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New probes of neutrino mixing are needed to advance precision studies. One promising direction is via
the detection of low-energy atmospheric neutrinos (below a few hundred MeV), to which a variety of near-
term experiments will have much-improved sensitivity. Here we focus on probing these neutrinos through
distinctive nuclear signatures of exclusive neutrino-carbon interactions—those that lead to detectable
nuclear-decay signals with low backgrounds—in both neutral-current and charged-current channels. The
neutral-current signature is a line at 15.11 MeV and the charged-current signatures are two or threefold
coincidences with delayed decays. We calculate the prospects for identifying such events in the Jiangmen
Underground Neutrino Observatory (JUNO), a large-scale liquid-scintillator detector. A five-year exposure
would yield about 16 neutral-current events (all flavors) and about 16 charged-current events (mostly from
Vv, + U,, with some from v, + 7,), and thus roughly 25% uncertainties on each of their rates. Our results
show the potential of JUNO to make the first identified measurement of sub-100 MeV atmospheric
neutrinos. They also are a step towards multi-detector studies of low-energy atmospheric neutrinos, with

the goal of identifying additional distinctive nuclear signatures for carbon and other targets.
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I. INTRODUCTION

Understanding neutrino flavor mixing is critical to our
framework for the weak sector. Past measurements [1-5] of
mixing among neutrinos established several key points,
including that at least two of their masses are nonzero, that
their mass-squared splittings are small but their mixing
angles are large, and that their mixing is affected by
the presence of matter. Future precise mixing measure-
ments [6—12] will be used to pursue even more ambitious
goals, among them determining the mass ordering, break-
ing an octant degeneracy for one angle, and probing the size
of CP-violating effects.

These new neutrino-mixing measurements will be con-
ducted with a variety of approaches, which will be valuable
for improved probes of mixing and for testing new physics
[8,13—17]. The sources used will include MeV-range reactor
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antineutrinos, MeV-range solar neutrinos, GeV-range accel-
erator neutrinos and antineutrinos (separately), and GeV-
range atmospheric neutrinos and antineutrinos (together).
For these measurements, depending on the setup, matter
effects on mixing due to the electron density will be
vanishing, moderately important, or dominant. If MeV-
range supernova neutrinos are detected, there will also be
matter effects on mixing due to the neutrino density [18-23].

In this paper, building on earlier work [24-31], we
make a general point that the collection of future detectors
should enable measuring neutrino mixing in yet another
way, using low-energy (below a few hundred MeV)
atmospheric neutrinos. In this energy range, which has
barely been explored in experimental analyses, the key
physics advantage is potential sensitivity to CP-violating
effects [27,32-35]. While this measurement will be highly
challenging, measuring CP violation is extremely impor-
tant and no approach is easy, so it will be valuable to have
multiple methods. Here the obstacles include large uncer-
tainties on the unoscillated fluxes, the neutrino-nucleus
interactions, and even the detector capabilities. However,
we are optimistic that a broad collection of measurements
can reduce these individual uncertainties—which would be
valuable in its own right—and thus enable new probes of
neutrino mixing. This will also improve the sensitivity of
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FIG. 1. Schematic illustration of background rejection for the considered exclusive neutrino-carbon interactions. Left panel: For the

NC channels, the primary feature is the line-spectrum nature of the signal compared to the continuum backgrounds. Right panel: For the
CC channels, the primary feature is the two-part (for v, and z,) or three-part (for v, and 7,) nature of the signal, for which there

are essentially no backgrounds.

searches for which atmospheric-neutrino events are
backgrounds.

As a specific step towards this goal, in this paper we
focus on low-energy atmospheric-neutrino interactions
in the Jiangmen Underground Neutrino Observatory
(JUNO) [36-38], a liquid-scintillator detector with a
fiducial mass of 20 kton that will start taking data in
2024. Building on earlier work that considered inclusive
(and certain exclusive) atmospheric-neutrino interactions in
JUNO [39-41], here we provide new predictions for the
exclusive channels for which the neutrino-nucleus inter-
actions and detector response are best understood, though
not completely. We focus on the channels corresponding to
superallowed transitions within the A = 12 triad [carbon (C),
nitrogen (N), and boron (B)] [42-45]. Our work is comple-
mentary to that of Ref. [39], which did not call attention to
these channels. For these channels, the detector backgrounds
are low and there is some ability to separate flavor as well as
neutrinos and antineutrinos.

Figure 1 schematically illustrates the special detection
features of the exclusive channels we consider. First, there
are two neutral-current (NC) channels, sensitive to all
flavors of neutrinos and antineutrinos:

v+ 12C - v+ 12CH

2C* = 12C +y, (1a)
v+ PC—p+1C

120 S 12C 4y, (1b)
For both neutrinos and antineutrinos, the threshold energy
for the transition to reach the dominant 17 excited state is
15.11 MeV; this excitation decays via the emission of a
gamma ray of this energy. The high energy of this line and
the excellent energy resolution of JUNO will allow strong
background suppression, though this signal gives no
information on the neutrino flavor.

u

Second, there are v, + U, charged-current (CC) inter-
actions:

Ve +1C - e + "Ny

lzNg_S_ - 12C+et 4y, (2a)
U, +1%C - et + 1B
B, » ""C+e +0,. (2b)

For neutrinos, the threshold energy to reach the ground
state is 17.34 MeV; the lzNg.S' then beta decays with a
Q-value of 17.34 MeV and a half-life of 11 ms [46]. For
antineutrinos, the threshold energy is 14.39 MeV; the '“B, .
then beta decays with a Q-value of 13.37 MeV and a half-
life of 20 ms [46]. The two-part coincidence nature of these
events will powerfully reduce backgrounds. There should
be some ability to separate neutrino- and antineutrino-
induced events by taking into account the slightly different
nuclear decay properties and through positron tagging
(as in Borexino [47,48]). Both the "B, ; and 2N, ; decay
primarily (> 98% of the time) to the ground state of the
carbon nucleus [46]).
Third, there are v, + 7, CC interactions:

v, +1%C > pm + N,

- —e +rv,+vy,

- +e" +v,, a
12Ng's‘ 12c + . 3
l_/’u + 12C N Iu-‘r + 12Bg_s_
ur—=et+uv, +10,
B,s = "C+ e +17,. (3b)

For neutrinos, the threshold energy is 122.49 MeV; for
antineutrinos, it is 119.54 MeV. The muons will come to
rest and produce decay electrons or positrons (with half-life
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1.4 ps, taking into account u~ capture in carbon-based
liquid scintillator [49-51]) with a maximum kinetic energy
of 52.3 MeV. The details of the nuclear decays are the same
as above. The three-part coincidence nature of these
events will even more powerfully reduce backgrounds.
There should be some ability to separate neutrino- and
antineutrino-induced events via the points noted above,
plus the fact that about 8% of x~ will undergo nuclear
capture [49-51].

The exclusive channels considered here correspond to a
small fraction of the total cross section, which includes
many other final states, some of which may also have
distinctive nuclear signatures (see Sec. III).

This remainder of this paper is organized as follows.
In Sec. II, we review the atmospheric-neutrino fluxes,
mixing effects, and uncertainties. In Sec. III, we detail the
calculations and measurements of the exclusive neutrino-
carbon interactions. In Sec. IV, we define our detection
strategy and present our main calculations of signals and
backgrounds for JUNO. We conclude by summarizing
our results and placing them in a larger context. In our
calculations, we aim for a precision on the event yields of a
few tens of percent, which is appropriate given the existing
uncertainties and the expected statistics; ultimately, this
should be improved.

II. ATMOSPHERIC-NEUTRINO FLUXES

In this section, we review predictions of the sub-GeV
atmospheric-neutrino fluxes and their uncertainties, plus
the effects of neutrino mixing.

Atmospheric neutrinos are created primarily by the
decays of mesons produced via hadronic cosmic-ray
interactions with Earth’s atmosphere [2,3,52-54]. At the
low energies we consider, the dominant production proc-
esses are pion and muon decays,

T oy, +u
W = e +U,tu,, (4)

for negatively charged pions and analogously for positively
charged pions. Because pions of various types are produced
with comparable yields (taking into account the neutrons
within nuclei in both the beam and target) and because
the muons mostly decay before reaching Earth, the initial
flavor ratios for the sums of neutrinos and antineutrinos are
close to f,, :f,,” :fy, = 1:2:0 [53]; each flux ratio repre-
senting its part of the total flux.

Despite the simplicity of those points, it is challenging to
accurately predict the low-energy atmospheric-neutrino
fluxes, due to hadronic-interaction uncertainties and the
need to take noncollinear propagation into account. In
addition, at low energies, two effects suppress the fluxes.
One effect is solar modulation, the result of cosmic rays
interacting with the solar wind [55-57], the strength of

which varies over the 1l-year solar cycle, giving
larger fluxes near solar minimum. The scale of this
variation in the atmospheric-neutrino flux for JUNO is
~ 4 5-30% [30,39]. Another effect is due to Earth’s
geomagnetic cutoff, which prevents low-energy cosmic
rays from reaching the atmosphere, and which leads to
location-dependent differences in the atmospheric-neutrino
flux up to ~ £ 25% [30,31,58,59].

Full 3d modeling of the low-energy atmospheric-neu-
trino flux, including the listed effects, has been performed
by several groups [30,58,60-62]. We use the results of
Ref. [30], one of only two (see also Ref. [61]) to go below
100 MeV. These results are in reasonable accord with each
other below 100 MeV and with others above 100 MeV. The
fluxes we use are calculated for the location of the China
Jinping Underground Laboratory, which is approximately
400 km from the JUNO site; these fluxes are close to those
adopted for JUNO in Ref. [41]. We have checked that the
differences are negligible with fluxes generated for the
JUNO location from Ref. [63]. While Ref. [30] provides
only the total flux, we assume initial flavor ratios near
1:2:0, following the references above.

Because the statistics will be low, we use the time-
averaged flux. And because it is difficult to measure the
direction of events in scintillator detectors, due to the
isotropic nature of the light emission (possible exceptions
are noted below), we use the direction-integrated flux.

Figure 2 (upper panel) shows the unmixed spectra; we
use the prediction bands from the two upper panels of
Fig. 10 in Ref. [30]. (We note that Ref. [30] uses somewhat
smaller flux uncertainties than Ref. [39].) To match
the logarithmic energy scale on the x-axis, we plot
E,d¢/dE, = (2.3)7'd¢/dlog,oE,, so that the height of
a point on the curve is proportional to its contribution to the
integrated flux. The overall shape of the spectrum follows
primarily from basic considerations. At higher energies
(above a few hundred MeV), the neutrino spectra follow the
power-law shapes of their parent pion and cosmic-ray
spectra, with an average relation of E, ~ 0.05E,, a conse-
quence of pions carrying ~1/5 of the proton energy and
neutrinos carrying ~1/4 of the pion energy [53]. At lower
energies, the neutrino spectra display a “pion bump” feature
analogous to that familiar from astrophysical gamma-ray
production via p+p — p+ p +a° followed by 7z° —
y + y [64,65]. This bump arises due to the threshold effects
and kinematics of pion production at low energies.

Figure 2 (lower panel) shows the effects of neutrino
mixing, which we take into account using the nuCRAFT
code [66], which calculates vacuum mixing as well as small
corrections due to matter effects [67,68], including para-
metric resonances [69,70]. We average over the production
height, assuming a flat distribution between 10—40 km at
production in the atmosphere [66], which is adequate for
our purposes. The bands for the two considered oscillation
scenarios—normal ordering (NO) and inverted ordering
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FIG. 2. Upper panel: The time-averaged and direction-
integrated atmospheric-neutrino spectra (before mixing) for
JUNO [30]. Lower panel: The flux ratios under different mixing
scenarios, starting from 1:2:0; the main effect of mixing is to
decrease the v, flux and increase the v, flux.

(I0)—were estimated simply by plugging in the +3¢
mixing-parameter values from Ref. [4]; they are hardly
different between the two orderings.

The behavior of the flavor ratios with energy can be
mostly understood from successive applications of two-
flavor vacuum mixing. At high energies, e.g., ~50 GeV,
much beyond the range of this figure, neutrino mixing
effects are modest because Am’L/E is small for all
neutrino directions. (At higher energies, the initial flavor
ratios are different from 1:2:0 because muon decays in
flight are suppressed [54].) In the 1000-MeV range and
lower, “atmospheric” mixing (with Am? = 2.5 x 1073 eV?
and a near-maximal mixing angle) become increasingly
important for most directions, changing the flavor ratios to
about 1:1:1. In the 100 MeV range and lower, there are
some additional effects caused by “solar” mixing with
(Am? = 7.4 x 107 eV? and two relatively large mixing
angles), but these are modest because the flavor ratios were
already nearly equilibrated. In the Appendix, we give
further details on the mixing results.

III. EXCLUSIVE NEUTRINO-NUCLEAR CROSS
SECTIONS

In this section, we detail the considered exclusive
neutrino-carbon cross sections. In Secs. [II A-IIIC, we

review (following especially Refs. [42,44]) the formulas
used to calculate these, and in Sec. III D, we summarize the
corresponding experimental measurements.

We focus only on the super-allowed transitions from the
0* ground state in '°C to the 17 states in '°C, ’N, and '’B
because they give distinctive signals [42—45]. For the CC
reactions, we neglect transitions to excited states in '°B or
12N, as these mostly have low nucleon-separation energies
and thus lead to different final states, which they them-
selves have distinctive nuclear signatures.

In this paper, we estimate the cross sections using the
elementary particle treatment (EPT) [71-75]. While the
EPT method has known problems (e.g., poorly taking into
account high-momentum modes, neglecting nucleon-
nucleon correlations, etc.), it is adequate for our purposes
here, as there are other input and statistical (shown below)
uncertainties at the level of a few tens of percent. In
addition, this paper is a first step in the dialog with the
JUNO Collaboration about realistic detection prospects. In
future work, we will seek to refine the cross section
calculations using modern methods, such as chiral pertur-
bation theory currents or large-basis shell models [76-78].

A. NC cross sections for all flavors

The NC cross section for the excitation of the 15.11 MeV
state, corresponding to Eqs. (1a) and (1b), following the
EPT method employed in Refs. [42,44,79] has the follow-
ing form:

_ 3G12r

- FA(E)L, (5)

o(E,) =5

where G is the Fermi constant, E, is the incident neutrino
energy, E, = E, — AM is the outgoing neutrino energy,
and F, is the axial form factor. The [ factor is

1

1:5/_1 d2f(@2)(A + B + C), ()

where z = cos @ is the angle between the incoming and
outgoing neutrino momenta and ¢> = AM? — ¢?, where
q> = AM? + 2E,E,(1 — cos 0) being the three momentum
transfer. The assumed dependence of the axial-vector form
factor on the momentum transfer is

r@r=(746) = (-aat) =0 (-757)
0

with F4(0)=F, =0.711 £0.024, b = 1.881 £ 0.053 fm,
and p = 0.23 + 0.2 [42,80,81]. The three terms A, B, C are

I~

F
A=1 —gi—(ED + E))(1 - 2sin20y)(1 — z)F—M, (8)
A

W
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FIG. 3. Calculated neutrino-nucleus cross sections compared to data. Left panel: NC (all-flavor) transitions to the 15.11-MeV state in

12C, with data from KARMEN (v,) [82]. Middle panel: CC v, and b, transitions to the ground states of 12N and !’B, with data from
KARMEN [83] and LSND (both v, only) [84,85]. Right panel: CC v, and 0, transitions to the ground states of 2N and 2B, with data

from LSND (v, only) [50]. Note differences in the axis ranges.

2 Fi\?2
B =3 (B =) + (1= - 250, (71
A

©)

2 Fr o1 Fur\2
C=—-—-AM(1 —+=(1 2=, 10
samt e o () o

where the 4 refers to neutrinos and antineutrinos, respec-
tively. At zero-momentum transfer, the magnetic-form
factor is F(0) = Fy; = (1.516 +0.016) x 10~ MeV~!
and the tensor form factor is F7(0)/F4(0) = Fr/F, =
(2.01 £0.23) x 1072 MeV~! [42]. We assume that F, and
Fr have the same dependence on the momentum transfer as
F 4, following Eq. (7), which is adequate at the low energies
we consider [75]. There is no experimental data on the
momentum-transfer dependence of F, but its contribution
to the cross section is negligible.

Figure 3 (left panel) shows the calculated exclusive NC
cross sections for neutrinos and antineutrinos as a function
of the incoming neutrino energy. These grow steeply
(x E?) until ~50 MeV, above which the nuclear coherence
is lost for an increasing range of the momentum transfer
values. The neutrino cross sections are larger than the
antineutrino cross sections, mainly due to favorable vector-
axial vector interference via Eq. (8).

B. CC cross sections for electron neutrinos

The cross sections for the v, and 7, exclusive interactions
with 12C, corresponding to Egs. (2a) and (2b), are calcu-
lated using a similar EPT method [42,44,79,86]. The cross
section is

3G
o(E,) = TFcos O2F3E,p IF*(Z,E,),

(11)

where 6 is the Cabibbo angle, and E, and p, are the
energy and momentum of the outgoing electron or positron.
In I for the CC case instead of NC case, E, is replaced
by E,, sin?60y, is replaced by 0, and q? is changed to
q> = AM? +2E,E,(1 — cos @) — m2. The Fermi function
accounting for the Coulomb correction for electrons (+)
and positrons (—) is given by

(S + in)

*(Z.E,) =2(1 4 8)(2p.R)5"2e*™ :
FHZE) =21+ S)2pR) et Loy

(12)

where Z and R are the charge and radius of the created
nucleus in natural units, S = V1 — Z2a?, n = Ze*/hv =
0.0073/v,and v = p,/+/m2 + p2 [87-89]. As written, the
approximate correction in Eq. (12) would need be modified
at large momentum transfers so that F(Z, o) =1 [43].
However, this change would have only a moderate effect
(<20%) on the calculated cross section at neutrino energies
above 100 MeV, so for simplicity we neglect it.

Figure 3 (middle panel) shows the calculated CC cross
sections for v, and 7, as a function of neutrino energy. As in
the NC case, these grow with o E? dependence on the
neutrino energy until approximately 50 MeV and are lower
for antineutrinos.

C. CC cross sections for muon neutrinos

The cross sections for the v, and 7, exclusive inter-
actions with '’C, corresponding to Egs. (3a) and (3b), are
calculated in a similar way. Due to the significantly larger
mass of the muon, we use an approximate expression to
account for the Coulomb correction given by

F(Z,E,) = (1 i<Eﬂ> (E, + (V)E;', (13)

u

043035-5



ANNA M. SULIGA and JOHN F. BEACOM

PHYS. REV. D 108, 043035 (2023)

where E, is the muon energy and the average Coulomb
potential is (V) = 3Za/2R [43].

Figure 3 (right panel) shows the calculated CC cross
sections for v, and 7, as a function of incoming neutrino
energy. The threshold for the interaction is close to the
muon mass because it is so much larger than the nuclear-
excitation scales.

D. Cross section measurements

Of the exclusive interactions we consider, all but the 7,
and 7, CC cross sections have at least some measurements
at MeV-GeV energies. Of course, inclusive neutrino-
carbon interactions in this energy range have been mea-
sured, e.g., Refs. [90-93], but we focus on exclusive cross
sections to specific nuclear final states.

The measurements we discuss were performed with the
Liquid Scintillator Neutrino Detector (LSND) at the Los
Alamos National Laboratory and the KArlsruhe Rutherford
Medium Energy Neutrino experiment (KARMEN) at
the Rutherford Appleton Laboratory. These experiments
used neutrino fluxes from pion decay in flight (DIF) and
pion and muon decay at rest (DAR). Neither measured
the exclusive CC interactions for antineutrino channels,
because of the high absorption probability for z~ and
the smaller cross sections for antineutrinos compared to
neutrinos.

For the interactions that were measured, the EPT-
predicted cross sections in Egs. (5)-(11) agree well with
data, as shown in Fig. 3. In addition, the EPT-predicted
cross sections generally also agree with those obtained with
more sophisticated calculations relying on projected ran-
dom phase and quasiparticle random phase approximations
[43,45,94-97]. Ultimately, cross section studies that go
beyond the EPT method will be needed.

The exclusive neutrino-carbon interactions we consider
here are small fractions of the total cross sections, e.g.,
approximately a few percent for £, < 300 MeV [97]. This
suggests that it may be possible to identify other neutrino-
carbon final states with distinctive nuclear signatures,
which would increase the statistics and better probe the
neutrino-nucleus interactions. We reserve this and studies
of other nuclear targets for future work.

1. Neutral-current interactions

The NC cross section was measured by the KARMEN
[82,83,98,99]. Neutrinos were produced through the
pion DAR, which leads to monoenergetic v, with
E, =29.8 MeV and well-known spectrum of neutrinos
from the following decay of the muon, with v, and 7, up to
energy 52.8 MeV. These two neutrino signals are separable
by timing. The cross section measured with only pion-
decay neutrinos [82] is shown on the left panel of Fig. 3; it
agrees well with the EPT predictions. The energy-averaged
cross section measured with only the higher-energy

continuum spectrum of muon-decay neutrinos (not shown)
is (o) = 10.4 & 1.0(stat) & 0.9(syst) x 107 c¢m [98,99],
which also agrees well with predictions.

2. Electron-neutrino interactions

KARMEN [83] and LSND [84,85] made energy-
dependent measurements of the exclusive v, cross section
using a pion DAR source. Detection is based on a twofold
coincidence between a prompt electron from the primary
interaction (with kinetic energy up to 33.5 MeV) and a
delayed positron from the S-decay of '“N, ¢ (with kinetic
energy up to 16.3 MeV). The data points follow closely the
EPT predictions, as shown in the middle panel of Fig. 3.

3. Muon-neutrino interactions

LSND also made energy-dependent measurements of the
exclusive v, cross section using a pion DIF source [50].
The maximum neutrino energy (approximately 200 MeV)
for the measured cross section is dictated by the experi-
mental setup. Detection is based on a threefold coincidence
between the prompt u~, its decay electron, and the positron
from p-decay. Negative muons stop and typically undergo
atomic capture, which has only small effects on the muon-
decay spectrum [100], but about 8% of negative muons also
undergo nuclear capture, which leads to a very different
signal than decay [50]. Although the uncertainties are
relatively large, the data agree well with the EPT predic-
tions, as shown in the right panel of Fig. 3.

IV. DETECTION STRATEGIES IN JUNO

In this section, we describe our detection strategies for
distinctive signatures of low-energy atmospheric-neutrino
interactions in JUNO. We review the detector properties in
Sec. IVA, calculate the event rates for the neutrino-carbon
reactions in Sec. IV B, and describe backgrounds and their
mitigation in Sec. IV C.

A. Basic characteristics of JUNO

JUNO is a 20 kton liquid-scintillator neutrino detector
surrounded by a water Cherenkov detector that vetos
atmospheric muons [36-38]. The inner and outer volumes,
which are optically isolated, are observed by photomulti-
plier tubes. The experiment is located at a depth of
approximately 650 m underground in China, with plans
to start in 2024 [38,101-103]. The primary goal of JUNO is
to precisely measure neutrino-oscillation parameters and to
contribute to the measurement of the neutrino-mass order-
ing [36,38]. Key to this are JUNO’s excellent energy
resolution (~3%/+/E/MeV) and position resolution
(<10 cm) [104], and low backgrounds.

JUNO will detect, with high efficiency, the energies
of charged particles above ~0.5 MeV as well as the
presence of neutrons via their 2.2 MeV radiative captures
on protons [105]. Different charged particles can be
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FIG. 4. Differential spectra of the parent neutrinos that initiate the various exclusive neutrino-carbon interactions. Left panel: NC v and
v. Middle panel: CC v, and 7,. Right panel: CC v, and . Note differences in the y-axes.

identified via pulse shape discrimination (PSD) of the
signals received in the photomultiplier tubes [36,38,41].
This is especially effective for separating, say, MeV range
protons from electrons, and follows from the fact that the
proton energy-loss rate is enhanced by a factor ~1/42,
where f is the particle speed relative to light. In addition,
muons can be recognized via their delayed decays.

JUNO already plans to measure atmospheric neutrinos
via inclusive CC and NC interactions on carbon [39-41].
The analysis presented in Ref. [41], based on PSD, is
limited to events with energies above 400 MeV for v,
because, at lower energies, it is more difficult to distinguish
CC and NC events. It may be possible to do better by
searching for delayed muon decays. We propose that by
using the exclusive interactions, with their special detection
features, as in Egs. (1)-(3), JUNO will be able to effectively
study atmospheric neutrinos at lower energies.

B. Event rates and spectra

In our calculations, we assume an exposure of 85 kton yr,
corresponding to a 17 kton fiducial volume and five years
of runtime at unit efficiency. This fiducial volume is what
JUNO will use to suppress backgrounds for their main
analyses; for the distinctive signals we focus on, it may be
possible to use a larger volume. Though the true efficiency
will be somewhat less, that can be compensated for by
increasing the volume or the runtime. For each of the
considered exclusive interaction channels, Egs. (1)—(3), we
calculate the time-integrated differential neutrino event
yield via

AN dep
dE TNtai(Ev)d—EU’

(14)

where T is the runtime of the detector, N, ~7.5 x 1032
is the number of targets in 17 kton, and o;(E,) is the
cross section for a particular interaction. For the

atmospheric-neutrino fluxes for the CC reactions, we
average over the two possible mass orderings shown in
Fig. 2 because the differences in the solid angle averaged
fluxes for the two orderings are small. Our calculations take
into account energy resolution.

Figure 4 shows the differential spectra of neutrinos
contributing to the total yields. These spectra peak at
energies comparable to the broad peak in the atmos-
pheric-neutrino spectra shown in Fig. 2, but are sharpened
by the energy dependence of the cross sections shown in
Fig. 3. Nearly all of the events are caused by neutrinos of
energies below a few hundred MeV. These results should
be considered as rough estimates to guide experimental
studies.

Figure 5 shows the exclusive NC atmospheric-neutrino
signal. We define a generous region of interest (ROI) by
436 around the 15.11 MeV peak position, taking the
energy resolution into account. The key backgrounds
remaining after basic cuts are detailed in the next
subsection. Nominally, the largest is caused by various
inclusive atmospheric-neutrino interaction channels that
lead to proton recoils [106,107], but we anticipate that
these events can be greatly reduced using PSD techniques
[36,38,41], though JUNO-led studies will be needed to
assess the efficiencies. The main irreducible background is
caused by solar and diffuse supernova neutrino background
(DSNB) neutrinos undergoing the same exclusive NC
interaction that we consider, plus a contribution from solar
neutrino-electron scattering that can be measured sepa-
rately. For an exposure of 85 kton yr, the signal yield is
about 16 events and the background yield in the ROI is
about 4 events. It should thus be possible to measure the
NC atmospheric-neutrino signal rate to ~25% precision.

Figure 6 shows the exclusive CC atmospheric-neutrino
signals. The kinetic energies is estimated simply as the total
neutrino energy minus the excitation energy minus the
mass of the lepton. This neglects detailed nuclear effects as
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FIG. 5. Spectra of the exclusive NC neutrino-carbon signal

(green solid line) and the most important backgrounds in JUNO
as a function of detected energy, assuming an exposure of
85 kton yr. The backgrounds are NC atmospheric-neutrino
interactions on free and bound protons (gray band), solar
neutrinos scattering on electrons (gray dash-dotted lines) and
the solar and DSNB excitation of the 15.11 MeV lines (gray
dashed line). The first source of background can be removed
using the PSD techniques.

well as recoil-order kinematics, but it provides adequate
guidance to design searches in JUNO that take more
detailed calculations of the double-differential cross sec-
tions [24,45,108] into account. The total number of the CC
v, + D, events is 7.2 4+ 3.4 = 10.6 and the total number of
CC vy, + 1, events is 3.5+ 2.1 = 5.6. As detailed in the
next subsection, there are essentially no backgrounds, so it
should be possible to measure the total CC atmospheric-
neutrino rate (about 16 events) to ~25% precision as well.
As detailed below, these events have negligible back-
grounds due to their two or threefold coincidences, which
will also allow separation of v, + 7, events from v, + D,
events.

While the cross sections considered here are relatively
well-known theoretically, it would of course be preferable
to have precise direct measurements. For the interaction
channels already measured by LSND and KARMEN, here
the uncertainties are more or less comparable, depending
on the channel. Even more interesting, here there is
reasonable sensitivity to channels not available to those
laboratory experiments, due to their lack of appreciable
fluxes of 7,, U,, v,, and D,.
C. Backgrounds in the search energy window

For background reduction, JUNO will perform a variety
of basic cuts [36,107,109]. One class of cuts removes

Ve, Ve CC_>ng
I L

AN /dT, [10~2 MeV~]

50 1000

L ]
[
2
5
5 ;
=
=, = J
] 0 L e ———
0 250 500 750 1000
T, [MeV]

FIG. 6. Approximate spectra of the exclusive CC neutrino-
carbon signals in JUNO as a function of the prompt lepton
energies, assuming an exposure of 85 kton yr. For these twofold
and threefold coincidence events, backgrounds are negligible.
Note differences in the y-axis ranges.

cosmic-ray muons, which are typically throughgoing and
produce large light signals. A second is cuts on the delayed
beta decays of unstable nuclei produced through spallation
processes initiated by cosmic-ray muons and their showers
(standard cuts are expected to induce a detector deadtime of
~20% [36,107], which could be reduced by using new
techniques introduced in Refs. [110-115]). A third is cuts
on radioactivity (mostly below ~5 MeV) and fast-neutron
backgrounds near the detector walls; restricting events to
be in the fiducial volume greatly reduces these back-
grounds [109]. In the following, we discuss the more
challenging backgrounds that will remain.

1. NC-interaction background

For the NC signal, JUNO will have to contend with
all sources of single-fold events near 15.11 MeV.
Nominally, there is a moderately large and uncertain
background (see Fig. 5) due to inclusive NC atmos-
pheric-neutrino interactions on free and bound protons
that produce one or more proton recoils (that will appear
as one) [106,107], though PSD cuts can remove these
events [36,38,41]. For the proton spectrum, we use the
predictions of Ref. [107], which takes into account the
quenching of proton light output due to their high ioniza-
tion rate. KamLAND has observed events from a closely
related channel where a neutrino-induced neutron recoil
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produces a prompt energy deposition from neutron-proton
scattering and then a delayed signal from the neutron
capture. The KamLLAND data are in reasonable agreement
(~20) with predictions [116,117].

Another potential source of background is gamma-ray
lines from the deexcitation of the nuclei created by
inclusive CC and NC interactions of atmospheric neutrinos
and subsequent neutron-nucleus interactions [39]. Some of
these lines are near 15.11 MeV, though their yields are
smaller than that of the signal we consider. More important,
these lines are produced in association with large signals
from produced leptons and/or hadrons, whereas the
15.11 MeV signal we focus on has only the gamma-ray
line and no other detectable particles. Similarly, the
15.11 MeV line could be induced by cosmic-ray muons
and their secondaries, though not without producing other
signals.

Some backgrounds will remain. Solar-neutrino B
and hep fluxes will induce a continuum spectrum of
neutrino-electron-scattering events that is small and which
can be checked at energies outside the ROI. To predict this,
we use the fluxes from Ref. [118], cross section from
Ref. [119], and take into account matter-induced mixing
effects [67,68]. There are also irreducible backgrounds
caused by solar and DSNB (calculated as the fiducial
models in Refs. [120-122]) excitation of the 15.11 MeV
line, with the former being about 6 times larger than the
latter, and with this overall background being small, so that
uncertainties in the DSNB modeling have negligible
effects.

2. CCr-interactions background

In the CC interaction channels, a two or threefold time
and space coincidence allows essentially complete removal
of backgrounds. For the twofold case, an order-of-
magnitude estimate shows that their rate is negligible.
The rate in the threefold case would be even smaller.

For the v, and U, signals, we expect a ~100 MeV
electron or positron from the neutrino-nucleus interaction
followed by another electron or positron at ~10 MeV from
the beta decay. The expected time delay is below 100 ms
and the expected distance between these events is below
1 m. The number of accidental coincidences can be
estimated as [123]

Ny ~NNydt/TdV/V, (15)

where the N; is the number of high-energy events and
N, is the number of low-energy events in the TV =
85 ktonyr exposure of JUNO. We estimate N from the
total number of atmospheric-neutrino events from all
channels, which gives approximately 5500 events between
energies 100—10000 MeV per 85 kton yr [41]. We estimate
N, from the total number of events in 3.5-18 MeV, which
is approximately 1.5 x 10° in the same exposure. These

events are dominated by solar neutrinos and spallation
backgrounds [36,107,109]. We estimate dt/T ~ 6 X 10710
by comparing 100 ms to 5 yr and dV/V ~2 x 107 by
comparing a sphere of radius 1 m to the fiducial volume.
The expected number of accidental-coincidence events is
thus N, ~ 1 x 107 It is thus safe to neglect these as a
background for the twofold signals and even more so for
the threefold signals.

V. DISCUSSION AND CONCLUSIONS

In the coming high-statistics era of neutrino physics, it
will be critical to explore all available means of measuring
neutrino-mixing parameters. With many measurements, we
will improve the overall precision, which will also allow
better sensitivity to new physics.

In this paper, building on earlier work [24-35,39-41,
124,125], we advance the general point that low-energy
(below a few hundred MeV) atmospheric neutrinos are an
especially promising direction for new measurements of
neutrino mixing, due to dramatically improving detector
capabilities in the MeV range. The leading detectors for this
purpose (in order of their start dates) are Super-Kamiokande
with added gadolinium [126-128], JUNO [36], Hyper-
Kamiokande [129], and the Deep Underground Neutrino
Experiment (DUNE) [130]. Proposed dark-matter detectors
such as the DARk matter WImp search with liquid xenoN
(DARWIN) [131] will also be important. While there are
significant uncertainties on the fluxes, cross sections, and
even detector responses, we are optimistic that these can be
reduced through complementary measurements and targeted
theoretical work.

Here we focus on the prospects for distinctive nuclear
signatures in the JUNO detector, showing that certain
exclusive neutrino-carbon interactions have reasonable
yields and low backgrounds. We calculate results for three
channels, the first two of which are familiar from supernova-
neutrino detection [132—134]. First, all-flavor NC inter-
actions that excite the 15.11 MeV state in '°C, producing a
gamma-ray line that stands out from continuum back-
grounds. Second, CC v, and 7, interactions that produce
aprompt ~100 MeV electron or positron from the neutrino-
nuclear interaction, followed by a ~10 MeV positron
or electron from a >N or !B beta decay. The twofold
coincidence in time and space essentially eliminates back-
grounds for these atmospheric neutrino interactions. Third,
similar CC interactions, but with v, and 7,, that produce a
threefold coincidence due to the additional muon decay.

We show that the NC interactions and the combined CC
interactions each lead to ~16 events in a five-year
(85 kton yr) exposure of JUNO, and hence nominally to
~25% uncertainties on the rates of each. These events
would include the first identified measurements of sub-
100 MeV atmospheric neutrinos. While these measure-
ments will not be sufficient on their own to measure
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neutrino mixing in the face of present uncertainties, these
data will be an important step towards that goal, because the
cross sections are relatively well known theoretically and
because the detector signals are so clean. If only statistical
uncertainties were important, then the NC channel would
have ~1o sensitivity to v, appearance, which could be a
helpful addition to other measurements.

As a point of context, while Super-Kamiokande has
detected atmospheric-neutrino-induced events below a
visible energy of 100 MeV, e.g., Ref. [128], that does not
mean that the parent neutrino energies are below 100 MeV.
Indeed, for the dominant component at low energies, due
to invisible (sub-Cherenkov) muons that decay at rest, the
parent neutrino energies must be a bit above 100 MeV. For
the subdominant components—due to CC (v, + 7,) inter-
actions and NC all-flavor interactions—the fraction of
parent neutrinos below 100 MeV has not yet been iden-
tified, especially in light of large uncertainties on the fluxes,
cross sections, and detector response.

Better understanding these interactions will also have
other benefits. One would be probing the physics of
atmospheric-neutrino production in its most challenging
regime, which is at low energies [30,135]. Another
would be better understanding how low-energy atmos-
pheric neutrinos cause important backgrounds for other
searches, including the diffuse supernova neutrino back-
ground [136-141], as well as direct-detection dark matter
studies as they reach exposures corresponding to the
neutrino floor [121,142-149].

Going forward, it will be important for the JUNO
collaboration to perform in-depth studies of the sensitivity
to these and potentially other exclusive neutrino-carbon
interactions. As noted above, it is easy to separate v, + 7,
events from v, + 7, events, and there may be some
sensitivity to separate neutrino from antineutrino events
(needed to test CP violation). It may also be possible to
gain some crude directionality (to cancel the flux uncer-
tainty) for the CC channels from exploiting the early
Cherenkov light [150] or from the fact that the prompt
lepton will be detected forward of the delayed lepton from
the beta decay, building on ideas in Refs. [126,151,152]
and taking advantage of the excellent position resolution of
JUNO. It will also be important to identify additional
distinctive nuclear signatures in JUNO and other detectors;

the prospects are encouraging because the channels
considered here are only a small fraction of the total
neutrino-nucleus cross section. Overall, we expect that a
comprehensive program on low-energy atmospheric neu-
trinos will lead to varied and valuable insights.
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APPENDIX: ATMOSPHERIC-NEUTRINO
OSCILLATIONS

Figure 7 shows the flux ratios of atmospheric neutrinos
arriving at JUNO as a function of zenith angles for three
different energies (1000, 100, and 10 MeV) and a bench-
mark atmospheric height of 22 km. To reduce the appear-
ance of unmeasurable variations in the mixing probabilities,
we include energy averaging via Gaussian smearing with
width 10%, which is optimistic. Realistic averaging over
energy, angle, and production height would further sup-
press the displayed variations.

At 1000 MeV, the mixing with the “atmospheric” Am? is
unimportant for downgoing neutrinos, becomes important
near the horizon, and then averages out for upgoing
neutrinos. At 100 MeV, the oscillation length being ten
times shorter means that a larger fraction of downgoing
neutrinos undergo mixing, and all the more so at 10 MeV.
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