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We propose the first practical method to detect atmospheric tau neutrino appearance at sub-GeV
energies, which would be an important test of v, — v, oscillations and of new-physics scenarios. In the
Jiangmen Underground Neutrino Observatory (JUNO; starts in 2024), active-flavor neutrinos eject
neutrons from carbon via neutral-current quasielastic scattering. This produces a two-part signal: the
prompt part is caused by the scattering of the neutron in the scintillator, and the delayed part by its radiative
capture. Such events have been observed in KamLAND, but only in small numbers and were treated as a
background. With v, — v, oscillations, JUNO should measure a clean sample of 55 events/yr; with simple

v, disappearance, this would instead be 41 events/yr, where the latter is determined from Super-

Kamiokande charged-current measurements at similar neutrino energies. Implementing this method
will require precise laboratory measurements of neutrino-nucleus cross sections or other developments.
With those, JUNO will have 50 sensitivity to tau-neutrino appearance in five years of exposure, and

likely sooner.
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I. INTRODUCTION

Is the three-flavor neutrino mixing paradigm complete?
If not, this opens up the possibility of alternative explan-
ations, which would be of profound importance for particle
physics, astrophysics, and cosmology [1-9]. One key test
is asking what disappearing active neutrinos transform
into. For solar neutrinos, for example, the long history
of charged-current (CC) evidence for the disappearance
of v, [10-15] was eventually met by the Sudbury Neutrino
Observatory’s neutral-current (NC) evidence for the
appearance of a combination of v, and v, [16,17]. For
atmospheric neutrinos, however, the long history of evi-
dence for the disappearance of v, + 1, [18-22] has not yet
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been adequately met by evidence for the appearance
of v, + U, [23-27]. (Hereafter, when we say v, we mean
v+ 1, as they typically cannot be distinguished.)

Present results on v, appearance in GeV-range atmos-
pheric-neutrino studies rely upon the facts that there is
essentially no v, flux without oscillations, that an upgoing
v, flux is generated through oscillations, and that tau
leptons are produced in CC neutrino-nucleus interactions
above 3.5 GeV [28-31]. While these v -induced events
cannot be isolated individually, the fraction of such events
can be measured statistically. Data from Super-Kamiokande
(Super-K) show that v, appearance is favored at 4.60 [23];
data from DeepCore, a dense infill detector of IceCube,
support this at 3.2¢ [25]. Separate from atmospheric-neutrino
studies, the long-baseline experiment OPERA, which had an
average neutrino energy of 17 GeV, confirms v, (but not ;)
appearance at 6.1c with ten candidate events [24]. In
addition, IceCube studies of near-PeV astrophysical neutri-
nos favor v, appearance at 5o based on events where there is
enough time and/or distance separation between tau-lepton
creation and decay [26,32]. However, given the importance
of fully testing the three-flavor paradigm, we need multiple
strong results obtained under different physical conditions,
and especially at low neutrino energies.

Published by the American Physical Society
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FIG. 1. Left panel: the measured v, spectrum at Super-K compared to our predictions without and with oscillations. For clarity, we do

not show the v, spectrum, which is hardly affected by oscillations; it is ~0.5 times as large as the v, spectrum without oscillations. Right
panel: the predicted neutron spectrum (without detector response; that is addressed in Sec. IV) from NC events in JUNO under v, — v,
versus v, disappearance. Further details of the figure are explained below.

In this paper, we introduce a new method, one that tests
v, atmospheric appearance via NC instead of CC inter-
actions. As with the NC-appearance technique used for
solar neutrinos in the Sudbury Neutrino Observatory, this
allows using neutrinos below the threshold for tau lepton
production. This method is made possible by a sensitive
new experiment, the Jiangmen Underground Neutrino
Observatory (JUNO), a scintillator detector with a fiducial
volume of 18 kton that starts in 2024 [33-35]. For
simplicity, when testing v, appearance, we take the null
hypothesis to be simple v, disappearance, as done in the
above-mentioned papers. To test more specific scenarios,
one would probe the fraction of v, appearance and would
consider other constraints for, e.g., sterile-neutrino models.
We leave this for future work.

Figure 1 illustrates some of the essential ideas of our new
method, which are as follows:

(1) All active flavors of atmospheric neutrinos induce
NC interactions with nuclei. In the sub-GeV neu-
trino energy range, which turns out to be the most
important for our purposes, these interactions are
quasielastic, often ejecting only a single neutron.
The NC interaction rate is relatively high.

(2) In JUNO, these neutrons induce a two-part signal.
The prompt part is caused by scattering of the
neutron in the medium, primarily with protons.
The delayed part is caused by the neutron’s eventual
radiative capture, nearly always on a proton. Both
parts of the signal are detected with high efficiency.

(3) As the neutrino energies go down to 100 MeV,
nearly all v, have oscillated, so for the v, — v, case,

the flavor ratios become v, v, v, ~1:1:1. For the

case of simple v, disappearance, the NC signal rate
in JUNO would then be 2/3 as large because v,
would be absent. For the larger neutrino energies we
consider, where oscillations are less complete, this
ratio is about 3/4.

(4) We define expectations for JUNO’s NC event rate
without and with oscillations through Super-K’s
sub-GeV CC measurements of the v, and v, spectra
at different arrival directions. While this reduces flux
uncertainties (see Sec. II), precise laboratory mea-
surements of neutrino-nucleus cross sections or
other developments will be needed, as discussed
in Sec. IIL

Taking into account the details of neutrino-nucleus inter-
actions, how events register in JUNO, and integrating across
all neutrino arrival directions, we show that for v, — v,
oscillations, JUNO should measure a clean NC sample of
55 events/yr in the detected energy range 11-29 MeV. Since
this is a flavor-independent NC measurement, this is equiv-
alent to probing the entire active neutrino flux. Contrary to
this, with v, disappearance (where v, are absent), this would
instead be 41 events/yr, probing only the surviving v, (and
v,). Super-K has already measured this surviving flux in their
flavor-dependent CC samples, and we use these data to
validate v, disappearance predictions.

JUNO?’s statistical power will be increased if it can
increase the detected energy range and exploit related NC
channels.

In Sec. II, we present our modeling of atmospheric
neutrinos in Super-K, showing that we can reproduce their
measured results well. In Sec. III, we do the same for
KamLAND, a scintillator detector like JUNO but much
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smaller. KamLLAND detected our proposed signal, but only
in small numbers and treated as a background. Having
validated our modeling in these ways, in Sec. IV, we present
the details of our calculations for JUNO. In Sec. V, we
conclude and discuss ways forward.

II. REPRODUCING LOW-ENERGY
ATMOSPHERIC DATA FROM SUPER-K

In this section, we review the fluxes and oscillations of
atmospheric neutrinos, then model in detail their detectable
signals in Super-K, which has the largest sample of well-
reconstructed sub-GeV atmospheric neutrino events. By
validating our predictions against Super-K’s energy and
angular distributions, we establish a foundation for our
predictions for KamLAND and JUNO.

A. Atmospheric neutrino fluxes and oscillations

The low-energy atmospheric neutrino flux arises from
the sequential decays of charged pions and muons pro-
duced in cosmic-ray interactions with nuclei in the
upper atmosphere [30,36]. The flavor ratios before oscil-
lations are thus v, :v, v, ~1:2:0. For the fluxes, we use
the site-dependent solar-cycle-averaged predictions of
HKKMI11 [37] down to neutrino energies of 0.15 GeV,
where they stop. At lower energies, which barely matter for
our results, we use similar results of Ref. [38] (which build
on those of Ref. [39]).

We begin with some simple estimates. For v, — v,
vacuum oscillations with the atmospheric parameters
(sin? 053 = 0.55 and Am3, = 2.44 x 1073 eV? [40]), the
relevant oscillation length is

4rE E
= Y ~10° km| —%- |,
m? m (GeV)

which should be compared (at order-of-magnitude level) to
the production height in the atmosphere (~10 km), the
distance to the horizon from Super-K (~10° km), and the
diameter of Earth (~10* km). Neglecting for a moment
three-flavor mixing and matter effects, when oscillations
are fully developed and average out (L/L, > 1), the
flavor ratios become v, :v, v, ~1:1:1.

To calculate the full effects of neutrino flavor oscilla-
tions, we use nuCraft [41,42], which incorporates three-
flavor mixing (including CP violation) and matter
effects [43—48] and averages over the atmospheric-neutrino
production heights. In Earth, three-flavor mixing and
matter effects are significant even in the sub-GeV regime,
with these depending primarily on the solar-neutrino
mixing parameters [47-49]. For Super-K, these effects
are diminished when averaging over energy, angle, and
flavors; for KamLAND and JUNO, averaging almost
completely removes them.

LOSC (El/)

(1)

Figure 1 (left panel) compares our predicted v, + 0,
spectra without and with oscillations, showing that the ratio
between them approaches a factor of 2 at low energies. The
spectrum shape follows from the proton spectrum and the
kinematics of pion production near threshold [50,51]. Our
predictions agree well with the angle-averaged neutrino
spectra deduced by Super-K [52]. We caution that the
Super-K points are not actual measurements, but rather
follow from an inversion procedure that requires an ad hoc
regularization that produces large, correlated uncertainties.
Our predictions for the v, + 7, spectra (not shown), which
have only small changes due to oscillations, are also in
good agreement with the Super-K results.

B. Comparison to Super-K data

To further validate our oscillated flux model for Super-K,
we use simulations to produce predictions that can be
compared to their measured data in terms of directly
measured energies [53]. Super-K, a water Cherenkov detec-
tor with photomultiplier tubes on the walls, has a homo-
geneous fiducial volume of mass 22.5 kton, located in Japan
at a depth of 1000 m (2700 m water equivalent). For our
purposes, Super-K’s detection properties (energy and angu-
lar resolution, particle identification, and backgrounds)—all
of which we take into account in our calculations—are so
good that they cause only modest effects over the broad
distributions in the data. At low energies, the weak corre-
lation between the lepton and neutrino directions (several
tens of degrees) does have a significant effect on the angular
distributions. For the detected spectra as a function of
channel k, we use the following, which convolves three
terms:

dN,, d¢,

By, = dE, ® C(E,, Eger) @ €1 (Eger)s

(2)

where the first term is the oscillated neutrino spectrum for
flavor i (from the previous subsection), the second connects a
neutrino energy to a range of detected energies, and the third
is the detection efficiency (mostly due to analysis cuts as
opposed to detector response).

To calculate the second term (detector response), we
begin by simulating neutrino interactions in water (which
are primarily with nuclei) with GENIE 32.0 with tune
G18_10a_02_11b, which is based on a local Fermi-gas
model and an empirical meson-exchange model [54-56].
(Figure 8 in the Appendix shows the most important total
neutrino-oxygen cross sections.) In addition to giving the
interaction probabilities, GENIE3 also gives the full kin-
ematic distributions of the final-state particles. Most of the
incoming neutrino energy is transferred to the outgoing
charged or neutral lepton, which is mostly emitted in the
forward direction, but the intrinsic energy and angular
distributions are broad. Next, we simulate the propagation
of the final-state particles in Super-K using Geant4 [57]. This
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FIG. 2. Zenith-angle distributions for sub-GeV (top panel) and
multi-GeV (bottom panel) muon-neutrino events in Super-K
(328 kton-yr exposure), compared to our predictions, showing
very good agreement. The statistical uncertainties are tiny, but
there is an overall systematic uncertainty of ~25% (not shown).

allows us to track the energy deposition of the primary
particles as well as the creation and propagation of
secondary particles. For these combined simulations, we
generate 107 interactions, following an injection spectrum
of 1/E, which evenly samples in the log of energy. We then
reweight these events according to the atmospheric neu-
trino spectra.

For the third term (efficiencies), we closely follow
Ref. [58] to reproduce Super-K’s analysis cuts and event
classifications. They divide sub-GeV and multi-GeV events
at a visible-energy boundary of 1.33 GeV. For fully
contained events in the sub-GeV range, we consider muon
decays with zero or one electron in the final state. Super-
K’s analysis cuts lead to identification efficiencies of 80%
for u™ events and 63% for u~ events, where the difference
is due to y~ capture on nuclei, which leads to a lower
efficiency because then the muon decay electron is not
detected. The detection efficiency is 96% (80%) for both p™
and u~ for fully (partially) contained events. For high-
energy events, we consider both fully and partially con-
tained events, taking into account their spatial energy
deposition and the detector geometry. In the later phases
of Super-K, these efficiencies were improved, for example,

between Phase III and Phase IV via new electronics [59],
which improved the tagging efficiency of Michel electrons
from 73% to 88%. This leads to our overall count
prediction being slightly lower than the data.

Figure 2 shows our predicted zenith-angle distributions
for muon-neutrino events. As expected, the effects of
neutrino oscillations are large, especially at low energies
and long baselines (cos#, = —1 corresponds to upgoing
events). The agreement of our predictions with data [53] is
very good. We find similar agreement for electron-neutrino
events (not shown). For E > 1.33 GeV, these measure-
ments straightforwardly probe both the neutrino flux with-
out (cos(f) > 0) and with (cos(f) < 0) oscillations. For
E < 1.33 GeV, oscillations are relevant at all angles.
Consequently, we cannot directly use the up- and down-
going data to determine the fluxes without and with
oscillations. However, we can effectively do that by using
oscillation parameters that have been independently and
precisely determined by laboratory experiments. We leave
the details for future work.

III. REPRODUCING LOW-ENERGY
ATMOSPHERIC DATA FROM KAMLAND

In this section, we focus on sub-GeV atmospheric NC
interactions in scintillator detectors. KamLAND has
detected such events, but treated them as a background
[60,61]. To exploit them as a signal, detailed theoretical
calculations are needed. Reproducing the KamLAND data
is a precondition to making accurate predictions for JUNO,
which is much larger.

A. NC interactions and signals

For our predictions for KamLAND, we follow an
approach similar to that of Sec. II for Super-K, noting key
differences below. We take into account neutrino oscillations
with nuCraft, neutrino-nucleus interactions with GENIE3 (see
the cross sections in Fig. 8 in the Appendix), and particle
propagation with Geantd. As above, we generate a large
number of simulated interactions.

KamLAND is a liquid-scintillator experiment with a
spherical active volume of 1 kton, located in Japan at a
depth of 1000 m (2700 m water equivalent) [61]. The
scintillator is composed of 80% dodecane, 20% pseudocu-
mene, and 1.36 g/l PPO (2,5-diphenyloxazole) for fluores-
cence. The nuclear mixture is 85% C and 15% H [62]. At the
center of the active volume is a small balloon (radius 1.5 m
before 2018, 1.9 m thereafter) with xenon-loaded liquid
scintillator for double beta decay studies. The fiducial
volume for other studies is defined as a 5.5 m sphere around
KamLAND’s center, excluding certain regions around and
above the small balloon. Relative to water-Cherenkov
detectors [63,64], liquid-scintillator detectors have a much
larger detected photoelectron yield per MeV [61,62]. This
improves energy measurements and makes it easy to detect
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neutron radiative captures, but the isotropic nature of the
scintillation emission obscures event topologies and direc-
tions. We take KamLAND’s excellent energy and position
resolution into account, though doing so has only modest
effects.

In our simulations, we follow all possible final states,
though we apply cuts as described below, after which the
primary underlying interaction is NC quasielastic scattering
of neutrons in carbon nuclei,

v+ 1C-v+n+'Cy, (3)

which is the same for all neutrino flavors. For 7, there is an
indistinguishable NC interaction (the same for all antineu-
trino flavors), though with a smaller cross section (see Fig. 8
in the Appendix) and somewhat different kinematics [65],
compared to the neutrino case. We always consider the
sum v + .

Figure 1 (right panel) shows the initial spectrum of the
neutrons in JUNO (similar for KamLAND). A neutron is
ejected with an initial kinetic energy of ~E2/M,, (typically
below a few hundred MeV), where we invoke nonrelativistic
kinematics and M, is the neutron mass. The spectrum is
falling primarily because of the cuts we apply and the nature
of the differential cross section, which favors low neutron
energies; the peak at a few MeV is due to the falling
atmospheric spectrum and cross section at low energies,
plus nuclear effects. This spectrum was also predicted in
Refs. [66,67], where it was considered only as a background
for other searches in JUNO. Our results are in reasonable
agreement with theirs, though they use older simulations for
the neutrino-nucleus interactions. Compared to the energies
relevant for us, they focus more on lower energies, where the
neutrino-nucleus model differences are largest and where
nucleon spectra due to nuclear deexcitations are more
important.

Starting from our complete simulation results, we impose
analysis cuts that match those used in KamLAND’s exper-
imental analyses [68,69]. These criteria, plus selecting the
energy range of interest for the prompt energy deposition to
be 7.8-31.8 MeV, greatly reduce contributions from inter-
actions besides those in Eq. (3). We select for two-part
coincidence events with a prompt energy deposition and a
delayed single neutron capture. The parts of the events must
be separated by less than 1000 ps in time (the mean is
~210 ps) and 160 cmin space (the mean is ~60 cm). We also
require that there are no other separable parts to the event,
such as muon decays. We do not attempt to identify nuclear
final states through delayed decays. We find that interactions
different from Eq. (3) contribute less than 10% to the final
event counts, as found in Refs. [68,69]. We take into account
KamLAND?’s live time fraction of ~80% (due to spallation
cuts following cosmic-ray muons) and their analysis effi-
ciency of 73% (due to requiring that both parts of the event be
within the fiducial volume).

There are key differences in the underlying physics
relative to Sec. II, all of which we take into account. A first
difference is that here the prompt energy deposition is
complicated compared to a single charged lepton with only
continuous ionization losses. A fast neutron undergoes
many scatterings, including inelastic interactions that break
apart carbon, as well as elastic interactions, where those
with carbon primarily change the neutron’s direction but
not its energy and those with hydrogen do the opposite. Of
these processes, n + p — n + p is the most important for
slowing the neutron, due to the equal masses. Separately,
the residual nucleus from the initial neutrino interaction (or
those struck during neutron propagation) may be left in an
MeV-range nuclear excited state that decays instantane-
ously, typically by gamma-ray emission, though sometimes
with nucleon emission. The gamma rays undergo Compton
scattering or, less commonly, pair production. All of this is
included in the prompt energy deposition, but on average is
only a small effect.

A second difference is that all of the prompt energy
deposition is combined into isotropized and undifferenti-
ated scintillation light. Importantly, the light produced by
heavy, nonrelativistic particles like hadrons with charge Z
and speed f is reduced (“quenched”) relative to that
produced by relativistic electrons. When the ionization
energy loss rate, which is ~(2 MeV/g/cm?) Z%/f°, is
large, then collisional deexcitation of scintillator molecules
becomes important relative to radiative deexcitation. We
account for quenching as follows [70,71]:

E

4
Eequiv / 1+kB ot +C(dE) )
0

which gives the electron-equivalent energy, E.qy, of the
scintillation light produced by a single hadron of energy E.
Here dE/dx is the energy loss rate, S is the scintillation
efficiency, and kB and C are free parameters. We use the
values measured by KamLAND [72]: kB =7.79 x
1073 g/cm?/MeV and C = 1.64 x 1075 (g/cm?/MeV)>.
For protons with recoil energy 1, 10, and 100 MeV, the
electron equivalent energies are 0.2, 7, and 89 MeV,
respectively. For the prompt energy deposition, we add
the electron-equivalent energies of all hadrons produced by
propagation of the final-state neutron; the contribution from
protons is dominant.

A third difference is the eventual capture of the final-
state neutron. A fast neutron initially loses energy quickly;
once it reaches thermal energies, it scatters elastically
for a relatively long time until radiative capture occurs.
Typically, this is on a proton (n + p — d + y), releasing a
2.2-MeV gamma ray; rarely, it is on a carbon nucleus,
releasing a 4.9-MeV gamma ray. Following KamLAND,
we require that these gamma rays are in 1.8-2.6 MeV or
4.4-5.6 MeV, respectively, taking into account the effects

092006-5



MEIGHEN-BERGER, BEACOM, BELL, and DOLAN

PHYS. REV. D 109, 092006 (2024)

1.0 — T — T ——
I, =01GeV E,=1GeV
initial initial
= 0.8 | quenched quenched .
S
E "
: 1
S 06 1 7]
A A
S =Y
= |0
= 04F | -
e |
53 !
i
0.2 [ : -
NP oY 1 b
107® 1072
Einitial or quenched [GGV]
FIG. 3. Neutron energy distributions—initial and quenched

total deposition—for two example neutrino energies.

of energy resolution. We emphasize that we require a single
detected neutron capture, cutting events with extra neutrons
either due to the initial production or due to final-state
particle propagation.

The backgrounds in our energy range of interest are low.
It may be possible to broaden this energy range beyond
7.8-31.8 MeV and thus increase the signal counts. For the
prompt energy deposition, the time profile of the scintilla-
tion light arriving at the photomultiplier tubes is different
for hadron versus electron energy deposition. Pulse-shape
discrimination techniques could thus help suppress the
backgrounds, which dominantly have electrons. Tagging
the ground-state decay of ''C (which has a half-life of
20.4 min and a beta-decay Q-value of 1.982 MeV [73])
would cleanly isolate the interaction in Eq. (3). While this
would be challenging, Borexino tagged such decays
following cosmic-ray muon spallation [74,75]. As an
intermediate step, it should be possible to reject some
events with other nuclear final states, due to their distinctive
decays. Last, it may also be possible to obtain crude
directionality from the vector spatial separation between
the ''C decay and the neutron capture, building on ideas in
Refs. [76-78]. Novel reconstruction techniques may also
help with directionality [79].

Figure 3 shows the energy distributions, without and
with quenching, produced by neutrons of two example
neutrino energies. For the distributions without quenching,
we show the initial neutron energy, which is very close to
what will be deposited in the medium because losses due to
neutrinos are minimal. The spread of the distribution is due
to the kinematics of the differential cross section, and is
affected by the Fermi motion of the initial nucleons and by
intranuclear scattering of final-state nucleons. For the

distributions with quenching, we show the equivalent
electron energy, taking into account both the complicated
scattering processes the neutron induces and the reduced
scintillation efficiencies for hadrons. The effects of quench-
ing are nonlinear, being stronger for lower hadron (and
hence neutrino) energies.

B. Comparison to observed data

As noted, KamLAND observed these atmospheric NC
interactions in 7.8-31.8 MeV [68,69], but treated them as a
background in searches for low-energy 7, + p = et +n
signals, e.g., from the diffuse supernova neutrino back-
ground. Those CC events also have a two-part coincidence
of a prompt energy deposition followed by a single neutron
capture. For such searches, atmospheric NC interactions are
more relevant than atmospheric CC interactions because
the former are more concentrated at low detection energies
due to kinematics and quenching. Outside KamLLAND’s
energy range of interest, backgrounds due to spallation,
reactor, and atmospheric CC events are much larger.

Figure 4 shows our predicted atmospheric NC signal
spectrum compared to 6.72 kton-yr of KamLAND data.
We predict 17 -4 events in this energy range. On top of
this, we expect three fast neutron events due to muon
interactions outside the active volume [69], which we add
to the sample. Within this energy range, the tails of other
backgrounds are small and well predicted, and we subtract

KamLAND NC
7 L LA L
6 -
predicted: 20 + 5
Z 5 measured: 15 £ 3 i
£
e
= 4 ® .
o%
g
=i 3 -
*E atm. NC
S ‘ ‘ (v+7D)
32 ® ¢ ¢ ¢ | i
1 o O o
oLl fastmentrons ] 1 LA

) 10 15 20 25 30 35
Eprompt [Mev]

FIG. 4. Spectrum of KamLAND’s atmospheric NC events in
7.8-31.8 MeV (6.72 kton-yr exposure), compared to our pre-
dictions that take into account the full detector response. For the
KamLAND data, we have subtracted backgrounds due to
spallation, reactor, and atmospheric CC events (all larger in
the gray regions), and rebinned the spectrum.
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FIG. 5. Distributions (separately normalized) of parent-neu-
trino energies for atmospheric NC events in KamLAND, without
and with analysis cuts. The sharpness of the step at low energies
is an artifact of the binning.

their contributions. We thus predict 20 + 5 total events,
while KamLAND observed 15 4= 3 [69]. The agreement is
very good, including for the shape, even without taking
into account systematic uncertainties—primarily on the
fluxes and neutrino-nucleus cross sections—which are
expected to be a few tens of percent [52,80,81]. This
success further supports our modeling of low-energy
atmospheric neutrinos.

Figure 5 shows the distribution of parent neutrino
energies for Eq. (3), both for the total rate and for the
rate after cuts. To calculate the yield without cuts, we use

do
Nth _/dEUNtAt—(Ey)GNC<ED)’ <5)

dE,

where N, is the number of nucleons, At is the live time, and
we use the neutrino fluxes from Sec. II and the NC cross
sections shown in Fig. 8. For this ideal case, the parent-
neutrino energy distribution is then determined by the
integrand. For the realistic case with cuts, we take into
account all of the analysis cuts, including on the energy
range. This has a large impact on the shape of the parent-
neutrino distribution, enhancing the low-energy peak at
~250 MeV and suppressing the contribution of neutri-
nos with energies above 500 MeV. For these lower
neutrino energies, the effects of neutrino oscillations are
enhanced.

The relevant energies in Fig. 5 are comparable to but not
the same as those for the usual sub-GeV events in Super-K,
which extend down to a visible energy of 250 MeV for
muon neutrinos and 160 MeV for electron neutrinos [52].

For atmospheric neutrino data at lower energies, Super-K
has only treated those events as a background [82-84],
though Ref. [81] finds good agreement with theoretical
predictions. It would be valuable for Super-K to develop
detailed atmospheric-neutrino analyses down to the lowest
energies.

IV. NEW PREDICTIONS FOR TAU-NEUTRINO
APPEARANCE IN JUNO

In this section, we present our calculations for JUNO and
its sensitivity to atmospheric v, appearance. With minor
adjustments, our calculations closely follow those above for
KamLAND, though JUNO is much larger.

JUNO?’s primary goal is high-precision measurements
of reactor antineutrinos to determine the neutrino mass
ordering, though it is a multipurpose detector [33,34,66,85].
The experiment, which is located in China at a depth of
700 m (1800 m water equivalent), will start in 2024. The
active volume of 20 kton is a homogeneous sphere viewed
by photomultiplier tubes, of which the fiducial volume is
restricted to 18.3 kton to reduce fast-neutron and other
backgrounds [66]. The scintillator is composed of linear
alkyl-benzene, with 2.5 g/l PPO (2,5-diphenyloxazole) for
fluorescence [86]. The nuclear mixture is 88% C and 12%
H [33]. We hence adopt the same quenching parameter
values as for our KamLLAND calculation.

Beyond size, there are several relevant differences
between JUNO and KamLAND. Owing to changes in
the geomagnetic cutoff, we expect a ~10% smaller
atmospheric neutrino flux at JUNO at the energies of
interest [38]. Owing to the shallower depth, there is a
higher flux of muons; the main concern is muon-induced
fast neutrons from outside the active volume, but the
huge size of JUNO allows effective shielding of those.
JUNO’s yield of detected photoelectrons per MeV of
energy deposited will be ~4 times higher than for
KamLAND [63,86]. And JUNO’s better electronics will
allow pulse shape discrimination techniques to separate
signals and backgrounds. We restrict our analysis to
prompt energies in the range 11-29 MeV to minimize
backgrounds; we anticipate that detailed studies by JUNO
will allow a broader energy range and thus a larger event
rate. To be conservative, we assume that the NC selection
efficiency is 80%, the same as the inverse beta decay
selection efficiency [34]. Realistically, this number should
lie between 93% and 99% [67,69]. Additionally, we
assume a live time efficiency of 80% (the same as
KamLAND), which can possibly be improved to 93%
[34]. Finally, we take JUNO’s excellent energy and
position resolution into account, though doing so has
only modest effects.

Figure 6 shows our predicted energy spectrum for
10 years of JUNO data (183 kton-yr), where we have
again selected events with a two-part coincidence of a
prompt deposition followed by a neutron capture. For the
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FIG. 6. Predicted spectrum of atmospheric NC events in 11—
29 MeV in JUNO (183 kton-yr exposure), including taking into
account the full detector response. We do not show the statistical
uncertainties because they are evident and because our focus is on
the integrated counts.

case of v, — v, oscillations, we expect 556 detected events
with negligible backgrounds. These events are composed of
183 v,, 231 v,, and 144 v,. For the case of v, disappearance
(the null hypothesis), we expect 412 events, which is
smaller by 26%. Taking only statistical uncertainties into
account in calculating the probability that 412 could
fluctuate up to 556, this would give JUNO 7.1¢ sensitivity
to v, appearance in ten years (and 5S¢ sensitivity within five
years). With possible improvements to the analysis, these
times would be shortened.

Figure 7 compares our predicted sensitivities (ignoring
systematic uncertainties) for the atmospheric NC signals in
JUNO and KamLAND with existing results from experi-
ments that rely upon tau lepton production from CC
interactions. We see that JUNO will surpass the current
Super-K sensitivity within five years; with an improved
analysis this could occur sooner. Importantly, our new
technique is complementary to existing approaches, prob-
ing NC interactions at much lower energies. Parallel to
these measurements using natural sources of neutrinos,
artificial sources have proven successful at measuring v,
appearance [27,87]. This culminated in the discovery of v,
appearance by the OPERA experiment [24,88].

So far, we have ignored systematic uncertainties on the
flux and cross sections, which are at the level of a few tens of
percent [52,80,81], as large as the difference we expect for
v, — v, versus v, disappearance. The flux uncertainty can be
largely removed by basing the predictions for JUNO on
Super-K data at comparable energies, as we have done.

T T T %,:
KamLAND ~0.3 GeV %
NC 2.
JUNO 5
SK 5 GeV
~5 Ge
cC =
DeepCore %
E
PERA ~17 GeV || E
OPER cC %.
I b ~1 PeV
ceCube cC

o 1 2 3 4 5 6 7 8
Significance [o]

FIG. 7. Our predicted sensitivities (statistical uncertainties
only; see text) to v, appearance in atmospheric neutrino NC
interactions (pink bars) compared to present constraints based on
atmospheric neutrino CC interactions (gray bars). we also show
current constraints on v, appearance from beamline and astro-
physical measurements (light gray). Our results are the first to
target sub-GeV energies.

Because Super-K has separately measured the atmospheric
neutrino rates at all angles, the initial fluxes can be separated
from the effects of oscillations, especially because the
oscillation parameters are known from laboratory experi-
ments. However, there are significant cross section uncer-
tainties because JUNO and Super-K have different
compositions; plus one cross section is CC and the other
is NC. For simplicity, we discuss this in terms of the total
cross sections, but it also applies to the differential cross
sections.

Despite these difficulties with the cross section uncer-
tainties, we are optimistic about ways forward. First, we
speculate that it may be possible to show that the CC
neutrino-oxygen and NC neutrino-carbon uncertainties are
largely correlated, in which case they would cancel in the
comparison of JUNO and Super-K data. Additionally,
JUNO could perform its own CC studies (which would
require developing techniques for directionality), removing
the dependence on Super-K data, so that the uncertainties
would largely depend on comparing the CC versus NC
neutrino-carbon cross sections, which are likely correlated.
Second, laboratory measurements of the cross sections
could be made the near detectors of accelerators experi-
ments, similar to measurements made by MiniBooNE [89]
and T2K [90]. A detailed uncertainty quantification based
on existing data could prove more favorable than the few
tens of percent we have assumed. Third, it may be possible
to develop some crude directionality for the JUNO events,
as noted above, so that a comparison of upgoing and
downgoing event counts would test v, appearance in these
NC interactions.
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V. CONCLUSIONS AND OUTLOOK

A leading challenge in neutrino physics is to determine if
the standard three-flavor paradigm is complete. A key test
is to observe both the disappearance of active neutrinos due
to flavor oscillations and the corresponding appearance of
neutrinos of another flavor. A longstanding missing link is
the observation of v, produced from oscillations of atmos-
pheric v,. We have proposed the first practical way to test v,
appearance at energies below the 7 production threshold,
using NC interactions. This method uses quasielastic
scattering of neutrinos with carbon nuclei, with the ejection
of a single neutron. These neutrons create a two-part
coincidence signal in JUNO—a prompt energy deposition
from scattering of the neutron in the scintillator, followed
by a delayed radiative capture of the neutron—which
greatly lowers backgrounds. This signal has been observed
in KamLAND (with low statistics) and predicted for JUNO,
in both cases treated only as a background. For the first
time, we have shown it to be a useful signal.

The key obstacle to implementing our method is the
neutrino-nucleus cross section uncertainties—a problem
that we believe will be surmountable in the near future.
Importantly, we expect that our method can be substantially
improved. As discussed in Sec. III, is it likely that the
energy range can be expanded, increasing the statistics by a
factor of a few. In JUNO, pulse-shape discrimination
techniques and other advantages should allow decisive
background rejection compared to KamLAND. Also,
JUNO should be able to use other NC interactions, for
example, quasielastic NC interactions with protons [91].
While this would not have a two-part coincidence signal, it
should be possible to use pulse-shape discrimination to
efficiently reject backgrounds. If so, this would roughly
match the statistics of our neutrino-neutron NC signal; it
would also allow cross section uncertainties to be reduced
through complementary measurements. Such improve-
ments would enable our new method to become a powerful
technique to detect v, at sub-GeV energies.
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APPENDIX: NEUTRINO CROSS SECTIONS

In this section, we show in Fig. 8 the GENIE results for
the total cross sections (divided by neutrino energy) for
both the neutrino-oxygen (Super-K) and neutrino-carbon
(JUNO) cases. Their similarity is encouraging from the
perspective of potentially canceling their uncertainties in a
ratio, but that is so far just a conjecture.
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FIG. 8. Key neutrino total cross sections as a function of

neutrino energy, expressed as values per nucleon and per energy,
as obtained from GENIE3 [56]. Top: the oxygen cross sections.
Bottom: the carbon cross sections.
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