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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 eld promise even
greater rewards.

A comprehensive, extensive and globally collaborative research program is required to
fully realize the bright scienti ¢ potential of neutrino physics and the opportunities a orded,
including applications for societal bene t. 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 specic objective de ned was the creation of a community-informed
science-drivenwhite 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 ful Il their potential

To identify opportunities within neutrino physics, mutual bene ts of global connections
within neutrino physics and other elds, as well as the synergies of an international
program.

This report

This report is the output from that process. It gives a scienti ¢ overview of the current
status of the various research directions within neutrino physics, the opportunities that will
9



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 e ective use of
world-wide resources. Not intended as a road-map, the structure and length of this report
is based on the scienti ¢ opportunities and concepts and is not an attempt to de ne the
speci ¢ 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 scienti c 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 (avor) 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
eld 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 avor, 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 bene cial synergy between elds, with neutrino physics providing far reaching insights to
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astronomical models, and neutrino physics bene ting from cosmological and astronomical
observations.

Solar, astronomical, cosmological, atmospheric, geological and arti cially created neutri-
nos allow unique insights into the sources and production mechanisms of neutrinos. Neutrinos
are unigue 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 eld.

An optimal global program requires a diverse set of experimental e orts aiming at di er-
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-
enti ¢ synergies between projects which study the neutrino from di erent perspectives, and
provide synergies with other elds of research through the development of multi-purpose or
multi-disciplinary experiments.

By ensuring a portfolio of projects with di erent objectives, scale, timescale, technologies
and complexity, the community can ensure a continuous ow 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 di erent 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 elds. 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
11



coordination will be facilitated through theoretical advances which establish the physics
connections between very di erent 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 re ne and as much as possible agree on the scienti ¢ value and potential
of research directions. Such a broad scienti ¢ 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 eld 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 bene ts from research into neu-
trinos, either directly or through the technologies that are developed that nd use in other
elds such as medical imaging and national security. Because neutrinos are so hard to detect,
the eld has already driven extensive and imaginative work in detection techniques, many of
which are synergistic with other elds of science. In addition to these technological bene ts,
the training and development of highly skilled individuals whose skill-sets are applied more
broadly is a core benet 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 in uence 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
rst 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 ( avors) ex-
ist, which was again a major discovery. Next, solar neutrinos showed oscillations on their
way to Earth, which is a quantum mechanical e ect, 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, arti cial 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 elds. Neutrino physics unites thus a remarkably wide set
of scientic 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 physiosf and the physicswith
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 avor states , and , which live together with their charged lepton
counterparts e and in weak interaction doublets. The neutrinos have well-de ned
guantum numbers under the SM gauge symmetries, which x their interactions with th&v
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
massesm;.,.3 are present, corresponding to the mass states.».3. Another consequence of
diagonalisation is the existence of the PMNS matrix denoted here by, 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, = U, j. 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 rede nition. The PMNS
matrix contains three mixing angles, 1,, 13 and 53, plus a phase cp responsible for CP
violation. In case neutrinos are their own antiparticles, i.e. if they are Majorana fermions,
two additional phases exist (denoted for instance by and ), which only appear in lepton-
number violating processes, and in particular do not in uence neutrino oscillations.



Parameter | Main method(s) | Source(s) | Status

12 Oscillations solar, reactor known
23 Oscillations atmospheric, accelerator known

13 Oscillations reactor, accelerator known
cp Oscillations accelerator hints

, Rare processes double beta decay unknown

ms, Oscillations reactor, solar known
j maj Oscillations reactor, accelerator, atmospheri¢ known
Ordering (sgn  m3;) Oscillations reactor, accelerator, atmospheri¢c hints
M12:3 Kinematics 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 and (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 rst-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 eld the normal mass ordering
corresponds toms > m, >m g, or m3, > O, while the inverted mass ordering corresponds
tom, >my; >ms or m3 < 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
rst-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 avor structure of the SM leptons seems
to be very distinct from that of quarks, which indicates fundamental di erences 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
guestion is whether neutrinos are Dirac or Majorana fermions, i.e., if lepton number is
a conserved or violated symmetry of Eﬁture.



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 in uence the precise determination of neutrino parameters. In turn,
neutrino interactions can help to re ne nuclear models. There are also possible new
BSM interactions of neutrinos which are frequently described by e ective 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
e ects 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 di erent 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
guestion 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 con rmation 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 de ected
by extragalactic magnetic elds. 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 rst 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 neLitéon star merger accretion disks, determine the



ratio between protons and neutrons in astrophysical out ows 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 e ective 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 e ects 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’*8U and 2%°Th 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 a ecting 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 eld which connects very
di erent scienti c communities with vastly di erent scienti ¢ 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 th0 2° meters or even below, experiments with
high event rates and a small number of events in huge experiments. Theoretical physics is
here very important since it helps to combine results from completely di erent 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 di erent 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 di erent types and sizes of experiments and to make best use of resources by looking
for synergies in R&D e orts and in large-scale experiments.

The structure of this document follows therefore an experiment-driven approach: We rst
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 elds. 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 2"¥ 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 10?° . per Giga-Watt
thermal power, GW,). 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 T 10 /cm?/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 di use
supernova background (DSNB) have not yet been observed, but once detected with su cient
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 rst 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 arti cial neutrino beams are
targeted over up to 1000 km to huge detectors located underground.

Figure 1 shows the sources of neutrinos and their uxes 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 (¢)* were used to discover neutrinos in 1956. However, the reactor
neutrino ux itself is still not fully understood, due to the well known anomalies observed
in both its absolute ux and spectral shape.

LIn this section, reactor antineutrinos will be called reactor neutrinos for brevity.

18



Figure 1. Neutrino sources and corresponding energies and uxes on Earth, taken from Ref. [1].
The abbreviations are Big Bang Nucleosynthesis (BBN), Cosmic Neutrino Background (CNB) and
DSNB (Di use Supernova Neutrino Background). Nuclear solar neutrinos are produced byp 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( 5%) ?*°U is used as fuel, there
are four main isotopes?3°U, 2*°Pu, 2%8U, and ?*'Pu, which contribute to the production of
more than 99% . from beta decays in the decay chain of these isotopes' ssion products.
On average, each ssion releases about 200 MeV energy [2,3] and produces.amth energy
up to about 10 MeV.

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

P is9{opes
( E ): P isotope;hf_ E. fi i(E ); (1)
i i i

wherePy,, i, E;, and ;(E ) represent, respectively, reactor thermal power, ssion fraction of
each isotope determined by reactor core simulation, energy released per ssion, and neutrino
spectrum of each ssion isotope [4,5]. The ssion fractiorf,;, changes as a function of time
while the reactor thermal powerPy, is usually kept constant unless they are turned o for
fuel exchange or maintenance.

Figure 2 illustrates reactor neutrino uxes, the relevant cross section of inverse beta decay
(IBD), and the corresponding reactor neutrino spectrum. Reactor neutrinos are usually
detected through an IBD process, .+ p! 1e5 + n, and only neutrinos with energy larger



Figure 2: Reactor neutrino uxes 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, signi cantly improves the neutron capture e ciency.
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 di erent, 200 sec
or 28 sec (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

13. In 2012 the rst discovery of non-zero ;3 was made by Daya Bay [/] and RENO [g],
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 1o; 23; 13, M3, and j m3;j (see Section 4.1 for more details). Especially
the measurement of a not too small ;3 using reactor neutrinos in 2012 has opened the
possibility to measure CP violation in the Ie%tgn sector using the next generation of neutrino



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 1 uncertainty.

detectors currently being constructed. Detailed measurements of ux and shape of the
emitted neutrino spectrum from reactors showed a discrepancy from the expected spectra.
These discrepancies will be called here reactog ux 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% de cit
of the measured reactor neutrino ux 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
de cit has further increased to about 6%. Huber's independent re-evaluation also con rmed
the result of [5] for?®°U, 2*°*Pu and ?*'Pu isotopes, for averaged antineutrino energy spectra.
Short-baseline,0(1 km), reactor neutrino experiments Daya Bay, Double Chooz and RENO
have measured the absolute reactor neutrino ux using their near detectors and observed a
ux de cit 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 0f0:023 This 6% de cit
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 ux measurements.

Towards solving the ux anomaly, Daya Bay and RENO independently observed that the
predicted IBD yield per ssion from 23U is higher than the measured ones at 3levels (see
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Figure 4: IBD vyield per ssion from 23°U vs. 23%Pu by Daya Bay (left) and RENO (right) from
Refs. [15] and [16], respectively.

Fig. 4). More precise measurements on the IBD yield per ssion froAU and 2**Pu would

be necessary to fully clarify the situation, even though the two independent experiments
showed very similar results. In parallel, two new reactor neutrino ux 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] ux than that of H-M model. Recently

a new measurement of the ratio of beta-spectra frof¥°U and 2*®Pu was presented [19],
which is (1.054 0.0002) times smaller than the ILL result used for predictions of the
reactor antineutrino ux. This reduces the predicted antineutrino ux 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 rst
reported by in 2014 | ]. Later in 2014 Daya Bay [23] also con rmed the 5 MeV excess
compared to Huber-Mueller model (see Fig. 5). The origin of the excess, however, has not
been fully identi ed yet. In 2014 it was also shown that the excess is correlated to the
reactor thermal power [ ], implying that this is very likely caused by reactor neutrinos
unpredicted by the model. Recently, RENO and Daya Bay showed 3.414] and 4 [24]
evidences of the correlation between the 5 MeV excess and #&J ux.

Most of the VSBL reactor neutrino experiments (see Section 7.3.2) use research reactors,
in which 2%U is highly enriched. They are expected to nail down the correlation between
the excess and®*U. Among the VSBL experiments, NEOS using a commercial reactor has
clearly observed the excess for the rsttime 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 (né}°U at 2.4
(2.2) CL [25]. STEREO has released the rst 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?3°U at the ILL reactor and found an excess of 12.13:4% (3:5 ) at 5.3 MeV

neutrino energy, which is a little bit lower in energy (0.5 MeV) than other experiments.
There have been many e orts to understand the 5 MeV excess in the nuclear theory

community by re-evaluating reactor neutrino ux and energy spectrum in two di erent meth-

ods: summation (or ab-initio) and conversion methods. A summation method is based on
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