity further. Assuming the smallest neutrino mass to be
close to zero, a comparison with neutrinoless double beta decay is also made in the figure.
Indeed, if neutrinos are Majorana particles, sterile neutrinos modify the effective mass (see
Sec. 5.3) to

mββ =

∣∣∣∣∣
4∑
i=1

U2
eimi

∣∣∣∣∣ . (32)

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

Interestingly, the “sterile contribution” m4|Ue4|2 to the effective mass is about the same
order as the one of the active neutrinos in the inverted hierarchy case. Therefore, both
terms could cancel each other due to the presence of various Majorana phases [396]. This
could imply that for the inverted hierarchy the effective mass can be very small, while for
the normal hierarchy it is large. This is the opposite situation compared to the standard
3-neutrino interpretation.

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

7.4.3 Solar and Atmospheric Neutrinos

The (2+2) scheme can explain the SBL anomalies and does not suffer from the appearance-
disappearance tension present in the (3+1), but it is incompatible with the solar and atmo-
spheric neutrino data [519], so it has been discarded. The (3+1) scheme can be easily made
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Figure 40: KATRIN’s 95% C.L. constraints on sterile neutrino parameters in comparison with fits
to the reactor and gallium anomalies, as well as with dedicated reactor neutrino experiments looking
for sterile neutrinos. A comparison to neutrinoless double beta decay is also made. Taken from
Ref. [317].

compatible with the solar and atmospheric data, as long as ν4 is essentially sterile and the
other three mass eigenstates behave like in the standard three neutrino framework and are
essentially active, i.e. |Uα4|2 � 1, α = e, µ, τ .

Solar neutrino experiments may, however, be sensitive to an even lighter sterile state.
Although the standard LMA-MSW [235,236] has been believed to be for almost 20 years the
solution to the solar neutrino problem, some tensions remain. The best-fit value of ∆m2

21

preferred by KamLAND [575], which controls the value of the global fits for this parameter,
has been consistently somewhat higher than the one preferred by all the solar neutrino
oscillation experiments combined [286]. The LMA-MSW solution for the value of ∆m2

21

indicated by KamLAND predicts a low energy upturn in the 8B energy spectrum not observed
by SNO [51], Borexino [576] or Super-Kamiokande [61], as well as a slightly smaller day-
night asymmetry than observed by Super-Kamiokande. This tension has decreased the level
of significance from 2.2σ to 1.14σ, after the latest Super-Kamiokande solar neutrino result,
which indicates a smaller day-night asymmetry and a slightly more pronounced upturn [577].
This problem is still, however, not completely settled yet. It has been suggested that a super-
light sterile neutrino at the ∆m2 scale of O(10−5) eV2 could explain the suppression of the
upturn [578, 579]. A precise measurement of the solar neutrino spectrum in the transition
region could help to address this problem. The JUNO experiment, which will soon measure
∆m2

21 with a precision of a few per mill, can also search for sterile neutrinos at this ∆m2

scale using reactor neutrinos [64].
The search for sterile neutrinos with eV-scale mass splittings can be effectively carried

out using atmospheric neutrinos in the GeV to TeV range. The power to constrain sterile
mixing parameter space comes from the large amount of matter that neutrinos traverse when
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propagating through the Earth. Resonant disappearance of muon antineutrinos targets pri-
marily ∆m2

41 (position of resonance) vs. θ24 (depth of deficit). Recent results by ANTARES,
IceCube and Super-Kaomikande have provided constraints on a large range of parameters
utlizing both GeV [243,580,581] and TeV energies [252,582]. There is also limited sensitivity
to one of the three CP violating phases that are present if one sterile neutrino exists [243].

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

7.5 eV-Scale Sterile Neutrinos and Cosmology

Cosmology data is sensitive to a possible existence of sterile neutrinos through the effective
number of neutrino families Neff . In the standard case of three species only, corresponding
to the three active left-handed neutrinos, Neff = 3.044, where the excess from a value of 3
comes from a small reheating of the cosmic neutrino background by the e+e− annihilations
that occur sufficiently close in time to neutrino decoupling to slightly affect the neutrino
temperature. The neutrino temperature Tν is commonly defined relative to the photon
temperature Tγ by the relation

Tν =

(
4

11

)1/3

Tγ . (33)

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

ρν = Neff
7π2

120
T 4
ν . (34)

where ρν is the total neutrino energy density in the radiation-dominated era. Any value
of Neff in excess of the standard model value would indicate the contribution of additional
relativistic relics such as sterile neutrinos.

The total energy density ρtot of the Universe at any given time dictates the expansion
rate H(t) through H2(t) = 8πGNρtot/3, where GN is the Newton constant. In the radiation-
dominated era, this translates into

H2(t) =
8πGN

3
(ργ + ρν) . (35)

Thus any observation that is affected by the expansion rate at early times will directly
constrain Neff . The main two cosmological epochs that are sensitive to sterile neutrinos
are therefore Big-Bang Nucleosynthesis (BBN) and the emission of the cosmic microwave
background (CMB).

At later epochs, the exact timing of which depends on the particle mass, sterile neutrinos
eventually become non-relativistic. They will then contribute to the expansion rate of the
Universe but not to the clustering on small scales since they will have free-streamed out
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of gravitational potential wells during the fraction of the Universe history when they were
relativistic. The existence of sterile neutrinos can therefore also be constrained at late times
by studying the clustering properties of the Universe on small scales. These constraints,
however, are mostly relevant in the case of keV-sterile neutrinos, that we discuss in Sec. 9.4.2
on neutrinos as dark matter.

To contribute as ∆Neff = 1 to the effective number of neutrinos, the additional species
would have to be thermally produced in the early Universe through oscillations with active
neutrinos, such that both active and sterile neutrinos end up with the same temperature Tν ,
although with a different normalization of the phase-space distribution [583]. The oscillation
production is enhanced with larger mixing angles or shorter oscillation periods due to larger
∆m2. Additional radiation does not need to be fully thermalized, however, in which case it
could contribute with ∆Neff < 1.

Given the current best estimates of their mass (∼ 1 eV) and mixing angle between the
active and the sterile neutrino states (sin2 2θ & 10−3), sterile neutrinos associated with the
SBL anomalies would be fully thermalized, hence contributing ∆Neff = 1. The expansion
rate of the Universe prior to BBN would thus be increased (cf. Eqs. (34) and (35)), enhancing
the neutron-to-proton ratio at the onset of BBN. Since this ratio fixes the abundances of the
light elements, the measurement in particular of the abundances of 4He and deuterium impose
interesting constraints on the effective number of neutrino families. Because BBN predictions
for fixed Neff depend on a single parameter, the baryon-to-photon ratio, the determination
of Neff from BBN exhibits some degeneracy with the baryon density. Current constraints
from BBN are in the Neff = 3− 4 range, and thus can not rule out fully thermalized sterile
neutrinos.

The speed-up of the expansion rate of the Universe caused by additional radiation also
impacts CMB measurements via the determination of the sound horizon at recombination.
The data from Planck therefore also constrain Neff . Using its most conservative choice
of priors, the Planck collaboration obtained the following bounds, Neff < 3.3 and meff <
0.65 eV (95% C.L.), using the “TT,TE,EE+lowE” Planck data combined with lensing and
BAO [304]. Here, meff is an effective sterile neutrino mass defined as meff = 94.1 Ωsterile h

2

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

The tightest result comes from the combination of BBN and CMB that provides a con-
straint on Neff in the 2.9 − 3.0 range with an uncertainty σ(Neff) ∼ 0.3 (see the white
paper [584] for a detailed review on the cosmological impact of eV sterile neutrinos). Such a
constraint on Neff is incompatible with a fully thermalized light sterile neutrino as currently
favored by the best-fit parameters of short-baseline experiments. In addition, a thermalized
light sterile neutrino in the eV mass range is too heavy to be compatible with the CMB
constraint. These cosmological constraints can be alleviated in some BSM models in which,
for instance, the sterile neutrino couples to a new light pseudoscalar degree of freedom [585].
Such models provide a good fit to BBN and CMB temperature data, even reducing the ten-
sion on the value of the expansion rate H0 between early and late-time measurements. The
inclusion of CMB polarisation data, however, constrains the sterile neutrino mass to be less
than 1 eV in this scenario. A global fit to cosmology data and short-baseline experiments
only allows for a narrow window around 1 eV.
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Figure 41: Appearance versus disappearance data for the relevant mixing parameters sin2 2θeµ =
4|Ue4Uµ4| and ∆m2

41 at 99.73% C.L. for 2 dof. Disappearance data using free reactor fluxes (solid) or
fixed reactor fluxes (dashed) are used. The allowed parameters are to the left of the dark and light
blue lines. The shaded contours in red (pink hatched) are the allowed parameters from appearance
data including (excluding) decay-in-flight LSND results. Taken from Ref. [587].

7.6 Global Fits

We have seen in the previous sections that a variety of hints towards the existence of light
eV-scale sterile neutrinos exists. All those hints need to be incorporated in a global fit,
in analogy to the standard three-flavor pattern discussed in Sec. 4.6. The fits by different
groups largely agree with each other [586–588].

With a fourth neutrino, the PMNS matrix is a 4×4 matrix that contains six mixing angles
and three CP phases relevant for oscillations (three additional phases appear for Majorana
neutrinos). Obviously, determining all those parameters would be a huge undertaking which
would require a large number of different experiments.

The main hints stem from νe → νe disappearance and νµ → νe appearance, as well as
many constraints exist on νµ → νµ disappearance. In the relevant L/E regime for an eV-
scale ∆m2

st = ∆m2
41, unitarity implies that if νe → νe disappearance and νµ → νe appearance

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

P (να → νβ) = 1− sin2 2θαα sin2 ∆41 , P (να → νβ) = sin2 2θαβ sin2 ∆41 , (36)

where ∆41 ≡ ∆m2
41L/4E, sin2 2θαα ≡ 4|Uα4|2(1 − |Uα4|2) and sin2 2θαβ ≡ 4|Uα4|2|Uβ4|2. To

be more specific, P (νe → νe) depends on |Ue4|, P (νµ → νµ) on |Uµ4|, and P (νµ → νe) on
|Ue4Uµ4|. The tension is displayed in Fig. 41, where the two regions according to appearance
and disappearance have very little overlap. It is independent of the assumed reactor flux, and
also on which data set one excludes in the fit: the p-value that appearance and disappearance
data agrees never exceeds 10−5 [587] (see also [586]). The inclusion of extra sterile states
may alleviate some of this tension [587,589,590], but the latest result from IceCube further
discards some regions of these solutions [582], see Sec. 7.4.3. The obvious solution to this
issue is to conjecture that one (or both) sets of results are not reliable. Individual fits to
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appearance (right). Taken from Ref. [587].
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Figure 43: The left plot shows in green and yellow the 90% and 99% C.L. areas coming from the
reactor flux deficit solution, while the pink line shows the result of an analysis of reactor experiments
with spectral ratio measurements (RSR). A combination of Mainz, Troitsk and KATRIN tritium
experiments is seen in red, which can be combined with the RSR fit to the black line. Taken from
Ref. [574]. Here sin2 2θee = 4|Ue4|2(1 − |Ue4|2). The right plot shows constraints in the plane of
∆Neff and sterile neutrino mass from reactor experiments, including prospects of the future JUNO
project. Taken from [591].

appearance and disappearance data are therefore useful. The results of such a fit are seen
in Fig. 42.

It is also possible to fit the oscillation experiments including cosmology data [592, 593],
or with β decay data, which is shown in Fig. 43. One identifies a tension between the active-
sterile oscillations indicated by the reactor flux deficit and the combined tritium and reactor
spectral-ratio measurements. Since all these aspects are in flux, it is too early to take this very
seriously. However, it shows the interplay of different approaches to the problem, which will
be central in the coming years, when the issue of sterile neutrinos will be hopefully settled.
Regarding cosmology, the analysis of data should keep the effective number of relativistic
degrees of freedom Neff , or its difference ∆Neff = Neff − 3.044, into account. As expected,
cosmology data does not allow an eV-scale sterile neutrino (recall though the possibility to
allow this via new physics mentioned in Sec. 7.5), though for smaller masses (which cannot
explain the reactor flux deficit) present experiments reach parts of parameter space to which
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Figure 44: Constraints on the mass of a sterile neutrino and its mixing with electron neutrinos from
a variety of astroparticle and particle physics searches. Taken from [595].

cosmology data is currently not sensitive.

7.7 Searches for Sterile Neutrinos beyond eV

Sterile neutrinos may exist at various scales, see Sec. 9.5, and one can search for them in a
variety of ways. Their mass may lie below or above the eV-scale, with most activity dealing
with the case of heavier sterile neutrino masses. This includes even masses around the TeV-
scale, where they would be produced at colliders [594]. Lower mass neutrinos below GeV are
usually searched for in decays of mesons, where instead of the usual active neutrinos, sterile
neutrinos are emitted. In all searches, the mass of the sterile neutrino and its mixing with
the active neutrinos of flavor e, µ or τ is constrained. The search for those particles also
includes astrophysical observations, cosmological constraints, electroweak precision tests, or
neutrinoless double beta decay, if the sterile neutrinos are Majorana particles. A summary
of various limits, taken from [595], can be found in Fig. 44.

An interesting regime is the one of masses around a few keV, where neutrinos become
attractive warm dark matter candidates, see Sec. 9.4.2. Noteworthy approaches to search
for those particles are the TRISTAN detector upgrade for KATRIN (β decay of tritium)
[318], the BeEST experiment (electron capture of 7Be implanted into superconducting tunnel
junction quantum sensors) [573] or HUNTER (electron capture of 137Cs in a magneto-optical
trap) [597]. Indeed, BeEST has already obtained the best laboratory mixing limits in the
range between 100 − 800 keV, planing to improve these limits by 3 orders of magnitude
in the next 5 years. The use of quantum sensors and atom/ion traps for searches of new
physics related to neutrino is promising, see also Sec. 8.2, and may eventually reach the
cosmologically interesting range of mixing angles below ∼ 10−5.

Another noteworthy scenario is related to “resonant leptogenesis”, see Sec. 9.4.3. In
principle one can arrange sterile neutrinos to be almost degenerate in mass, which enhances
the CP asymmetry in their decay and arrange leptogenesis at GeV-scale temperatures. Fig.
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45 shows the possible parameter space of the “νMSM” [598] and the experimental sensitivity
of the SHiP experiment [596].

7.8 The Number of Neutrinos: Summary

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

If those particles are verified, the overall mass of neutrinos is increased by at least the
square-root of the ∆m2 associated to the apparent sterile neutrino oscillations. This has
impact on neutrino mass experiments and measurements. Direct searches such as KATRIN
start to provide competitive constraints on the scenario, as well as neutrinoless double beta
decay experiments, in case the sterile neutrinos are Majorana particles. Cosmology strongly
disfavors the existence of sterile neutrinos, both from the overall mass-scale, as well as the
number-of-neutrino point of view. If confirmed in terrestrial experiments, sterile neutrinos as
motivated by the above mentioned anomalies would require rather non-trivial modifications
of early Universe cosmology.

Within the next few years the question on whether eV-scale sterile neutrinos exist, is
expected to be answered.
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8 New Technologies, Cross-over to other Science, and
Frameworks for Neutrino Physics

8.1 Introduction and Community

Neutrino physics covers a huge spectrum of experimental, technological and theoretical as-
pects. It is therefore not surprising that one can identify sub-communities with connections
to many other scientific and technological topics in neutrino physics and to other fields of sci-
ence. In particle physics this are groups coming from high energy physics, doing experiments
with beams and using corresponding detector technologies. Groups with a nuclear physics
background tend to work with neutrinos at lower energies where very different methods and
technologies are used. A third sub-group comes from astrophysics, where neutrinos are im-
portant, for example for the evolution of stars and for supernovae. Yet another sub-group
comes from cosmology, clearly again with very different techniques and requirements. A final
sub-group are theorists who often tie some or all of the other groups together into a global
picture of neutrino physics.

We list in this section a number of the these diverse technologies and methods to indicate
directions which are important for the future of neutrino physics. We touch on many relevant
topics, but note that we do not claim that this list is complete. Note also that the ordering or
length of the text does not express any preference. Instead this compilation should be seen as
directions which all are very interesting and deserve in principle to be further improved due
to their valuable potential. Some technologies are more mature or exist and can be/are more
or less realized, while others need more R&D. These topics are listed in the “Technologies
and Capabilities” subsection. Another direction can be called scientific “Infrastruture”
which is important for the often spacial environments where experiments are performed.

It is important to keep in mind that – as in the past – new ideas will emerge which can
change the landscape significantly. We would like to emphasize therefore the importance of
an adequate level of flexible R&D funds. Similarly theory support is very important since it
unites the vastly different experimental efforts and since it comes up with new ideas which
trigger exciting new experimental projects.

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

8.2 Technologies and Capabilities

• Accelerator neutrinos: In 1961 the first true neutrino beam was created at CERN using
the Van der Meer horn to focus pions produced in the bombardment of a solid target
by protons extracted from the PS. Such horn-focused beams have been used at CERN,
ANL, BNL, FNAL, IHEP, KEK, and J-PARC, first to establish the quark-parton model
and the Standard Model, and then to study neutrino oscillations and to search for new
phenomena such as the existence of sterile neutrinos. Future exploration of the nature
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of neutrino flavor using neutrino-beams produced by accelerator facilities will continue
to exploit the technique pioneered at CERN.

The Deep Underground Neutrino Experiment (DUNE) [599–603] in the US and the
Tokai-to-Hyper-Kamiokande (Hyper-K) [604–607] experiment in Japan will use horn-
focused pion beams produced using proton-beam powers in excess of 1MW to search
for the violation of CP invariance in the neutrino sector. The high-flux beams illumi-
nating the large DUNE and Hyper-K detectors will allow very large data sets to be
accumulated. Projections of the rate at which data will be collected indicate that the
statistical error will be reduced to the percent level by 2028–30.

The Short Baseline Neutrino (SBN) programme at Fermilab will be served by the
horn-focused Booster Neutrino beam. Over the coming half decade, the SBND, Micro-
BooNE, and ICARUS experiments will place make stringent tests of the consistency
of the three-neutrino mixing paradigm and explore the anomalous results reported in
the study of short-baseline neutrino oscillations reported elsewhere in this report.

• Systematic uncertainties on beam neutrino fluxes, their flavor composition and neu-
trino cross-sections impact future neutrino experiments, Hyper-K and DUNE. Thus,
precise measurements of the beam neutrino fluxes and neutrino cross-sections (1%
level) are necessary to maximize the sensitivity of the next generation of long-baseline
experiments, and to take the next step in sensitivity.

Precision CP phase measurements would, in particular, be greatly improved by facilities
and detectors to directly measure the interaction cross sections of electron-neutrinos
and electron antineutrinos. Existing experiments mainly use muon neutrino beams
with small electron neutrino components and electron neutrino cross section predictions
rely on low-statistics measurements and extrapolation from muon neutrino scattering
results. These measurements can be done in muon decay rings by νSTORM [608] or
in instrumented decay tunnels by ENUBET [609].

The muon decay ring is a facility to provide a muon beam and a test bed for accel-
erator and detector technology. At νSTORM, the flavor composition of the neutrino
beam is known and its energy spectrum may be determined precisely, courtesy of ad-
vanced detector techniques, using the storage-ring instrumentation. It would be the
first neutrino-beam facility to be based on a stored muon beam and will provide a
test-bed for the development of the technologies required for a multi-TeV muon col-
lider and/or a neutrino factory. It will also serve the nuclear physics community by
providing a unique 100% polarized probe of flavor-dependent collective effects in nuclei.

Optimization for electron neutrino measurements will require different beam tune and
detectors designed to sign analyze electrons. ENUBET will be the first “monitored
neutrino beams” by monitoring the leptons in the decay tunnel at the single particle
level. In particular, the use of an instrumented decay channel to constrain the energy
of electron-neutrinos produced in kaon decays will be studied.

• Detectors for precision neutrino oscillation: Neutrino oscillation experiments, for both
measurement of three-flavor oscillation parameters, including a CP phase, as well as
searches for sterile neutrinos, require a neutrino source and one or more detectors.
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Detector technologies for existing and planned neutrino oscillation experiments are di-
verse, ranging from fine-grained low-threshold detectors for very-short baseline reactor
experiments, to hundred-ton-scale tracking time projection chambers for short-baseline
oscillation experiments, to large, homogeneous liquid volumes of tens-of-kiloton scale,
for long-baseline beams. For oscillation experiments, one needs to measure neutrino
energy and flavor with high statistics and resolution. This requires generically a well-
understood, high-intensity source, coupled with a high-mass, high-performance detec-
tor.

In general, one needs fine granularity that enables precision reconstruction of the neu-
trino interaction final state, in order to tag the interacting neutrino’s flavor and de-
termine neutrino energy with high resolution. Especially above the hundreds of MeV
range, systematic uncertainties in oscillation parameter determination may eventually
be dominated by understanding of neutrino interaction cross sections. Therefore, well-
understood neutrino beams and detectors that enable measurements of these cross
sections will be a vital component of a future program.

• Novel techniques to search for sterile neutrino searches are also tried using beam-
neutrinos produced by muon decay at rest (DAR) in JSNS2 [610] and by 8Li beta
decay in IsoDAR [611] where 8Li is formed mostly by 7Li capturing neutron produced
by proton beam striking a beryllium target. Neutrinos produced from the world’s most
intense proton source would allow to explore leptonic CP violation and the neutrino
mass ordering in ESSnuSB [612].

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

• Improvement in photon sensor technologies: For several decades, photomultiplier tubes
(PMTs) have been the working horse in neutrino- and dark matter detectors, e.g., in
aforementioned large-scale water-Cherenkov detectors. PMTs have been tremendously
improved over the years and have potential for future improvements to further increase
their performance in specialized applications such as ultra-low-background experiments
or cryogenic environments. PMTs are being developed where the dynode structure is
replaced by either a multi-channel plate detector or by a silicon-based electron-to-
digital converter. These developments aim at increasing the performance and reducing

126



the cost of the integrated detection system. However, to date conventional PMTs
remain the photosensors of choice for large volume neutrino detectors. This is not just
because of the cost advantages per photo-sensitive area but also due to lower noise
associated with PMTs and their demonstrated long-term stability. At the same time,
the trend to ever larger PMTs has stopped and instead applications with larger numbers
of medium sized PMTs (3−4 inch), that can be produced in large quantities for modest
costs, have become more frequent. In water-Cherenkov neutrino detectors, several of
these smaller PMTs are typically arranged in a transparent pressure sphere pointing
in different directions, providing the advantage of additional spacial or directional
information. With an increase in target volume in future neutrino detectors, and thus
an increase in sensitivity, large areas within the detector volume must be covered with
PMTs. Thus, further development of low-cost photo-sensors and corresponding readout
electronics is required.

In certain applications, such as noble-gas neutrino detectors, Silicon PhotoMultipliers
(SiPMs) are becoming the devices of choice. Their intrinsic low radioactivity, low bias
voltage of typically less than 100 V, high gain of 105 − 106, and gain stability towards
temperature and bias fluctuations gives them a competitive edge compared to PMTs
and avalanche photodiodes. Especially when operated inside cryogenic, liquid noble-
gas detectors, their dark count rate and correlated noise are at sufficiently low levels,
effectively enabling single-photon counting. The sensitivity of SiPMs to vacuum-ultra-
violet photons has improved over the years to photon-detection efficiencies (PDEs) of
more than 15% at 175 nm [613], the scintillation wavelength in liquid xenon [614].
Their PDE to 128 nm scintillation photons in liquid argon still remains insufficient for
direct photon detection, thus wavelength shifters are required to shift the wavelength
towards the visible range where SiPM PDE peaks. Further development to increase
the PDE in the ultra-violet spectral range should be pursued for future application
of SiPMs in liquid noble-gas detectors. Next-generation experiments require SiPM
coverages of several square meters to be covered by SiPMs. This necessitates the in-
tegration of SiPMs, which are on the order of 1 cm2 in area, into larger modules and
development of readout electronics that can be placed in close proximity to the SiPM
modules in order to reduce cabling. The placement of SiPMs and readout electronics
in liquid noble-gas detectors puts constraints on the acceptable power consumption in
order to prevent boiling and the creation of bubbles. Due to the placement inside the
detector volume, low radioactivity levels are required for these cryogenic electronics.
Readout electronics, such as low radioactive cryogenic ASICS, and integrated SiPM
modules should be developed further. Low radioactive SiPM modules including cryo-
genic readout electronics will transform light detection in noble-gas neutrino and dark
matter detectors if large areas can be covered at a moderate cost. Development of fast
timing electronics may enable additional topological suppression of background events
in liquid noble gas detectors, such as in xenon [615], and should be pursued.

• Better and novel neutrino sources: Radioactive sources are very compact and powerful
sources of (anti)neutrinos with well known spectra. They can be used in various stud-
ies for example in sterile neutrino searches, investigations of coherent neutrino-nucleus
scattering, and searches for new phenomena in neutrino-electron scattering. Radioac-
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tive 51Cr and 37Ar neutrino sources have already been used for the calibration of the
Ga-Ge solar neutrino experiments GALLEX and SAGE. A 51Cr source of huge activity
of 3 MCi was successfully produced and used by the BEST experiment in searches for
sterile neutrinos. The technology of a 144Ce source production was developed for sterile
neutrino searches. High activity 65Zn and 170Tm sources are also being considered by
the BEST collaboration [517]. The development and production of radioactive sources
require close cooperation between fundamental science and the nuclear power industry.

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

• Nuclear safeguarding: neutrino detectors are potentially useful for nuclear safeguarding
applications. A recent study [616] has evaluated the potential, coming to the conclusion
that while for many existing reactors, current IAEA safeguards are sufficient, there are
possible use cases for neutrino monitoring associated with advanced reactors. Other
possibilities identified in Ref. [616] include: future nuclear deals involving cooperative
monitoring or verification, non-destructive assay of spent nuclear fuel [617], and post-
accident response. Technology development is desirable for these use cases.

• Continued development of noble liquid detection technologies: Liquid Argon Time pro-
jection chambers (LArTPC’s) have come of age as large scale detectors for accelerator
based neutrino experiments. Current devices rely upon wire or pad based multi-view
1-dimensional readout for the coordinates perpendicular to the drift direction. Truly 3-
D detectors using full 2-D pixel readout have been developed and now being deployed,
for example in ArgonCube [618] and the future DUNE near detector [619].

Large LArTPC’s pose significant technical challenges due to the need for high electric
fields (500 V/cm) over many meters in a high purity cryogenic environment. These
experiments rely on sophisticated high volume filtration systems, which lead to bulk
motion in the active medium and requires constant monitoring. High voltage systems
need to be robust against sparking and capable of dealing with very large stored en-
ergies. Detector electronics may need to be placed in high voltage regions, which is
leading to the development of optical methods for power delivery and signal transmis-
sion. See [620] for a very recent overview of current LArTPC technology. Continue
development of these vital engineering technologies will be required as LArTPC detec-
tors grow from the 1 kT (ProtoDUNE) to the 10− 20 kT (DUNE) scale.

Noble liquids allow also very powerful low background neutrino experiments. The op-
eration and construction of such detectors employs technologies which have significant
overlap with direct dark matter detection experiments based on noble liquids. In neu-
trino physics these experiments aim especially at neutrinoless double beta decay of
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xenon 136Xe, either enriched or with a natural abundance of 9% in xenon TPCs, both
liquid and gaseous. 3-D event reconstruction in the TPC allows to select the cleanest
inner part of the liquid xenon as active volume, while an outer layer acts as further
shielding aiming at completely suppressing background events.

This has been demonstrated in the liquid xenon TPC of the EXO-200 experiment
where 2-D drifted electrons were read out by two wire planes [621]. Ionization readout
tiles with orthogonal metal charge-collection strips [622, 623] are being developed for
full 3-D event reconstruction in the nEXO liquid xenon TPC. The 2νββ background
is, however, intrinsic and cannot be removed by 3-D event reconstruction. Therefore
R&D is being performed to identify the 136Ba daughter isotope as a clear indicator for
the 136Xe-decay [624]. Recent progress has been made in the identification of individual
Ba atoms [625], and Ba+ [626] and Ba++ [627] ions. These developments should be
pursued along with the challenging developments of techniques to extract barium from
the detector volume. In a nEXO-style detector with only 2νββ decays contributing
counts to the region of interest, the sensitivity would increase by a factor of 3 − 4
compared to the projected nEXO sensitivity [353].

Another route is to look for neutrinoless double beta decay of natural xenon 136Xe
in the DARWIN project [628]. The purpose of this detector which uses a dual phase
liquid xenon TPC is primarily to look for dark matter. The 50 tonnes of natural xenon
contain about 4.5 tonnes of 136Xe which allows to search in addition to dark matter
for neutrinoless double beta decay with an interesting sensitivity [70]. Such a detector
would also be sensitive to solar neutrinos [71] and neutrinos from galactic supernovae.

Scintillation light from noble gases can provide fast timing and enhanced low energy
trigger capabilities. An extensive program studying light emission from Ar and Xe,
with Xe doping of large volume Ar detectors, or H2 (or D2) doping of large Xe detectors
are promising technologies to get more out of a given size of these experiments.

• New scintillator technologies: Liquid scintillator detectors with photomultipliers (PMTs)
on the outside have been a work-horse technology in neutrino physics for several
decades. This can and should be further improved by developments of improved scin-
tillators with better optical properties, better radiopurity, improved stability and light
yield combined with further improved PMTs or novel optical sensors. Growing detector
sizes lead, however, to a number of challenges which warrant in addition new devel-
opments to meet the functional, cost, reliability and environmental requirements. An
example is a water based liquid scintillator detector [629], currently in a R&D phase.
Another example is wax-like scintillator [630] which allows high and stable loading
without being an environmentally more difficult liquid. This may be important for
future experiments on neutrinoless double beta decay aiming at the normal mass hier-
archy. The wax-like scintillator additionally warrants the development of new readout
technologies, e.g. based on optical fibers [214].

• Low energy low threshold detectors: Low energy neutrinos lead to events with low
recoil energy (electron or nucleus scatters) which requires detectors with lowest possible
threshold. Coherent scattering at low energies and very high neutrino fluxes at reactors
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allow interesting experimenst to test coherent scattering and to search for new physics.
An example is germanium PPC detector technology, for which the threshold has already
been demonstrated for kilogram-size ultra low background detectors at a few hundred
eV levels (see e.g. [631]). These detectors can and should be further improved. Even
lower thresholds are studied for for other materials, such as cryogenic bolometers [632].

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

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

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

• Metallic magnetic calorimeters (MMCs) are low temperature detectors being operated
at milli-kelvin temperatures. They are characterized by very good energy resolution,
excellent linearity and a fast detector response and they can be further improved for
future experiments. They are composed by an absorber, suitable for a particular
application, which is tightly connected to a paramagnetic temperature sensor, typically
Au:Er or Ag:Er sitting in a static magnetic field. The sensor, in turn, is weakly
connected to a thermal bath kept at constant temperature. When a particle deposits
energy in the absorber, the temperature of the detector slightly increases leading to a
change of magnetization of the sensor which is then detected as a change of magnetic
flux in a suitable pick-up coil. Low noise large bandwidth readout is achieved by using
the two-stage SQUID scheme. Recently the concept of microwave SQUID multiplexing
has been adapted for the readout of large MMC arrays, only slightly decreasing the
single channel readout performance.

130



MMCs are already used in a large variety of experiments. In general, quantum sensing
in neutrino experiments using also transition edge sensors (TES) or superconduct-
ing tunnel junctions (STJ) remains a promising technology. In the field of Neutrino
Physics, MMCs have been selected for the ECHo experiment aiming at the neutrino
mass scale by analyzing the endpoint region of the electron capture spectrum of 163Ho,
and for the AMoRE experiment developed for the search of neutrinoless double beta
decay in 100Mo. Thanks to the very good performance which was already achieved
both for very tiny detectors, as the one used in ECHo, and for macroscopic detectors,
as the one used in AMoRE, as well as to the possibility to adapt the design and particle
absorber material, MMCs can be further optimized to meet the requirements of new
applications in neutrino physics. For example, a natural extension of the technology
developed for the AMoRE experiment, would be to apply small scintillating crystals
of different chemical composition for the measurement of coherent neutrino nucleus
scattering.

• Atomic tritium: Experimental systematic effects and theoretical uncertainties asso-
ciated with molecular tritium limit the targeted sensitivity of current neutrino mass
experiments to 0.1− 0.2 eV. The beta decay of tritium molecules not only adds a sig-
nificant broadening (of ∼ 0.4 eV) to the measured endpoint, which corresponds to a
limit of the possible energy resolution, but also shifts it by about 8 eV [633,634]. Since
this constrains the neutrino mass sensitivity of any tritium-based direct measurement,
it motivates the transition from molecular to atomic tritium sources. Technical chal-
lenges are the generation of atomic tritium, subsequent cooling it down to K to mK
ranges to make it accessible for spectroscopy, while preventing its recombination at any
surfaces. Future experimental approaches for precision physics from tritium beta-decay
investigations (e.g., determination of the neutrino mass with 40 meV sensitivity or the
search for relic neutrinos) will depend on reliable infrastructures to supply atomic tri-
tium sources and beams with high throughput, while complying with the very stringent
upper limits on remaining traces of tritium molecules as well as maintaining purity,
and long-term stability. Indeed, for future experiments based on atomic tritium the
processing will be even more challenging as the generation of a purely atomic tritium
beam requires additional stages such as dissociation and beam cooling which reduces
the ratio of fiducial tritium activity in the source vs. the amount of employed tritium.
Furthermore, atomic tritium is more chemically active than the molecular form which
also increases the impurity generation rates. Therefore, specialized tritium process-
ing facilities are required to cope with the expected high total throughput of tritium.
Thinking further, future experiments involving high-intensity neutrino sources from
several 100 g of bound tritium need facilities for the safe preparation of these ultra-
strong sources. The scientific measurements may then take place at a different location
with a tritium handling license – which therefore reduces the demand for permanent
tritium processing compared to neutrino mass experiments.

• Simulation tools for future projects: Larger and more complex neutrino projects tend
to be more costly than previous experiments and require decades to build and operate.
It is therefore very important to develop tools which are able to simulate and assess
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a project’s potential as realistically as possible. An example is the GLoBES [635]
simulation package which was developed for neutrino beam experiments and where
all relevant properties of the source and of a realistic detector are encoded in a gen-
eral language. This allows to vary assumed parameters in order to optimize projects.
This and similar tools for other applications become more important and should be
systematically supported.
Detector simulation codes such as Geant4 [636], FLUKA [637] and MARS [638], will
continue to play an important role, as they allow precision simulation of particle in-
teractions at energies ranging from eV to TeV. These codes are used at all phases of
an experiment, from initial beam line and detector design to final extraction of preci-
sion parameters. Additional simulated physics processes will continue to be needed as
well as continuous efficiency improvements in the codes themselves. These codes were
mainly developed for particle physics and now have very broad impact in fields ranging
from Mars exploration to proton therapy.
Neutrino interaction simulation codes, as discussed in Sec. 6.5 will also continue to
improve as more data constrains the existing models.

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

• Improved data management and readout technologies: As neutrino detectors have
grown in size and in spatial resolution, the data volumes they generate have grown.
Interest in low energy-threshold physics such as supernovae and solar neutrinos means
that aggressive zero-suppression is unwise. For example, the existing ProtoDUNE and
MicroBooNE LArTPC detectors generate 100 − 200 MB of data for a single readout,
with lossless compression only gaining a factor of three reduction. A single 5 ms readout
of a DUNE far detector module is 2− 6 GB in size while a full supernova readout over
100 s would generate 100 − 400 TB of data. Data volumes from large water-based
detectors are smaller but not by orders of magnitude. Raw signals from wires and
photo-detectors need to be identified as energy depositions and then combined to form
interactions. The raw size of the data unfortunately requires that data be split up for
processing and then combined once energy deposits have been found. At that point
novel pattern recognition algorithms take over.
These sophisticated high precision event reconstruction algorithms are CPU intensive.
These problems are well suited to the effective use of the latest hardware (CPU, GPU
and FPGA accelerators) and software technologies (deep learning, graph neural net,
complex-valued neural net etc.) but will require substantial development due to the
unique geometry and event size in neutrino interactions. Overall the computational
needs for an individual neutrino experiment are not as large as those for LHC exper-
iments, but the novel computational “shape” of the problem, with large data volumes
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needing to be held in memory at the same time, or distributed and recombined after
processing, requires new algorithmic development.

Once events have been reconstructed, extraction of neutrino oscillation parameters in
the presence of large numbers of uncertainties is equally challenging computationally.
For example, the NOvA parameter extraction [247] has relied on the supercomputer
facilities at NERSC.

Neutrino experiments are now collaborating with other large experiments via the High
Energy Physics Software Foundation (HSF) [639] in the development of common tools
for managing and reconstructing the data from HEP experiments. Examples include
the adoption of Rucio [640] for file management, large scale databases for calibration
and data description and the use of worldwide computing grid capabilities. This col-
laborative work will have impact across the field of HEP and in nuclear physics and
astrophysics.

8.3 Infrastructure

8.3.1 Supporting Capabilities for the Science at Underground Facilities

Neutrino detectors that study natural processes and sources often require low radio-background
construction, and ultra-low radioactive environments to observe the rare and weak signals
from the neutrino interactions. To provide the latter ultra-quiet environment requires shield-
ing from cosmic radiation and local radioactivity, which point to hosting such detectors deep
underground. This is a similar requirement within the search for Galactic dark matter, and
so the neutrino and dark matter communities share similar problems in creating ultra-quiet
environments.

A network of deep underground labs have been established around the world for both
neutrino and dark matter studies in physics, and a growing list of additional science objectives
that require this quiet environment. The greatest constraint on background levels is currently
being placed by neutrinoless double-beta decay systems, to prevent cosmogenic activation
of isotopes that might lead to background events in the region of interest. As tonne-scale,
or larger, detectors are developed, either greater depth of better veto and shielding systems
are required. Currently there are two facilities below 2 km depth in the world, and several
shallower facilities developing shielding strategies. To shield local radiation also requires
effective and usually active shielding, such as large water-Cherenkov or liquid scintillator
veto systems, which can also be tasked as test facilities where full scale systems may need
to be deployed for background assays.

In addition to the physical environment, underground laboratories are enhancing their
support for additional services and systems, such as liquid noble and cryogenic systems,
safety and environmental control, accessibility and logistics, and project management.

To facilitate the delivery of the scientific program, collaboration and sharing of best-
practice between the facilities would be strongly encouraged. This should include an audit of
available and accessible underground cavities and halls, which should be assessed against the
community plans; to ensure the facilities can provide appropriate space for future projects.
This will require an optimisation between depth, scale, location and capability.
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8.3.2 Supporting Capabilities for Low Background Experiments

Many low energy neutrino experiments have very low event rates and it is therefore of out-
most importance to further improve techniques or to develop new technologies to identify
and mitigate natural radioactivity. Facilities for γ, α and Rn screening have already remark-
able capabilities, but their sensitivity should be further improved. An example is the work
towards a new generation of GeMPI detectors with even better sensitivity as the existing
ones. The growing number of bigger neutrino detectors (together with larger direct dark
matter detection experiments) require also an enlarged capacity of screening facilities. The
gamma screening program must be accompanied by complementary direct radon emanation
measurements, which are extremely sensitive to surface impurities. High sample throughput
rates as well as strict reproducibility can be achieved by an automated system as pioneered
in [641]. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is another important
supporting technology since it is complimentary to gamma screening and can achieve excel-
lent sensitivity for long-lived isotopes like 238U, 232Th, and 40K. In addition promising new
directions could be realized, like a counting facility with low background comparable to that
of real neutrino detectors. One example is a large liquid-scintillator detector that counts ra-
diations from test samples immersed in it. It can evaluate surface alpha- beta-, gamma-rays,
and neutron emission from the samples. It is important to share measurement time and re-
sults inside the community. Another aspect concerns improved techniques to optimally avoid
re-contamination by cosmogenic activation, Radon-plate-out or other contamination. This
requires adequate underground storage capabilities at institutes where detector components
are produced and in some cases a supply of Radon free air. Furthermore new low back-
ground shielding and vetoing technologies like optimized graded shieldings should be further
developed. This allows inside the shield conditions which correspond to deeper underground
locations. This added “virtual depth” leads to more flexibility for detector locations and
allows to make optimally use of existing underground laboratory space and the available
infrastructure in each location.

In addition to screening capabilities, underground production, manufacture and storage
of low background materials are becoming increasingly important. Underground copper pro-
duction and machining has been established by the neutrino community as a viable operation,
and will be expanded by several facilities. Production of low background target material is
also being developed in many underground laboratories, and extraction of low background
material where viable, such as underground argon as a low 39Ar background shield or dark
matter target. Finally, once material has been produced or procured, underground storage
is required to prevent additional cosmogenic activation – this requires coordination between
underground facilities, although does not need to be at great depths to facilitate shielding.

8.3.3 Test Beams for Detector Development and Calibration

Precision measurements of neutrino properties require the development of novel detector
techniques and precision calibration of detector components. Experiments worldwide depend
crucially on test beam programs. Examples include

• The neutrino-specific CERN Neutrino platform, which has hosted the DUNE proto-
types and performed testing of the BabyMIND detector for T2K.
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• The use of the Linac Coherent Light Source at SLAC to demonstrate the scattering
of radio waves from the interactions of high energy particles [182] as an alternative
method of detecting neutrino interactions in very large volumes of ice.

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

Test beam studies benefit the neutrino program but also benefit and contribute to efforts
across multiple other fields. Improved data on interactions is fed back into physics models
such as Geant4 [636] and FLUKA [637] with benefits to neutrino physics, collider experi-
ments, nuclear physics, space science and medicine.

8.4 Theory

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

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

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

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

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

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

8.5 Impact and Societal Benefits

As often the case in physics, fundamental research can have surprising hands-on applica-
tions with societal benefits. Examples are the discovery and utilization of X-rays, things
like nuclear energy, solar energy, computer tomography scans, magnetic resonance imaging,
positron emission tomography, semiconductors, superconductors, low temperature and high
vacuum technologies, the worldwide web, electronic communication, grid and cloud comput-
ing, data science and machine learning, etc. have emerged from fundamental research. It is
difficult to envisage daily life and international business without those developments. Pre-
dicting which next future technological breakthrough will emerge from fundamental physics
is nearly impossible, but it is likely to happen as we push to more and more sophisticated
technologies for our research projects. Many smaller developments happen on a daily basis
in the word-wide neutrino physics community. Thereby we, most often involuntarily, pay
back to the public which funds our endeavours.

An important output to society from neutrino physics is highly qualified personnel which
are sought after by high-tech industry. Young scientists working in neutrino experiments
are trained in cutting-edge technologies such as cryogenic engineering, photodetectors, elec-
tronic systems, mass spectronomy, firmware programming, micro-machining, nano-tools,
clean-room technology, big data analysis or machine learning, to name a few. Those are
highly marketable and transferable skills, leading to application in high-tech industries, data
science and artificial intelligence, health care, education, finance, natural resources explo-
ration and many more. Often there is direct partnering with industry partners to develop
the highly sensitive devices we need, and a large number of spin-off companies are founded.
A survey of the over 1000 highly qualified personnel that were members of the SNO collabo-
ration, as an example, including students, scientists, post-doctoral fellows, technicians, and
engineers, showed that about 19% have gone on to technical positions in industry, 23% to
academic positions in research fields other than underground science, 49% to higher positions
in underground science research, and 9% to other positions.

Probing neutrinos requires highly sensitive detection techniques. This leads to several
possibilities for applications. One can monitor the production of weapons-grade plutonium
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in nuclear detectors, which is obviously helpful in non-proliferation of nuclear weapons and
monitoring of nuclear reactors for nuclear safety. Understanding better the reactor neutrino
flux will make possible a more efficient use of nuclear energy. Further developments of de-
tectors for radioactivity have been used for better security measures at airports or freight
terminals. A particular example, among the many, is given by SiPMs mentioned in Sec. 8.2
above. Those allow for single photon sensitivity with sub-nanosecond timing, and this pos-
sible in a robust and compact packaging with little energy consumption. Applications range
from quantum cryptography (which rely on single photon transmission), single photon emis-
sion computed tomography, or single photon measurements of UV scattering, fluorescence or
absorption to detect traces of smoke or specific molecules to monitor environmental hazards
or give early warning on forest fires. Applications of neutrino and astroparticle detectors
to medical technology are also manifold, ranging from developments of semiconductor-based
dosimeters to dynamical X-ray imaging with photon counting and particle tracking pixel
detectors.

Neutrino physics contributes also to many other fields of science. Improvements in detec-
tors and capabilities needed for neutrino studies have made it possible to scan archeological
artefacts ranging from Napoleon’s hair (checking with neutron activation if he was poisoned
with arsenic), to dating wine through measurement of various nuclear-test created isotopes,
to the study of ancient pyramids (probing cavities with muon tomography). Other scientific
fields that benefited from neutrino physics are geology by the additional information from
geoneutrinos, mining through the possible detection of ore bodies, oil and minerals with neu-
trino tomography, and marine biology by the presence of sensitive detectors at the bottom
of the ocean. Atmospheric science benefited from capabilities to detect traces of miniscule
amounts of radioactive materials, such as 133Xe, stemming from the Fukushima Daiichi nu-
clear disaster. All this comes on top of the obvious parallels with dark matter research such
as low background techniques, which have been frequently mentioned in this document. The
synergy between neutrino physics and deep underground science is also strong, with many
deep underground facilities being developed primarily for the large neutrino (or dark matter)
detector systems, which allows additional convergence research to be undertaken, such as
low radiation genetics studies, astrobiology and sub-surface biosphere studies, and tests of
fundamental physics properties.

We should stress here as well the benefits of international coorperation and supporting
science in regions other than Europe, North America or Asia. The broadening to a world-
wide level is good tradition in particular in high-energy physics and has brought many fruitful
results, and exceptional talents to the field. It has contributed to peaceful coorporation of
scientists from many competing countries and cultures.

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

Our understanding of the Universe will increase with more and more understanding of
neutrinos and their properties. They influence the creation of light and heavy elements in the
early Universe or in stellar explosions, and they might even be responsible for the existence
of matter as such in the Universe. The physics that generates neutrino mass will necessarily
be part of whatever theory will be the next Standard Model of particle physics. Further
understanding neutrinos, hopefully also in combination with other breakthroughs in physics
and cosmology, will further clarify how the cosmos works and what our role in it is, thus
answering the most fascinating questions humanity dealt with.
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9 Physics Implications
Neutrino physics has already led to a number of remarkable discoveries. By summarizing in
this section the main topics for the future, we would like to express our vision that the field
has excellent potential for more exciting discoveries and advances.

There are two main directions: One is the use of neutrinos as probes into sources which
are otherwise not accessible. Especially in astrophysics and cosmology, neutrinos can convey
unique information from a variety of dense and/or other hidden places of our Universe,
where they were produced. Neutrinos will thus allow us to learn about these sources and
will improve our understanding of the most extreme environments in which neutrinos can
propagate.

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

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

9.1 Learning about Sources

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

9.1.1 Better Understanding the Interior of the Earth

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

The Earth’s interior can be also studied using externally produced neutrinos, such as
atmospheric neutrinos. There are two approaches in the literature: Neutrino absorption
tomography and neutrino oscillation tomography; see [642] for a review. Neutrino absorption
tomography uses the fact that the neutrino cross section increases with energy; the absorption
length becomes comparable to the Earth’s diameter at about 40 TeV. Consequently, the
absorption of neutrinos along their straight paths through Earth can be used to study the
density profile of Earth in a manner to the similar to the X-ray tomography technique;
see e.g. Ref. [643] for tomography using atmospheric neutrinos. The main limitations of
absorption tomography are the relatively low statistics at these very high neutrino energies
regardless of the source class, and the increase of cross-section uncertainties at high energies.

In contrast, neutrino oscillation tomography uses matter effects in neutrino oscillations
at energies in the GeV range (for atmospheric neutrinos); see e.g. [644, 645]. Matter effects
are primarily sensitive to the electron density, which can be translated into the matter den-
sity if the composition (actually the ratio Z/A) is known, or can in fact be used to study
the composition of matter traversed, such as of the Earth’s core. An interesting effect in
neutrino oscillation tomography is that the Hamiltonians for different matter density layers
do not commute, which means that additional information beyond the simple column density
is imprinted in the energy spectrum. While the statistics in the GeV range for atmospheric
neutrinos is generally better for this approach, the main limitations are parameter degenera-
cies, detector threshold effects, and directional uncertainties (which are especially relevant if
one wants to study the inner core of the Earth).

In both tomography approaches, a precision competitive with seismic wave tomography or
other geophysical approaches is not expected; however, neutrinos measure different quantities
than these approaches. Apart from tomography using atmospheric neutrinos, many other
sources have been proposed (such as solar neutrinos, astrophysical neutrinos or neutrino
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beams), see e.g. [642]. For example, a new dedicated neutrino beam experiment may even
measure the density (or corresponding composition variable) of the Earth’s inner core at the
percent level [646]. Since such an experiment, however, requires significant new technology
and dedicated investment, the approaches using atmospheric neutrinos seem to be the most
promising at this point.

9.1.2 Learning about the Sun

Solar neutrinos represent an invaluable means to study neutrino properties as well as to
learn about the interior of our Sun. Historically, detection of solar neutrinos was the first
to hint towards the existence of neutrino oscillations. Today, we study the effects of dense
matter, both in the Sun as well as in the Earth, on the electron-flavor survival probability
of neutrinos, searching for neutrino properties and interactions beyond those included in the
SM. Solar neutrinos are the only direct probe of hydrogen fusion processes powering the
Sun. Currently, precision spectroscopy of solar neutrinos from the pp chain fusion has been
performed by Borexino for all species and by Super-Kamiokande for 8B neutrinos. Recently,
Borexino has verified the existence of the CNO fusion cycle, contributing with about 1% of
the total solar energy. The CNO cycle dominates for more massive stars, which are, in fact,
more abundant in the Universe. Thus, this measurement allows for the study of the primary
mechanism for the conversion of hydrogen into helium in stars. Future experiments aim to
further improve precision of solar neutrino measurements, that in the case of CNO neutrinos
can help to solve the long-standing problem of solar metallicity, e.g. solar abundances of
elements heavier than helium.

9.1.3 Learning about the Death of Massive Stars

Neutrinos are key particles in core-collapse supernovae, which mark the death of massive
stars. With the dawn of the multi-messenger era, neutrinos offer very exciting prospects to
learn about the yet mysterious supernova physics. At the same time, supernovae are unique
laboratories to study particle physics under extreme conditions.

As described in Sec. 3.5, the flash of neutrinos accompanying a core-collapse supernova
in the Milky Way or its immediate neighborhood will provide an unprecedented view in neu-
trinos of the hidden processes underlying the collapse, the formation of a compact remnant
(neutron star or black hole) and the subsequent supernova explosion. The energy, time and
flavor profile of the neutrinos, observable in multiple detectors worldwide, contains signa-
tures of astrophysical mechanisms underlying the dramatic event. Neutrinos, together with
gravitational waves, carry information about the physics of the pre-explosion dynamics, such
as hydrodynamical instabilities, as well as rotation and black hole formation [647–649]. The
observed neutrino burst can also be used to optimize the time window for gravitational wave
searches and locate to the supernova in the sky [112, 650]. In addition, the long timescale
signal of neutrinos emitted during the cooling phase carries information about the neutron
star physics and possibly its equation of state [78,651]. In order to maximize our chances to
extract precious information from the next nearby supernova burst, these concepts will be
better explored in the near future, as a growing sample of supernova simulations becomes
available.
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Because of the uncertainties on the flavor conversion physics and degeneracies with the
supernova properties itself (e.g., its mass, nuclear equation of state), the neutrino signal
from the next nearby explosion may not provide clear insight on the neutrino mass ordering
and mixing parameters. Non-standard physics scenarios could greatly modify the expected
neutrino signal [652–659]. Furthermore, the fact that the emergence of the neutrino burst
from the stellar envelope precedes the electromagnetic signatures by hours or longer means
that the detection of the neutrino burst can provide an early alert of a core-collapse signal in
multiple messengers, increasing the astronomical community’s ability to harvest data from
the supernova’s early photon signals.

Another unsolved problem revolves around the nucleosynthesis occurring in supernovae [660,
661]. Current simulations report relatively proton-rich environments, leaving room for a light
rapid neutron capture process only. As physics linked to magneto-hydrodynamics will be
treated consistently with neutrino transport, the amount of heavy elements that can be
produced in supernovae may need to be reassessed, also in the light of an improved under-
standing of neutrino mixing.

Finally, high energy neutrinos (with O(10 − 100) TeV energy) are expected to be pro-
duced from freely expanding supernova ejecta interacting with the circumstellar medium.
The diffuse emission of high-energy neutrinos should constitute about 10% of the diffuse
background currently observed by the IceCube Neutrino Observatory; however the non-
detection of neutrinos from targeted searches already allows constraints on the fraction of
shock energy channeled into protons [662–665].

Coincident observation of supernova burst neutrinos with other signals on different time
scales – gravitational waves, later high-energy neutrinos, electromagnetic radiation in all
wavelengths – will provide rich information for both particle physics and astrophysics in the
multimessenger community.

9.1.4 Learning about the Cosmos

The cosmic neutrino background (CνB, see Sec. 3.9.2) has only been studied indirectly so far,
through the impact that this bath of relic neutrinos has on the cosmic microwave background
or on the growth of late-time structures. Most of these efforts lead to a measurement of the
effective number of relativistic neutrino species in agreement with the canonical value of
3.044, with less than 10% uncertainty, thus confirming the existence of the CνB [304]. As is
often the case for indirect approaches, these measurements, however, are model-dependent:
the results and the uncertainties vary with the exact assumptions that are made. A different
approach has recently led to the detection of a subtle phase shift of the acoustic oscillations
caused by the CνB. This shift comes from the fact that in the early Universe neutrinos
propagate at nearly the speed of light, faster than sound waves in the hot plasma of baryons
and photons [666, 667]. This phase shift cannot be mimicked by other properties of the
primordial plasma, and its detection confirms the existence of a cosmic neutrino background
at the predicted temperature of T = 1.95 K [667].

The PTOLEMY project offers an interesting prospect for the first direct detection of
the CνB [323], providing possibly the first model-independent confirmation of its existence.
Furthermore, while the properties of the CνB are theoretically expected to be very similar
to those of the cosmic microwave background, a direct detection would provide a unique
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confirmation of our cosmological model at an epoch when the Universe was only about one
second old (compared to about three minutes at the epoch of Big-Bang nucleosynthesis and
380,000 years when the cosmic microwave background was emitted).

On the issue of neutrino masses, a measurement of
∑
mν would fix the amount of power

suppression on small scales caused by the free-streaming of massive neutrinos. As a conse-
quence, studies of other particles that could have a similar impact on the growth of structures,
such as warm dark matter particles (bosonic or fuzzy dark matter, thermal relics, keV sterile
neutrinos), would be facilitated.

9.2 High-Energy Neutrino Astrophysics

The detection of astrophysical neutrinos beyond TeV energies has opened a new way to
test the origin of cosmic rays, which are the primaries needed for the production of the
neutrinos. Recent discoveries of a diffuse flux from astrophysical neutrinos and by the as-
sociation of neutrinos to individual astrophysical objects have lead to a new field, which is
perhaps best described as “high-energy neutrino astrophysics”. Its nature is different from
conventional particle-physics-oriented neutrino physics as astrophysical scenarios themselves
carry a lot of freedom and uncertainty. Its current mainstream therefore pertains to the
domain of multi-messenger astrophysics, combining the information from neutrinos, cosmic
rays, electromagnetic radiation and also gravitational waves to maximally exploit the infor-
mation from the sources, the Universe between the sources and Earth through the transport
of these messengers, and BSM physics. Here we put a strong focus on the multi-messenger
perspective, which is particularly important in this field.

9.2.1 Neutrino Production from Cosmic-Ray Interactions

Cosmic rays (protons or nuclei) are frequently assumed to be accelerated to power law
spectra dN/dE ∝ E−α by processes such as Fermi shock acceleration with a spectral index
α ' 2; these spectra are also called “non-thermal” spectra, in contrast to “thermal” spectra
which are peaked at a characteristic energy. In pp interactions, the target gas is typically non-
relativistic, which leads to neutrino spectra described by the same power law as the primaries
∝ E−α. In pγ interactions, the target radiation is (always) relativistic and may follow a power
law dN/dE ∝ E−β itself if it is generated by non-thermal primaries, such as from synchrotron
radiation off co-accelerated electrons. In that case, the neutrino spectrum dN/dE ∝ E−α+β−1

emerges in the ∆-resonance approximation, which only follows the primary spectrum if
β ' 1. Therefore, the physics of pγ sources is typically more complicated, and the frequently
used assumption of an E−2 neutrino spectrum does not hold; see [668] for a more detailed
discussion.

In many practical cases (such as for AGN) one has a photon spectral index β > 1 in the
relevant energy range (see below), which means that the neutrino spectrum in E2dN/dE is
strongly peaked with a peak determined by the maximal neutrino energy. Since to leading
approximation the pion takes about 20% of the primary proton energy in the above interac-
tions, and each pion decays into four leptons in Eq. (3), one has Eν,peak ' 1/4× 0.2Ep,max '
0.05Ep,max as the neutrino peak energy. This simple example illustrates how the observed
neutrino energy directly traces the primary cosmic ray energy. The astrophysical neutrino
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detection can therefore be used a) as direct evidence for cosmic ray acceleration in the
source, and b) as a tracer of the primary cosmic ray energy. An exception to this princi-
ple are sources with strong magnetic fields, in which the maximal neutrino energy does not
follow the maximal primary energy because beyond a critical energy the pions and muons
in Eq. (3) lose energy by synchrotron radiation faster than they can decay. In that case,
the critical energy determines the maximal neutrino energy and can be only used as a lower
limit for the primary cosmic ray energy; GRB neutrinos related to the prompt phase of the
emission represent an example for which this is the case.

As indicated earlier, astrophysical neutrinos are typically expected to be produced in the
ratio νe : νµ : ντ of 1 : 2 : 0 from the pion decay chain; deviations are possible if different
production modes (such as neutron decays or kaon decays) are at work, or if the secondary
muons (e.g. the ones in Eq. (3)) synchrotron-cool faster in magnetic fields than they can
decay, see [669] for a review. Different ratios of π+ and π− at the sources are expected to
leading order for pp and pγ interactions (see Eq. (2)), respectively, leading to different ratios
of neutrinos and antineutrinos at the source, and (after flavor mixing) at detection. This
particular feature may be tested by the Glashow resonance ν̄e + e− → W− → anything at
around 6.3PeV, which is sensitive to electron antineutrinos only; one such event has been
recently discovered [507]. Note, however, that in practice additional production processes
have to be taken into account for the hadronic pγ interactions, which lead to substantial π−
production.

9.2.2 Connection with Electromagnetic Radiation

First of all, both pp and pγ interactions lead to π0 production (see e.g. Eq. (2)), which
pre-dominantly decay by

π0 98.8%−→ γ + γ . (37)

These gamma rays have energies Eγ ' 1/2 × 0.2Ep ' 0.1Ep because two gamma rays are
produced from a pion which carries about 20% of the initial proton energy. For TeV – PeV
neutrinos, these gamma-ray energies are of a similar magnitude, an important secondary
indicator for the neutrino production typically limiting the models indirectly. For example,
for pp sources transparent to gamma rays, the emission feeds into the extragalactic gamma-
ray background limiting the spectral index of the neutrino flux [670, 671]. If, on the other
hand, the source is sufficiently compact, as it might be expected for efficient pγ neutrino
producers, the gamma rays will be re-processed inside the source, which means that gamma
rays may not be expected from such a source [672]. These conclusions, however, are derived
using assumptions for the diffuse astrophysical neutrino flux and do not necessarily apply to
individual sources.

Another interesting question for pγ interactions is that of the target photon energy the
cosmic rays interact with; it can be shown that EX [keV] ' 0.01 Γ2/(Eν [PeV]) is the relevant
target photon energy at the ∆-resonance for interactions with internal radiation in a source
traveling with Doppler factor Γ towards the observer. For sources such as AGN and TDE
jets, Γ ' 10 is a typical estimate, which means that cosmic rays producing PeV neutrinos
typically interact with X-rays in the keV-range; X-ray monitoring is therefore important to
learn about the neutrino production. The origin of these photons depends on the source
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Figure 46: Examples for theoretical models describing the electromagnetic spectrum and neutrino
associated with a gamma-ray flare of the AGN blazar TXS 0506+056 in 2017; observed data points
from different wavelength bands are labeled. The left panel shows a purely leptonic model, which
can describe the electromagnetic data but which does not produce neutrinos (orange curve). The
middle panel shows a lepto-hadronic model in which the second hump is produced by the pion cas-
cade accompanying the neutrinos (hadronic components: blue curves, leptonic components: orange
curve). The neutrino flux (red curve) is significant and can describe the observation (estimated by
the green-dashed line), but the hadronic components overshoot the X-ray data. The right panel
shows a lepto-hadronic model which can describe both the electromagnetic and neutrino data: the
two humps are dominated by the leptonic components (orange curve), whereas X-ray and TeV
gamma ray-data constrain the hadronic contribution (blue curve), thus constraining the neutrino
flux (red curve). Figure taken from [673].

class and model: typical examples are synchrotron radiation from co-accelerated electrons,
a more complicated combination of radiation processes, or external (re-processed) accretion
disk radiation (in which case Γ cancels and EX [keV] ' 0.01/(Eν [PeV])).

9.2.3 Multi-Messenger Source Models

So far, the most prominent detection of high energy neutrinos from a single source may
be the AGN blazar TXS 0506+056; here we use the 2017 neutrino observation [147] as an
example to illustrate the multi-messenger physics implications of the neutrino observation,
see Fig. 46. The neutrino arrived during a flaring state of the blazar, illustrated by the
data available from different instruments (labeled data points). The more detailed physics
question is in that case: what can we learn from the detection of the neutrino about the
radiation processes in the source?

Apparently, the electromagnetic spectrum needs to be described over many decades of
energy, where data in certain regions are sparse. While a purely leptonic model (left panel)
depends on few parameters only (such as luminosity and the size of the region, which deter-
mine the target density, magnetic field, and properties of the injected electron spectrum),
no neutrinos are produced. If, on the other hand, cosmic ray protons are accelerated in
the source, additional processes are at work which may describe features of the electromag-
netic spectrum [674], and which require additional parameters (such as the baryonic loading
and the properties of the cosmic ray injection spectrum). For example, the gamma rays
co-produced with the neutrinos in Eq. (37) will feed into the electromagnetic cascade in
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the source and may describe the second hump (see Fig. 46, middle panel); the accompany-
ing neutrino flux is at a similar level (red curve). It seems, however, difficult to reconcile
this hypothesis without effects showing up in the dip at X-ray energies and at TeV ener-
gies (where, however, attenuation in the extragalactic background radiation is at play). It
was therefore concluded that the hadronic processes must be sub-dominant in this case, see
e.g. [673,675,676] (and the right panel of Fig. 46), and that X-ray and TeV electromagnetic
data are important indicators for the hadronic emission; see also [677] for the source PKS
1502+106.

The challenge of the electromagnetic cascade accompanying the neutrino production is
also actively being discussed in the context of the 2014/15 neutrino flare of TXS 0506+056 [148].
While efficient neutrino production typically comes together with gamma-ray suppression for
compact sources and some re-processing [151, 678], details depend on the compactness and
parameters of the source and require a full electromagnetic modeling [679]. It is, however,
clear that re-processed gamma rays typically show up at lower energies, unless they leave
the source and are absorbed in the background light. Astrophysical considerations also take
into account the available power in the source, which in many cases exceeds the standard
expectations from accretion theory. This can be an indicator either for more complicated
multi-zone neutrino production models, or for new astrophysical processes such as AGN
blazars undergoing super-Eddington accretion during hadronic flares.

Note that beyond neutrinos from AGN, very recently neutrinos from TDE have been
observed [157]. In that case, a star is disrupted by the tidal forces of a black hole, and the
remaining debris is partially accreted by the black hole; here the physics is very different
and much less understood, see e.g. [680–682] for possible neutrino production sites. These
examples illustrate on the one hand the complexity of hadronic emission models and their
tight interplay with astrophysics; on the other hand, they indicate that recent results in
neutrino astronomy drive a newly emerging discipline of neutrino astrophysics.

9.2.4 Neutrinos and the Origin and Transport of the UHECRs

In spite of the evidence for individual neutrino-source assocations with AGN and TDE, the
observed diffuse neutrino flux may still not be dominated by these source classes since con-
ceptual arguments (such as stacking searches, limits from the non-observation of multiplets,
or the shape of the observed spectrum) point towards different dominant source classes or
possibly even multiple contributions. A particular field of interest is the possible connection
to UHECRs beyond about 109 GeV, as these are expected to be powered by very luminous
or very abundant sources.

A famous example is the Waxman-Bahcall bound [684], asking the question about how
high the neutrino flux would be if the UHECR energy was efficiently converted into astro-
physical neutrinos. Interestingly, the derived neutrino flux is close to current observations
in terms of magnitude; however, as discussed earlier, Eν ' 0.05Ep, which means that the
UHECR and neutrino energies differ by several orders of magnitude in energy. Current
power-law fits of the astrophysical neutrino spectrum disfavor such a direct connection as
the observed neutrino spectrum is much softer than E−2 [685], whereas the UHECR extrap-
olation relies on an E−2 spectrum. This may imply that the neutrino spectrum is not a
simple power law, or that the source contains strong magnetic fields; see below.
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Figure 47: Neutrino (upper panel) and cosmic-ray (lower panels) observables for a low-luminosity
GRB model describing both neutrinos and cosmic rays at the highest energies. The neutrino panel
shows both the neutrino fluxes from the source (blue curve) and the cosmic ray propagation (grey
curve) for that model. The cosmic ray curves (colors in lower panels) corresponds to the mass
groups indicated in the middle panel. Taken from [683].

Apart from neutrinos produced in the astrophysical source, secondary neutrinos are pro-
duced during UHECR propagation by Eq. (2) from interactions with the cosmic background
radiation, such as the cosmic microwave background. This “cosmogenic” neutrino flux in
the EeV range follows the UHECR energy directly and is expected at higher energies e.g.
relevant for radio-detection experiments; its level is an indicator for the presence of light
element fraction in UHECRs [686] at the neutrino highest energies, and a possible indicator
for high-redshift cosmic background light at lower energies. Note that for some source classes
the source neutrino flux at EeV energies may even “outshine” the cosmogenic flux even if the
source describes UHECR data; see e.g. [687] for AGN.

In recent years, progress has been made to theoretically describe the observed UHECR
spectrum and composition, while at the same time predicting the source and cosmogenic
neutrino fluxes for many different source classes. Here we show one example for a popula-
tion of low-luminosity GRBs in Fig. 47: The upper panel shows the diffuse source neutrino
flux (blue curve), which is peaked at around PeV energies – as it is typical for GRB neutrino
fluxes. Here the cosmogenic neutrino flux (grey curve) is comparatively low because the
UHECR observables (lower panels) prefer a heavy composition at the highest energies. In
this example, the radiation density in the source controls the nuclear disintegration and the
neutrino production inside the source at the same time; the appearance of light elements
below the cosmic ray ankle (E . 1018.6 eV), which are needed to describe UHECR data in
that range, is therefore directly correlated with the neutrino flux. This is just one mod-
ern example for the implementation of the Waxman-Bahcall paradigm, where in this case
the magnetic field effects on the secondary pions and muons break the correlation between
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Figure 48: Possible mechanisms for BSM physics testable with astrophysical neutrinos. Figure
taken from [696].

the UHECR and the neutrino energies; an example where the neutrino spectrum follows
the UHECR spectrum more closely can be found in [688], more statistics on the neutrino
spectrum can help to discriminate such options.

9.2.5 Neutrinos from Gravitational Wave Sources?

Neutrinos produced in connection to gravitational wave sources, such as the binary neu-
tron star merger GW170817, which has been so far the best motivated source for neutrino
detection, see [689–691], have also been searched for [692,693]. Dedicated computations how-
ever show that the expected neutrino fluence from the associated short GRB must not have
been larger than about 10−4 of the instruments’ sensitivities [694]. While gravitational wave
sources are being monitored with neutrinos and an association would be ground-breaking,
no neutrinos in coincidence with gravitational waves have been found so far [695].

9.2.6 Astrophysical Neutrinos and BSM Physics

Finally, we would like to highlight that astrophysical neutrinos can also test BSM physics,
thanks to the extreme distances, production environments, and energies; see Fig. 48 for
a summary. These mechanisms can be classified in two different dimensions: they may
affect the neutrino arrival directions, neutrino spectrum, neutrino arrival times, or the flavor
composition. The BSM effect may be at work at production, during propagation or at
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detection. An example is neutrino lifetime (leading to neutrino decay, if short enough),
which can also be regarded as one of the unknown properties of the neutrinos for which
only lower limits exist, see Sec. 9.6.4; over large distances, neutrino decay may be tested by
changing the flavor composition, whereas it may also show up in the energy spectrum at low
energies; it is questionable if changes in the arrival directions may be detectable in this case.

9.3 Theoretical Implications of Neutrino Mass and Lepton Mixing

Neutrino mass is tiny, which generically is interpreted as being caused by some suppression
mechanism. Possibly connected to that is the question of whether neutrinos are Dirac or
Majorana particles, i.e., whether lepton number is conserved or violated. Lepton number is
an accidental global symmetry in the SM, which is hard to realize in theories beyond the
SM. Along these lines, it is fair to say that the vast majority of models predicts neutrinos to
be Majorana particles. This would mean that there is another source of fundamental mass
generation in Nature besides the SM Higgs mechanism. The violation of lepton number
that is implied by Majorana fermions will have another set of deep consequences in terms of
conservation of global symmetries or the creation of matter in the Universe. Checking this
prediction via observation of neutrinoless double beta decay is the only realistic possibility,
but still very challenging. Apart from the character of neutrino mass, its value has a guar-
anteed impact on the global structure of the Universe, the magnitude of which remains to
be explored by future measurements. Identifying the precise mechanism of neutrino mass
generation is possible by identifying the various new features that it typically brings along,
such as new particles or new energy scales. The most straightforward mechanism is the
type I seesaw mechanism, which naively works at close-to-GUT scales, but can be arranged
to work at more testable energies. Many other mechanisms have been proposed and can
typically be arranged in theories beyond the SM. Often the mechanisms work at low scales,
allowing tests at colliders or with lepton flavor violation searches.

The peculiar pattern observed for the three PMNS mixing angles, with θ12 and θ23 being
large while θ13 is small (but not tiny), is in strong contrast to the CKM matrix pattern.
This difference poses intriguing questions on the origin of the flavor structure of fermions.
It remains an open question as to whether the apparent mixing patterns reflect some deeper
theoretical principle such as a broken flavor symmetry, or whether the patterns are purely
random or “anarchic”. The relationship, if any, between the PMNS and CKM matrices is also
unknown. These issues are a major concern in the literature. Among the countless examples
in the literature, many flavor symmetry models predict the same mixing parameters. Preci-
sion beyond that expected for future experiments will not likely help much in distinguishing
models. Which models are favored can be influenced by other arguments, such as simplicity,
minimality, the possibility of incorporating quark mixing or to compatibility with GUTs.
The nature of CP-violating phases is a related theoretical challenge, with ramifications for
cosmology, as well as for particle physics per se. The current indications for a Dirac phase
in the vicinity of −π/2 invite further thoughts of flavor symmetries, while the existence or
not of CP-violating Majorana phases remains undetermined; see Sec. 9.3.1. Observation
of lepton number violation and CP violation would have fundamental cosmological impact,
as those may lead to the generation of a baryon asymmetry. In the most straightforward
picture, the observations would provide circumstantial evidence of leptogenesis as the origin
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of the observed baryon asymmetry of the Universe.
This subsection deals with details of these fundamental issues, which are triggered by the

results of neutrino physics.

9.3.1 Dirac or Majorana Neutrinos?

As mentioned above, Dirac neutrinos imply the conservation of lepton number, which in
the SM is an accidental global symmetry. Typically, additional symmetries are necessary
in theories beyond the SM to keep lepton number conserved. The situation resembles that
for dark matter, where often a symmetry that stabilizes the dark matter particle needs to
be introduced. General considerations in quantum gravity lead to the claim that global
symmetries are not conserved. An unbroken local symmetry could be chosen in analogy
to QED, in which the electric charge is conserved. However, the gauge coupling associated
with lepton number would need to be extremely tiny in order to obey existing experimental
limits. Of course, lepton number could be violated by 3 or 4 units, i.e. neutrinos would
be Dirac particles, but processes which violate lepton number by 3 or 4 units would exist.
In fact, non-perturbative SM processes relevant for leptogenesis (see Sec. 9.4.3), or more
generally baryogenesis, do violate lepton (and baryon) number by three units. In general,
the violation of lepton and/or baryon number is crucial for our ideas for the generation of
the baryon asymmetry of the Universe. Moreover, Grand Unified Theories do generically
predict Majorana neutrinos, e.g. the violation of lepton number. This is on equal footing
with the prediction of baryon number violation (that is, proton decay); therefore, baryon
number and lepton number violation are not separate questions.

The Majorana nature of light neutrinos necessarily implies further terms in the overall
particle physics Lagrangian, and in particular implies new particles, parameters and energy
scales. Determining those, also with the help of experiments beyond pure neutrino physics,
such as direct searches at colliders or via lepton flavor violating processes, may teach us
valuable lessons on the correct BSM approach.

Eventually, the question of the neutrino nature needs to be answered experimentally, via
observation (or perhaps non-observation) of neutrinoless double beta decay (0νββ). Avo-
gadro’s number is the only way to beat the (mν/E)2 suppression of observables that can
distinguish Majorana from Dirac neutrinos, leading to multi-100-kg experiments searching
for 0νββ. Nuclear physics uncertainties remain a potential problem in precision physics of
0νββ. The nuclear community has been intensifying its attack on the problem, and indeed
the field is understood much better than a decade ago. An observation with at least two
different isotopes, preferably with two different measurement techniques, is needed in order
to provide convincing evidence for lepton number violation and Majorana neutrinos.

All in all, the consequences of pinning down the neutrino nature would be fundamental,
ranging from particle physics, to the fate of global symmetries, and to cosmology.

9.3.2 Origin of Neutrino Mass

Where do tiny neutrino masses come from? The most simple possibility would be to add
right-handed neutrinos to the SM particle content, and thus create a Dirac mass term mD

for neutrinos in analogy to all other fermions of the SM. The Yukawa coupling would be at
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least six orders of magnitude smaller than the one for the electron. While this is the same
hierarchy as for the third-generation top quark and the first-generation electron Yukawa,
the point is that this strong hierarchy affects particles in the same SU(2)L doublet, for each
generation: up- and down quarks have only a mild, if any, mass hierarchy, while electrons
and electron neutrinos have a mass ratio of 10−6 or below.

Therefore, some suppression mechanism is required. Connected to that, the gauge sym-
metries of the SM allow a bare mass term for the right-handed neutrinos,MR. “Bare” denotes
here a mass term not connected to the SM Higgs mechanism, which gives mass to all other
particles in the SM. This mass term is thus not bounded from above by perturbativity of
couplings, thus can be arbitrarily high. Moreover, it is a Majorana mass term. Via the
coupling of the right-handed neutrinos with the left-handed ones through the Dirac mass,
the Majorana character is passed to the light neutrinos. In addition, light neutrinos have a
mass given by m2

D/MR and thus are suppressed for all three generations. This is the type I
seesaw mechanism [292–295,697].

The lessons of this most simple mechanism are that

(i) new particles exist, in this case, right-handed neutrinos.

(ii) a new energy scale exists. Recall that the SM possesses only a single energy scale.

(iii) a new property exists, in this case the violation of lepton number due to the Majorana
nature of the light neutrinos.

(iv) the mass of the light neutrinos is inversely proportional to the energy scale related to
their origin.

In addition, the new particles often come with additional interactions of their own, for
instance caused by a gauge symmetry related to the difference of baryon minus lepton number
(B − L), left-right symmetry, etc. This and the above features are almost generic for the
countless mechanisms that have been proposed to generate neutrino mass. These features
allows testing and distinguishing of the mechanisms.

For the type I seesaw, the naive picture implies thatMR ∼ m2
D/mν ∼ v2/mν & 1014 GeV,

and a mixing of the right-handed neutrinos with the charged current of order mD/MR '√
mν/MR, which implies little hope of testability. However, mD and MR are matrices,

allowing for cancellations. In addition, simple variants and modifications of the type I
seesaw exist, that allow even more flexibility. For instance the type II [233, 296–300] or III
mechanisms [301] are other options, which introduce scalar and fermion triplets, respectively.
More involved scenarios such as inverse [698–700] or linear [701–703] seesaws have additional
singlet fermions and more than one new energy scale.

Loop mechanisms are the second-most popular way to generate neutrino masses. Ex-
amples are the Zee model [704] or the “scotogenic” model [705], which work at one-loop,
or the Zee-Babu model [706, 707] at two-loop order. Again, new particles are introduced,
mostly scalars, but also fermions. The loop-suppression of neutrino mass allows for more
easily testable scenarios at colliders or using lepton flavor violating processes, Higgs physics
or anomalous magnetic moments of charged leptons.

Another way to lower the scale of neutrino mass and of lepton number violation is to
apply the ‘t Hooft naturalness argument, which states that a parameter is small when the
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symmetry of the theory is enlarged in its absence. In our case, the symmetry is lepton number
and the parameter is the scale of lepton number violation or neutrino mass generation.

A different perspective to the origin of neutrino mass is the SM Effective Field Theory
(SMEFT) framework, which treats BSM physics as a perturbation series of non-renormalizable
effective operators made from SM fields and suppressed by powers of a new physics scale Λ.
It turns out that the lowest-order perturbation is a unique, lepton number violating operator
(called Weinberg operator [708]), suppressed by one power of Λ and leading to Majorana
neutrino masses after electroweak symmetry breaking. The theory producing this effective
operator (the so-called “ultraviolet completion” at higher energies to make it a renormaliz-
able theory) is, however, not unique: there are three possibilities to generate this operator
from tree-level diagrams, which are the three types of seesaw mechanism mentioned earlier.
In this language, neutrino mass can also be generated by operators of higher dimension
than 5 (7, 9, 11, . . .), which lowers the suppression scale Λ, possibly to straightforwardly
testable values. In the literature, different construction principles to more sophisticated
neutrino mass models are being used, such as from lepton number violating effective oper-
ators (e.g. Refs. [709, 710]) or from a systematic decomposition of SMEFT operators (e.g.
Refs. [711,712]).

Thus, there are various ways for testable neutrino mass generation mechanisms. They can
be distinguished by their different particle content, energy scales, couplings to SM particles
and predictions for neutrino parameters. Identifying them will be of crucial importance to
understand particle physics beyond the SM.

9.3.3 Flavor Symmetries

Unless a flavor symmetry or some other constraining structure is imposed, the mixing angles
and CP-violating phase(s) in the PMNS matrix U are arbitrary parameters, in analogy to
their CKM cousins. However, the measured values of the mixing angles in particular of
the PMNS matrix with θ23 close to maximal, do encourage speculations about a deeper
flavor structure, which possibly could eventually help to solve the long-standing mystery of
quark-lepton family replication. In this sense, the information that oscillation experiments
have been collecting so far has triggered an enormous amount of theoretical activity which
brought new insights to flavor physics. See Refs. [713–716] for comprehensive reviews of
flavor symmetries.

A flavor symmetry puts the weak fermion singlets or doublets of different generations in
certain multiplets of a new symmetry group Gf . The latter is subsequently broken in order to
explain the non-degenerate charged lepton masses. The breaking leads to different conserved
subgroups of Gf in the charged lepton and the neutrino sectors, which ultimately leads to
non-trivial U . The understanding that fermion mixing may be caused by the conservation of
different subgroups of a larger flavor symmetry group is one of the potential lessons learned.

The value of θ12 can give insight on which flavor symmetry one could apply. Commonly
considered special cases are (a) tribimaximal mixing which has sin2 θ12 = 1

3
, (b) bimaximal

mixing which has sin2 θ12 = 1
2
, (c) hexagonal mixing which has sin2 θ12 = 1/4, and (d)

golden ratio mixings, which have tan θ12 = 1/φ (or sin2 θ12 = 0.28) or cos θ12 = φ/2 (or
sin2 θ12 = 0.35), where φ = (1 +

√
5)/2. These patterns are typically derived from discrete
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or finite flavor symmetry groups, which may have their origins as discrete subgroups of
continuous flavor groups such as SO(3) and SU(3) or products thereof, where the “3” is
mandated by the observed threefold family replication. Examples include S4, A4, A5, DN ,
Σ(2N2), Σ(3N3), ∆(3N2), ∆(6N2). We refer to the reviews [714–717] for references to
the large original literature. It is also possible to use Abelian U(1) symmetries. The most
studied example is the (anomaly-free) difference of muon and tau flavors [718–721], Lµ−Lτ .
Gauging and breaking the symmetry is necessary, leading to a massive Z ′ boson of interest
for the anomalous magnetic moment of the muon. Extending the symmetry to the quark
sector is possible, which introduces the option to explain B-physics anomalies [722,723]; see
Sec. 9.4.4.

The CKM matrix is famously not very different from the unit matrix, with the largest
mixing angle (the Cabibbo angle θC) being about 0.23 and the others one to two orders
of magnitude smaller. Its zeroth order form can be interpreted as the unit matrix, with
higher-order corrections yielding in particular the Cabibbo angle. Its value is in fact close
to θ13, which makes an overall picture, in which θC and θ13 appear as effects of corrections,
quite appealing.

Given the expected precision on the oscillation parameters discussed in Sec. 4.7, it will
be possible to rule out classes of models (e.g. hexagonal mixing from tribimaximal mixing).
However, some of the schemes will not be distinguishable, e.g. tribimaximal mixing and
the golden ratio scheme with cos θ12 = ϕ/2, see e.g. [724]. This is true also when correla-
tions to model parameters are included, which concerns the often-studied “sum-rules” (see
e.g. Ref. [714, 725–728]) such as sin2 θ12 = 1/3 + ζ sin2 θ13 cos δCP, with ζ a real parameter
predicted by the model. Other sum-rules, in particular those relating neutrino masses and
Majorana phases with each other [729–731], suffer in addition from the various ways neutrino
mass observables and their correlations are modified by possible new physics or smeared by
theoretical uncertainties, cf. Sec. 5.5. Nevertheless, the determination of the absolute neu-
trino mass scale and the mass ordering is very important for ruling out models. The flavor
structure of the neutrino mass matrix is very different for normal hierarchy, inverted hier-
archy, or quasi-degeneracy. In addition, corrections to models are highly unlikely to change
the normal hierarchy into the inverted one.

An interesting class of flavor symmetries are those that non-trivially combine transforma-
tions between families with CP transformations, the obvious motivation being to constrain
the CP violating phases in the PMNS matrix, especially the Majorana phases. A generalized
CP symmetry [732–735] is introduced, which is then combined with a given flavor symmetry.
Typically, predictions for the CP phases, including the Majorana ones, are obtained, leading
to testable signatures in neutrino oscillation and neutrinoless double beta decay experiments.
A large number of special cases have been analysed in the literature, with useful summaries
provided in the reviews of Refs. [715,716,736].

A more recent development [737] has been the idea of using non-linearly realized flavor
symmetries known as modular symmetries, a structure that has its origins in supersymmetry
and string theory. Modular symmetries are extended mathematical structures under which
the coupling constants are functions of a chiral superfield τ called the modulus. Requiring
modular invariance leads to the coupling constants having to transform in a certain way, thus
greatly constraining the form of the theory, and is able to constrain the neutrino masses in
addition to the PMNS parameters [715, 716]. A vigorous activity in this area akin to the
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conventional model building discussed above is ongoing. The number of free parameters in
such models is much smaller, at least for simple ones, than for the conventional models, but
this comes with the price of requiring fundamental and hard-to-verify features like higher
dimensions, high scale supersymmetry, and string theory. Nevertheless, it is an exciting de-
velopment (see e.g. Refs. [738–742]), though the same comments regarding the possibilities
to distinguish models as for conventional flavor symmetries apply here as well.

Overall, the field of flavor symmetries is still very active and boosted mainly by neutrino
data. In the future, it will be quite possible to distinguish classes of models, but many
different scenarios exist that lead to very similar, and thus experimentally indistinguishable,
predictions. Various corrections to model predictions are possible (vacuum misalignment,
renormalization, etc.), often depending on independent and inaccessible energy scales. More-
over, by slightly modifying models, the predictions can be adjusted to new data. Measuring
neutrino parameters as precisely as possible is nevertheless a necessity in order to gain fur-
ther insight. However, improving beyond the currently foreseen values is likely not to be
helpful in flavor model building, but rather (in analogy to the CKM sector) for testing new
physics scenarios, as discussed in Sec. 9.6.

9.4 Connections of Neutrinos to beyond the Standard Model Physics

Neutrinos are linked to many aspects of particle physics. For each aspect, there are countless
examples which cannot all be covered here. Instead, we give a few popular and illuminating
examples. More often than not, the various BSM aspects are interconnected with each other,
so the separation made in this section is somewhat arbitrary.
Within models, the violation of lepton flavor in the neutrino sector can directly or indirectly
transfer to the charged-lepton sector. If models incorporate the quark sector, then the
plethora of tests of meson decays can be linked. More often than not, dark matter candidates
exist in a model responsible for neutrino mass. The baryon asymmetry of the Universe is
another field with frequent connections to neutrino mass. The parameters that we measure
within neutrino physics provide another set of information on grand unified theories; in fact,
neutrino mass is a typical prediction of such theories, even for less-unified theories such as
left-right symmetry, and provides motivation for them. All these theoretical connections
are accompanied by experimental connections, such as the neutrino background to dark
matter direct detection experiments, or searches for proton decay in neutrino oscillation
experiments. Furthermore, astrophysical neutrinos can be used to test neutrino properties
in extreme environments or over large distances.

9.4.1 Flavor Physics

Neutrino oscillations show that neutral-lepton flavor violation exists. Via loops the charged-
lepton sector violates flavor as well, though, due a GIM-suppression, only at negligible
level [743]. This means, however, that observation of charged-lepton flavor violation (cLFV)
implies observation of new physics beyond neutrino mass. A plethora of possible processes
exists. The limits (in particular on the e-µ sector) are so strong that they correspond to
new energy scales exceeding the LHC center-of-mass energy [744, 745]. All models generat-
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ing neutrino mass imply cLFV at tree or loop level, and experimental limits are often the
strongest constraints on neutrino mass models. While collider limits apply mostly to the en-
ergy scale, flavor observables provide information on the flavor structure in particular, thus
offering complementary information. Additional bounds to test models come from lepton
flavor universality, Higgs decays, charged-lepton magnetic or electric dipole moments. There
are models in which the rates of cLFV are given by the neutrino parameters (plus an energy
scale) and models in which parameters not directly measurable by oscillations govern the
rates. An example for a direct connection is the type II seesaw model, in which the rates
for decays like µ → eγ scale like |(mνm

†
ν)eµ|2 and for µ → 3e like |(mν)ee(mν)eµ|2 [746].

Here mν is the neutrino mass matrix that can be reconstructed with existing and future
measurements of neutrino parameters.

Future limits are expected to further constrain in particular low scale neutrino mass
models. Leading here will be MEG-2 (for µ → eγ [747]), Mu3e (for µ → 3e [748]), Mu2e
and COMET (for µ-e conversion [749,750]), but also tau-sector decays will be very important.

Combining lepton with quark flavor is of interest for theories unifying quarks and leptons.
Interestingly, long-standing anomalies in the B-meson sector may be connected to neutrino
physics. This concerns mainly the decay B → K∗µµ and the ratio of B → Kµµ and
B → Kee. It is possible to extend the neutrino-motivated Lµ − Lτ gauge symmetry to the
quark sector in order to explain such b → sµµ anomalies [722, 723]. Another explanation
applies leptoquarks [751, 752], which can generate neutrino mass radiatively [753]. This is
just one example of the possible connections of neutrinos to more general flavor physics.

9.4.2 Dark Matter

Just as for neutrino mass, the presence of dark matter [304] is a clear proof of physics
beyond the standard model, though it is so far without direct verification in laboratories.
The standard paradigm of Dark Matter (DM) is that a Weakly Interacting Massive Particle
(WIMP) interacted with the thermal SM plasma in the expanding Universe until the inter-
action could no longer keep up with the expansion: the DM particles “freeze out”. Massive
neutrinos are WIMPs in the true sense of the word. However, their small mass would lead to
freeze-out when they are highly relativistic, and their free-streaming would erase structures
in a way that is incompatible with observations should they be the only constituent of the
dark matter of the Universe. Neutrinos would thus be “hot dark matter”. Structure forma-
tion considerations require that DM be cold or warm, but rule out pure hot dark matter
scenarios.

Heavier neutrinos with masses of around 100 GeV are good candidates, but their Yukawa
interaction with leptons and the Higgs would lead to immediate decay. Switching off this
coupling with a symmetry would remove them from their role in seesaw neutrino mass
generation, and also require additional interactions to produce them in the thermal plasma.

An intermediate case is neutrinos of mass in the keV range (see [754] for a review),
which could be produced via oscillations with active neutrinos early on in the history of
the Universe. A keV neutrino can be part of the seesaw mechanism generating a very tiny
active neutrino mass. In order not to exceed the DM abundance, keV sterile neutrinos should
have a small mixing with the SM sector (θ2 ∼ 10−8). They never reach thermal equilibrium
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and hence contribute to the number of relativistic degrees of freedom as ∆Neff < 1, which
allows them to evade the constraint on Neff established by BBN and CMB measurements (see
discussion in Sec. 7.5). An upper bound on the mass of a keV sterile neutrino is provided by
the absence of detection in X-ray searches looking for a diffuse signal from the radiative decay
of the sterile neutrino. For non-resonantly produced sterile neutrinos [755], this limit is of the
order of 4 keV. For resonant production modes, where the neutrino density is enhanced in the
presence of a lepton-antilepton asymmetry at the epoch of production [756], this limit can
be increased to about 50 keV depending on the active-sterile interaction strength [757,758].
Becoming non-relativistic in the radiation-dominated era, keV neutrinos would behave as
warm dark matter (see [759,760] for reviews), alleviating some of the drawbacks on galactic
scales of the more commonly considered cold dark matter scenario (absence of a visible
galactic cusp, small number of detected galactic satellites compared to simulations, etc.).
This DM candidate has recently attracted renewed attention as an unidentified line at around
3.5 keV in the X-ray spectra of galaxy clusters [761] and Andromeda [762] may arise from
the decay νs → ναγ of a 7-keV neutrino into an active one and a photon. The DM origin
of the line is however subject to criticism [763, 764]. Furthermore, keV sterile neutrinos
would smooth out density fluctuations below their free-streaming scale, a signature that
small-scale clustering analyses use to constrain the existence of such particles. The tightest
bounds on keV neutrinos are currently provided by Lyman-α forest surveys. Constraints on
non-resonantly produced sterile neutrinos are now in the 20− 30 keV mass range [765–767],
closing the window for such particles as a major constituent of the dark matter. The case
for resonantly-produced keV sterile neutrinos is less clear-cut, with current limits in light
tension [768] with the debated sterile neutrino interpretation of the 3.5 keV emission.

Within neutrino mass models, often a DM particle exists. A popular example is the
“scotogenic” neutrino mass model, where right-handed neutrinos are prohibited with a Z2

symmetry from having a Majorana mass term, but, with the help of additional scalar parti-
cles, can generate a Majorana neutrino mass via one-loop diagrams. The same Z2 symmetry
stabilizes the lightest particle of the scenario, which is therefore a DM candidate [705]. There
are also approaches where the DM-stabilizing Z2 symmetry is used to forbid Majorana mass
terms in general, and hence is connected to the Dirac nature of neutrinos [769].

Neutrinos are also helpful to indirectly probe dark matter, if it decays or annihilates into
neutrinos. Atmospheric neutrino experiments or neutrino telescopes are sensitive to this
signature, which above several GeV of energy is essentially background-free. Those experi-
ments were not constructed with the aim of studying DM particles, but nevertheless provide
highly valuable information on them. The DM-generated neutrino flux can come from DM
particles accumulated in the Earth or Sun, or from the galactic halo, which introduces un-
certainties when integrating the DM density along the line of sight (the so-called J-factor).
See Ref. [770] for an overview.

Another connection of neutrinos to DM is provided by the “neutrino floor” [771]. Co-
herent elastic neutrino-nucleus scattering (CEνNS, see Sec. 6.4.7) of unshieldable solar and
atmospheric neutrinos with ∼ MeV energies will create a background of nuclear recoils in
the keV-regime. This background is not distinguishable event by event from the direct de-
tection signal that future experiments such as DARWIN [70] aim to measure, caused by the
scattering of non-relativistic DM particles with masses above ∼ GeV. The neutrino floor
then corresponds approximately to a number of neutrino events larger than the number
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of DM events with similar recoil spectra. In principle, ways to get below the neutrino floor
exist [772–776], for example, via direction-sensitive detectors; however, going beyond the neu-
trino floor will be challenging. Interestingly, new interactions of neutrinos can significantly
enhance the neutrino floor [777]. Thus, understanding CEνNS with dedicated experiments,
as well as solar and atmospheric neutrino fluxes, is of great importance. Finally, we stress
again the experimental similarities of dark matter direct detection and neutrino experiments,
as discussed in Sec. 8.

9.4.3 The Baryon Asymmetry of the Universe

The PMNS matrix has up to three CP-violating phases. The Dirac phase is the analogue of
the CKM CP-violating phase and it can be measured in neutrino oscillation experiments. If
neutrinos are Majorana particles, the two additional CP phases cancel out in the oscillation
probabilities, but affect other observables such as the neutrinoless double-beta-decay rate.
For seesaw models that feature additional, usually very massive, neutral fermions, there
will in general be additional CP-violating phases affecting the decays of the heavy neutral
fermions into leptons and Higgs bosons. This is important for leptogenesis driven by out-of-
equilibrium heavy neutral lepton decays above the electroweak phase transition [342].

Leptogenesis has received great attention because it can naturally take place in seesaw
models and has been shown to be able to explain the observed baryon asymmetry of the
Universe. It can be implemented in different ways, depending on the underlying neutrino
mass model. In the simplest case of type I seesaw models, it readily satisfies the three
Sakharov conditions: (i) lepton number is violated by the heavy Majorana masses; (ii)
several CP-violating phases can be present in the Yukawa coupling between heavy neutrinos
and the Higgs; (iii) the departure from equilibrium is guaranteed by the expanding Universe.
At very high temperatures, the heavy Majorana neutrinos are in thermal equilibrium with
the rest of the plasma due to their Yukawa interactions and decouple after the temperature
drops below their mass. In the presence of CP violation, their decays generate a lepton
asymmetry which is converted into a baryon asymmetry by SM sphaleron processes. In
fact, essentially all scenarios that generate neutrino mass have the option to generate the
baryon asymmetry of the Universe [778]. Leptogenesis is possible even if neutrinos are Dirac
particles [779]. Various aspects of leptogenesis in and beyond the standard scenario are
summarized in Refs. [780–784].

The current experimental preference for a nonzero Dirac phase as outlined in Sec. 4.1 is
an encouraging sign for the existence of new sources of CP violation in nature, as is required
for all theories of baryogenesis. The connection with leptogenesis is a very important one,
as it could, in principle at least, shed light on the nature of leptonic CP-violation. Unless
special flavor structures are imposed, all of these phases are free parameters, whose origin
is as much of a mystery as are the fermion masses and lepton and quark mixing angles. As
indicated above, most models of neutrino masses contain a larger number of parameters than
those measurable, and in particular more CP-violating phases. Consequently, in a completely
model-independent way, it is not possible to draw a direct link between the value of δCP and
the baryon asymmetry.

However, models which aim to explain the values of neutrino masses and of the mixing
structure we observe have a reduced number of parameters and can present a direct con-
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nection between the two. It is therefore possible to make some more general statements
in specific neutrino mass models. In the widely studied case of the type I seesaw at scales
slightly below 1012 GeV, it can be shown (by setting to zero all other phases) that the δCP

phase can be the origin of the observed baryon asymmetry [785–787], and it is also possible
in extended see-saw models [788]. This would represent the terrestrial discovery of a param-
eter that is essential for very early-Universe cosmology. Alternatively, if the Dirac phase,
depending on its value, could be proven to be inadequate, then that would point to the
existence of additional phases, which could well have a leptonic origin.

Within type I seesaw models, leptogenesis is not necessarily a high energy phenomenon. It
is possible to bring down the scale of the heavy neutrino masses down to GeV-scale [789–791].
This requires typically an extreme closeness of right-handed neutrino masses (“resonant lep-
togenesis”), and allows testability for instance in SHiP [792] (see also [793]). As mentioned
in Sec. 5.5, high scale leptogenesis is not possible when there is TeV-scale lepton number
violation on an observable level; hence it is falsifiable [399].

One can conclude that, generically, the observation of lepton number violation (e.g. neu-
trinoless double beta decay) and of CP violation in long-baseline neutrino oscillation experi-
ments and/or possibly neutrinoless double beta decay would provide circumstantial evidence
(not a proof!) in favor of thermal high scale leptogenesis as the origin of the baryon asym-
metry of the Universe. Certain very constrained scenarios allow for testing all parameters
related to leptogenesis in terrestrial experiments. Generically, mechanisms for neutrino mass
generation come quite often together with new particles and CP phases, thus entertaining the
possibility of generating the baryon asymmetry of the Universe. Testability requires model
building input, but the search for low energy lepton number and CP violation is crucial to
test our ideas on lepto- and baryogenesis, and will help in favoring neutrino-mass-related
baryogenesis scenarios over other ones.

9.4.4 Unification

Neutrinos do not exist isolated from the other particles of the SM. They live with charged
leptons in an SU(2) doublet. In Grand Unified Theories (GUTs), neutrinos live additionally
with quarks in GUT multiplets. Furthermore, mechanisms to generate small neutrino mass
introduce new particles that can influence other particles of the SM as well. Among the many
examples, we focus on the type I seesaw mechanism with right-handed singlet neutrinos,
discussing several aspects of unification. Starting with supersymmetry, scalar partners of
the singlet neutrinos are called sneutrinos, and inherit lepton number violating properties.
If one of the sneutrinos is the lightest supersymmetric particle, it is a DM candidate, see
e.g. [794]. In many supersymmetric frameworks, the Dirac mass matrix within the type I
seesaw mechanism is the main source for lepton-flavor-violating decays mediated by SUSY
particles, and is typically observable for not-too-large SUSY scales. In this case, one is able
to reconstruct the seesaw parameter space, in contrast to the non-supersymmetric case where
the heavy neutrinos and/or their small mixing suppress the rates.

The Yukawa coupling of the right-handed neutrino with SM lepton doublets and the Higgs
boson may have a remarkable impact on Higgs physics. First of all, it influences the running
of the quartic Higgs coupling towards negative values at high energies, thus leading possibly
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to an unstable vacuum [795]. Moroever, right-handed neutrinos provide a loop-induced con-
tribution to the Higgs mass of order ∆m2

h ' m2
DM

2
N/(16π2v2) = mνM

3
N/(16π2v2), leading

to a limit of MN . 107 GeV if this contribution is not to be larger than the measured Higgs
mass [796–799]. This “naturalness” mass limit is, interestingly, in conflict with standard
leptogenesis requirements (see Sec. 9.4.3).

Theories that gauge the difference of baryon and lepton number B − L are attractive as
this charge is exactly conserved in the SM [297,800–804]. The symmetry is anomaly-free and
can thus be consistently gauged, if three right-handed neutrinos are added to the particle
content, providing therefore motivation for the seesaw mechanism. Furthermore, lepton and
baryon number are connected here, linking neutrinoless double beta decay with proton decay.

The difference B − L is also part of many other BSM theories. In particular, in left-
right symmetric models the SU(2)L gauge group of the SM is extended by another SU(2)R
that acts on right-handed fields only [295, 299, 805–809]. Right-handed neutrinos are thus
needed for the consistency of the theory. Their mass is generated by a Higgs mechanism
in analogy to all fermion masses of the SM (with a Higgs multiplet different from the SM
Higgs). The scale of their masses is the scale at which parity breaks down. Hence, the parity
violation of weak interactions is connected to the smallness of neutrino mass. In this sense,
left-right symmetric theories have gained additional support by determining that neutrinos
have mass [810].

In GUTs the active and sterile neutrinos share a multiplet. In SO(10) models, all 15
SM fermions (left- and right-handed up- and down-quarks of all three colors, left- and right-
handed electrons and left-handed active neutrinos) of a single generation plus a right-handed
neutrino, fit in the 16-dimensional spinor representation of the group. With a Higgs sector
that breaks the large GUT group down to the SM, the different Yukawa coupling matrices
of quarks and leptons are connected. In the most-often applied scenario, one has all five
relevant mass matrices given by a combination of only three Yukawa couplings [811–814]

mu = vu10Y10 + vu126Y126 + vu120Y120 ,

md = vd10Y10 + vd126Y126 + vd120Y120 ,

mD = vu10Y10 − 3vu126Y126 + vD120Y120 ,

m` = vd10Y10 − 3vd126Y126 + v`120Y120 ,

MR = vR126Y126 ,

(38)

wheremu,md,mD,ml,MR are the up-quark, down-quark, Dirac neutrino, charged lepton and
right-handed Majorana neutrino mass matrices. Fitting this to the observed fermion masses
is a check of the validity of GUT models. One particular result is that the case of only Y10

and Y126 being present is ruled out, since the value of the atmospheric neutrino mixing angle
comes out too low [815]. Other choices are not compatible with an inverted mass ordering;
hence neutrino data can seriously constrain grand unified theories. Furthermore, typically
a hierarchical neutrino mass spectrum is predicted. Hence observing close-to-degenerate
neutrino masses would lead to serious implications for GUTs. Moreover, while type I and
II seesaw mechanisms, and to some extent the type III, can easily be implemented in such
GUTs, many other mechanisms require non-minimal to exotic extensions.

One should mention that the obvious experimental connection of neutrino physics to
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GUTs, in the sense that present [816] and upcoming [97,259] detectors can set strong limits
on various proton decay modes, thereby testing GUTs.

Finally, theories with additional gauge groups can have first-order phase transitions when
one of the scalar multiplets necessary for the symmetry breaking obtains a vacuum expec-
tation value. This can have testable consequences as it leads to a stochastic gravitational
wave background, that can be probed in future experiments.

9.5 Sterile Neutrinos

Sterile, or right-handed, neutrinos NR have been encountered already a few times in this
document. Some experiments discussed in Sec. 7, point towards the existence of eV-scale
sterile neutrinos, having various possible consequences in particle physics and cosmology.
This section is aiming at generalizing the notion of sterile neutrinos to arbitrary energy
scales. Generically, sterile neutrinos, i.e. fermions without isospin or hypercharge, appear in
many BSM frameworks and are thus an exciting window to new physics. Reviews on the
interesting physics of sterile neutrinos can be found in Refs. [584,782,817].

There are two arguments for the mass scale of sterile neutrinos. In the limit of vanishing
mass there is no Majorana mass term, hence the symmetry of the system is enhanced because
lepton number is conserved. This is along ’t Hooft’s notion of naturalness: a parameter
should be small if its absence enhances the symmetry of the system. On the other hand,
right-handed neutrinos are singlets under the SM gauge group; hence their Majorana mass
term is not protected by the gauge symmetry of the SM, thus can be arbitrarily large. Good
phenomenological arguments were made in the past for keV-scale neutrinos as warm dark
matter (see Sec. 9.4.2), or for masses close to the GUT scale of 1015 GeV in order to explain
the light neutrino mass scale via v2/MR in the type I seesaw. Another argument is the
slightly lower scale for the lightest sterile seesaw-neutrino of around 1010 GeV, a value at
which the simplest leptogenesis mechanism works (see Sec. 9.4.3). It is fair to say that no
convincing argument has been made for the presence of an eV-scale sterile neutrino. All
models are “postdictions” made after the LSND and reactor anomalies discussed in Sec. 7.

The number of sterile neutrinos is not constrained in general. Theories in which right-
handed neutrinos are part of a gauge group require that they come in with the same number
of SM generations, i.e. three. In the seesaw context there should be one for each massive
light active neutrino, which implies that two are enough (the lightest active neutrino could
be massless). Two are also enough to explain the baryon asymmetry of the Universe via
leptogenesis. This implies that sterile neutrinos of various energy scales may exist. Scenarios
are conceivable in which one keV-scale neutrino is responsible for warm dark matter and two
heavier ones are for leptogenesis. This is the spirit of the νMSM [791,818].

While being called “sterile”, these particle are not completely decoupled from the SM.
They have the option to couple to the Higgs and a lepton doublet, which induces mixing
with light neutrinos in the charged and neutral currents. This mixing implies that they
are produced in certain amounts whenever charged leptons or neutrinos take part in weak
interactions. Therefore, one can look for their decay products and produce them at colliders
or in decays. Indeed, limits on sterile neutrino mass and mixing have been obtained from
beta decays, meson decays, or from LHC. Moreover, sterile neutrinos have cosmological
implications, see Sec. 7.5.
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Generally speaking, the vertex of Higgs-lepton-NR can be viewed from different directions:
(i) the Higgs couples to leptons and NR, (ii) leptons couple to the Higgs and NR, (iii) NR

couples to leptons and Higgs. While this sounds trivial, it illustrates the rich phenomenology
of sterile neutrinos. In the seesaw language, the above three directions of the vertex imply (i)
Higgs-physics (naturalness, vacuum stability), (ii) lepton flavor violation, (iii) leptogenesis.
In case the sterile neutrinos do have additional interaction (see Sec. 9.4.4), the discussion
becomes even broader. Note that the seesaw connection of sterile neutrinos is not unique.
Right-handed neutrinos could have left-handed Dirac partners and their mass comes from a
different “dark” sector. This would modify the way one searches for them.

In summary, the notion of sterile neutrino is very broad and has rich phenomenology in
particle physics and cosmology. While the presence of sterile neutrinos is expected from a
theoretical point of view, its mass scale is unknown, and depending on its value has very
different, but generically exciting, consequences.

9.6 New Physics in Neutrino Experiments

Neutrino mass models often come with additional energy scales and interactions. This implies
that neutrinos may show properties beyond the standard paradigm of three active neutrinos
interacting via electroweak interactions. Indeed, new physics beyond the three-neutrino
picture is expected in many well-motivated scenarios. There is even one long-standing hint
of new neutrino physics, namely light sterile neutrinos, which is treated at various places
in this report. Some possible new physics scenarios are well motivated, while others are
speculative. The main point is that neutrinos offer completely new avenues to test for new
physics. Here neutrino experiments can probe TeV-scale new physics, which is on par with
collider searches. Moreover, the presence of such effects may hinder the determination of
unknown neutrino parameters, and therefore should be understood to avoid making wrong
claims on the mass ordering or CP violation. The complementarity of different neutrino
experiments to test the same parameters is important to avoid such wrong conclusions.
More often than not, limits on non-standard neutrino features are obtained as a by-product
of large-scale oscillation experiments, or by small dedicated experiments. This illustrates
the variety and broadness of experimental approaches. Popular examples on new physics
are magnetic moments, unitarity violation or non-standard interactions. Many more exotic
possibilities such as long-range forces or CPT violation may show up, and strong sensitivities
can be reached in many experiments.

The present section tries to summarize the main theoretical ideas and features of various
new physics scenarios.

9.6.1 Non-Standard Interactions

Non-standard Interactions (NSIs) are a popular new physics option for neutrinos. They
denote additional vector-like interactions of the left-handed SM neutrinos with other fermions
f , described by the following neutral current Lagrangian [235]:

− L = 2
√

2GF ε
f
αβ [ν̄αγµPLνβ]

[
f̄γµf

]
. (39)
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The strength of this new interaction is normalized to SM interactions and encoded in di-
mensionless (and complex) ε parameters. If f are first-generation particles, these terms
induce coherent forward scattering of neutrinos in matter, in analogy to the matter effects
discussed in Sec. 4.1. In this way, they modify neutrino oscillation probabilities relevant for
long-baseline experiments. Reviews on the effects of the above interaction can be found in
Refs. [819–821].

The above interaction could stem from heavy particles that mediate interactions between
neutrinos and other SM fermions. In this case one expects that ε ∝ m2

W/M
2
X , where mW is

the mass of the SM W -boson and MX the mass scale of the new particles. Therefore, prob-
ing percent-level ε implies testing TeV-scale new physics, that is, energy scales accessible
at the LHC and beyond. The interaction in Eq. (39) therefore has immediate collider phe-
nomenology [822]. This demonstrates once more the exciting potential of neutrino physics.
Indeed, many of the limits on the above εfαβ, as listed e.g. in Ref. [823] are around 0.1
and partly below. Such limits also include results from coherent elastic neutrino-nucleon
scattering (CEνNS, see Sec. 6.4.7), where NSIs on up- and down quarks modify the cross
section. There is however a crucial difference. The matter effect in neutrino oscillations
is caused at momentum transfer of 10 MeV and below. Therefore, the particles mediating
the NSI can have a mass as small as this value [824], and the smallness of the ε would be
caused by a small coupling instead. Such a small value of the mediator mass will however
modify the recoil spectrum observed in CEνNS, where the propagator of those particles is
1/(q2 − m2

X) ' 1/q2 ∝ 1/T and increases the cross section at low recoil T . Thus one can
break the light/heavy mediator degeneracy by combining oscillation and scattering exper-
iments. Regarding future neutrino oscillation experiments, those will further improve the
bounds on NSIs or discover them. The presence of εfαβ may hinder the determination of
the neutrino mass ordering and the CP phase, or lead to a wrong measurement. Indeed, a
recent result in this respect is the finding that CEνNS limits on certain ε parameters rule
out the “dark LMA” solution (θ12 > 0), which would be allowed by solar neutrino data in
the presence of non-zero values of those parameters [823]. This illustrates the necessity of
different experiments and of over-determining the neutrino parameters.

Note that the above interaction can be generalized to interactions different from vector,
that is, scalar, pseudoscalar, axial vector, or tensor. These new interaction may stem from
coupling neutrinos to dark matter. They would not influence neutrino oscillations [825,826],
but could also lead to effects in neutrinoless double beta decay [827], or observable distortions
in measurable recoil spectra e.g. in CEνNS [473]. Also beta decays are used to constrain those
extra interactions [828]. The origin of those interactions often includes leptoquarks [829].
One can further generalize the new interactions in Eq. (39) from neutral currents to charged
currents, which are however typically more constrained as the corresponding lepton flavor
violation bounds are quite strong.

There have been several proposals for particles associated with NSIs. Examples are Z ′
bosons, leptoquarks, scalar singlets, etc. Those typically induce not only a single set of NSI,
and can thus be distinguished from each other by a global search in various experiments. In
addition, the particles causing the NSI can be generated at colliders, if they are heavy. If
they are light, they could be radiated off in processes in which the fermions taking part in
Eq. (39) appear. It is noteworthy that this possibility includes also neutrino self-interactions,
which are among the leading new physics solutions proposed to explain the long-standing
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discrepancy of Hubble parameter determinations in near- and far-distance cosmology [830].
Finally, one should mention the recent XENON1T excess of measured electron recoil T [831],
which can be explained by solar neutrinos coupling to light mediators. The propagator of
those particles is ∝ 1/T and is well-suited to explain an excess at low recoil.

9.6.2 Unitarity Violation

The PMNS matrix is exactly a 3×3 unitary matrix for two important neutrino mass scenarios:
(1) the case of three Dirac neutrinos where their mass generation occurs in exactly the same
way as for the charged fermions, and (2) the case of three left-handed Majorana neutrinos
with no additional fermionic states playing any role in the mass generation, as is the case
for the type II seesaw model. However, if there are additional fermionic states, they will
typically lead to unitarity violation. An example is type I seesaw right-handed neutrinos
with Majorana masses, which generically couple with the three known neutrino flavors via a
Yukawa interaction with the Higgs, unless a symmetry is invoked to forbid these terms. Once
the Higgs acquires a vacuum expectation value, mixing arises and affects all the neutrino and
neutrino-like states, rendering the 3× 3 PMNS matrix only approximately unitary. Barring
special flavor structures, one expects the deviations from unitarity to scale as powers of the
ratio of the electroweak scale to the new physics scale. If the scale of the seesaw mechanism
is low, or in the presence of additional states, as in inverse, linear or other extended see-
saw models, the mixing can be sizable without contradicting the constraints from neutrino
masses. Thus, tests of the unitarity of this matrix are also tests of the nature of the underlying
mass generation mechanism. Note, however, that the presence of additional charged-lepton
states would also imply unitarity violation.

Underlying models put aside, we can describe a non-unitary lepton mixing matrix N (as
defined through charged-current interactions between charged leptons and neutrinos) as N =
(1−η)UPMNS with an exactly unitary matrix UPMNS via a Hermitian matrix η. This affects a
raft of precision electroweak and flavor observables including the W -mass, the weak mixing
angle, Z-decays, tests of flavor universality and many others, as was systematically studied
for instance in Refs. [832, 833]. A focus on non-unitarity in oscillation experiments only
was made in Refs. [279,834]. Table IV of Ref. [833] presents a useful summary of the upper
bounds on unitarity-violating deviations. These results show that deviations up to the 2−7%
level are permitted by current data, depending on the matrix element. The ηττ parameter is
the least constrained, with ηµµ the most constrained. While in the CKM sector the unitarity
of the mixing matrix is tested for all independent unitarity constraints, the prospects for the
lepton sector are poor. Nevertheless, the precision foreseen in particular by JUNO will allow
unitarity tests on the first row of the PMNS matrix on the percent-level [279]. Studies of tau
neutrino physics with atmospheric neutrinos [98, 185], long-baseline neutrinos [835] or with
SHiP [596] are important to measure Uατ elements, which are currently hardly constrained.
Unitarity violation in long-baseline experiments may weaken the precision with which the
currently unknown neutrino parameters can be measured [836].

It should be noted that also light sterile neutrinos would lead to an apparent non-unitarity
of the PMNS matrix, if the oscillation experiment corresponds to L/E � ∆m2

ster, i.e. the
mass-squared difference averages out. In addition, the “zero-distance” effect in non-unitary
scenarios (flavor change even for vanishingly small baselines) is also present for non-standard
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interactions; see Sec. 9.6.1. This demonstrates that distinguishing new physics requires a
variety of experimental approaches.

9.6.3 Magnetic Moments and other Electromagnetic Features

Neutrino Magnetic Moments (NMM) are the most popular new physics scenario related
to electromagnetic properties of neutrinos. The most general coupling of neutrinos to the
photon field can be written in the form of charge, dipole magnetic, dipole electric, and
anapole neutrino form factors, which display different Lorentz structures. In the limit of
vanishing momentum exchange q2, the charge form factor corresponds to a potential charge
of the neutrino, while the dipole magnetic form factor is the magnetic moment. The latter
is best understood and has attracted the most attention from experimentalists. We refer to
the review in Ref. [837] for a detailed summary of the physics of neutrino electromagnetic
features, in particular, the subtle connections of electromagnetic properties of neutrinos with
the Dirac/Majorana nature, or with C, P, CP and CPT violation.

In the SM extended with massive Dirac neutrinos, loop processes generate electromag-
netic couplings, since the neutrino couples to chargedW bosons. The magnetic moment is of
order GF emν/(16π2), and takes a very small value of µν ' 3.2 · 10−19 (mν/eV)µB, expressed
in Bohr magnetons. Interestingly, for Majorana neutrinos, magnetic moments can only cou-
ple different states with each other (“transition magnetic moments”); for Dirac neutrinos,
only diagonal transitions are allowed. There is furthermore a relative factor of two between
Majorana and Dirac neutrino NMM. As in the SM the NMM is very much suppressed, an
observation would immediately imply new physics coupling to neutrinos. Indeed, models in
which particles with electroweak quantum numbers appear often lead to observable magnetic
moments. A common issue in such models is that a magnetic moment generated at a scale
Λ corresponds to a neutrino mass proportional to µνΛ2, which typically is too small unless
non-trivial model building is involved.

An interaction caused by a magnetic moment adds incoherently to the SM cross section.
For instance, neutrino-electron scattering, in the limit of electron energies Eν much larger
than recoil T , has a differential cross section with respect to recoil of order G2

Fme(a +
b T/Eν) in the SM, while the magnetic moment contributes with α/m2

e(µν/µB)2 1
T
. For

millicharged neutrinos, the differential cross section would be proportional to α/(meT
2).

The increase at low recoil is a characteristic feature of electromagnetic couplings, and is the
main method to obtain limits in terrestrial experiments. Here experiments with reactor and
solar (anti)neutrinos give the most stringent terrestrial limits, which are of order 10−11µB,
i.e. eight orders of magnitude below the prediction of the SM extended by massive neutrinos.
Note that, again, the XENON1T excess can easily be explained by solar neutrino scattering
involving millicharge or magnetic moments [831], courtesy of the increase of the differential
cross section at low recoil. Competing limits on electromagnetic couplings of neutrinos are
also obtained by CEνNS experiments, which work at low recoil by definition.

Astrophysical limits are typically stronger than terrestrial ones, though they often depend
on the modeling of the neutrino source under consideration. A NMM couples left-handed
states to right-handed ones, the latter being sterile for Dirac neutrinos and thus able to leave
a supernova core, thereby inducing energy loss. Confronting the observation of the SN1987A
neutrino burst with this feature leads to limits of order 10−12µB. Other processes that are of
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astrophysical interest are radiative decay νj → νi +γ (which would also influence the cosmic
microwave background) or a resonant spin-flavor precession in the presence of a magnetic
field. Such limits are summarized in Ref. [838].

9.6.4 Other Possibilities

The unusual features of neutrino mass and lepton mixing motivate speculation about the
presence of new physics beyond the possibilities discussed so far.

• Long-range forces: This is actually connected to NSIs: if the mass of a vector or
scalar boson coupling to neutrinos has an extremely tiny mass, a long range force
proportional to 1/r is felt by neutrinos. For instance, the Sun-Earth distance corre-
sponds to about 10−18 eV, and mediators lighter than that value create a potential
V ' 1.0 · 10−12 (g′2/10−50) eV, which can be compared to quantities related to oscil-
lations, namely ∆m2/E or GFNe, where Ne is the number density of neutrinos in the
medium [839–843]. If this force involves electrons, the limits are extremely strong (g′2
much below 10−50), as the Earth or the Sun contain an enormous amount of electrons.
If muons or tau forces are involved, mixing of the bosons is required for observable
effects. A list of current constraints in many models is given in Ref. [844]. In principle
the effect is distinguishable from the vector NSIs discussed in Sec. 9.6.1 since long-
range interactions depend differently on the distance traveled. However, in reality the
difference is tiny.

• Neutrino decay: Massive neutrinos can decay radiatively νj → νi + γ, though with
only SM interactions the half-life is extremely long. This decay mode could however
be enhanced via new physics, or the decay products could be one or more beyond
the Standard Model particles, e.g. a sterile neutrino or a Majoron (“invisible decay”).
A Majoron is a Goldstone boson associated with the broken global lepton number
symmetry. This decay would have observable consequences for astrophysical (see e.g.
[835, 845, 846]) neutrinos or for neutrino oscillation experiments (see e.g. [847–849]),
where the classical oscillatory L/E behavior would be modified by an exponential
suppression exp{−mνL/(Eτ)} caused by the life-time τ . A pure decay solution to
the observed neutrino deficits was ruled out quite early [847]. Moreover, cosmological
mass limits can be weakened if neutrinos decay [387,388]. Limits from atmospheric or
long-baseline oscillation experiments are around τ & 10−10(mν/eV) s [850] and solar
neutrinos yield τ & 10−4(mν/eV) [851], whereas cosmological ones are much stronger,
τ & 1011(mν/eV)5 s [852]. Observations from SN1987A give τ & 107(mν/eV)3 s [853].
Those numbers depend actually on which mass state decays and also on the mass
ordering. Upcoming experiments, and a possible supernova, will further improve the
limits. As usual, the fit results of oscillation experiments could change if neutrino
decay were present.

• Pseudo-Dirac neutrinos: In cases where a Dirac and a Majorana mass term is
present, but the former is much larger than the latter, neutrinos are formally Majorana
particles. However, each mass state corresponding to an active neutrino is split in two
states (one being sterile), the small splitting related to the ratio of the Majorana and
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Dirac mass terms. Several models have been found which realize such a scenario (see
Ref. [854] for a discussion). Besides new mass-squared differences, also new mixing
angles are introduced. All lepton-number-violating effects are suppressed. Observable
effects could nevertheless arise in oscillation experiments (see e.g. [854, 855]) or in the
context of astrophysical neutrinos [856, 857]. A further exotic modification is when
certain mass states are Pseudo-Dirac while others are Majorana, which occurs when
they are generated by a different source [858].

• Anomalous decoherence: As mentioned in Sec. 4.1 neutrino oscillations are closely
connected to quantum-mechanical aspects such as decoherence: wave packets associ-
ated with different mass states need to overlap in order to observe oscillations. For
large travel distances, coherence is lost. One can envisage scenarios in which new
physics induces additional decoherence, for instance caused by space-time foam within
quantum gravity theories. For this case, one would fit the data with an arbitrary
decoherence factor exp{−ξ(L,E)} multiplied with the oscillation probability. Those
tests have been performed with various sources, see e.g. Refs. [859–862], and limits on
anomalous decoherence have been obtained, testing those theories; a discovery would
have obvious fundamental consequences.

• CPT and Lorentz invariance: The final exotic possibility is the violation of holy
principles in relativity and quantum field theory. An overview on different tests in the
neutrino sector can be found in Ref. [863]. One should note that Lorentz invariance
violation leads to CPT violation, but not vice versa. CPT violation can be obtained by
violating locality or causality, while keeping Lorentz invariance intact. As for anoma-
lous decoherence caused by space-time foam, one would expect that the effect goes
with energy scale over the Planck massMPl ' 1019 GeV. The likely high-scale origin of
neutrino mass motivates the search for such effects with neutrinos, as the energy scale
associated to their mass generation may not be far away from the Planck scale.

An obvious consequence of CPT violation would be that neutrino and antineutrino
parameters are not the same. This is in principle distinguishable from matter effects,
NSIs or long-range forces, which also generate this feature. Such explicit CPT violation
has been applied to various cases in neutrino physics, see e.g. [864–868]. It is worth
noting that meson masses, in particular neutral kaons, are constrained to have a mass-
squared difference of m2(K0)−m2(K̄0) . 0.25 eV2, and that for neutrinos the related
difference of ∆m2

31 measured with neutrinos and antineutrinos is known to be much
smaller.

Superluminal neutrinos are another candidate in this field. For tachyonic particles,
processes are allowed that are otherwise kinematically forbidden, which was used to
strongly refute [869] the past (and later retracted) claim of faster-than-light neutri-
nos [870]. Strong limits on the amount of superluminality can also be given by such
considerations.

The so-called Standard Model Extension (SME) describes consequences of Lorentz
invariance violation in a systematic way [871,872]. Gauge-invariant operators violating
Lorentz-invariance are constructed out of SM fields. In this framework, there are a great
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many free parameters that can be constrained in essentially any neutrino experiment.
Some of the constraints are obtained by the effect that the SME coefficients determine
a fixed direction in space-time, around which the experiment rotates with sidereal
frequency 2π/(23 h 56 min). A variety of cases has been discussed in the literature,
see e.g. [873–875].

All in all, there is some motivation that the properties of neutrinos make them more
sensitive to exciting new physics than other particles. Searches for these effects can be done
in every neutrino experiment (and meaningful limits set if the effects are not found) without
additional costs, making these searches attractive to perform. In the presence of such effects,
typically the sensitivity to standard parameters is decreased.
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