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Abstract: The intense flux of antineutrinos provided by a reactor make it an ideal environment to study low-energy
inelastic charged- and neutral-current neutrino-nucleus interactions. Applications of these measurements include
monitoring reactors, searching for sterile neutrinos, calibrating antineutrino detectors for other low-energy neutrino
sources, as well as studying fundamental physics of neutrino-nucleus interactions. The first step toward designing an
experiment to measure these processes is surveying candidate materials and detection schemes. There are few previous
experimental attempts to measure these cross sections, and existing theoretical studies of charged- and neutral-current
interactions on nuclei with reactor neutrinos are limited in scope. Taking advantage of increased computational power,
improvements in detector technology, and new nuclear physics data, a modern study of candidate nuclei and detec-
tor schemes would provide the basis for designing detectors to measure these processes. Once target materials and
detection technologies are chosen, detailed studies can be performed on the physics sensitivity of these detectors.
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I. INTRODUCTION

There have been few experimental efforts to measure low-energy (. 10 MeV) inelastic antineutrino-nucleus in-
teractions [1–6]. The intense flux of antineutrinos produced at reactors provides an ideal source to study inelastic
low-energy charged-current (CC) and neutral-current (NC) neutrino-nucleus interactions. Inelastic neutrino interac-
tions are accompanied by emission of one or more particles (gammas, nucleons, etc.), providing unique experimental
observables. Measurements of these interactions have applications in monitoring reactors, searching for sterile neu-
trinos, calibrating detectors from other low-energy neutrino sources, and studying the physics of neutrino-nucleus
interactions.

Existing calculations of cross sections and detector signatures for low-energy CC and NC neutrino-nucleus scatter-
ing are limited in scope, reflecting knowledge and technology available at the time of publication [7, 8]. Advances
in detector technology, computational power, and nuclear data motivate a reexamination of materials and schemes to
measure these processes. A more complete modern study of candidate nuclei and detector schemes would provide a
basis for more detailed studies with specific detector designs, backgrounds, and the physics that could be accomplished
with a detector sensitive to these channels.

II. MOTIVATION

Monitoring reactors. The majority of existing reactor neutrino detectors rely on electron antineutrino CC interac-
tions, in liquid or plastic scintillator, through inverse-beta decay on protons (IBD). IBD is a powerful tool for studying
reactor neutrinos–the coincidence between the prompt positron and delayed neutron capture reduces backgrounds, and
the 1.022 MeV signal from positron annihilation and MeV-scale signal from neutron-capture abate the need for low
threshold detectors.

While IBD-based detectors are a mature technology, there are limitations. A significant portion of the reactor
neutrino flux lies below the IBD threshold of 1.8 MeV (see calculations [9–12]). This threshold limits the ability of
IBD technology to detect breeding blankets [13]. There are ongoing experimental efforts to access lower energy reactor
neutrinos, such as neutrino-electron scattering [14], or coherent elastic neutrino-nucleus scattering (CEνNS) [15].
Inelastic neutrino-nucleus interactions provide another means to access reactor neutrinos below the IBD threshold,
and can potentially benefit from background rejection through coincidence-schemes, for example, the emission of
multiple gammas or timing coincidences between prompt signals and nuclear de-excitations or decays.

IBD detectors typically use liquid or plastic scintillator, which have low densities and small mass fractions of
hydrogen. A detector utilizing inelastic neutrino-nucleus interactions can benefit from targets of higher density, leading
to a more compact detector. An open problem is the identification of beta branches contributing to the reactor neutrino
spectrum [16]; the improved energy resolution of inorganic scintillators compared to plastic and liquid scintillators
could benefit this effort.

Reactor flux anomalies and sterile neutrinos. A deficit in the overall reactor neutrino flux is observed in IBD
detectors compared to theoretical calculations. One explanation of this discrepancy is the existence of a sterile neutrino
[17]. Inelastic neutrino-nucleus interactions provide an alternate channel to test this hypothesis, and have the additional
benefit of potentially simultaneously measuring CC and NC interactions [18].

An excess in the reactor neutrino spectrum above ∼4 MeV has been observed by multiple IBD detectors [19–22].
There have been suggestions that this excess could be related to inelastic neutrino-nucleus scattering on the small
amount of 13C present in liquid and plastic scintillator in IBD detectors [23]. Neutrino-nucleus interactions could test
this by measuring the reactor neutrino spectrum with a carbon-free detector.

Application for studying other neutrino sources. Low-energy neutrino CC and NC channels have been proposed
for use in detecting solar [18, 24–27], supernova [8, 28, 29], and geoneutrinos [8]. Inelastic CC and NC interactions on
nuclei potentially offer lower thresholds than commonly used channels, accessing lower energy neutrinos from these
sources. For these proposals, measurements with reactor neutrinos would provide a calibration scheme [8].

An additional benefit of using low-energy CC neutrino-nucleus interactions for this purpose is the enhancement of
the cross section near the Q-value as a result of resonant orbital electron capture (ROEC) [30]. Suggested for use in
detecting geoneutrinos [8], this process has yet to be measured. The cross section for ROEC with different targets
could be measured using reactor antineutrinos to test the benefits in using this process for measuring neutrinos from
other sources.

Neutrino-nucleus interactions and nuclear physics. For specific NC targets, cross sections can be sensitive to
the strange axial-vector form factor of the nucleon [31]. NC interactions can also test axial isoscalar neutral current
interactions, which would lead to an increase in the cross sections [32]. Studying these effects for various candidate
nuclei would help to quantify their sensitivities.

Comparing measurements of antineutrino-nucleus cross sections with theoretical predictions from Shell Model,
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Random Phase Approximation (RPA), and ab-initio approaches can test the validity of these calculations. This can pro-
vide an experimental test of techniques used to calculate matrix elements for neutrinoless double beta decay searches.

III. PREVIOUS STUDIES

Charged current reactions. The most thorough existing catalog of low-energy antineutrino CC reactions was
published in 1984 [8]. While the focus of that study was geoneutrinos, the large overlap in the energies of geoneutrinos
and reactor neutrinos make it a useful starting point. One limitation of that study is the focus on a radiochemical
detection approach, which may be well suited for geoneutrinos but not necessarily ideal for reactor neutrinos. In
addition to calculating cross sections for the reactor neutrino spectrum, an updated study would look at additional
targets, using new nuclear physics data, and considering a variety of detection schemes.

Neutral current reactions. A detailed catalog of NC cross sections at reactor neutrino energies was published
in 1978, containing cross sections and predicted experimental signatures for 23 isotopes [7]. The limitations of this
survey are the focus on NC excitations above ∼600 keV, citing growing backgrounds at lower energies, as well as
the restriction to targets with A < 100, due to the lack of available experimental data at the time. The use of recent
nuclear data, as well as advanced computational power to generate predictions when no data is available, would extend
a modern study of NC cross sections to additional targets. Improvements in reducing detector backgrounds make it
worthwhile to extend this search to signatures lower than 600 keV. This initial survey was the foundation for more
detailed studies with specific targets, including 6Li [18, 33–35], 7Li [34–39], 9B/10B [40], 19F [37], 23Na [35].

Experimental efforts. There have been limited experimental efforts to measure inelastic neutrino-nucleus cross
sections with reactor neutrinos. For both CC and NC processes, the heaviest nuclei for which measurements have been
made using reactor neutrinos is 2H [2–5]. Other efforts have attempted to measure CC interactions on 37Cl [1], and
CC and NC interactions on 73Ge [6] and 133Cs/127I [41]. With modern advances, there is potential to make the first
measurements of these processes with heavier targets, an important first step toward future applications.

IV. IMPROVEMENTS OF A MODERN STUDY

Improvements in detector technology. Since initial studies of the 1970s/1980s, detector technology has improved
significantly. This includes reducing backgrounds by eliminating impurities and radioactive components in detectors
(for example, [42, 43]) and improving tracking capabilities of low-energy particles with time-projection chambers (for
example [44]). Commercial production of new scintillators such as CeBr3 has also made the use of certain isotopes
more viable. Recent work dissolving targets in liquid scintillator [45, 46] or using thin sheets of passive material [47]
can extend the list of candidate materials beyond what was previously considered, potentially including radioactive
isotopes at targets [48].

Improvements in measurements and calculations of nuclear matrix elements. Pioneering work in the 1980s
has furthered the capability to experimentally measure Gamow-Teller strength distributions through (p,n) and (n,p)
scattering [49, 50], and more recently through (3He,t) and (t,3He) scattering [51]. Understanding these strength distri-
butions are important for evaluating CC cross sections for neutrino-nucleus scattering, as well as population of excited
states from these interactions. Similarly, experimental measures of M1 strength distributions through (p,p′), (n,n′γ),
or (~γ, γ) [52] scattering provide information on the nuclear response to NC interactions. Where experimental data is
not available, Shell Model, RPA, or ab-initio calculations can be used to predict these strengths, taking advantage of
modern computational power.

Improvements in computational power and simulation. Modern computational power exceeds what was avail-
able at the time of previous studies, improving theoretical predictions, detector simulations, and data analysis. Ma-
chine learning approaches have been employed for rejecting backgrounds in dark matter experiments [53], and could
be utilized to identify unique signatures from low-energy inelastic neutrino-nucleus reactions. Additionally, open
source software MARLEY enables calculations of cross sections and nuclear responses, provided experimental nu-
clear physics data exists or can be calculated [54, 55].

V. CONCLUSION

Offering lower thresholds, increased densities, and improved energy resolution, detectors based on inelastic
neutrino-nucleus scattering provide a complementary channel to existing reactor neutrino detectors, and have a
variety of other applications. There is limited past experimental effort toward measuring these processes, and previous
calculations of targets and observables are limited in scope. Advances in detector technology, computational power,
and nuclear data have made it worthwhile to revisit materials and detection schemes that could be used to study these
processes, as the first step toward designing a detector to measure them. A modern study would provide a basis for
more detailed calculations of specific detection schemes, detector designs, backgrounds, and physics sensitivities.
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