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Abstract: Inelastic neutrino-nucleus scattering at tens-of-MeV energies has a variety of exciting applications,
including detection of supernova and solar neutrinos, studies of stellar nucleosynthesis, and searches for physics
beyond the Standard Model, among others. After reviewing physics opportunities related to low-energy inelastic
neutrino-nucleus scattering, we consider current capabilities to (1) simulate these processes with a neutrino event
generator, and (2) obtain needed measurements of the relevant interaction cross sections.
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I. MOTIVATIONS

At supernova (∼ 10 MeV) and solar (. 10 MeV) energies, the interactions of neutrinos with matter are dominated
by scattering on atomic nuclei. Coherent elastic neutrino-nucleus scattering (CEvNS), a neutral-current process in
which the final-state nucleus is left in its ground state, is considered at length in multiple LOIs. In this document,
we consider the related inelastic charged-current and neutral-current processes.

While charged-current interactions on nuclei enable detectors such as DUNE [1] and HALO [2] to be sensitive
to the νe component of supernova neutrino flux, modeling the nuclear response to these neutrinos is a challenging
and necessary step to interpret detector signals. For instance, interpreting results from supernova neutrinos in
DUNE will depend on understanding the complexity of the interactions [3]. For supernova burst neutrinos, the key
information is encoded in the flavor composition and energy spectrum as a function of time. To fully exploit the
physics potential of the next galactic core-collapse supernova, DUNE will need to be capable of disentangling the
flavor components of the supernova flux. In order to develop such interaction channel tagging, simulations accurately
representing the true distribution of interaction products as a function energy are critically needed. DUNE may also
be sensitive to neutral-current interactions and charged-current interactions with electron antineutrinos, which require
similar theoretical approaches. Similarly for HALO, which relies on neutrino-induced neutron production, a model
of inelastic neutrino-nucleus scattering that includes subsequent de-excitations is necessary to achieve its supernova
physics potential.

These reactions also play a role in supernova dynamics and nucleosynthesis of ejected matter in a neutrino-driven
wind [4]. There are indications that inelastic neutrino-nucleus events emitting neutrons play a role in observed isotopic
abundances formed during supernova nucleosynthesis [5], compete with β-decay in r-process nucleosynthesis [6], and
add processing effects to the r-process abundances post-freeze-out [7]. In the neutron-rich environments described
above, it may be possible for neutrino-induced fission to alter isotopic abundances and r-process rates [6].

Inelastic charged-current and neutral-current interactions have also been proposed as a means to access the low-
energy portion of the solar neutrino spectrum. Detection schemes based on iodine [8], lithium [9], and boron [10]
have been proposed, as has looking for solar neutrino signatures in future neutrinoless double beta decay experiments
[11–13]. A recent study [14] also found that solar neutrino detection with DUNE has the potential to make unique
contributions to the field.

Searches for low-energy physics beyond the Standard Model (BSM) will also benefit from an improved understanding
of inelastic neutrino-nucleus scattering. An example is the possible absorption of fermionic dark matter by nuclei [15],
which might produce experimental signatures similar to charged- or neutral-current neutrino-nucleus interactions. A
detailed understanding of inelastic neutrino-nucleus cross sections is useful to searches for these absorption processes
in two ways: scattering of solar neutrinos on nuclei will likely produce an important background, and similar nuclear
modeling is needed to predict the BSM signal.

Although a suitable detector is not currently installed at the right distance from an existing neutrino production
facility, opportunities exist for oscillation measurements using tens-of-MeV neutrinos which could provide a useful
cross-check for other approaches. A scenario requiring the use of inelastic scattering on a complex nuclear target, a
study of νµ → νe appearance using a pion decay-at-rest (πDAR) source, was recently considered in ref. [16]. That
analysis found that a large liquid-argon-based detector, such as a liquid argon time projection chamber (LArTPC),
could provide constraints on δCP using πDAR neutrinos which would be complementary to those obtained from
accelerator and atmospheric neutrinos.

Finally, measurements of low-energy inelastic neutrino-nucleus cross sections will provide an important constraint
on nuclear physics modeling for other processes. For example, the nuclear matrix elements describing inelastic
(anti-)neutrino-nucleus scattering, muon capture, and single beta decay are closely related to those needed to describe
neutrinoless double beta decay. A theoretical model which provides a reliable description of the other processes may
be used to predict neutrinoless double beta decay rates with increased confidence [17]. A second application is to
cross section modeling for accelerator neutrino experiments. At forward scattering angles, which correspond to low
momentum transfer, the neutrino-nucleus cross section at accelerator energies is impacted by the same nuclear physics
effects that are important for the low-energy case more generally [18]. At these kinematics, differences between final-
state lepton masses become vital and affect the ratio of the charged-current νµ and νe cross sections — an observation
which might have important implications for neutrino oscillation experiments [19, 20].

II. SIMULATION CAPABILITIES

Inelastic neutrino-nucleus cross sections in this energy range have been studied in the theory literature over several
decades [21, 22]. However, in contrast to neutrino interactions at accelerator energies (∼100 MeV to ∼10 GeV), for
which several modern Monte Carlo event generators [23–26] are widely used, relatively little attention has been paid
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to simulations of tens-of-MeV neutrino-nucleus reactions. A major challenge is that, for inelastic reaction modes, the
standard approximations used at higher energies become inadequate: excitation of discrete nuclear levels and giant
resonances can no longer be neglected via use of a Fermi gas model of the nucleus, and hadronic final-state interactions
are thought to be dominated by compound evaporation instead of direct knockout [27]. Incorporation of a model for
low-energy inelastic scattering into one of the general-purpose neutrino generators is therefore difficult due to the very
different theoretical assumptions that must be made.

A recent attempt to create a dedicated low-energy neutrino event generator is MARLEY [28, 29]. Initial development
of MARLEY has focused on simulations of the reaction 40Ar(νe, e

−)40K
∗

using a simple, partially data-driven [30]
model of the inclusive cross section. Nuclear de-excitations are simulated using nuclear level data and a statistical
model treatment [31] that readily extends to many nuclei. Several MARLEY-based studies of solar and supernova
neutrino interactions in argon have already been carried out [3, 32, 33], and first steps have begun toward the inclusion
of other reaction modes and nuclear targets (see, e.g., ref. [34]).

Detecting solar and supernova neutrinos using inelastic scattering on complex nuclear targets shares a key similarity
with accelerator-based neutrino oscillation experiments: the neutrino energy is of primary interest, but its reconstruc-
tion is very challenging due to the intricacies of nuclear physics [35]. Just as event generators are an indispensable
tool for the accelerator neutrino oscillation community [36], an event generator which implements an appropriate
set of physics models will be essential to the analysis and interpretation of low-energy neutrino data collected by
DUNE, HALO, and similar detectors. Development of MARLEY and/or competing low-energy neutrino generators
must therefore continue. Detailed measurements of neutrino-nucleus cross sections, widely recognized as essential
for precision oscillation experiments [37], will also become a crucial need at tens-of-MeV energies to benchmark and
improve low-energy neutrino generators in the coming years.

III. FACILITIES AND DETECTORS FOR CROSS SECTION MEASUREMENTS

While the physics potential of low-energy neutrino measurements is sufficient to justify dedicated cross section
experiments, e.g., the proposed measurement of νe absorption on argon by CAPTAIN [38], a number of existing
experimental facilities and detectors could be used to obtain much-needed data. In this section we briefly list a
few of the possibilities. Snowmass discussions on this topic should consider these and possible future facilities, e.g.,
construction of a beta-beam [39, 40] that could be used to produce low-energy neutrinos.

COHERENT The COHERENT experiment [41] has several detectors in its suite with some capability for these mea-
surements using the high-quality stopped-pion neutrino source at the Oak Ridge National Laboratory Spallation
Neutron Source. Current targets are Pb, Fe, and I, with future detectors potentially measuring interactions on
O and Ar [42]. At the future Second Target Station, 10-tonne scale detectors may be possible [43].

Fermilab Both of Fermilab’s two currently-operating neutrino beams, the Neutrinos at the Main Injector (NuMI)
beam [44] and the Booster Neutrino Beam (BNB) [38, 45], may be used as a source of low-energy neutrinos.
Existing Fermilab LArTPC experiments, such as MicroBooNE [46], may have some sensitivity to low-energy
charged-current scattering of νe on argon. Reconstruction of MeV-scale physics, including Michel electrons [47]
and neutrino-induced nuclear de-excitation products [48], has recently been demonstrated in multiple LArTPCs
designed for detection of accelerator neutrinos. Follow-up studies of this capability, e.g., refs. [33, 49, 50],
continue to show promise for low-energy neutrino detection.

LANSCE The Los Alamos Neutron Science Center (LANSCE) operates an 800 MeV proton beam at its Lujan Center
which serves as a 100-kW stopped pion source for low-energy neutrinos. Coherent CAPTAIN-Mills (CCM), a 10-
ton detector which uses a liquid argon target instrumented with photomultiplier tubes, is operating at LANSCE
to perform measurements of coherent elastic neutrino-nucleus scattering (CEvNS) on argon [51]. The CCM
detector may also be suitable for inelastic neutrino scattering measurements on argon.

MLF The Material and Life Science Experimental Facility (MLF) at J-PARC provides a stoppped-pion neutrino
source that is being used by the JSNS2 experiment to search for sterile neutrinos [52]. The JSNS2 detector,
which employs a 17-ton fiducial volume filled with Gd-loaded liquid scintillator, will also be used to pursue
measurements of tens-of-MeV neutrino scattering on 12C.

Reactors Nuclear reactors may serve as a useful source of very low-energy ν̄e for studying inelastic antineutrino-
nucleus cross sections, both for monitoring reactors [53] as well as for calibrating detectors for other low-energy
neutrino sources [54].
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