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Abstract:

Atmospheric neutrinos with energy below the GeV scale can yield significant complementary information on the C'P violating
phase. Liquid argon time projection chambers, such as the DUNE far detector, are uniquely positioned to probe this sample due to
their excellent topological capabilities. Measuring sub-GeV atmospheric neutrinos at DUNE will have important consequences
in searches for diffuse supernova neutrino background, dark matter and neutrinos from primordial black holes.

The measurement of the atmospheric neutrino flux bring us one of the first indications that neutrinos are massive particles'.
That flux is created by the collision of cosmic rays with the atmospheric nuclei. Covering almost six orders of magnitude,
from roughly 10 MeV to 10 TeV, those neutrinos may cross the Earth before arriving at the detector, which makes atmospheric
neutrinos a valuable sample to study the neutrino properties.

The atmospheric neutrino flux has already been measured at several energy regions. In the region ~ 1 — 100 GeV, the matter
potential induced when neutrinos traverse the Earth are comparable to the atmospheric neutrino mass splitting. Particularly
around ~ 6 GeV and for the trajectories crossing the Earth’s mantle, the matter effects and the atmospheric mass parameters are
of the same order. This leads to a flavor resonance for neutrinos or anti-neutrinos depending on the mass hierarchy. Those flavor
oscillations have been already measured by several experiments like Super-Kamiokande? and DeepCore?.

At higher scales, from 100 GeV to tens of TeVs, the neutrino telescope IceCube* has measured the v, neutrino flux for
more than 8§ years. At those high energies, neutrino evolution is dominated by the presence of matter, both via matter effects
that suppress oscillations and by scattering on the Earth which reduce the atmospheric neutrino flux at such high energies. Due
to the important role of matter in both aforementioned regions, several studies on beyond standard model scenarios have been
performed, particularly on nonstandard interactions (see e.g. Refs.”~’) and eV-scale sterile neutrinos %13

Below the GeV scale, the neutrino phenomenology is exceptionally rich'4*. The physical reason behind this is twofold.

First, for baselines comparable to the Earth’s radius, oscillation of neutrinos with energies in the 100 MeV to 1 GeV region are
strongly affected by both solar and atmospheric mass splittings. This enhances the interference between these two oscillation
amplitudes, and thus C'P violation effects. Second, the long baseline and large matter effects induced by the Earth lead to non-
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Figure 1: DUNE sensitivity to C'P violation using only the sub-GeV atmospheric neutrino sample, assuming dcp = 37/2 and
normal mass ordering as input.

trivial oscillation effects. Sub-GeV atmospheric neutrinos are subject to both MSW and parametric resonances'’. A parametric
resonance happens when changes to the matter density profile occur on the same scale as the neutrino oscillation length. The
phenomenon is analogous to a resonant spring oscillator. More importantly, the C' P-interference term is much larger, roughly ten-
fold, than the corresponding one in accelerator neutrinos. Thus, measuring sub-GeV atmospheric neutrinos can yield significant
new information on §¢ p 2.

The difficulty in studying these neutrinos is related to the event reconstruction which is very challenging for Cherenkov
detectors like Super-Kamiokande at such low energies. Neutrinos interacting with nuclei could, for instance, up-scatter to a
charged lepton and recoil a proton. Protons with less than about 1.4 GeV of kinetic energy do not emit Cherenkov radiation,
being completely invisible in these detectors. Besides, kinematics lead to a large spread in outgoing lepton angles. Finally, the
lack of charge identification makes it impossible to distinguish events originated from neutrinos or antineutrinos. All this results
in very poor reconstruction of the neutrino energy and direction, making impractical the use of sub-GeV atmospheric neutrinos
to probe CP violation in Cherenkov detectors, unless they are gigantic at the multi-megaton scale>.

In liquid argon time projection chambers (LArTPCs), the situation is completely different. The liquid argon technology allows
for excellent reconstruction of neutrino event topologies by detecting the tracks of all charged particles and identifying them by
topology and energy loss. The MicroBooNE experiment has already demonstrated the capability of correctly reconstructing the
direction of electromagnetic showers, which are much more challenging than muon tracks, within 3° precision®. Moreover, the
ArgoNeuT collaboration have shown that protons with kinetic energy above 21 MeV can be efficiently identified in LArTPCs
and their three momentum can be reconstructed with good resolution?’. Besides, the capability of detecting individual outgoing
protons allows for statistical separation between neutrinos and antineutrinos, since the former significantly more likely to kick
out a single proton from Argon than the latter (and the total cross section for neutrinos is about a factor of 2 larger than the one
for antineutrinos)®. For the DUNE far detector, it has been shown that by leveraging these LArTPC capabilities, DUNE will be
able to use this sub-GeV atmospheric neutrino sample to have a measurement of the C'P violation phase independently from the
beam neutrino program”?. We also expect cross section and reconstruction studies at SBND?%*" to play an important role in the
future DUNE measurement, as typical neutrino energies at SBND are within the 100 MeV to 2 GeV range.

Besides providing a complementary measurement of the C'P phase, the determination of the sub-GeV atmospheric neutrino
flux will have important consequences in other searches, such as the diffuse supernova neutrino background*'*?, neutrinos from
Primordial Black Holes®?, and dark matter direct detection (see e.g. Ref.**). Besides C'P violation, sub-GeV atmoepheric
neutrinos at DUNE may be very relevant for new physics searches, and may be used to perform an Earth tomography study. In
this letter of interest, we propose to the community to investigate atmospheric neutrinos in the energy region below the GeV,
particularly at the DUNE far detector due to its unique capabilities.
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