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Abstract
Nuclear reactors are uniquely powerful, abundant, and flavor-pure sources of
antineutrinos that continue to play a vital role in the US neutrino physics program. The
US reactor antineutrino physics community is a diverse interest group encompassing
many detection technologies and many particle physics topics, including Standard
Model and short-baseline oscillations, BSM physics searches, and reactor flux and
spectrum modelling. The community’s aims offer strong complimentary with
numerous aspects of the wider US neutrino program and have direct relevance to most
of the topical sub-groups composing the Snowmass 2021 Neutrino Frontier. Reactor
neutrino experiments also have a direct societal impact and have become a strong
workforce and technology development pipeline for DOE National Laboratories and
universities.

This white paper, prepared as a submission to the Snowmass 2021 community
organizing exercise, will survey the state of the reactor antineutrino physics field and
summarize the ways in which current and future reactor antineutrino experiments
can play a critical role in advancing the field of particle physics in the next decade.
As it is directed towards the Snowmass 2021 Neutrino Frontier, Sections 4 through 9
are organized around specific Topical Groups within that Frontier, with the relevant
Topical Group specified in each Section’s title. Finally, to enable quick reference to the
document’s main themes, two to four ‘Key Takeaways’ are provided at the beginning
of each Section.
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23Centro Atómico Bariloche and Instituto Balseiro, Comisión Nacional de Energı́a Atómica
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1 Introduction

1.1 Key Takeaways

• Nuclear reactors are a uniquely powerful, abundant and flavor-pure source of
antineutrinos that continue to play a vital role in the US neutrino physics program.

• Neutrino physics opportunities at reactors offer strong complimentarity with
numerous aspects of the wider US neutrino program, including Standard Model
and BSM oscillations studies and technology development.

• Reactor neutrino experiments have a direct societal impact and have become a strong
workforce and technology development pipeline for DOE National Laboratories and
universities.

1.2 Narrative

Nuclear reactors are a uniquely powerful, abundant, and flavor-pure source of MeV-
scale antineutrinos. Electron-flavored antineutrinos (νe ) are produced in reactors as the
unstable, neutron-rich products of nuclear fission undergo beta decay reactions:

A
Z BN →A

Z+1 CN−1 + e− + νe (1)

While only a few percent of the the roughly 200 MeV of excess rest mass energy
from one nuclear fission is ultimately expressed as νe kinetic energy, this equates to
a total release of 2 × 1020 νe per GWth power generated. The energy spectrum of νe

emitted by an operating reactor core reflects the decay schemes of the decaying isotopes,
whose endpoints roughly range from the sub-MeV to the 10 MeV scale, as well as the
relative abundance of these isotopes in the nuclear fuel, which is driven primarily by the
likelihood of their production (or yield) in the core’s fission reactions [1–4].

The antineutrino emissions of dozens of nuclear reactors across three different continents
have been observed with neutrino detectors. Locations of current and recent past
experiments are illustrated in Figure 1; detailed reviews of these and other past
experiments can be found in Refs [5–7]. Most of these have been commercial power
reactors, which operate in the ∼GWth regime and burn fuel with a relatively low
level of 235U enrichment (low enriched, or LEU). These reactors’ neutrino emissions
are produced by a mixture of fissionable isotopes, with the dominant isotopes 235U and
239Pu providing >80% of all fissions, and 238U and 241Pu each providing less than 10%.
A substantial number of experiments have been performed at research reactors operating
at substantially lower power, ∼10-100 MWth, than commercial LEU cores. These cores
have generally been smaller in spatial extent (<1 m dimensions) than commercial ones
(>m dimensions), and have used fuel of substantially higher 235U enrichment (highly
enriched, or HEU), leading to νe emissions overwhelmingly dominated by 235U fission



19

products. While other reactor types exist that contain substantially different fuel content
than these two options, such as mixed oxide [8–10] or natural uranium reactors [11], no
successful measurements of these reactor types have been performed.

Figure 1: Map of planned, current, and completed reactor antineutrino experiments.
Text color indicates experimental status, while arrow color indicates the interaction
channel used by the experiment. Only completed experiments taking data after 2010
are included. Further description of these experiments are given in Tables 3 and 4.

As differing fission isotopes have differing yet overlapping fission product yields,
HEU and LEU reactors modestly differ in the mean number and energy spectrum of
neutrinos they release per fission. Considering the decay production mechanism in
Eq. 1, predictions of HEU and LEU reactor νe emissions can be composed by relying
either primarily on knowledge of the produced parent and daughter nuclei, referred to
as the summation or ab initio approach [2, 4, 12–14], or primarily on knowledge of the
properties of the decay electron produced in concert with each νe , referred to as the
conversion approach [15–18]. These prediction methods are described in further detail in
Section 7.

Reactor νe can be detected via multiple detection channels, including inverse beta decay
(IBD) on protons or other nuclei, neutral current inelastic nuclear scattering, neutrino-
electron elastic scattering, and coherent elastic neutrino-nucleus scattering [19]. The
proton IBD interaction, p+νe → n + e+, represents the vast majority of all observed
interactions to date. The presence of two final-state particles that can be individually
and coincidentally detected in organic scintillator detectors is advantageous in achieving
excellent background reduction; this channel also facilitates high-fidelity determination
of νe energies via reconstruction of e+ energies. Detectors with some combination of very
low background contamination, very low energy detection thresholds, and specialized
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materials are required for detection of reactor νe using other detection channels. As an
example, detection via coherent neutrino-nucleus scattering require cryogenic detectors
using semiconductors or bolometric crystals as targets, with energy detection thresholds
well below 1 keVnr. Figure 1 also indicates the exploited interaction channel in recent
and future reactor νe experiments.

Figure 2: Illustrations of reactor νe

interaction mechanisms. Adapted from [20]

Past reactor antineutrino experiments have
been critically important in the elucidation
of the contemporary view of the Standard
Model of particle physics (SM). Proton IBD-
based reactor measurements were the first to
verify the existence of neutrinos [21], and
have yielded world-leading or competitive
precision on three of the six SM neutrino
mixing parameters [22–27]. Deuteron IBD-
based reactor measurements provided early
validations of weak interaction theory [28].
Reactor νe -electron scattering measurements
have enabled measurement of the Weinberg
mixing angle and competitive limits on
measurements of the magnetic moment of
the neutrino [29, 30]. Reactor experiments
have also enabled world-leading probes of new
beyond-the-Standard-Model (BSM) physics.
Short-baseline proton IBD experiments have
been used to set new limits on active-sterile
neutrino mixing in the eV-scale range and
below [31–37]. Efforts to measure reactor-
based coherent neutrino scattering, while so
far unsuccessful in detecting a statistically
significant quantity of neutrino interactions,
have nonetheless established world-leading
limits on some prospective hidden sector
couplings to neutrinos [38, 39]. All of these measurements have been performed with
fairly imprecise knowledge regarding the true underlying flux and spectrum of reactor
νe emissions.

In the coming decade, reactor-based neutrino measurements can continue to provide
crucial new insights into the nature of the Standard Model and beyond. New
reactor-based oscillation experiments can continue extending the boundaries of our
understanding of key SM mixing parameters [40–42], while also pushing active-sterile
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mixing parameter space coverage in the electron flavor sector close to the few-percent
level over a wide range of mass splittings from ∆m2

13 to the 10s of eV2 scale [43–47].
Both SM and BSM oscillation measurements are highly synergistic with other aspects
of the US neutrino physics program, including its long-baseline and short-baseline
accelerator neutrino efforts. Future high-statistics νe measurements at differing reactor
types can greatly improve our understanding of the absolute flux and spectrum of
reactor νe produced by all reactor core types, both above and below the 1.8 MeV IBD
interaction threshold [48]. In addition to improving the achievable precision of some
reactor-based BSM measurements, such as those performed by CEvNS experiments,
these improvements are clearly synergistic with facets of the applied reactor physics,
nuclear safeguards, and nuclear data communities [49–53]. The reactor νe field’s
comparatively low barrier to entry and small experiment scales enable it to serve as a
valuable workforce and technology development pipeline while concurrently delivering
world-class physics results.

The purpose of this white paper, written as part of the Snowmass 2021 community
organizing exercise, is to survey the impressive range of high-impact physics that
can be achieved in the coming decade with current and prospective future reactor
antineutrino experiments, to highlight the large degree of synergy between this future
reactor νe measurement program, and to emphasize direct societal impacts of near-term
investments of the HEP community in the reactor νe sector. In this context, Section
organization and content will be generally aligned with the boundaries of specific
Neutrino Frontier Topical Groups. Sections 2 and 3 will begin by summarizing synergies
between future reactor νe efforts and the US neutrino program and the broader US
science community, respectively. Sections 4 (directed towards Topical Group NF01) and 5
(towards NF02) highlights potential improvements in understanding of SM oscillations
and current short-baseline neutrino anomalies, respectively. Section 6 (towards NF03
and NF04) discusses how future reactor measurements can improve knowledge of other
SM neutrino properties and possible hidden-sector couplings. Section 7 (towards NF09)
overviews potential advancements in global understanding of νe emissions from various
reactor types and the ability to accurately model these emissions. Finally, Sections 8
and 9 (towards NF10 and NF07, respectively) will focus on applications and detector
technology developments relevant to reactor νe .

2 Synergies with the US Neutrino Program

2.1 Key Takeaways

• Due to their comparatively low energies and high electron flavor purity, reactor
νe experiments play a necessary role in a multi-faceted global effort to probe the
potential BSM origins of existing short-baseline neutrino anomalies.
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• High-precision reactor-based probes of active-sterile neutrino couplings are
important for ensuring clear interpretations of DUNE’s long-baseline oscillation
physics results.

• Reactor-based measurements of θ13, θ12, ∆m2
31, ∆m2

21 and the mass hierarchy serve
to expand the physics deliverables and ultimate sensitivity of DUNE and the US
long-baseline neutrino program.

• Reactor νe experiments continue to develop technologies well-suited for application
to other areas in neutrino and particle physics, such as detection of light dark matter,
geoneutrinos, solar neutrinos, and neutrinoless double beta decay.

2.2 Narrative

Reactor νe data plays a variety of essential roles in performing future Standard Model
and BSM oscillation measurements vital to the US neutrino community. Their power
and complimentary position in the global landscape is well illustrated in Figures 3
and 4. As they sample lower neutrino energies than most other efforts (Figure 3), reactor
experiments can feasibly access all ∆m2 ranges of interest in current oscillation studies
with a single source type. They also sample a pure flux of electron-flavor neutrinos
(Figure 4), enabling particularly clean tests of specific mixing parameters. Since lower
energies in reactor experiments are also accompanied by shorter baselines, reactor-based
oscillation tests are also less influenced by some commonly-studied neutrino sector BSM
effects, such as non-standard matter interactions or heavy-mediator couplings between
neutrinos and hidden sectors.

In the context of the today’s US neutrino program, one of reactor experiments’ most
prominent roles is in testing the origin of anomalies observed by short-baseline neutrino
experiments. This topic addresses two of the five Science Drivers identified in the 2014 P5
report [56]. Many of these persistent anomalies rest in the electron flavor realm, where
reactor experiments, in particular, excel. For example, the BEST experiment recently
confirmed the robustness of the so-called ’Gallium Anomaly’ by detecting a ∼20% deficit
in observed interactions of sub-MeV νe generated by an intense radioactive source [57].
Even MicroBooNE, which primarily samples νµ from Fermilab’s BNB beamline, has
attracted attention with weak hints of a deficit of νe interactions [58], prompting further
theoretical examination of sterile-mediated electron-flavor disappearance [59, 60]. This
recent result contrasts with long-standing MiniBooNE results showing an excess of νe-
like events in the same beamline [61].

Future aspects of the US neutrino program, such as Fermilab SBN [62], will certainly
fight in the following decade to elucidate the causes of these and other anomalies.
However, when viewed in the canonical BSM framework of oscillations between
three active neutrino states and one additional sterile state (3+1), it seems likely that
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Figure 4: Approximate flavor composition of commonly discussed neutrino sources;
adapted from [55]. Reactor experiments are notable in their use of lower energy
neutrinos, their access to very short baselines, and their extreme electron flavor purity.

conclusively demonstrating the consonance or dissonance of these varied datasets will
be a challenging task. Datasets that test, with maximal clarity, the 3+1 oscillation
interpretation in specific channels and suggested phase space regions are a particularly
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important ingredient in this effort. Short-baseline reactor neutrino experiments, with
their well-defined flavor profile, straightforward energy reconstruction, and purely
relative analysis methods, offer an ideal experimental arrangement for targeted, clear
tests. For these reasons, reactor experiments are a crucial piece of a diverse future global
effort capable of elucidating whether or not a 3+1 model is an acceptable solution to the
various short-baseline anomalies.

It is also possible that the observed short-baseline anomalies are instead explained by
a hidden sector physics scenario more complex than the canonical 3+1 model, such as
one with multiple sterile neutrinos (3+N) [63], sterile neutrino decay [64, 65], NSI [66],
hidden sector couplings [67], or some combination of effects [68]. If this is the case, data
from diverse channels, energies, and sources will be even more crucial for disentangling
the different contributing effects, as each effect may or may not manifest itself differently
in specific experimental regimes. In the stable of global measurements, short-baseline
reactor oscillation measurements are unique in their capability to very purely probe
sterile oscillation effects. As mentioned above, this is due to the lower energies involved
in interactions and decays in the reactor, which prohibits production and decay of
heavier hidden-sector particles, and their very short baselines, which minimize the
impact of NSI.

Short-baseline reactor experiment results also have particular relevance to upcoming
measurements of Standard Model neutrino properties. Theoretical studies have pointed
to specific regions of 3+1 phase space that could complicate interpretation of DUNE and
other future US long-baseline neutrino measurements [69, 70]. For example, a sterile
sector with specific combinations of non-zero active and sterile CP violating phases
could mimic CP-conserved signatures in DUNE [71]. Parameter degeneracies can be
avoided for DUNE if separate measurements are used to constrain the level of active-
sterile mixing; scenarios like the one above can be avoided if limits on θ14 and θ24 can
be improved to approximately the 5◦ (sin22θ = 0.03) level [72]. θ14 limits meeting this
stringent requirement are only accessible with intense electron-flavor sources, such as
reactors and tritium decay facilities like KATRIN and Project-8 [73]. Thus, reactor νe

experiments play a synergistic role in enabling clear interpretations of the neutrino
community’s centerpiece experiment, DUNE, and its physics centerpiece, measurement
of leptonic CP-violation.

Medium- and long-baseline reactor oscillation measurements are also crucial in
extending the US Standard Model neutrino oscillation measurements program. It should
first be emphasized that reactor-based measurements of a large θ13 value paved the
way for DUNE by demonstrating that CP-violation measurements are feasible with
conventional neutrino beams. In the near future, Daya Bay’s still-improving limits on
θ13 remain essential in current accelerator-based probes of CP-violation with T2K and
NOvA [74, 75], and later, when included in DUNE fits, they will modestly enhance
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DUNE’s oscillation parameter measurement precision [76]. Approached from a different
perspective, comparisons of Daya Bay’s and DUNE’s independently-measured θ13 values
can be directly compared to yield tests of unitary in the PMNS mixing matrix [77, 78].
In the solar sector, JUNO, along with DUNE, are the primary pieces in a future program
for sharpening our view of tensions in solar- and reactor-derived measurements of
∆m2

21 [79]; if such a discrepancy persists in these higher-precision experiments, it could
provide the first clear evidence for non-standard neutrino interactions [66]. Last but not
least, JUNO will measure the mass hierarchy independently of other experiments [80],
providing unique information on a parameter that is extremely important across many
branches of neutrino physics, including neutrinoless double beta decay and neutrino
mass experiments, as well as DUNE’s long-baseline oscillation [81, 82] and supernova
neutrino burst [83] physics programs.

3 Synergies with the Broader US Science Program

3.1 Key Takeaways

• Nuclear physics: Nuclear reactors’ antineutrinos provide a novel source of
information regarding short-lived, high-Q isotopes whose properties are in some
cases poorly understood.

• Applications: HEP-oriented reactor neutrino detector technologies and techniques
are highly relevant to future antineutrino-oriented safeguards, reactor exclusion and
reactor monitoring use cases, as well as neutron and gamma-ray detection.

• US Workforce Development: Compared with large international experiments, the
relatively small size and fast timescale from design to data-taking of reactor
experiments provide an inviting workforce development opportunity, enabling the
realization of versatile skillsets for new generations of young nuclear and particle
physicists. Additionally, antineutrino-based applications at all scales offer a unique
opportunity for collaborative engagement between applications-focused and basic
science-focused community members.

• US Facility Enhancement: Reactor neutrino experiments enable the use of crucial US
facilities for purposes beyond their initially intended or envisioned scope, which
strengthens the scientific interest and vitality of these facilities.

3.2 Narrative

Efforts pursing neutrino physics goals using reactor νe have many benefits to
and synergies with the broader scientific community of the United States and the
World. These range across the direct contribution of important scientific knowledge,
development of cross-cutting technologies and facilities, enabling applications with
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significant societal impact, and the development of a highly skilled workforce.

Beyond the high energy physics topics mentioned in the previous section, reactor νe

measurements can contribute to other fields of scientific enquiry. As described in Sec. 7,
the νe emissions from a reactor provide a probe of the nuclear fission process that
is complementary to other techniques that measure more readily accessible particles
like fission fragments, gamma-rays and neutrons. Specifically, the reactor νe energy
spectrum encodes information about fission product yields and the energy spectrum
of beta-decays of those fission daughters. Included in the total νe spectrum are
contributions from short-lived, high Q-value isotopes, some of which have received
limited experimental investigation. High statistics and high precision νe spectrum
measurements therefore have the potential to test the nuclear data evaluations that
underlie many areas of nuclear physics, nuclear energy, and nuclear security. Nuclear
data needs and benefits that can be addressed with reactor νe have been described in
recent workshops and reports [51, 53].

Advances in scientific knowledge regarding neutrino production in nuclear reactors and
characterizing such nuclear systems themselves also underlie another significant societal
benefit of reactor νe studies. As described in Sec. 9 and Ref. [84], the νe emitted
by operating nuclear reactors and spent nuclear fuel may be useful for cooperative
nonproliferation applications such as monitoring fissile material production in reactors,
exclusion of undeclared reactors, and monitoring of spent fuel and reprocessing
facilities.

A recent study focused on the potential utility of νe for nuclear energy and nuclear
security applications elucidates some of the relevant characteristics of these particles
and potential use cases for them [52]. The highly penetrating nature of neutrinos poses
detection and implementation challenges in the context of monitoring applications, but
also holds promise as a non-intrusive technique that does not require direct access to
complex and/or sensitive facilities. Considering user need and constraints, forthcoming
advanced reactor types for which nuclear safeguards techniques are still be developed
and nuclear security deals between nations were found to be promising use cases for νe

monitoring measurements.

Of course, potential applications of νe depend heavily upon the detection tools
and techniques developed by neutrino physics experiments. All application oriented
demonstrations of reactor νe have been enabled by the multi-decade succession of
reactor νe scientific experiments that have preceded them [84]. Recent advances
like aboveground νe detection without substantial overburden [85, 86] have greatly
broadened the range of applications that can be considered. Since neutron identification
is central to detection of the IBD interactions, materials and techniques developed for
reactor νe also have significant potential for neutron detection in support a wide range
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of nuclear security applications [87].

Beyond the scope of the US neutrino oscillation physics program and potential
applications, reactor νe experiments continue to develop technologies well-suited
for other areas in neutrino and particle physics. For example, technology being
developed to enable detection of low-energy signals from coherent neutral current
nuclear scattering of reactor νe addresses similar challenges to those needed to seek
dark matter interactions with electrons and nuclei [88–90]. Doped aqueous, plastic, or
opaque scintillator technology used for reactor IBD detection may offer value in other
sectors of the US neutrino physics program, such as in neutrinoless double beta decay
experiments [91, 92], measurements of neutrino-induced neutron production [93], and
future water-based DUNE far detector modules [94]. For these and other cases described
in Section 8, synergies clearly exist between the pursuit of reactor neutrino detection and
other aspects of the US particle physics program.

The training and mentoring of a skilled, creative, and diverse workforce is not only
essential to the future of HEP, but it is also one of the primary societal benefits that
justifies public investment in this field. Reactor νe experiments are an especially
effective training ground for producing highly skilled and well rounded scientists.
Due to their relatively small size, they offer young scientists the rare opportunity to
experience the experimental process from the idea and design stage to data taking and
analysis. Experiments of order of 5 years duration offer invaluable training opportunities
matched to the research timescale of postdocs (3 years) and graduate students (4-6
years). In addition, the relatively smaller size of collaborations of these experiments offer
supportive and nurturing environments that are complementary to the opportunities
found in large, international collaborations and reduce the threshold for early career
scientists to get involved.

More broadly, antineutrino-based applications offer a unique opportunity for
collaborative engagement between applications-focused and basic science-focused
community members. Since a key programmatic goal of the US HEP program is
workforce training for US National Laboratories, opportunities for bridging between
applied and fundamental science research should be fostered wherever it is possible to
do so. By engaging in antineutrino applications research, applications and fundamental
physics researchers can work side by side in performing technology development,
engineering and deployment, and data analysis.

4 Three-Neutrino Oscillation Physics with Reactors (NF01)

4.1 Key Takeaways

• Nuclear reactors are a powerful, abundant, cost-effective, and well-understood
source of antineutrinos, and have been used to make some seminal measurements
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in neutrino oscillations.

• In the next half-decade, reactor antineutrino experiments are expected to provide the
world’s best estimates for the foreseeable future of 4 out of 6 oscillation parameters:

– sin2 θ13 with Daya Bay, Double Chooz and RENO.

– ∆m2
31, ∆m2

21, and sin2 θ12 with JUNO (with sub-half-percent precision).

• Reactor antineutrinos in JUNO will also enable an independent measurement of
the mass ordering with very different baseline, energy, backgrounds, and detector
systematic uncertainties to what other experiments will do.

4.2 Narrative

In recent years, reactors have played a major role in the study of neutrino oscillations
and helped establish the three-neutrino oscillation framework that still stands as the
leading paradigm of this phenomenon [95, 96]. In this section, we review the theory,
experiments, and prospects of three-neutrino oscillation physics with reactors.

In the Standard Model of particle physics, three neutrino flavors, νe, νµ, and ντ,
participate in the weak interaction. However, if neutrinos have a non-zero mass, the
flavor composition of a neutrino beam could change as the neutrinos propagate in space.
This phenomenon is called neutrino oscillations and is a quantum mechanical effect
stemming from the fact that a neutrino with a definite flavor need not have a definite
mass. In fact, a neutrino flavor eigenstate can be viewed as a linear superposition of the
neutrino mass eigenstates, ν1, ν2, and ν3: νe

νµ

ντ

 =

 Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 ·
 ν1

ν2

ν3

 . (2)

The unitary 3 × 3 mixing matrix, U, is called the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix and can be parameterized by three mixing angles, θ12, θ13, θ23, and one
CP-violation phase, δCP‡:

UPMNS =

 1 0 0
0 c23 s23

0 −s23 c23


 c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13


 c12 s12 0
−s12 c12 0

0 0 1

 , (3)

where the notation cij = cos θij, sij = sin θij is used.

As neutrinos travel a certain distance L in vacuum, their mass eigenstates with energy

E develop a phase such that νi(L) = e−i
m2

i
2E L · νi(0). Given the neutrino mixing formula

‡ There are two additional phases if neutrinos are Majorana particles, but they do not play a role in
neutrino oscillation experiments.
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in Eq. (2), the probability of a neutrino with flavor l transforming to a different flavor l′

can be written as:
Pνl→νl′ = | < νl′(L)|νl(0) > |2

=

∣∣∣∣∣∑j
Ul jU∗l′ je

−i
m2

j
2E L

∣∣∣∣∣
2

= ∑
j
|Ul jU∗l′ j|2 + ∑

j
∑
k 6=j

Ul jU∗l′ jU
∗
lkUl′kei

∆m2
jk L

2E , (4)

where ∆m2
jk = m2

j −m2
k are the mass-squared differences between mass eigenstates.

Since nuclear reactors produce only electron antineutrinos, ν̄e, with energy below about
9 MeV that is lower than the production threshold of a muon or a tau lepton, the
experimental observation of neutrino oscillations is typically through the disappearance
channel. Namely, the ν̄e neutrino flux is measured at some distance L away from the
reactor, and the survival probability Pν̄e→ν̄e is calculated by comparing to the flux near
the source. Given Eq. (4), this survival probability can be expressed as:

Pν̄e→ν̄e = 1− 4|U2
e1||U2

e3| sin2 ∆31 − 4|U2
e2||U2

e3| sin2 ∆32 − 4|U2
e1||U2

e2| sin2 ∆21

= 1− sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32)− cos4 θ13 sin2 2θ12 sin2 ∆21,
(5)

where the notation ∆ij =
∆m2

ijL
4E is used. From Eq. (5) we see that reactor antineutrino

disappearance is a clean channel that is only dependent on θ12, θ13, ∆m2
21, ∆m2

31, and the
neutrino mass ordering, making it ideal for precision measurements of these oscillation
parameters. Fig. 5 shows the survival probability as a function of the travel distance L
for a typical 4 MeV reactor ν̄e. The large disappearance at ∼60 kilometers is driven by
the solar-mixing mass scale ∆m2

21 and its corresponding large mixing angle θ12, while the
smaller disappearance at ∼2 kilometers is caused by the atmospheric-mixing mass scale
∆m2

31 ∼ ∆m2
32 and the small mixing angle θ13. The two very different ∆m2 scales benefit

designs of reactor antineutrino oscillation experiments, which can isolate the parameters
of interest and improve the precision of their determination by placing detectors at
strategic baselines.

The first reactor antineutrino experiment that observed an evidence of neutrino
oscillations is the KamLAND experiment [22], built in the early 2000s in Japan. The
KamLAND experiment was prompted by the “Solar Neutrino Problem”, which refers
to the observation that the νe flux from the Sun is less than a half of the prediction
from the Standard Solar Model [97]. The theory of neutrino oscillations provides an
elegant solution to the solar neutrino problem, and can be tested on Earth using reactor
antineutrinos assuming CPT invariance. The KamLAND experiment is located in the
middle of Japan, surrounded by 55 Japanese reactor cores with a flux-weighted average
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Figure 5: Expected flavor composition of the reactor antineutrino flux as a function of
distance to a reactor core for neutrinos of 4 MeV energy. Figure taken from Ref. [95]. The
light yellow region corresponds to the survival probability of ν̄e that reactor antineutrino
experiments can measure by placing their detectors at different baselines.

baseline of ∼180 kilometers. As shown in Fig. 5, at this baseline, the KamLAND
experiment is sensitive to the solar-mixing parameters ∆m2

21 and θ12, and benefits from a
better understood neutrino source and simpler vacuum oscillation formula compared
to solar neutrino experiments. The KamLAND detector uses one kiloton of liquid
scintillator as the target volume, which is contained in a 13-meter-diameter transparent
balloon surrounded by a mineral oil region containing 1,879 photomultiplier tubes
(PMTs). The results in 2008 observed a total of 1609 events with a 2.9 kton-year exposure,
which was only about 60% of the predicted signal if there were no oscillations [98]. The
calculated survival probability shows a clear oscillatory pattern as a function of L/Eν,
a smoking gun evidence of the existence of neutrino oscillations. The results were also
highly consistent with solar neutrino experiments. When combined with the results
from SNO [99], they provided the most precise measurement of tan2 θ12 = 0.47+0.06

−0.05 and
∆m2

21 = 7.59+0.21
−0.21 × 10−5 eV2 to date [98].

The first generation of reactor θ13 experiments, CHOOZ [100] and Palo Verde [101], did
not observe ν̄e disappearance from reactors and only an upper limit of sin22θ13 < 0.10 at
90% C.L. was set. In the 2000s, a new generation consisting of Daya Bay [102], Double
Chooz [103], and RENO [25], was initiated to measure the small mixing angle θ13.

Given the mass-scale ∆m2
31 suggested by the atmospheric neutrino experiments, the

corresponding baseline for reactor antineutrino experiments is about 1–2 kilometers,
as indicated in Fig. 5. All experiments adopted the strategy of performing a relative
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measurement between near and far functionally identical detectors to largely suppress
the reactor and detector related systematic uncertainties. After some early indications in
2011 [26, 104, 105], all three experiments reported clear evidence of ν̄e disappearance in
2012 with a few month’s data taking [24, 25, 106].

Among these experiments, the Daya Bay experiment, being the most sensitive one,
excluded θ13 = 0 at 5.2σ with 55 days of data [24]. The Daya Bay experiment is located
near the six reactors of the Daya Bay nuclear power plant in southern China, with a
total reactor power of 17.4 GWth. Daya Bay uses eight identical antineutrino detectors
(ADs), with two ADs at ∼360 m from the two Daya Bay reactor cores, two ADs at
∼500 m from the four Ling Ao reactor cores, and four ADs at a far site ∼1580 m
away from the 6-reactor complex. Each AD contains 20-tons of gadolinium-loaded
liquid scintillator as the target volume. Each AD’s target is viewed by 192 8-inch PMTs
that yield an energy resolution of 8.5%/

√
E(MeV), allowing a precise measurement of

the reactor antineutrino energy spectrum that enables the the observation of a spectral
distortion between far and near detectors as expected from neutrino oscillations. In 2018
results, Daya Bay reported detection of nearly 3.5 million reactor antineutrino events
in the near detectors and 500 thousand events in the far detectors over 1958 days of
data collection. The comparison of relative ν̄e event rates and energy spectra among
detectors is consistent with the three-neutrino oscillation formula as introduced in Eq. (5)
and yields sin2 θ13 = 0.0856± 0.0029 and ∆m2

32 = 2.471+0.068
−0.070 × 10−3 eV2 assuming the

normal mass ordering, and ∆m2
32 = −(2.575+0.068

−0.070) × 10−3 eV2 assuming the inverted
mass ordering [107]. The remarkable precision makes θ13 the most precisely measured
angle among the three neutrino mixing angles in the PMNS matrix, despite being the
last known mixing angle to be non-zero. The full data set of Daya Bay from 2012–
2020, with over 6 million events, is the largest library of reactor antineutrino events
collected in history, and is expected to further improve the precision of sin2 θ13 and
∆m2

32 to better than 2.5% and 2%, respectively. Thanks to the consistent results reported
by Double Chooz [108] and RENO [109], reactor experiments are providing robust
and precise constraints to other experiments, including those searching for leptonic CP
violation [74, 75, 81, 110].

Beyond completion of these θ13 experiments, reactor antineutrino experiments continue
to be at the forefront of neutrino oscillation physics. The Jiangmen Underground
Neutrino Observatory (JUNO) is currently under construction in southern China and
is expected to come online in 2023 [80]. JUNO will be located at a baseline of ∼52.5 km
from six 2.9 GWth nuclear reactor cores in the Yangjiang Nuclear Power Plant (NPP) and
two 4.6 GWth cores in the Taishan NPP. As shown in Fig. 6, JUNO’s central detector (CD)
will consist of 20 kilotons of liquid scintillator contained in an acrylic sphere immersed
in water and surrounded by 17, 612 20-inch and 25, 600 3-inch PMTs providing more
than 75% optical coverage. This central region will be supported by an external water
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Cherenkov veto detector, and a detector-top cosmic veto tracker and calibration house.
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Figure 6: Left: Schematic of the JUNO detector. An acrylic sphere containing 20 kilotons
of liquid scintillator serving as the νe detection target is surrounded by 20-inch and 3-
inch PMTs. Right: JUNO IBD spectrum with and without neutrino oscillation effects.
For illustration purposes, a detector with perfect energy resolution is assumed. The gray
dashed curve shows the oscillated spectrum when only the term in the disappearance
probability that is modulated by sin2 2θ12 is included, whereas the blue and red curves
show it when the full oscillation probability in vacuum is used assuming the normal and
inverted mass orderings, respectively. Some features driven by the sin2 2θ12, sin2 2θ13,
∆m2

31 and ∆m2
21 oscillation parameters are shown pictorially. Figures obtained from

Ref. [111].

JUNO will see an unparalleled amount of light for a detector of this type, amounting
to over 1,300 photoelectrons per MeV. This, in combination with a comprehensive
calibration program that includes the 3-inch PMT system as a handle to assess any
instrumental non-linearities in the 20-inch PMT system [112], will result in an energy
resolution of 3% at 1 MeV. The unprecedented detector size and energy resolution
will allow to simultaneously observe the effects of both the solar and atmospheric
oscillations for the first time. As illustrated on the right panel of Fig. 6, the former
produces a “slow” oscillation modulated by sin2 2θ12 with frequency ∆m2

21, while the
latter causes a “fast” oscillation modulated by sin2 2θ13 with frequency ∆m2

32. As
also illustrated in Fig. 6, the oscillated spectrum changes slightly depending on the
neutrino mass ordering, providing sensitivity to this parameter. This difference is
caused by the interference effects that occur between the ∆m2

31 and ∆m2
32 terms in the

oscillation probability of Eq. 5, which depend on the sign of ∆m2
31. Knowledge of the

unoscillated reactor antineutrino spectrum is important for JUNO’s physics goals, so
the collaboration will deploy a satellite detector at a baseline of ∼30 m from one of the
Taishan 4.6 GWth cores called the Taishan Antineutrino Observatory (JUNO-TAO) [47].
JUNO-TAO will be a 1 ton fiducial sphere of liquid scintillator loaded with gadolinium
surrounded by silicon photomultipliers providing about 94% of coverage. It will be
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able to measure the unoscillated reactor antineutrino spectrum with an unprecedented
energy resolution . 2% at 1 MeV, thus eliminating any model dependencies in JUNO’s
oscillation measurements.

The conventional method to estimate JUNO’s median sensitivity to the mass ordering
is fitting the oscillated spectrum under the normal and inverted ordering scenarios
and considering the difference in the minimum χ2 values. Using the configuration of
Ref. [42], a value of ∆χ2 = 10 with 6 years of data taking is obtained, which corresponds
to a sensitivity of about 3σ. This configuration assumes ten nuclear reactors rather
than the eight that will actually be built, but also uses lower estimates of the IBD
detection efficiency and the PMT detection efficiency, among others. A reassessment
of the sensitivity is underway but no significant changes are expected [80].

JUNO’s approach to measuring the mass ordering is orthogonal to the one to be
carried out by next-generation experiments relying on atmospheric [113, 114] and
accelerator [110, 115] neutrinos. The latter use neutrinos in the ∼GeV energy scale
traversing distances of hundreds or thousands of km, while JUNO’s neutrinos will be in
the ∼MeV scale and will only travel for 52.5 km. Likewise, the detection technology and
the backgrounds will be completely distinct. Very importantly, JUNO’s measurement
is completely independent of the θ23 mixing angle and the δCP phase. Finally, JUNO’s
signal arises entirely from vacuum oscillations, whereas all other experiments rely on
matter effects. For all these reasons, JUNO’s measurement will greatly strengthen the
community’s confidence in the determination of this critical parameter.

JUNO’s measurement is also complementary to that of other experiments in that it
will provide synergistic information beyond the pure statistical addition of results. A
combined analysis of JUNO’s data with those of ongoing or near term atmospheric [116,
117] or accelerator [118] experiments could yield the first determination of the neutrino
mass ordering to ≥ 5σ significance. This synergy occurs primarily because of a tension
in the measured values of ∆m2

31 that arises when the wrong ordering is assumed. As
a result, the first unambiguous determination of the neutrino mass ordering could be
achieved this decade.

JUNO’s large-statistics measurement of the oscillated spectrum with unprecedented
energy resolution will also enable determination of the four oscillation parameters that
drive the disappearance of reactor antineutrinos at its 52.5 km baseline: ∆m2

31, ∆m2
21,

sin2 θ12, and sin2 θ13. The expected sensitivities to these parameters after 6 years of
data-taking are shown in Table 1. The expected relative precision is ≤ 0.5% for ∆m2

31,
∆m2

21 and sin2 θ12, and the corresponding improvement over current knowledge for those
parameters is around an order of magnitude. Fig. 7 shows the expected precision as a
function of running time for the four parameters. As can be seen there, the precision on
∆m2

21 and sin2 θ12 will already be world-leading with only ∼100 days of data. Moreover,
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the precision of the four parameters will continue to improve appreciably even after 6
years of data-taking.

∆m2
31 ∆m2

21 sin2 θ12 sin2 θ13

JUNO 6 years ∼0.2% ∼0.3% ∼0.5% ∼12%
PDG2020 1.4% 2.4% 4.2% 3.2%

Table 1: Expected precision of the oscillation parameters after 6 years of JUNO run
time. All uncertainties are considered, and no external constraint is applied on
sin2 θ13. The precision with which these parameters are currently known is shown for
comparison [96]. Numbers obtained from Ref. [111].

JUNO Simulation Preliminary

Figure 7: JUNO’s relative precision on the oscillation parameters as a function of run
time. The markers and vertical lines highlight run times of 100 days, 6 years, and 20
years. The horizontal gray dashed line represents a 1% relative precision. The green
dotted and red dotted lines are indistinguishable from each other since the statistical-
only precision is essentially identical for the ∆m2

31 and ∆m2
21 parameters. Figure obtained

from Ref. [111].

There is no confirmed experiment on the horizon that will be able to reach this precision
on ∆m2

31, ∆m2
21 and sin2 θ12, so these measurements are expected to be the best in the

world for the foreseeable future. There are several ways in which they are expected to
be an important input to the community:
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• They will provide important constraints to present and future experiments.

• They will provide stringent inputs for neutrino masses and model building. For
instance, the more precise knowledge of θ12 will play a prominent role, since this
parameter is more sensitive to quantum corrections due to the fact that ∆m2

21 <<

|∆m2
31| and because the non-zero value of θ13 can induce further corrections for

θ12 [119–121].

• They will narrow down the parameter space of the neutrinoless double beta-decay
effective mass |mee|. In inverted mass ordering scenarios where m3 < 0.05 eV, the
minimal value of |mee| is proportional to cos2 θ12 [122]. The better knowledge in θ12

will shrink the possible parameter space of |mee| such that its minimum value can
be increased by a factor of 2 [123]. This will make a big difference to experiments
(roughly a factor of 16 in the combined product of running time, detector mass,
background level, and energy resolution for a background dominated experiment)
and will thus have a strong impact on when and how a conclusive test of the inverted
mass ordering region can be achieved [42].

• They will play a crucial role in model-independent tests of the three-neutrino
oscillation framework, most notably unitarity tests of the PMNS matrix. For
example, the combination of JUNO’s results with those of short-baseline reactor
experiments like Daya Bay and solar experiments like SNO will enable the first
such direct test of |Ue1|2 + |Ue2|2 + |Ue3|2 = 1 to the few percent level [77, 78, 124].
Similarly, the combination of JUNO with muon (anti)neutrino disappearance
measurements will enable tests of the mass sum rule ∆m2

13 + ∆m2
21 + ∆m2

32 = 0,
which is another important probe of physics beyond the Standard Model such as
the existence of sterile neutrinos.

In summary, reactor antineutrino experiments have played an essential role in unveiling
the oscillatory behavior of the neutrino, from the first clear observation of the L/Eν

dependence of this phenomenon with terrestrial neutrinos, to the discovery of the non-
zero value of θ13, among other breakthroughs. The precise determination of θ13 by
reactor experiments already underpins the world’s best knowledge on CP violation, and
will continue to do so for the foreseeable future. Reactor antineutrinos will continue to
have a prominent role in neutrino oscillation physics, with a measurement within this
decade by JUNO of the neutrino mass ordering that is independent and complementary
to what atmospheric and accelerator experiments can do. Likewise, by the end of
this decade, the most precise knowledge of four out of the six parameters that drive
neutrino oscillation will come from reactor antineutrino experiments, namely Daya Bay
and JUNO, with three of these determined to 0.5% or better. The United States has
traditionally played a leading role in experimental efforts with reactor antineutrinos, but
currently has only a small participation in JUNO. This experiment will begin operations
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soon and thus presents an excellent opportunity to participate in the production of
cutting-edge reactor antineutrino physics results before other next-generation neutrino
oscillation experiments come online.

5 Non-Standard Flavor Mixing Searches at Reactors (NF02)

5.1 Key Takeaways

• While the 3+1 oscillation scenario is disfavored by a combination of diverse
appearance and disappearance results, the desire to explain lingering short-baseline
anomalies with new physics has not gone away.

• By performing correlated measurements of the νe spectrum at multiple
short baselines, reactor experiments offer a low-cost experimental method for
unambiguously probing non-standard neutrino flavor transformation.

• There are plausible explanations for the Reactor Antineutrino Anomaly that do not
involve sterile neutrinos. These explanations provide a better match to host of new
neutrino and nuclear physics measurements and modelling studies performed in
the last decade.

• New neutrino mass states enrich studies of CP violation. On one hand, non-
standard oscillations can confound inferences of the standard δCP at, e.g., DUNE;
on the other, they also generically introduce new sources of CP violation.

5.2 The Reactor Antineutrino Anomaly

In 2011, two independent reevaluations of the reactor antineutrino spectrum were
published by Mueller et al. [12] and Huber [18]. Both concluded that the integrated
antineutrino flux is ≈ 3% larger than previous calculations; we defer a discussion
of the details of the flux model to Sec. 7. Many of the authors of Ref. [12] would
then explicitly reanalyze reactor experiments dating back to the early 1980s in Ref. [5],
finding that observed interaction rates were, on average, (5.7± 2.3)% less than what the
new ‘Huber-Mueller’ (HM) model predicted; this disagreement was named the Reactor
Antineutrino Anomaly (RAA). It is pertinent to consider whether modifications to three-
neutrino oscillations might be the cause of the RAA.

The SM can be extended by introducing N additional neutrino species. If these are
light enough to participate in oscillations, then they must be uncharged under SM
interactions, as the invisible decay width of the Z boson is consistent with there
being only three light neutrinos [125]. We refer to these as sterile neutrinos and
denote them {νs1 , νs2 , . . . , νsN}; these are accompanied by new mass eigenstates denoted
{ν4, ν5, . . . , ν3+N}. The mixing relationship given in Eq. (2) can be readily generalized
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to 
νe

νµ

ντ

νs1
...

 =


Ue1 Ue2 Ue3 Ue4 . . .
Uµ1 Uµ2 Uµ3 Uµ4 . . .
Uτ1 Uτ2 Uτ3 Uτ4 . . .
Us11 Us12 Us13 Us14 . . .

...
...

...
... . . .

 ·


ν1

ν2

ν3

ν4
...

 ; (6)

the 3× 3 PMNS matrix is replaced by a (3 + N)× (3 + N) analog. The sterile species,
by construction, will not interact in a detector; one must infer their existence through
their modifications to the oscillation probabilities of the active species. We focus on the
case N = 1 for simplicity and replace νs1 → νs. In this case, there are three unique mass-
squared differences, {∆m2

21, ∆m2
31, ∆m2

41}, and the 4× 4 extended PMNS matrix may be
written in terms of six mixing angles and three CP-odd phases. Here, we focus on the
survival probability P(νe → νe) ≡ Pee in the limit relevant to SBL reactor experiments.
In the three-neutrino scenario, Pee does not deviate appreciably from unity for baselines
. O(100) m at reactor energies. Therefore, any oscillations observed on O(10− 100)-m
length scales would be attributable only to ∆m2

41. In the limit ∆21, ∆31 ≈ 0, we write

Pee ≈ 1− 4|Ue4|2(1− |Ue4|2) sin2 ∆41 ≡ 1− sin2 2θee sin2 ∆41; (7)

where sin2 2θee is the effective mixing angle. If sin2 2θee is nonzero, then this can manifest
as a deficit of νe relative to prediction — precisely as indicated by the RAA.

In Ref. [5], rate experiments were explicitly analyzed with respect to the sterile neutrino
hypothesis. It was found that the data prefer a sterile neutrino at the level p ≈ 3.5%;
the preferred regions of parameter space were approximately sin2 2θee ∈ [0.02, 0.20] and
∆m2

41 & 0.40 eV2. When combined with anomalous νe disappearance results from the
radioactive source experiments GALLEX [126, 127] and SAGE [128, 129] – the so-called
Gallium Anomaly [130, 131] – these become p ≈ 0.3%, sin2 2θee ∈ [0.05, 0.22] and ∆m2

41 &
1.45 eV2.

Since Ref. [5] first appeared, new measurements of the antineutrino rate at HEU reactors
were performed at Nucifer [132] and STEREO [133]. Moreover, medium-baseline
experiments have also become competitive in this endeavor. Double Chooz [134], Daya
Bay [135], and RENO [136] all measured time-integrated antineutrino rates consistent
with the RAA. These results supported the robustness of the suggested data-model flux
discrepancy and hint for sterile neutrino oscillations. On the other hand, Daya Bay
[137, 138] and RENO [139] have also exploited a particular feature of LEU reactors: they
can track how the νe detection rate evolves with the reactor fuel composition. They
observe a dependence of the RAA size on fuel content, a clear indication of flux mis-
modelling of some sort.

In parallel to these experimental developments, νe HM flux model has also been the
subject of increased scrutiny. While modeling will be discussed in more depth in Sec. 7,
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Flux Model R Significance 2σ Limit on sin2 2θee

HM 0.930+0.024
−0.023 2.8σ [0.031, 0.236]

EF 0.975+0.032
−0.030 0.8σ < 0.170

HKSS 0.922+0.024
−0.023 3.0σ [0.039, 0.259]

KI 0.970± 0.021 1.4σ < 0.144
HKSS-KI 0.960+0.022

−0.021 1.8σ < 0.166

Table 2: The ratio R of measured antineutrino rates compared to the predictions from
various flux models, adapted from Ref. [143]. Also shown are the corresponding
statistical significances and the 2σ limit on sin2 2θee in the large-∆m2

41 (& 5 eV2) region.

we quickly overview salient details. The HM flux model is largely based on the so-
called conversion method, whereby one inverts measured isotopic fission β spectra [15–17]
to infer the corresponding νe spectra. One could instead calculate the spectrum by
direct summation of available nuclear data. In 2019, two new, notable flux calculations
appeared. The first [14] (hereafter ‘EF’) provided an updated summation calculation,
while the second [140] (‘HKSS’) incorporated conversion techniques while accounting
for shape alterations contributed by forbidden beta decays. The EF model predicted a
235U flux that is 5− 10% less than HM, whereas HKSS predicted a modest (≈ 1− 2%)
excess. These models have been compared with reactor rate data in Refs. [7, 141–143];
the results of Ref. [143] are given in Table 2. Interestingly, the EF model does not indicate
anomalous disappearance, whereas the HKSS model slightly enhances the RAA.

The ratio of the β spectra of 235U and 239Pu was recently measured at the Kurchatov
Institute [144, 145]. In Ref. [145], the νe spectrum for 235U was rederived via β conversion
assuming that the 239Pu spectrum is given by the HM model; we call this “KI.” Moreover,
Ref. [143] derives yet another flux model by rescaling the HKSS prediction for 235U by
the same multiplicative factor (1.054± 0.002) by which the integrated 235U fluxes for HM
and KI disagree; the result is named “HKSS-KI.” The experimental deficits with respect
to these models are given in Table 2; they are consistent with EF in that they also do not
indicate significant, anomalous disappearance.

It is too soon to consider the RAA definitively resolved by these findings. For example, if
one had instead assumed that the HM 235U spectrum is correct and that the 239Pu one is
not, then one would find increased evidence for anomalous disappearance [146, 147]. Still,
these results indicate that the conversion and summation approaches may be converging,
which is a decided improvement relative to the past decade. However, the RAA is
not the only motivating factor for nonstandard oscillation searches at nuclear reactors.
Anomalous νe/νe appearance results at LSND [148] and MiniBooNE [61, 149, 150] and
Gallium Anomaly disappearance results can still be explained in terms of an eV-scale
sterile neutrino [63, 151–157]. If true for LSND and MiniBooNE, then this would
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Figure 8: Left: Current constraints on a sterile neutrino from νe/νe disappearance. Color
fillings represent preferences; hatching represents exclusions. The dashed, gray region
is the fit to reactor rate deficits using the HM flux model [143], given for context. See
text for more details. Right: The future sensitivities of KATRIN [158] (green; 95% C.L.),
PROSPECT-II [45] (purple; 90% C.L.), DANSS (light blue; 90% CLs) and JUNO-TAO [47]
(cyan; 90% CLs). For PROSPECT-II, two configurations are shown: two years at an HEU
core (solid), and four years at an HEU core plus two years at an LEU core (dashed). The
dot-dashed gray line is the CP violation disambiguation limit relevant for DUNE [72].

require nonstandard contributions to both νµ and νe disappearance. Assuming that the
central value model predictions of Table 2 accurately reflect reality, flux models can still
accomodate a ∼ 5− 10% change in the antineutrino rate; thus, there is still room for
active-sterile mixings of modest size in the reactor sector, even without the RAA.

5.3 Reactor Spectrum Ratio Experiments and the Complex Current Landscape

If one measures the spectrum of antineutrinos instead of the energy-integrated rate, then
one can potentially observe oscillations directly. Moreover, if one measures the spectrum
at two (or more) baselines, then their ratio is largely insensitive to the details of the
underlying flux model. Antineutrino spectra had been measured prior to the 2010s
at, e.g., ILL [159, 160] and Bugey [31] – these were considered in Ref. [5] – but this
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program blossomed as a result of searches for nonzero θ13. Daya Bay, Double Chooz
and RENO all employed detectors at multiple locations at the ∼km scale, as appropriate
for ∆m2

31, but these were situated at too long of baselines to probe oscillations at the eV
scale. However, experiments exploiting some combination of (1) multiple detectors, (2)
movable detectors, or (3) segmented detectors have been constructed at short baselines –
within 25 m – to search for eV-scale oscillations. Over the past decade, SBL searches have
been performed by DANSS [34], NEOS [33], Neutrino-4 [37, 161], PROSPECT [36, 85]
and STEREO [35, 162]; similar searches are ongoing at NEOS-II [163] and SoLid [164].
Past global analyses of reactor spectral ratios [7, 141, 142, 154–157, 165] have inferred
a preference for new oscillations as high as & 3σ, but a combination of more data
and improved statistical treatments [166–170] suggests that this is no more than 1-2σ

[171, 172]. The 2σ C.L. exclusion curve from a global fit of SBL spectral measurements
[172] is shown in magenta in Fig. 8 (left). In comparison, Daya Bay and Bugey-3 were
studied jointly in Ref. [173]; the result (90% CLs) is shown in cyan.§ It is a triumph of
experiment that the field has matured to the point of percent-level oscillation sensitivities
over the course of roughly a decade.

It is pertinent to consider how reactors fit into the landscape of νe/νe disappearance
studies, and of sterile neutrino searches more broadly. In Fig. 8 (left), we show
constraints on sin2 2θee from solar neutrino experiments [174] (orange; 2σ)‖ and from
KATRIN [158] (green; 95% C.L.). The region preferred (2σ) by a combined analysis
of gallium experiments [172] is shaded in gray. In addition to SAGE and GALLEX, this
includes recent results from BEST [57, 176], where a & 5σ deficit has been reported [177].
Constraints have also been derived from νe scattering on 12C at KARMEN and LSND
[178–180], as well as from T2K [181] and MicroBooNE [59, 60]; these have been omitted
for clarity. Curiously, the solar constraint and the gallium preference are in & 3σ tension
[172]; reactor spectral measurements are compatible with either, while the compatibility
between gallium and reactor rates is, as described above, flux-model dependent [143].
Moreover, there are no significant indications of anomalous νµ disappearance [182];
when combined with νe disappearance null results, this results in significant tension
with the LSND and MicroBooNE anomalies [63, 156, 173]. On top of all of this, eV-scale
sterile neutrinos contribute to Neff and ∑ mν; cosmological observations place severe
limits on nonstandard contributions to these quantities, disfavoring essentially all of the
parameter space shown in Fig. 8 [183–195]. This all suggests that 3+ 1 oscillations do not
comfortably describe the data. The question becomes: Is there a compelling conventional
or BSM alternative?

The next-simplest model one could invoke would be to introduce multiple species of

§ Neither of these experiments is considered in Ref. [172]; the figure is thus not double-counting reactor
spectra information.
‖ This constraint assumes the GS98 solar model [175]; had the AGSS09 solar model [175] been used, the
resulting constraint would be modestly stronger.
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sterile neutrinos. This has been studied in, e.g., Refs. [63, 157, 196, 197]; including only
additional oscillation frequencies does not appreciably resolve these tensions. Other
proposed scenarios include sterile neutrino decay [64, 65], the presence of nonstandard
interactions among either the active or sterile neutrinos [66, 198, 199], hidden sector
couplings to neutrinos [67], or some combination of multiple effects [68]. Reactor
experiments will play an essential part in a necessarily diverse global program to
assessing which (if any) of these scenarios are correct. As noted in Sec. 2, they provide
a clean environment in which to study oscillations, owing to (1) the flavor purity of
the source; (2) the low energies, which prevent heavy states from polluting the observed
signal; and (3) the relative absence of matter effects. If the existing SBL anomalies persist,
and are confirmed at, e.g., the SBN program at Fermilab [62] and more robust future
iterations of the BEST radiochemical experiment, then reactor experiments will continue
to play an important role in discriminating between possible explanations thereof. The
use of multiple arms of the US neutrino program to elucidate a more complex ‘non-
vanilla’ sterile sector is very well-illustrated in Ref. [68]: in this example, which envisions
a 2-component sterile sector, US short-baseline reactor data is crucial for constraining
active-sterile oscillation parameters, while US short-baseline accelerator experiments are
best at pinning down radiative decay phenomena experienced by the heavier sterile state.

As noted below Eq. (6), introducing a sterile neutrino also introduces two new CP-
violating phases, which enriches the possibilities for CP-violation studies at long-
baseline accelerator experiments. On one hand, 3+1 oscillations that violate CP may be
confounded with CP-conserving, 3+0 oscillations [71]; on the other, large-amplitude, CP-
conserving oscillations with a sterile neutrino may generate false signals of CP violation
at, e.g., DUNE [200]. While Pee in Eq. (7) is necessarily CP-conserving, the sensitivity of
reactors to the existence of additional neutrinos is crucial for the disambiguation of such
a signature. This potential parameter degeneracy can broken if sin2 2θee can be measured
at the level . 0.03 [72], shown by the dot-dashed line in Fig. 8.

5.4 The Future of Short-Baseline Reactor Experiments

As of 2022, at least four new short-baseline reactor neutrino detectors are in preparation
or under construction, with plans to address the open questions described above.
The JUNO-TAO detector, a satellite detector for JUNO, will begin taking data in
2023 at a baseline of ∼ 30 m from a commercial power reactor in China [47]. The
PROSPECT-II detector, a planned upgrade of the PROSPECT detector, anticipates taking
a second run of data within 10 m of the HFIR reactor in the US and possibly at
other sites [45]. The DANSS Collaboration is currently upgrading their detector to
improve their photostatistics, and thus their energy resolution [201]. The Neutrino-4
Collaboration is also preparing an upgrade: a combination of increasing the detector
volume and introducing pulse-shape discrimination is expected to triple their statistics,



42

Experiment L [m] Pth [MW] Material(s)

DANSS [34] ∼ 11− 13 3100 SS
MiniCHANDLER [86] 25 2900 SS

NEOS [33] 24 2800 LS
NEOS-II [33] 24 2800 LS

Neutrino-4 [161] ∼ 6− 12 100 LS
PROSPECT [85] ∼ 7− 9 85 LS

PROSPECT-II [44] ∼ 7− 9 85 LS
SoLid [164] ∼ 6− 9 40-100 SS

STEREO [162] ∼ 9− 11 58 LS
JUNO-TAO [47] ∼ 30 4600 LS

Daya Bay [135] 550, 1650 17,400 LS
Double Chooz [134] 400, 1050 8500 LS

RENO [136] 430, 1450 16,800 LS

JUNO [112] 52,500 26,600 LS

Table 3: A tabulation of IBD-based reactor experiments that were either performed in
roughly the last decade or will be performed in the near future. Experiments are sorted
into short, medium, and long-baseline categories.

though the impact on their sterile neutrino sensitivity has not yet been made public
[202]. Each of these experiments will extend sensitivity to non-standard neutrino
oscillation well beyond current limits, into regions of interest for the still-unresolved
gallium anomaly and the continuing tension between short-baseline accelerator results.
These experiments are likely to provide particularly good sensitivity in the ∼2-20 eV2

mass splitting region, where current limits on active-sterile mixing are comparatively
weaker in the electron disappearance channel. While probing this region, JUNO-TAO,
PROSPECT-II and DANSS will also be able to authoritatively address existing claims of
moderate confidence-level observations of sterile neutrino oscillations at the Neutrino-4
experiment [37]. These detectors will also increase the precision of neutrino spectrum
measurements, described more in Sec. 7.

As the neutrino community seeks to resolve remaining short-baseline neutrino
anomalies, reactor experiments such as PROSPECT-II and JUNO-TAO provide several
points of complementarity to other approaches. As shown in Fig. 8, the projected
PROSPECT-II sensitivity will combine with the projected KATRIN sensitivity to fully
cover the parameter space favored by the current gallium anomaly (which, as noted
above, is already disfavored solar experiments) and to definitively exclude an oscillation
solution to the RAA. Although the curves in Fig. 8 correspond most directly to a 3+1
sterile neutrino models, they illustrate the general point that reactor neutrinos explore
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Experiment L [m] Pth [MW] Material(s) Technology

CHILLAX [203] ∼25 ∼1000 LAr & LXe Dual-Phase TPC
CONNIE [88, 204] 30 3800 Si Skipper CCDs

CONUS [205] 17 3900 Ge Ionization
MINER [90] ∼ 2− 10 1 Ge, SI, Al2O3 Bolometry

NCC-1701 [39] 8 2960 Ge Ionization
NEON [206] 24 2800 NaI(Tl) Scintillation

NEWS-G [207] - - Ne Ionization
νGeN [208] ∼ 10 3100 Ge Ionization

NUCLEUS [209] - - CaWO4 & Al2O3 Bolometry
NUXE [210, 211] ∼25 ∼3000 LXe Ionization/Scintillation

RED-100 [212] 19 3100 LXe Dual-Phase TPC
Ricochet [89, 213] 8.8 58 Ge & Zn Bolometry

SBC [214] 3 1 LXe Scintillation
TEXONO [215, 216] 28 2900 Ge Ionization

νIOLETA [217] 8, 12 2000 Si Skipper CCDs

Table 4: A tabulation of CEνNS reactor experiments, including their reactor standoff L,
the reactor (thermal) power Pth, component material(s) and detection technology.

a flavor channel (pure νe) where there may not be input from other sources. They do
so with relatively low cost compared to accelerator experiments, because the reactor
sources are already in operation and the detector size can be on the meter-scale.

In addition to JUNO-TAO, PROSPECT-II, DANSS and Neutrino-4, which all use IBD
interactions in scintillator as the detector channel, a growing number of experiments
are seeking to measure CEvNS interactions at reactor sources. Ongoing reactor CEvNS
projects are listed in Table 4. Compared to the established IBD channel, the CEvNS signal
presents a much greater experimental challenge due to high sensitivity to radiation and
instrumental background. So far, the low-energy CEvNS signal has not been detected
above the large backgrounds to this approach. When it becomes visible, the CEvNS
signal will provide information about reactor neutrino fluxes and interactions below the
IBD threshold and, like IBD searches, complement accelerator- and DAR-based searches
for sterile neutrino oscillations. These experiments are discussed in more detail in
Sections 6 and 8.

5.5 Medium- and Long-Baseline Reactor Experiments

We conclude this section by commenting on searches for nonstandard oscillations at
medium- and long-baseline reactor experiments. In Fig. 8, we have already noted the
combined constraint from Daya Bay and Bugey-3 [173]; the constraint is dominated by
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Daya Bay below ∆m2
41 . 0.3 eV2. Similar exclusions have been derived for RENO and

Double Chooz [218, 219]. Long-baseline experiments are sensitive to smaller values
of ∆m2

41 than those shown in Fig. 8: the JUNO collaboration forecasts a sensitivity to
sin2 2θee & 0.02 for 3× 10−4 . ∆m2

41 . 2× 10−3 [42].

Neutrino oscillations are fundamentally contingent on the coherence of the neutrino
wave-packet; decoherence could dramatically change the oscillation probabilities at
medium and long baselines. The Daya Bay Collaboration has studied these effects in
Ref. [220] and finds that they are not significant in their existing data. This is confirmed
in joint analyses of Daya Bay, RENO and KamLAND in Refs. [221, 222]. The JUNO
collaboration has benchmarked their sensitivities to several models of decoherence in
Ref. [223] (see also Ref. [221]); they forecast approximately one order of magnitude
improvement in measuring the size of the neutrino wave-packet. Decoherence effects
link up with sterile neutrino searches in a nontrivial way: recent work [54] finds that
these can be important in correctly assessing constraints at SBL reactor experiments
for ∆m2

41 ∼ O(eV2). These findings again highlight the importance of robust reactor
programs at both short and long baselines.

We finally briefly note the capabilities of longer-baseline reactor experiments in probing
a wider variety of exotic BSM scenarios. A variety of such studies have been performed
at high-statistics medium-baseline experiments, such as CPT and Lorentz-invariance
violation searches at Daya Bay [224] and Double Chooz [225]. Other exotic studies, such
as searches for large extra dimensions have also been proposed [226].

6 Probing Neutrino Properties and Unknown Particles with Reactors Neutrino
Detectors (NF03, NF05)

6.1 Key Takeaways

• Reactor antineutrinos, due to their low energies, are capable of scattering coherently
from all nucleons in a target nucleus, which greatly enhances the expected cross-
section of this CEvNS process with respect to other interaction channels.

• For this reason, reactors offer unprecedented sensitivity in measuring the Standard
Model CEvNS cross-sections at low momentum transfer, as well as data-model
deviations indicative of a range of BSM physics processes.

• A range of low-threshold detection technologies currently under active development
can allow access to this new low-momentum transfer regime.

• Other novel aspects of reactor-based experiments, such as their on-surface location
and their proximity to large reactor-produced photon fluxes, offer promise in
probing the existence of a range of hidden sector particles and interactions.
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6.2 Reactor CEνNS and Low-Energy Processes: Theory and Experimental Limits

CEνNS is a neutral-current process that arises when the momentum transfer in the
neutrino-nucleus interaction is less than the inverse of the size of the nucleus. For
typical nuclei, this corresponds to neutrinos with energies Eν . 50 MeV. In the SM,
the interaction is mediated by the Z-boson, with its vector component leading to the
coherent enhancement. As a reference point, we first write the cross section in the form

dσ

dT
=

G2
F M
4π

(
1− MT

2E2
ν

)
Q2

w
[
Fw(q2)

]2 , (8)

where GF is the Fermi constant, T = ER = q2/(2M) = Eν − E′ν is the nuclear recoil
energy (taking values in [0, 2E2

ν/(M + 2Eν)]), Fw(q2) is the weak form factor, M is the
mass of the target nucleus, and Eν (E′ν) is the energy of the incoming (outgoing) neutrino.
The tree-level weak charge is defined by

Qw = Z
(
1− 4 sin2 θW

)
− N , (9)

with proton number Z, neutron number N, and weak mixing angle sin2 θW . To first
approximation, the weak form factor Fw(q2) depends on the nuclear density distribution
of protons and neutrons. In the coherence limit q2 → 0 it is normalized to Fw(0) = 1,
with the coherent enhancement of the cross section reflected by the scaling with N2 via
the weak charge, given the accidental suppression of the proton weak charge Qp

w � 1.
Consequently, this implies that CEνNS is mainly sensitive to the neutron distribution in
the nucleus.

Nuclear reactors have long been utilized as copious sources of electron anti-neutrinos.
Neutrinos from reactors have been detected using the inverse beta decay reaction,
ν̄e + p+1.806 MeV→ e+ + n, by observing both the outgoing positron and coincident
neutron. The characteristic neutrino energy for this source is . 1 MeV, roughly an
order of magnitude or more lower than the average energies of neutrinos produced by
accelerator sources. Due to these low energies, the coherence condition for the recoil is
largely preserved over the entire reactor energy regime, so that there is no dependence
on the internal structure of the nucleus.

In general, the presence of any BSM physics will modify the previous cross sections, thus
altering the expected number of events detected via the CEvNS reaction in a detector. In
a general fashion, we write the total cross section in the presence of BSM as

dσ

dER
=

dσ

dER

∣∣∣∣
SM

+
dσ

dER

∣∣∣∣
BSM

, (10)

where the first term is the SM cross section for either neutrino-electron and CEνNS
interactions, and the second is the modification created by the BSM interactions. Note
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Table 5: Contributions to the neutrino-electron and CEνNS cross-sections for the
different scenarios considered here. The gV , gA are given by gV = 1

2 + 2 sin2 θW , gA =
1
2 [227].

Interaction Non-zero couplings dσνe
dER

∣∣∣
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that any possible interference effect that can appear according to the nature of the new
mediators are included in the BSM cross section.

The new physics can be enhanced by light mediators. It could be the photon coupling
through electromagnetic properties of the neutrino, or additional mediators having
couplings to neutrinos, charged leptons and quarks. In the spirit of simplified models,
we assume a Lagrangian at low energies which includes terms for the new interactions
with the SM fermions without specifying the gauge invariant models at high energies as
in [228]. For each scenario, the modification of both neutrino-electron and CEνNS cross
sections will have a specific shape, possibly including interference effects. In Table 5
we summarize and compile the distinct BSM contributions to the neutrino-electron and
CEνNS cross sections for each light mediator scenario, together with the non-zero
couplings relevant in each case.

In the specific case of CEνNS , there is an additional step; we need to translate the
interactions from the quark to the nucleon level. The coherence factors related to the
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specific mediator are given by (see e.g. Refs. [227, 229–232])

Q′V = 3(N + Z)gνZ′gqv, (11a)

Q′A = 0.3SNgνZ′gqa, (11b)

QA = 1.3SN, (11c)

QS = 14(N + Z) + 1.1Z, (11d)

corresponding to the vector, axial, SM axial, and scalar currents, with nuclear spin SN,
and neutrino-Z′ and quark vector couplings gνZ′ and gqv, respectively.

Figure 9 shows the sensitivity at 90% C.L. of a new light scalar mediator coupling to
neutrinos and quarks (left panel) and the sensitivity to a light vector mediator coupled to
neutrinos and quarks (right panel), for current experiments using accelerator neutrinos
(blue area) and reactor neutrinos (green area) [38, 39]. New sensor technologies aiming
to detect CEvNS at nuclear reactors have thresholds low enough to reap the benefits
of the large neutrino flux of the reactor and access these new physics models. Both
graphs show a better sensitivity for mediator masses below 20 MeV in reactor-based
CEvNS experiments. The projected sensitivity for a 10 kg experiments using Skipper
CCD [233] with silicon as the target material is also shown in both plots. The sensor
allows for a energy threshold of a few eV of the equivalent ionization energy. A wide
range of coupling constants is unconstrained in the parameter space for masses for light
mediators [228]. Since the interaction cross sections scale with the fourth power of the
coupling parameter (y-axes in the plots), the increase in sensibility of this new search is
several orders of magnitude of the existing limits.

The combination of three aspects – the cross-section enhancement for nuclear interaction
for the reactor neutrino energies, the very low energy threshold of new technologies to
observe faint depositions, and the reactor being the most intense neutrino flux on earth
– make the proposed technique a unique tool to search for dark sector candidates in new
regimes.

6.3 Experimental Requirements For Reactor CEνNS Detection

The maximum nuclear recoil energy resulted from CEvNS interactions can be
approximated as 2k2/M, and is usually at the keV level or below for reactor antineutrinos
with a characteristic energy of . 1MeV. As illustrated in Fig. 10, with a Si/Ar/Ge/Xe
target, 90% of the reactor CEvNS signals will have an energy below 0.8/0.6/0.3/0.2
keV. In addition, the majority of energy transferred from the antineutrino to a nucleus
is dissipated as heat. As a result, for detector technologies that measure scintillation
and/or ionization signatures from particle interactions, only a small fraction of nuclear
recoil energy is observable. In Si [234], Ge [235–237] and Xe [238] the reduction factors of
measurable energy (or quenching factors) have been measured down to ∼0.3 keV, with
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Figure 9: Current bounds and projected sensitivity bounds for new neutrino interactions
with nucleons through a scalar mediator (left) and vector mediator (right). Plots show
with different colors the parameter space ruled out using neutrinos from accelerator
complex and neutrinos from nuclear reactor facilities. Figures taken from [228].

typical suppression values around 6–10 in this energy regime. This quenching effect, in
addition to the low nuclear recoil energy, makes the detection of reactor CEvNS signals
challenging.

Thanks to the progress of direct detection dark matter experiments in the last few
decades, low-threshold detectors sensitive to keV-level nuclear recoils have been
developed [239–242]. A typical dark matter experiment focuses on nuclear recoils from
a few keV to tens of keV, and thus the detection of reactor CEvNS requires the detector
thresholds to be further reduced. Several experimental efforts have been launched
to advance the low-energy sensitivity of detector technologies including Si and Ge
ionization detectors [204, 205, 240, 242], liquid argon and xenon scintillation/ionization
detectors [203, 210, 212, 214, 239, 243], and cryogenic bolometers [90, 213, 244, 245].
Up to date, energy thresholds in the range of tens of eV to hundreds of eV have been
demonstrated in bolometers and ionization detectors.

Coincidentally, at a detection threshold of ∼200eV, reactor CEvNS experiments using
different targets are expected to observe comparable event rates per target mass (Fig. 10).
Because of the near-exponential shape of the CEvNS spectra, an experiment with a 50
eV threshold will be able to collect 5–10 times more CEvNS events than those with 200
eV thresholds, demonstrating the need to develop lower-threshold detector technologies.
Further, due to the low expected event rate of neutrino interactions, a detector also needs
to have a large active mass to obtain sufficient statistics to study possible BSM physics
associated with CEvNS. Currently available low-threshold detectors such as Skipper
CCDs are limited to active masses at a hundred-gram level [242, 246], while high-mass
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Fi g u r e 1 0: L eft: T h e e x p e ct e d r e a ct o r C E v N S e n e r g y s p e ct r a i n a Si / A r / G e / X e t a r g et,

wit h t h e a s s u m pti o n of 1 k g t a r g et m a s s a n d 2 5 m st a n d off di st a n c e f r o m a 1 G W r e a ct o r

c o r e; r e a ct o r a nti n e ut ri n o s p e ct r u m i s t a k e n f r o m [ 3 ]. Ri g ht: I nt e g r at e d C E v N S e v e nt

r at e i n 1 k g of Si / A r / G e / X e a s a t h r e s h ol d of d et e ct o r e n e r g y t h r e s h ol d, wit h t h e s a m e

a s s u m pti o n o n r e a ct o r p a r a m et e r s a s f o r t h e l eft fi g u r e.

d et e ct o r s s u c h a s li q ui d a r g o n a n d x e n o n Ti m e P r oj e cti o n C h a m b e r s ( T P C s) a r e li mit e d

t o a n e n e r g y t h r e s h ol d of h u n d r e d s of e V [2 3 9 , 2 4 3 , 2 4 7 ]. O n g oi n g R & D eff o rt s a r e

c u r r e ntl y p u r s ui n g s u b st a nti al i m p r o v e m e nt s i n t h e s e di r e cti o n s [ 2 4 8 – 2 5 1 ]. M o r e R & D s

i s n e e d e d i n t h e n e xt d e c a d e t o p e rf o r m a fi r st d e fi niti v e e x p e ri m e nt al o b s e r v ati o n of

r e a ct o r C E v N S.

I n a d diti o n t o d et e ct o r t h r e s h ol d a n d a cti v e m a s s, a n ot h e r i m p o rt a nt a s p e ct t o c o n si d e r

i n r e a ct o r C E v N S d et e cti o n e x p e ri m e nt s i s t h e e x c e s s b a c k g r o u n d s o b s e r v e d i n t h e

l o w e n e r g y r e gi o n s of diff e r e nt d et e ct o r s [2 3 9 , 2 4 3 , 2 5 2 – 2 5 4 ], w hi c h o p e r at e at v e r y

diff e r e nt t e m p e r at u r e s a n d h a v e diff e r e nt si g n al r e a d o ut s c h e m e s. S u c h b a c k g r o u n d s

oft e n m a nif e st t h e m s el v e s a s a f a st ri si n g e v e nt r at e a s t h e e n e r g y a p p r o a c h e s t h e

d et e ct o r t h r e s h ol d, a n d c a n v a r y d r a sti c all y i n r at e, t e m p o r al b e h a vi o r, a n d ot h e r

c h a r a ct e ri sti c s. I n i o ni z ati o n d et e ct o r s t h e s e b a c k g r o u n d s a r e s u s p e ct e d t o a ri s e f r o m

t h e t r a p a n d d el a y e d r el e a s e of el e ct r o n s [2 4 3 , 2 5 4 ] o r l o w- e n e r g y i nt e r a cti o n s n e a r t h e

a cti v e v ol u m e [ 2 5 2 ], a n d i n b ol o m et e r s t h e y a r e s o m eti m e s h y p ot h e si z e d t o o ri gi n at e

f r o m c r y st al st r e s s o r a c c u m ul ati o n of e n e r g y i n t h e a cti v e v ol u m e [2 5 2 , 2 5 3 ]. M u c h

r e m ai n s u n st u di e d f o r t h e s e e x p e ri m e nt s t o e nj o y m e a ni n gf ul n u cl e a r r e c oil s e n siti viti e s

i n t h e r e a ct o r C E v N S e n e r g y r e gi m e.

6. 4 E x oti c p arti cle se arc hes at n u cle ar re a ct ors

Ot h e r n o v el a s p e ct s of r e a ct o r- b a s e d e x p e ri m e nt s, s u c h a s t h ei r o n- s u rf a c e l o c ati o n a n d

t h ei r p r o xi mit y t o l a r g e r e a ct o r- p r o d u c e d p h ot o n fl u x e s, c a n b e l e v e r a g e d t o p r o b e t h e
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existence of a range of hidden sector particles and interactions. Below, we illustrate with
a few examples.

Nuclear reactors are also an intense source of photons and neutrons, which can interact
with the materials of the reactor structure or spontaneously transform to produce hidden
sector candidates that could escape from the reactor core and reach a nearby detector.
This new framework of production and detection at nuclear facilities has been studied
due to the large production rates obtained in reactors and the availability of new
technologies to detect them [255–257]. As an example of the sensitivity of this technique
Fig 11 (from [256]) shows the reach in the search for axion-like particles for different
low threshold sensor technologies in nuclear reactors (different color lines) compared to
other astrophysically derived constraints (shaded areas). The plot shows the parameter
space of axion-like particles coupling to photons (coupling constant in the y axes and
particle mass in the x axes. As the plot shows, the new technique shows unprecedented
sensitivity to regions that cannot be accessed by other experiments for axion masses
around 1 MeV (the so called cosmological triangle). These detectors can also similarly
detect other indirectly electron- or photon-coupled hidden sector particles generated in
the core, such as millicharged particles [258]. Neutron-sensitive detectors, such as those
used in reactor IBD experiments, are highly capable of probing neutron-coupled hidden
sector particles; a search setting world-leading limits on hidden neutrons was recently
reported by the STEREO experiment [259].

Figure 11: Comparison of sensitivity of axion like particles searches at nuclear reactor
compared with excising bounds. Figures taken from [256].

Most short-baseline reactor experiments are located on-surface and lack a substantial
amount of overburden. While disadvantageous from the perspective of increases
in neutrino-like cosmic backgrounds, it also provides unique advantages for the
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detection of high-cross-section cosmogenic dark matter particles that would be otherwise
attenuated before reaching a detector [260] The PROSPECT reactor antineutrino
experiment has used its overburden-free, PSD-capable IBD detector to perform a
sensitive search for single proton recoils from interactions of boosted dark matter in the
sub-GeV mass regime [261]. Similar on-surface reactor-located rare event searches may
also be applicable for pursuit of other BSM particle types, such as multiply-interacting
massive particles (MIMPS) [262, 263] or macroscopic dark matter [264].

7 Improving Reactor and Nuclear Physics Knowledge Through Neutrino
Measurements and Modelling (NF09)

7.1 Key Takeaways

• Precise knowledge of the total magnitude and energy spectrum of reactor
antineutrino emissions is a vital ingredient in performing some future neutrino
physics measurements.

• Recent neutrino experiments have been very successful in advancing the state
of knowledge of reactor antineutrino emissions, most notably by uncovering the
reactor flux and spectrum anomalies.

• The increased precision of reactor neutrino measurements has had a broader science
impact by spurring investments and improvements in non-neutrino nuclear physics
measurements, nuclear data, and reactor antineutrino modelling.

• Next-generation IBD and non-IBD experiments are poised to improve their
reactor flux and spectrum measurement precision beyond the associated modelling
uncertainties, enabling data-driven improvements to reactor and nuclear physics.

7.2 Reactor Neutrino Flux and Spectrum Measurements

Antineutrino emissions from LEU and HEU reactors have been precisely measured by
a range of IBD detection experiments covering baselines from roughly 7 m to 2000 m.
While some experiments have measured emissions from HEU reactors, which burn only
235U, most others have sampled LEU reactors, whose neutrino emissions are contributed
by the primary fissile isotopes (235U, 238U, 239Pu, and 241Pu) according to their fission
fractions at a specific point in the reactor’s burnup cycle. These measurements enable
accurate evaluation of antineutrino yields and spectra per fission from the primary fissile
isotopes, as well as providing cross-checks for antineutrino flux predictions made from
nuclear databases and beta-spectra conversions.

Experiments listed in Table 6 measured the IBD detection rate from various reactors
with organic scintillator targets. Using precise knowledge of the rate of reactor fission
in the core and the IBD detection efficiency (see Refs. [265, 266] for details), IBD rate
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Experiment f235 f238 f239 f241 Measurements

Bugey-3 0.614 0.074 0.274 0.03 flux/spect
Bugey-4 0.614 0.074 0.274 0.03 flux

Daya Bay 0.630-0.511 0.075-0.077 0.253-0.345 0.042-0.068 flux/evol/spect
RENO 0.62-0.527 0.072-0.074 0.262-0.333 0.046-0.066 flux/evol/spect

Double CHOOZ 0.520 0.087 0.333 0.060 flux/spect

ILL 1 0 0 0 flux
Savannah River 1 0 0 0 flux

STEREO 1 0 0 0 flux/spect
PROSPECT 1 0 0 0 spect

Table 6: Examples of IBD experiments’ measurement of reactor neutrino flux, spectrum,
and evolution, with different reactor compositions.

measurements can be converted to a measure of IBD yield, or antineutrino flux times the
well-known IBD cross-section [267]. Time-averaged IBD yield measurements made by
most experiments provided a first global picture of a family of uncorrelated or modestly
correlated data points from different baselines and fissile isotope compositions [5,
268]. Among the example experiments in Table 6, Bugey-4, Daya Bay, RENO and
Double CHOOZ measured the IBD rate from corresponding reactors with experimental
uncertainties of 1.4%, 1.5%, 2.1%, and 1.0%, respectively [134, 139, 266, 269]. The
examples on HEU produced IBD rate includes the ILL, Savannah River, and STEREO
measurements with uncertainty of 9.1%, 2.9%, and 2.5%, respectively [133, 159, 270].
From this dataset, IBD yields of 235U could be tightly constrained using HEU
measurements, while constraints on the yields of the remaining isotopes remained quite
loose [271].

Beyond time-integrated yields, the Daya Bay and RENO experiments more recently
reported IBD yields measured at various points in their reactors’ fuel cycles with the
same reactor-detector configuration [137, 139], yielding a set of highly-correlated data
points capable of substantially improving direct knowledge of 239Pu and 238U yields [147,
272, 273]. Best-fit isotopic IBD yields provided by time-integrated and so-called ‘flux
evolution’ datasets are shown in Figure 12.

As overviewed in Table 6, many of these reactor experiments have also reported the
differential spectrum of IBD positron energies detected per fission, while others have
further unfolded this IBD positron spectrum into an interacting antineutrino energy
spectrum per fission. Meaningful measurements of this type require detectors with
positron energy resolutions roughly of order 20% or better. While first high-statistics
absolute spectrum measurements at LEU reactors first became available in the mid-
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Figure 12: Allowed regions for isotopic IBD yields of 235U, 239Pu, and 238U provided by a
fit of time-integrated and ‘flux evolution’ IBD yield datasets. For this fit, sterile neutrino
oscillations are assumed to be negligible. From Ref [147].

1990s [274], available precision greatly improved with the θ13 experiments of the
2010’s [135, 136, 275]. Precision HEU spectra only become available very recently
with the PROSPECT and STEREO experiments [276, 277]. The interacting neutrino
spectrum per fission for 235U and 239Pu was reported by Daya Bay measuring spectra
at different points in its reactors’ fuel cycles [138, 278]. Measured 235U isotopic spectra
have been demonstrated to be generally consistent between Daya Bay, PROSPECT, and
STEREO [279, 280].

7.3 Modeling Reactor Antineutrino Emissions

Two complementary methods are available for modelling the per-experiment or isotopic
IBD yields and spectra per fission reported in the previous section [3]. The first is the
‘summation’ or ‘ab-initio’ method in which the flux and spectra are directly calculated
from tabulated fission yields and branching ratios. This method uses nuclear databases,
such as JEFF [281], to account the fission yields, as well as data on beta-unstable isotopes
from ENSDF databases [282] to sum the theoretical beta spectra of hundreds of fission
products and thousands of beta branches. Uncertainties in the summation method
are contributed by missing information of beta-unstable isotopes and uncertainties
of beta decay branching and fission product yields. Until very recently, tabulations
also did not account for correlations in fission yield and decay uncertainties between
isotopes and branches, meaning that uncertainty envelopes, even when provided, are
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ill-defined. Recently, cataloguing of fission yield correlations [283, 284] and addition
of improved decay data using total absorption spectroscopy (TAGS) techniques [285–
294] has provided the promise of reducing and better understanding summation
uncertainties.

The second method, generally considered to be more precise, performs the conversion
of measured aggregate post-fission beta decay spectra into antineutrino spectra through
the fitting of a limited number of individual beta branches [5, 18]. The universally
used aggregate beta decay datasets underlying this method were measured by neutron-
induced fission of 235U [295], 239Pu [296], and 241Pu [297] at the ILL reactor. Beta-
branches are fitted to the cumulative beta spectra such that the sum of branches is
the best-fit to measured beta spectrum. This data-driven approach has the advantage
of being immune to uncertainties from unknown or unmeasured beta decay spectra.
However, the fitted branches do not fully represent the ∼1000 fission-produced beta
branches actually present in the spectrum. Theoretical corrections, including forbidden
transitions [140, 298] and weak magnetism corrections [299], which add additional
uncertainties. Flux prediction of neutrinos from 238U, and other non-fissile isotopes
in reactor facilities, still rely on other experimental data or nuclear database summation.

These two methods have complementary, largely uncorrelated uncertainties, and efforts
have been taken in recent years to compare their outcomes. While the conversion and
summation spectral predictions had been initially thought to be in conflict [300, 301],
more recent studies using up-to-date database and decay information have found
striking spectral shape agreement between prediction methods [14]. On the other
hand, all recent studies have found discrepancies between the methods’ predicted
energy-integrated fluxes, both in overall magnitude and in the relative offset between
235U and 239Pu yields [7, 14, 302]. Flux model offsets are illustrated in Figure 13 as the
difference between blue and orange/cyan circle data points.

7.4 Data-Model Discrepancies

With improvements in reliability of the models and precision of IBD yield and spectrum
measurement in the last decade, a variety of data-model discrepancies have emerged.
First, the global average of measured reactor neutrino fluxes were found to be offset
with respect to the more-precise conversion prediction [5] – the ‘reactor antineutrino
anomaly’ described in some detail in Section 5. This discrepancy is visible as the
diagonal offset between the red and orange ellipses in Figure 13. More recently,
the flux evolution datasets from Daya Bay and RENO have elucidated that, absent
neutrino oscillations, this flux anomaly can be more accurately interpreted as an offset
in measured and predicted 235U IBD yields, visible as a horizontal offset between
the purple and orange ellipses in Figure 13. Moreover, the consonance between flux
evolution datasets, summation predictions, and recent conversion predictions using new
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Figure 13: The 95% C.L. (dark) and 99% C.L. (light) contours in r235–r239 plane for
integrated rate (red), fuel evolution (purple) and all reactor experiments (black), where
rX is the ratio of the flux predicted/measured for isotope X over its HM prediction.
The result from STEREO [133] is shown in green; the bands represent the 1σ (dark)
and 2σ (light) regions for one degree of freedom. The orange, blue and cyan ellipses
represent the expectations from the HM, EF and HKSS flux models, respectively; 1σ (2σ)
is shown in dark (light) shades. The brown bands represent the 1σ (dark) and 2σ (light)
determination of the 239Pu/235U ratio from the Kurchatov Institute [144, 145]. The black,
dashed line represents the line along which r235 = r239. The triangles represent the best-
fit values for the three fits, and the circles show the central values for the flux models.
Figure and caption adapted from Ref. [7].

fission beta measurements [144] indicates that ILL-measured beta spectrum inputs to the
conversion approach may be largely to blame for IBD yield data-model discrepancies.
Historical reactor decay heat measurements have also been recently investigated towards
this end [303].

Recent measurements of the antineutrino energy spectra at LEU and HEU reactors also
demonstrate discrepancies between data and predictions. As demonstrated in Figure 14,
there is most notably an excess of events observed at approximately 5 MeV which
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Figure 14: Joint unfolded interacting antineutrino energy spectrum of 235U and 239Pu
from Daya Bay and PROSPECT (left) and of 235U from STEREO and PROSPECT (right).
Comparisons to the Huber-Mueller model are given in both cases. From [279] and [280].

is not matched by theoretical models. This so-called ‘bump’ has been the focus of
much interest in the neutrino as well as the nuclear physics community, since there
are only a small number of high-Q isotopes which contribute the majority of neutrinos
in this region [4]. While this spectral deviation was first observed at LEU reactors,
short-baseline measurements by PROSPECT and STEREO have observed a similar-sized
effect in the spectrum of 235U, indicating a common mis-modelling of the interacting
antineutrino energy spectrum of multiple fissile isotopes [36, 277, 280]. This spectral
data-model discrepancy appears to be common across all prediction types, even after
the introduction of updated fission yield and nuclear structure datasets [14]. The
universality of this problem indicates an issue with an input common to both prediction
techniques, such as the assumed theoretical shape of the beta spectra used in both
calculations [304].

7.5 Future Improvements in Understanding Isotopic Neutrino Emissions

A range of ongoing and future experimental IBD-based efforts offer the promise of
improving the precision of isotopic antineutrino flux and spectrum measurements. Most
recently, the NEOS-II experiment was deployed in Sep, 2018, and just completed a
∼ 500-day reactor-on data taking period encompassing the entire fuel cycle of a single
2.8 GW commercial LEU core at the YoungKwang Hanbit nuclear power plant. The
experiment aims to measure the IBD rate and energy spectrum of this reactor core at 24 m
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baseline and perform an analysis of antineutrino spectrum and flux evolution. While
its IBD statistics are unlikely to approach those provided by Daya Bay, its single-core
measurement enables it to observe a broader range of reactor fuel content, potentially
enabling isotopic measurements comparable to Daya Bay and RENO. Plausible gains in
isotopic IBD yield measurement precision achievable in a single-core LEU experiment
are overviewed in Ref. [273].

Beyond this, a pair of proposed future high-precision short-baseline reactor experiments
aim to build on recent successes utilizing neutrinos to enhance understanding of nuclear
data. The PROSPECT collaboration has proposed a follow-up measurement with an
improved detector called PROSPECT-II to be deployed at 7-9 m from the High Flux
Isotope Reactor at Oak Ridge National Lab [44]. The proposed run plan will increase
its acquired IBD dataset by more than a factor of five over PROSPECT’s first run,
alongside an increased signal-to-background ratio. Additionally, PROSPECT plans
a new measurement of the absolute flux of neutrinos from 235U reaching a ∼2.5%
precision primarily limited by knowledge of the HFIR reactor core’s thermal power.
These measurements will provide an important test of theoretical models in a simple
system primarily composed of a single fissile isotope, 235U. The expected 235U spectrum
measurement uncertainties of PROSPECT-II uncertainty are shown in figure 15: its 235U
precision will substantially exceed Daya Bay, and will rival that of the theoretical models.
Subsequent deployment of PROSPECT-II at an LEU reactor would allow correlated flux
measurements between core types, further enhancing knowledge of individual isotopic
contributions, again outlined in Ref. [273].

In southern China, a high-resolution (<2%/
√

E (MeV)) satellite detector for the JUNO
project, called JUNO-TAO, is in the development phase and will be deployed at ∼25 m
from one LEU reactor at the Taishan nuclear power plant [47]. JUNO-TAO will collect
a large (millions) IBD dataset with excellent energy resolution over multiple fuel cycles,
which should enable searches for sub-structure in the neutrino spectrum from individual
beta-decays, as shown in Figure 15. When analyzed in combination with a high-
precision HEU experiment, such as that provided by PROSPECT-II, these datasets should
enable major improvements in knowledge of the antineutrino spectrum produced after
239Pu and 238U fissions.

Data-model discrepancies have been authoritatively demonstrated by recent high-
precision reactor antineutrino measurements. A resolution of this picture will likely
require not just improvements in IBD datasets, but also the advancement of a
variety of non-IBD nuclear physics and neutrino datasets. An overview of relevant
recommendations for improving non-IBD datasets can be found in Refs. [51, 53].

On the conversion prediction side, recent Russian measurements of aggregate beta
spectrum/yield ratios have cast doubt on the accuracy of the original ILL datasets [144,
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Figure 15: Left: PROSPECT-II 235U spectrum measurement uncertainties after two years
of data-taking. From [45]. Right: Comparison of projected JUNO-TAO and JUNO
measurements and uncertainties with Daya Bay measurements, assuming that the true
LEU reactor spectrum measured by JUNO-TAO and JUNO is given by Ref. [14]; JUNO-
TAO’s sensitivity to fine structure in the LEU reactor antineutrino spectrum is clearly
illustrated. From Ref. [47].

145]. To authoritatively resolve this issue, a high-precision aggregate beta spectrum
measurement using modern neutron facilities and measurement techniques should
be performed for all major and minor fission isotopes; such a measurement should
be achievable at a number of US-based neutron facilities. The robustness of both
conversion and summation predictions could be enhanced via measurement of beta
spectrum shapes for a few forbidden beta decay transitions of high-Q isotopes that
provide a dominant contribution to the high-energy reactor antineutrino spectrum.
Such a measurement would verify this key theoretical input to both calculations. For
summation predictions, continuation of total absorption gamma spectroscopy (TAGS)
measurements should be carried out to further minimize the incidence of Pandemonium-
affected data in the nuclear data.

Up to this point, direct antineutrino measurements have been unable to test the accuracy
of summation modelling below the 1.8 MeV proton IBD interaction threshold. High-
precision measurements of recoil spectra from the threshold-free CEvNS interaction at
reactors offer the promise of addressing this current weakness in the global antineutrino
flux picture.
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8 Priorities for Improving Reactor Antineutrino Detection (NF10)

8.1 Key Takeaways

• A broad range of detection technologies are required to cover the full range of
physics topics accessible via detection of reactor neutrinos using coherent-neutrino
nucleus scattering.

• Small short baseline and large medium baseline reactor neutrino experiments
require improvements in particle identification, light collection, and/or target
composition to achieve future fundamental and applied physics goals.

• Technology used in reactor neutrino physics overlaps with those used in direct dark
matter searches and in a range of neutrino physics topics, such as long-baseline
beam neutrino oscillations, neutrinoless double beta decay, solar neutrino physics,
geoneutrino detection, and more.

8.2 Reactor Antineutrino Detection Technologies

The reactor neutrino sub-field has been particularly prolific within the broader scope
of neutrino physics in recent years. However, persistent tensions between the results
of multiple short baseline experiments, together with the yet to-be realized detection of
CEνNS using reactor neutrinos, are strong reasons to continue improving on current
techniques and developing new enabling technologies. To ensure a broad range
for known and unknown physics with reactor neutrinos, it is necessary that new
experiments and development efforts cover a wide range of detection principles. In this
Section, we provide a condensed description of the many current initiatives in pursuit
of low-threshold and/or MeV-scale reactor antineutrino detection.

8.3 Very Low Energy Detection

Coherent scattering of neutrinos off nuclei has become a growing field of interest in
reactor neutrino physics and neutrino physics in general. For coherent scattering, the
neutrino energy transfer occurs with the entire nucleus rather than a single nucleon,
meaning that energy transfer has to be very low. In addition, a large fraction of
transferred energy is released as heat or lost due to quenching effects. While coherent
scattering was already discovered at high energy spallation neutron sources, fully
coherent scattering would happen only at low reactor energies and thus very sensitive
new detector technologies are required. These detectors need to offer a low threshold
and low noise levels. In addition, those detectors require a thick shielding and
overburden as they are running close to a continuous reactor, as opposed to have an
accelerator-based timing reference signal to suppress background.

The use of low-threshold detectors for performing novel non-standard physics searches
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was described previously in Sections 5 and 6. Since coherent scattering detectors in
reactor neutrino physics are sensitive to very low energies, implemented technologies
also offer promise beyond reactor neutrino detection. For example, such a technology
would also be useful in probing the scattering of low-mass dark matter. First results
have already been delivered on these topics [305]. In the following, different types of
low energy detectors in the context of coherent neutrino nucleus scattering are discussed.

P-type High Purity Germanium Detectors. These detectors belong to the class of
ionization detectors. Opposed to conventional n-type point contact technology, p-type
point contact permits high purity Ge detectors to bypass the characteristic limited charge
collection efficiency and degraded energy resolution. This results in reduced capacitance
while offering a large detector volume of about 1 kg per detector unit. The small value
of the capacitance results in low electronic noise and allows to lower the detection
threshold to values between 200 and 300 eVee. A mechanical cooling is commonly
used and shielding is either employed via sandwiches of lead, copper, polyethylene
or active vetoing through scintillation crystals. There are four major experiments at
the commissioning or data-taking stage that could reveal a positive detection of reactor
neutrino CEνNS in the near future: CONUS [306], NuGEN [208], TEXONO [307] and
the NCC-1701 vessel at Dresden-II nuclear reactor [39].

Skipper Si CCD. In the most general sense, the interaction principle of Charge-
Coupled Device (CCD) is based on the photoelectric effect, where incident photons are
absorbed in a silicon substrate generating as a consequence one or more electron-hole
pairs. In conventional scientific CCDs, low-frequency readout noise results in variations
in the measured charge per pixel creating a fundamental limitation on precise single-
photon counting. Some initiatives like CONNIE [308] have been applying CCDs to
neutrino detection for many years, providing an upper limit for reactor CEνNS event
rate.

However, in the recent years, a new noise-reduction technique has emerged based in
the use of a floating gate output stage to perform repeated charge measurements for
each pixel. This multiple readout technique was implemented in the form of a Skipper-
CCD achieving ultra-low readout noise that stood several orders of magnitude below
values obtained with conventional CCD detection [309]. The application of this novel
technology is expected to bring unprecedented detection precision down to the eV
energy scale. CONNIE recently upgraded to Skipper-CCDs [246] showing preliminary
stable and very low values of readout noise. Another new initiative called νIOLETA
has taken the chance to join the efforts for building a kg-scale experiment based on
Skipper-CCDs projecting a 90% C.L observation of CEνNS in 1.5 days of data taking.

Besides allowing high precision measurements of the SM at low energies, Skipper-CCD
might enable a unique exploration of any physics hiding beyond that. Light-boson
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mediated interactions, neutrino magnetic moment or dark matter searches are strong
candidates to be investigated.

Noble Element Detectors. Noble element detectors, especially liquid xenon
(LXe) and liquid argon (LAr) detectors, have been developed during the last decade
mainly for direct dark matter searches. One of their main advantages is the extremely
low detection threshold, a feature that makes noble element technology an excellent
candidate to observe CEνNS . By means of time projection chambers filled with the
aforementioned noble elements, low energy interactions like these have been sought
by analyzing ionization signals, but to date the sensitivity in the few-electron region
has been compromised by backgrounds. The most recognizable effort trying to observe
CEνNS using this technology is the RED collaboration [212]. This experiment uses a
dual phase xenon detector of 100 kg fiducial volume. Ionization electrons created in the
liquid phase are extracted through electric fields and amplified in the gaseous phase.
The scintillation light of about 30 photons per electron in the gaseous phase is then
detected by photosensors. This experiment has achieved a low background rate down
to 4 ionization electrons while operating at the surface level. R&D efforts to reduce the
single-and-few electrons background in noble liquid detectors are being pursued in the
NUXE program [210, 211], which plans to use a 30 kg LXe active target to detect reactor
neutrino CEvNS events with signals down to single ionization electrons.

Synergies with dark matter searches using similar technologies exist. More concretely,
the observation of CEνNS using noble gases will provide valuable input for a precise
signal and background modeling for next-generation LAr and LXe based dark matter
experiments. Finally, it could present a new way to monitor the nuclear fuel cycle using
neutrinos for nuclear safeguarding applications.

Bolometers. Bolometers are designed as heat detectors and measure phonons
created by nuclear recoils. Operating at mK temperatures, these detectors are able to
achieve very low thresholds down to 20 eV. Three collaborations, NUCLEUS [209, 245],
Ricochet [213], and MINER [90], are following this strategy. NUCLEUS uses CaWO4 and
Al2O3 crystals, while Ricochet and MINER use Ge/Zn and Ge/Si targets, respectively.
To ensure a reasonable energy resolution, the detector crystals in use have to be kept
small, in the order of 10 g. An exception is MINER with a detector at the order of 1 kg,
since they detect charged particles through phonons created by the charged particles in
high field regions of the detector. Their detector therefore belongs rather to the class
of ionization detectors. Besides MINER, also Ricochet can exploit ionization and heat
signals. This allows them, from the comparison of these signals, to perform particle
identification and therefore background rejection.

Crystal Scintillator Detectors. An alternative form of scintillation-based detectors
revolves around crystal scintillators. One of the main advantages of this technology is
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the high yield of photons produced by scintillator crystals while producing low amounts
of background. The crystals are also relatively accessible and permit for the use of large
and relatively inexpensive pieces. The NEON collaboration [310] uses short 15 kg NaI
crystals to improve the light collection efficiency. Crystals are read out by PMTs on
both ends. They achieve a 220 eV energy threshold. An active liquid scintillator veto
is surrounding the target crystal. Data taking has started from December 2020 which
includes 1 month reactor-off period.

Color Center Passive Detectors. Crystal defects have been identified as candidate
for the detection of low energy nuclear recoils. Recently, it was proposed to use
materials where these defects act as color centers and to use modern microscopic
techniques, specifically selective plane illumination microscopy, to image individual
radiation induced color centers in bulk volumes [311]. This technology could provide
passive detectors for reactor CEvNS, both for basic science and also nuclear security
applications.

8.4 IBD Detection Technology Improvements

Unlike the previously discussed very low energy detection of coherent neutrino nucleus
scattering, reactor neutrino detection via inverse beta decay is well established. To
improve the scalability and/or background rejection performance of IBD detectors, novel
detector media are currently being investigated. These developments may improve
the achievable physics precision of IBD-based detectors and increase their capability
or versatility as reactor monitoring instruments.

6Li-doped Organic Scintillators. The study of reactor antineutrinos has
traditionally pivoted around organic scintillators. Among common requirements like
high scintillation light yield and good optical transmission, organic scintillators need to
provide excellent particle identification for fast neutrons and neutron captures in order to
properly identify IBD interactions. To successfully fulfill these criteria organic scintillator
compounds can be mixed with PSD-capabilities in mind and then doped with a neutron-
catcher isotope like 6Li.
Liquid PSD-capable scintillators with 6Li-doping (LiLS) have already been produced and
used in experiments like PROSPECT at the ton-scale [43]. Besides its PSD-capabilies,
LiLS production is easily scalable which permits larger proton-rich targets with long-
term stability at standard temperatures. A complementary alternative to LiLS that
permits readily transportation and flexibility comes from 6Li-doped plastic scintillators
(LiPS). While historically plastics have been found to exhibit much poorer discrimination
properties, in the recent years significant progress has been made in synthesizing stable
PSD-capable plastic scintillators [312], even with dissolved 6Li [313]. Some initiatives
like the ROADSTR near-field working group [314] and SANDD [315] are currently
developing novel prototypes for readily mobile reactor antineutrino detectors using PSD-
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capable LiPS.

Water-based Liquid Scintillators. Monolithic optical detectors have a long history
of success in neutrino physics via IBD or ES, from water Cherenkov detectors to
liquid scintillator detectors. As new experiments push current limits into previously
unexplored regions of phase space, a priority are advanced detection techniques for
particle identification and background rejection. A promising new approach is given
by exploiting Cherenkov and scintillation signals simultaneously using water-based
organic liquid scintillators, i.e water is loaded with ∼ 10 % liquid scintillator [316, 317].
This technology is foreseen in the Eos experiment and could be deployed in planned
experiments for reactor monitoring like AIT-NEO [318]. There are also potential
synergies with future kilo-ton experiments like Theia [319] which will have a rich physics
program including topics in high-energy, nuclear, geo, and astrophysics such as neutrino
mass ordering, CP-violation in the leptonic sector, solar neutrinos, diffuse supernova
neutrinos, neutrinos from supernova bursts, neutrinos from the Earth’s crust, nucleon
decay, and neutrinoless double beta decay with sensitivity towards normal neutrino
mass ordering.

Powerful aspects are the particle identification (PID) capabilities offered from the
Cherenkov/scintillation ratio [320]. This PID has the potential to significantly improve
signal/background discrimination of alpha/beta and beta/gamma particles and arises
from two sources: the time profile of scintillation light emitted in response to a
recoiling proton may differ from electron-like events due to quenching effects and
the ratio of Cherenkov to scintillation light will differ between heavier and lighter
particles. Additionally, recent developments have demonstrated the capability to identify
neutron/gamma particles through the pulse shape discrimination of the scintillation
light [321].

Mixed and Slow Liquid Scintillators. Alternative approaches to improve
discrimination power via the time profile of scintillation light exists. This can be achieved
by using compound scintillators blended from two or more scintillator components. In
addition, varying the concentration of fluors allows to slow down the scintillation pulse
time profile. This allows in particular to distinguish between nuclear and electronic
recoils. The recoil protons excite more triplet states of the solvent molecules than
electrons or positrons, therefore leading to a different magnitude of quenching. These
triplet states have longer decay times increasing the charge ratio in the tail of the
scintillation pulse. Blended scintillators were successfully exploited for PID in the
past [322, 323].

Opaque Scintillator. LiquidO is a detection approach relying on opaque scintillators
that represents a departure from conventional scintillation detectors. The main principle
resides in stochastically confining light around the production point by reducing the
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scattering length of photons to below the cm level, while keeping the absorption
length high enough to ensure a good light output [92]. The localised detection of
trapped photons provides imaging of topological energy depositions that translates into
superior event-by-event identification and position reconstruction. In order to capture
the confined light, the detector is traversed by a tight array of optical wave-shifting
fibers that collect the light at the interaction point and transport it to photodetectors,
typically SiPMs, located at the end of each fiber. While LiquidO can have multiple fiber
orientations running simultaneously to reach 3D imaging, it is possible to use timing,
if the resolution is good enough, to infer the projected position along the fiber. The
LiquidO detection technique is not limited to the use of scintillation. In fact, Cherenkov
light can and has been detected this way. However, the use of scintillation is key for low
energy neutrino detection. In addition to its imaging capabilities, the opaque medium
of LiquidO offers unique opportunities for heavy loading (in the order of 10% or more),
as the lack of a transparency requirement relaxes the constraints on the optical model.

An experimental proof-of-concept was successfully run in 2018, called Micro-LiquidO,
with an active volume of 0.2 L. Its successor, called Mini-LiquidO, is currently in
operation and completing data taking with a volume of 7.5 L. The first opaque
scintillating medium used in both LiquidO detectors was NoWaSH [324], an admixture
from LAB and PPO as the scintillator and paraffin wax to provide the opacity. This
compound has displayed below-cm scattering lengths while keeping a high profile of
photons per MeV. Above 40◦C it mixes homogeneously with ease, while becoming
highly viscous when cooling to room temperature. Preliminary studies of NoWaSH
also support the possibility of metal loading into the admixture, a feature much needed
for different physics goals. Other solutions for possible opaque scintillators exist [325]
and are in the early stages of R&D within the LiquidO scientific consortium.

In the context of reactor antineutrino IBD detection, LiquidO could have the ability
to separate positrons from electrons and gammas on an event-by-event basis, enabling
a major improvement of the signal-to-background ratio and reducing the reliance on
overburden. LiquidO’s native muon-tracking capability with sub-cm precision is also
expected to enable a tight control of cosmogenically produced backgrounds. A full
5 ton reactor neutrino program detector has been funded by the EIC-Pathfinder-2021
European program and will start construction in early 2023. LiquidO technology
is also actively being considered for the detection of solar neutrinos using indium,
geoneutrinos, accelerator neutrinos, and double beta decay [92].

Gd-doped Water Gadolinium-doping has long been recognized as a key advance
in the context of enhancing sensitivity to neutrons and thus antineutrinos in IBD
detectors. The Super-Kamiokande gadolinium upgrade [326] reflects the importance
of this technological enhancement for fundamental neutrino physics at the MeV scale.
Similarly, Gd-doping presents the opportunity to improve sensitivity to reactors in large-
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scale detectors, especially for mid-to-far-field monitoring and exclusion applications.
Detectors such as the proposed kiloton-scale AIT-NEO detector [318] will permit
exploration of further enhancements to the sensitivity of gadolinum-doped water
detectors in both domains. For example the use of smaller and/or faster photosensors
offers the prospect of improved vertex resolution compared to SK-Gd, with beneficial
effects on fiducialiization and background rejection. The scale of the detector also
permits detailed experimental validation of the performance of technologies such as
wavelength shifting plates, and new methods for in-situ characterization of water
attenuation in doped media. Reconstruction of supernova directionality through the
electron scatter channel may be achievable by tagging IBD events using the gadolinium
dopant. AIT-NEO can also be used to study the combined benefits of the essential
gadolinium dopant with those coming from alternative media such as water-based liquid
scintillator.

8.5 Synergies

Given the technology overlap between reactor neutrinos and other rare event detection
fields like dark matter or neutrinoless double-beta decay allow for interesting synergies
that could be exploited. We discuss here some of these synergies, leaving the broader
picture of potential applications to the next section.

• High Purity Ge detectors: low threshold detection allows for 0νββ decay, gamma
and x-ray spectroscopy.

• Plastic Scintillators: their flexibility could be practical for reactor monitoring
purposes through readily mobile neutrino detectors (see Sec. 9).

• Skipper CCD: nuclear spectroscopy, massive multiplexed optical/near-infrared
cosmic surveys to study the dark sector, direct DM searches.

• Bolometers: their sensitivity to nuclear recoil make them ideal for dark matter/axion
searches or probing the structure of nuclei.

• Noble liquids: accurate signal and background modeling for the next generation of
dark matter experiments.

• Water-based scintillators: strong PID capabilities and broad energy range would
allow multi-disciplinary research, including BSM physics like 0νββ decay or proton
decay.

• Opaque scintillators: background suppression and flexible doping allow for
multiple types of neutrino research, like 0νββ or solar neutrinos.
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9 Applications of Reactor Neutrinos (NF07)

9.1 Key Takeaways

• Neutrino measurements for fundamental physics and nonproliferation applications
require strongly overlapping technology and workforce capabilities.

• There are strong synergies between the future scientific goals, nuclear data needs,
and technology pathways of both fields.

• Stakeholders for both fundamental and applied neutrino physics programs
would benefit from coordination of investments in reactor-based experiments and
demonstrations.

9.2 Antineutrino Applications Overview

Measurement of antineutrinos can provide information about the operation of a
nuclear reactor as well as addressing important science goals for the Neutrino Physics
community. Application of reactor antineutrino detection technology, the development
of which has largely been motivated by the pursuit of fundamental scientific discovery,
enables remote monitoring of nuclear reactors which has the potential to address
nuclear energy and security problems. Conversely, engagement and support from
these application communities could provide additional impetus for investments in
improving reactor antineutrino flux predictions and detection technology, benefiting
scientific efforts at such facilities.

Here, we describe mutual benefits that the scientific and application communities could
enjoy from strong and enduring engagement.

9.3 Potential Societal Benefits from the Application of Neutrino Detection

The preceding sections of this white paper describe the scientific case for using reactor
neutrinos to help understand properties of the Standard Model and BSM physics. In
addition, neutrinos from reactors can be leveraged to gain information on the reactor
itself or nuclear science at large. Currently, there are over 400 commercial and 200
research reactors operating worldwide, the former of which produce approximately 10%
of the globe’s electricity. Nuclear reactors present a viable clean energy source which
can help combat the effects of climate change, and more reactors are projected to be
constructed every year. However, concern over the misuse of nuclear technologies and
materials is one of the several impediments to the widespread adoption of this power
source. Antineutrino detection can potentially support the safe and peaceful use of
nuclear energy as a non-intrusive, remote measurement method to increase confidence
and transparency by verifying that reactors are being used in a manner consistent with
their declared purpose. Furthermore, reactor neutrino emissions are inherently coupled
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to underlying nuclear data such as fission yields and the characteristics of short-lived
beta-unstable isotopes, and neutrino measurements can help to improve our knowledge
of these parameters [53].

Neutrino physicists have proposed several uses of neutrino detection to monitor
reactors and spent nuclear fuel, as well as completing several demonstrations close
to reactors [84]. The monitoring concepts proposed can roughly be grouped into two
categories, near-field and far-field. Near-field monitoring concepts typically involve
ton-scale detectors that are located within ∼ 100 m of a reactor core. Ideally, such a
system would be able to operate with limited overburden to provide more flexibility
and avoid the need for modifications to a facility or the fortunate circumstance of an
existing deployment location that provides substantial cosmic background attenuation.
Near-field systems can potentially determine reactor status (on/off), power level, and
fissile content. Far-field monitoring concepts typically involve below-ground detectors
of hundred ton to several hundred kiloton scale, located well beyond the facility
boundary (∼ 2− 200 km from the reactor core). Demonstration of these concepts has
been encouraged by an enduring NNSA strategic goal to demonstrate the capability
to remotely monitor nuclear reactors using antineutrinos. Potential benefits include a
reduction in intrusiveness from the perspective of the country being monitored, the
elimination of any potential for interference with facility operations, and the ability to
exclude the possibility of reactor operations over radii as large as ∼ 200 km. Cost and
practicality must also be carefully assessed due to the rapid fall-off in antineutrino flux
with increasing standoff, which of necessity implies larger detector sizes for timely signal
accumulation and increasing overburden for background suppression.

The Nu Tools study [52], commissioned by the National Nuclear Security Administration
(NNSA) Office of Defense Nuclear Nonproliferation Research & Development (DNN
R&D), identified current and future areas of utility for neutrinos in nuclear energy
and security via end-user engagement through over 40 interviews with potential
stakeholders. The study identified several promising applications in which neutrino
technology can service nuclear energy and security needs. The two most promising use
case applications identified by the study were advanced reactor safeguards and future
nuclear deals. Some forthcoming advanced reactor design are not amenable to existing
safeguards techniques and neutrino detection might be able to play a role. Applications
to safeguards of spent fuel and nuclear accident response show some promise, although
further study is needed. Notably, application of neutrino detection to the current fleet of
nuclear reactors operated under safeguards overseen by the International Atomic Energy
Agency was not found to be promising.
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9.4 Overlaps between Applications and High Energy Physics Opportunities

The pursuit of fundamental discovery often motivates technology development that
then enables new applications; however, in the context of neutrino physics there is
the opportunity for the converse to also occur. For example, detectors with the ability
to deploy above-ground and packaged for mobility have been identified as attractive
by potential antineutrino monitoring end-users. As described in [84], applications-
focused technology R&D in this direction informed the successful design efforts of
the current generation of short baseline sterile neutrino searches at reactors which
must also operate with limited overburden. Looking towards future possibilities, the
deployment of monitoring detectors at different reactor types could provide information
to further constrain and improve flux and spectrum predictions. To give a specific
example, an antineutrino-based power diagnostic for the forthcoming Versatile Test
Reactor could support the materials science mission of that facility, while also measuring
the antineutrino emissions from a reactor with exotic fuel types and fast neutron
spectra [327]. As discussed elsewhere in this whitepaper, precision flux and spectrum
predictions could enable BSM physics searches using reactor neutrinos.

Mobile detectors able to measure spectra with common systematic uncertainties would
be especially beneficial and have evident appeal for applications. Finally, if antineutrino
detection is adopted as a means to monitor reactors at 10-100km standoff, this may
present an opportunity for oscillation measurements at unique baselines that could
reduce uncertainties on neutrino mixing parameters. Furthermore, such detectors could
contribute to the Supernova early warning system.

9.5 Overlaps With Technology Development

Fundamental and applied neutrino science can both benefit from advances in detection
technology. Cooperation on common goals and techniques can enable new physics
probes and expand the application space of neutrino detection. Methods to reduce
backgrounds and improve the energy resolution and efficiency of detectors utilizing
Inverse Beta Decay (IBD) would improve the sensitivity of short baseline sterile neutrino
searches and application observables. Detection of coherent elastic neutrino-nucleus
scattering (CEvNS) at reactors is challenging, but if achieved with low enough threshold
could provide unique measurements below the IBD threshold for applications as well
as a rich physics program. Finally, directional neutrino detection would be another
advance with strong mutual benefits. This capability would mitigate declared reactor
backgrounds for far-field detection of undeclared facilities, enhance searches for the
diffuse supernova background and geoneutrinos, and provide the source direction for
optical observations of a core collapse supernova. Improvements in light collection,
photo-detection, and fast inexpensive readout systems would also be of benefit to both
science and applications.
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9.6 Workforce Development Pipeline and Non-traditional Career Paths

The training early career HEP physicists receive in graduate programs related to
neutrino physics experiments greatly benefits applied antineutrino research for nuclear
safeguards. Alternatively, the relatively small scale of most application efforts often
provides students and postdocs the opportunity to contribute to all aspects of an
experimental particle physics project. Such opportunities ameliorate the ability of early
career physicists to develop their own research programs and maintain a workforce
pipeline. Institutions that focus on nuclear energy and safeguards technology provide
an additional career option that enables physicists to continue to develop HEP relevant
technical skills and make important societal contributions.

9.7 Realizing Synergies between Neutrino Physics and Neutrino Applications

As recommended by the Nu Tools study, stakeholders for both fundamental neutrino
physics and applications would benefit from taking advantage of these overlaps
and coordinating investments for detectors deployed at reactors [52]. Additionally,
researchers in both fields would benefit from coordination within the community to
identify key overlaps between goals through workshops, community engagements, and
attending targeted conference series. Such organization could reduce redundancies in
parallel technology development efforts and foster stronger interactions between experts
across the wide range of neutrino science and its applications.
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[54] Argüelles C A, Bertólez-Martı́nez T and Salvado J 2022 Impact of Wave Package
Separation in Low-Energy Sterile Neutrino Searches (Preprint arXiv:2201.05108)

https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF1_NF4_Pedro_Ochoa-034.pdf
http://prospect.yale.edu/snowmass2021/LOI_PROSPECT-I/
http://prospect.yale.edu/snowmass2021/LOI_PROSPECT-II/
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF9_NF7_Pedro_Ochoa-035.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF9_NF7_Pedro_Ochoa-035.pdf
http://prospect.yale.edu/snowmass2021/LOI_ReactorSpectra/
http://prospect.yale.edu/snowmass2021/LOI_ReactorSpectra/
https://prospect.yale.edu/snowmass2021/LOI_ProspectApplications/
https://prospect.yale.edu/snowmass2021/LOI_ProspectApplications/
http://prospect.yale.edu/snowmass2021/LOI_NeutrinoNuclearApplications
http://prospect.yale.edu/snowmass2021/LOI_NeutrinoNuclearApplications


REFERENCES 74

[55] Formaggio J A and Zeller G P 2012 From eV to EeV: Neutrino Cross Sections Across
Energy Scales Rev. Mod. Phys. 84 1307–1341 (Preprint arXiv:1305.7513)

[56] Ritz S et al (HEPAP Subcommittee) 2014 Building for Discovery: Strategic Plan for
U.S. Particle Physics in the Global Context

[57] Barinov V V et al 2021 Results from the Baksan Experiment on Sterile Transitions
(BEST) (Preprint arXiv:2109.11482)

[58] Abratenko P et al (MicroBooNE) 2021 Search for an Excess of Electron Neutrino
Interactions in MicroBooNE Using Multiple Final State Topologies (Preprint arXiv:
2110.14054)

[59] Denton P B 2021 Sterile Neutrino Searches with MicroBooNE: Electron Neutrino
Disappearance (Preprint arXiv:2111.05793)
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