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Abstract. The flux of neutrinos from annihilation of gravitationally captured dark matter
in the Sun has significant constraints from direct-detection experiments. However, these
constraints are relaxed for inelastic dark matter as inelastic dark matter interactions generate
less energetic nuclear recoils compared to elastic dark matter interactions. In this paper,
we explore the possibility for large volume underground neutrino experiments to detect
the neutrino flux from captured inelastic dark matter in the Sun. The neutrino spectrum
has two components: a mono-energetic “spike” from pion and kaon decays at rest and a
broad-spectrum “shoulder” from prompt primary meson decays. We focus on detecting the
shoulder neutrinos from annihilation of hadrophilic inelastic dark matter with masses in the
range 4–100 GeV and the mass splittings in up to 300 keV. We determine the event selection
criterion for DUNE to identify GeV-scale muon neutrinos and anti-neutrinos originating from
hadrophilic dark matter annihilation in the Sun, and forecast the sensitivity from contained
events. We also map the current bounds from Super-Kamiokande and IceCube on elastic
dark matter, as well as the projected limits from Hyper-Kamiokande, to the parameter space
of inelastic dark matter. We find that there is a region of parameter space that these neutrino
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experiments are more sensitive to than the direct-detection experiments. For dark matter
annihilation to heavy-quarks, the projected sensitivity of DUNE is weaker than current
(future) Super (Hyper) Kamiokande experiments. However, for the light-quark channel, only
the spike is observable and DUNE will be the most sensitive experiment.
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1 Introduction

There is overwhelming evidence for the existence of dark matter (DM) in our universe.
The most widely accepted model of cosmology, �CDM, points towards a non-baryonic and
non-relativistic species that constitutes nearly 25% of the energy budget of our universe [1].
However, the particle nature of DM, i.e., its mass, spin, and interactions, is yet unknown. As
the Earth and Sun move through the halo of DM trapped in our galaxy, feeble interactions
between DM and visible matter are expected. Direct detection experiments on Earth aim
to detect the nuclear and electronic recoils produced in these scatterings. On the other
hand, DM scattering o� nuclei in Sun can lead to gravitational capture and DM is gradually
accumulated in the Sun [2–5]. The captured DM can annihilate or decay into Standard
Model particles, producing a flux of neutrinos that can be detected by large volume neutrino
detection experiments on Earth such as Super-Kamiokande [6–8], ANTARES [9, 10], and
IceCube [11, 12].

The main goal of this paper is to take a detailed look at the sensitivity of the Deep
Underground Neutrino Experiment (DUNE) [13, 14] to the flux of neutrinos from DM
annihilation in the Sun, and to compare with limits from other neutrino and direct-detection
experiments. This topic has been extensively studied in the context of elastic scattering of
DM with the conclusion that most of the parameter space that can be probed by neutrino
experiments is already ruled out by direct-detection experiments, except perhaps Hyper-
Kamiokande [15] can do marginally better in some channels [16]. As a result, we focus our
attention on inelastic dark matter proposed in ref. [17] to address the discrepancy between the
observed annual modulation in DAMA [18–20] and the null results in other direct-detection
experiments. We assume a simplified model where the dark sector comprises two species, ‰1
and ‰2, with an endothermic mass splitting, ” = M2 ≠ M1 > 0, and contact interaction with
the quarks. In this work, we only study hadrophilic interactions and the results for leptophilic
interactions can be analogously obtained [21].

As we discuss below, the large volume underground neutrino experiments can probe
novel regions of the parameter space for inelastic dark matter that are inaccessible to direct-
detection experiments. This is owning to the fact that the dark matter capture in the Sun
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is less a�ected by the mass splitting than direct detection experiments (see section 2). The
subsequent neutrino flux from inelastic DM annihilation in the Sun can be detected by the
neutrino experiments [22]. The fraction of atmospheric neutrinos that is coincident with the
position of the Sun constitute the main background. The main challenge to the sensitivity
of the neutrino experiments is the poor source-pointing resolution at these energies, which
can be attributed to the lack of one-to-one correspondence between the direction of incident
neutrino and detected charged lepton.

It has been pointed out in refs. [23, 24] that dark matter annihilation to quarks in the
Sun results in a large flux of mono-energetic neutrinos from pions and kaons that decay-at-rest
after thermalization (called fiDAR and KDAR respectively). The neutrinos from fiDAR have
energies ≥ 30 MeV and are extremely di�cult to detect due to large atmospheric neutrino
background. As a result, the community has focused on detection of the neutrinos from
KDAR that have energies ≥ 236 MeV that allow for approximate reconstruction of the incident
neutrino direction [25–28]. This mono-energetic feature in the neutrino spectrum is often
called a “hump” or “spike”. While a positive detection of these spike neutrinos will be a
smoking-gun signal of DM capture in the Sun, the lack of any spectral information will result
in a degeneracy between the reconstructed dark matter parameters such as its mass, cross
section, and the annihilation channel. The observation of spike neutrinos in DUNE gives a
poor understanding of the particle nature of the dark matter, and a complementary probe
would be beneficial. With this motivation, we focus on the other part of the emitted neutrino
spectrum called the “shoulder” which comprises neutrinos from the decay of primary mesons
prior to thermalization in the Sun. The shoulder is a broad spectrum feature that extends up
to the mass of the annihilating dark matter, and strongly depends on the annihilation channel.
We refer the reader to figure 3 for an example of the neutrino spectrum from annihilation of
25 GeV dark matter in the Sun.

Observation of shoulder neutrinos will help to understand the flavor structure of dark
matter interactions with quarks. Typical models of dark matter assume that the dark matter
couples to all quarks flavors. As the exact nature of dark matter interactions is yet unknown,
the assumption of minimal flavor violation can be relaxed. For a model-independent study,
we consider the two scenarios — dark matter annihilation to only light-quarks and only
heavy-quarks, independently. In detailed models, the results from this study can be scaled
and combined appropriately. If dark matter annihilates to light quarks (uū, dd̄, ss̄), then
the KDAR neutrinos are the only detectable component. The KDAR neutrinos produced in
the Sun are muon neutrinos but the flavor conversion between the production point and the
detector results in all flavors of these mono-energetic neutrinos in the detector. In a water
Cherenkov detector like Super-Kamiokande, only the ‹e component is detectable as ‹µ is
very close to the detector threshold. DUNE can utilize the excellent low-energy resolution of
Liquid Argon Time Projection Chamber (LArTPC) and detect both ‹e and ‹µ components
of the spike. In ref. [25], the sensitivity of Super-Kamiokande and DUNE to the ‹e-spike
has been studied. However, the source-pointing resolution of a water Cherenkov detector
from quasi-elastic scattering needs to be examined carefully, and we look forward to the
detailed study by the Super-Kamiokande collaboration in future. The sensitivity of DUNE to
the ‹µ-spike events is studied in ref. [28], and limits are provided for inelastic dark matter
assuming a mass splitting of 50 keV. In this work, we include a wider parameter space, and
we discuss comparisons with direct-detection experiments.

If dark matter annihilates to heavy quarks (such as bb̄ and/or cc̄), then the shoulder
neutrinos can be detected by Super-Kamiokande and IceCube which results in strong limits
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on spin-independent and spin-dependent interactions of dark matter [8, 12].1 In ref. [29], the
sensitivity of DUNE to DM annihilation to heavy quarks has been evaluated using electron
neutrinos. As muons o�er arguably better source pointing resolution, we estimate for the first
time, the sensitivity of DUNE utilising the flux of muon neutrinos. We calculate the energy and
angular cuts on the predicted atmospheric neutrino events that will favor the signal from dark
matter annihilation in the Sun. For this, we have used the Monte Carlo program NuWro [30] to
simulate the interactions of GeV-neutrinos with argon nuclei. We find that for the heavy-quark
channel, the shoulder neutrinos provide better sensitivity than KDAR neutrinos in DUNE.
However, the existing limits from upward-going muons in Super-Kamiokande are stronger
than our projected sensitivity from contained events in DUNE. It would be interesting to
study the sensitivity of DUNE from upward muons, but it is beyond the scope of this work.
In table 1, we provide a bird’s eye view of the detection capability of Super-Kamiokande,
IceCube, and DUNE to the spike and shoulder neutrinos. We tabulate if the detector can
reasonably reconstruct the incident neutrino energy and direction using spike or shoulder
neutrinos. The spike neutrinos scatter via the quasi-elastic like (QEL) interactions, and the
final state lepton is isotropic. As a result, the sensitivity of Super-Kamiokande and DUNE is
obtained from the counting of total events in refs. [25, 26]. Recently, it was proposed that
DUNE can reconstruct the neutrino direction using the final-state proton, which cannot be
detected in Super-Kamiokande, and results in the reduction of atmospheric backgrounds [28].
The shoulder neutrinos mostly undergo deep-inelastic scattering (DIS) and the kinematics
of the final-state lepton is correlated with the incident neutrino energy and direction. In
ref. [8], Super-Kamiokande provides limits for elastic dark matter using both upward-muon
and contained events from all-flavors. It is clear from ref. [16] that the Super-Kamiokande
sensitivity is dominated by the limits from upward muons. In our analysis, we map these
limits on to the parameter space for inelastic dark matter. The constraints on inelastic dark
matter above 100 GeV from IceCube is studied in ref. [31]

Due to the limitations of the Monte Carlo generator NuWro, we limit our analysis to dark
matter mass below 100 GeV. In this range, there are competing limits from direct-detection
experiments. We use the WimPyDD package [32] to estimate the relative event-rates for
elastic and inelastic dark matter, and use the latest sensitivity of LUX-ZEPLIN (LZ) [33],
XENONnT [34], PandaX-4T [35], and the C3F8 run of PICO-60 (PICO-C3F8) [36]. We find
that these experiments provide a good coverage of the range of dark matter mass considered
in this paper.

In the next section, we present a brief overview of inelastic dark matter: direct detection
and its gravitational capture in the Sun. The evaluation of the neutrino flux at Earth and
at detectors from DM annihilation in the Sun in reviewed in section 3. The atmospheric
background and our approach to determining cuts to reduce the background relative to the
signal of neutrinos from DM annihilation in the Sun appear in section 4. In section 5 we
present our results, while section 6 summarizes our main results and outlook.

2 Overview of inelastic dark matter

In typical models of inelastic DM, the dark sector comprises two fermionic mass eigenstates
‰1 and ‰2. Their masses di�er by an endothermic mass splitting ” = M2 ≠ M1 > 0. In
these models, only o�-diagonal interactions between the two mass states are allowed at the

1
The limits from ANTARES [10] are weaker than IceCube for the dark matter mass range considered in

this paper.
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‹e ‹µ

E‹ ◊‹ ref. E‹ ◊‹ Ref.

Spike
( QEL )

SuperK 3 7 [25, 26] 3 7 —
IceCube 7 7 — 7 7 —
DUNE 3 3 [25, 26] 3 3 [26, 28]*

Shoulder
( DIS )

SuperK 3 3 [8]* # 3 3 [6–8]*
IceCube 3 7 — 3 3 [11, 12]*
DUNE 3 3 [29] 3 3 This Work

Table 1. We provide a bird’s eye view of the capabilities of the neutrino experiments to detect the
spike and shoulder neutrinos from the dark matter annihilation in the Sun. The spike neutrinos
undergo quasi-elastic like (QEL) scattering and the shoulder neutrinos mostly undergo deep-inelastic
scattering (DIS). We show the ability (inability) of the detectors to reasonably reconstruct the incident
neutrino energy and direction with a 3 ( 7 ). Note that for the shoulder, sensitivity is same for
neutrinos and anti-neutrinos. We also provide references (Ref.) for the corresponding study, and
mention that this work discusses detection of the shoulder muon neutrinos in DUNE. The references
marked with * are by the respective collaboration. #Events from all neutrino flavors are included in
ref. [8]. See text for details.

tree-level, i.e., ‰2 couples to ‰1 but the self-couplings ‰1 ≠ ‰1 and ‰2 ≠ ‰2 are forbidden.
These self-couplings may be generated at loop-level [37], and hence are sub-dominant. The
cosmological dark matter density today is dominated by the lighter state ‰1, however, there
are circumstances when a sizable population of ‰2 may also survive until today. In this work,
we do not make assumptions about the details of the particle physics model and only look at
three parameters of inelastic DM — the mass of lighter DM particle (M‰), mass splitting (”),
and the DM-nucleon scattering cross-section (‡‰N ). We will also assume isospin invariant
couplings for simplicity. As a consequence of the mass splitting, a fraction of the energy
budget of the DM interaction is spent to create the heavier state. This changes the kinematics
of the interaction, and as a result, the available phase space for inelastic scattering is usually
smaller than for elastic scattering. In this section, we quantify the impact of the inelasticity
parameter ” on direct-detection rates as well as on gravitational capture of inelastic DM
in Sun.

2.1 Direct detection

Dark matter direct-detection experiments are designed to observe the energy transferred by
galactic DM particles as they pass through the detector volume and interact with nuclei (or
electrons) of the target material. Initially designed with a focus on the Weakly Interacting
Massive Particle (WIMP) paradigm, most of these detectors are optimized to look for signals
of a ≥100 GeV DM particle scattering via weak-scale interactions [38]. The non-observation of
any significant events in these experiments has significantly constrained the viable parameter
space for WIMP-like DM [33–35]. Consequently, the scope of direct detection searches has
broadened, especially at the low DM mass frontier [36, 39–45].

The rate of nuclear recoils (counts per kilogram per day) in the direct-detection experi-
ments is given by,

RDD =
⁄ Emax

R

Emin

R

dER
fl‰

MN M‰

⁄

vmin

d3v v f(v̨) d‡‰N

dER
(2.1)
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where fl‰ ≥ 0.3 ≠ 0.4 GeV/cm3 is the local dark matter density [46, 47], MN is the nucleon
mass, M‰ is dark matter mass, f(v̨) is the velocity distribution of dark matter in the vicinity
of the Earth with

s
d3vf(v̨) = 1, and d‡‰N /dER is the di�erential DM-nucleon interaction

cross section. The interaction cross section includes the form factors which are functions of
the nuclear recoil energy ER. The event rates in these detectors depends on the range of
recoil energies to which the detector is sensitive and on the minimum dark matter velocity
required to generate detectable nuclear recoils (vmin).

As none of the direct-detection experiments have observed a significant excess in nuclear
recoils above their background expectations, Eq. (2.1) can be used to determine their exclusion
limits on elastic DM parameters M‰ and ‡‰N . The sensitivity of these experiments depends
on the velocity distribution of DM in the vicinity of the Earth. It is usually assumed that the
DM has a Maxwellian velocity distribution in the galactic frame with v0=220 km/s and cuto�
at 550 km/s, which is the escape velocity of our galaxy. As the Earth is moving through the
DM halo, f(v) in eq. (2.1) is the time-averaged distribution in the boosted frame.

In the case of inelastic dark matter, the minimum DM velocity required to produce a
specific recoil on a nucleus of mass MN is increased due to the mass splitting,

vmin(ER) = 1Ô
2MN ER

A
MN

µ‰N
ER + ”

B

, (2.2)

where µ‰N = M‰MN /(M‰ + MN ) is the reduced mass of dark matter nucleus system. As a
result, the available phase space for inelastic dark matter is typically smaller when compared
to the elastic scattering (” = 0), and the event rates are relatively smaller. Not only that,
inelastic DM scattering is also more sensitive to the high-velocity tail of the distribution.

We use WimPyDD [32] to calculate the event rates for various direct-detection experi-
ments supported by the package. WimPyDD can evaluate the event rates for elastic as well as
inelastic dark matter for the Xenon-based experiments (XENONnT, and LZ) and the bubble
chamber detector PICO-60 with the C3F8 target. We have also evaluated the sensitivity of
PandaX which di�ers from XENON and LZ primarily due to increased sensitivity at large
recoils [35]. Although other target nuclei are supported, a complete implementation of other
detectors such as CRESST [45], DarkSide [44], and CDMS [41] in WimPyDD is beyond the
scope of this work. As the sensitivity obtained by WimPyDD is only approximate, it is
advantageous to utilize the relative event-rate

kDD(M‰, ”) = RDD(M‰, ”) / RDD(M‰, 0) , (2.3)

which is less sensitive to inaccuracies of the package, and represents the scaling of the event
rate with the mass-splitting parameter ”. Using kDD, we obtain the limits on the inelastic
DM-nucleon cross-section from a direct-detection experiment by scaling the limits for elastic
DM scattering. The exclusion limits for inelastic DM is thus given by,

‡lim
DD(M‰, ”) = ‡lim

DD(M‰, 0) ◊ k≠1
DD(M‰, ”) , (2.4)

where ‡lim
DD(M‰, 0) is the current limit on the spin-independent elastic scattering cross-section.

In future, one can use kDD to obtain new limits when there is an update from the experiment.
In figure 1, we show the contours in M‰ ≠ ” parameter space for fixed kDD(M‰, ”) for PICO-
C3F8 and the Xenon-based experiments LZ and PandaX. We find that for a given DM mass
M‰, there exists ”max beyond which a direct-detection experiment is completely insensitive
to DM-nucleon scattering. Moreover, ”max also depends on the maximum recoil threshold

– 5 –



J
C
A
P
0
1
(
2
0
2
4
)
0
3
0

Figure 1. The contours for relative event rates kDD (see eq. (2.3)) are shown for PICO-C3F8 (left)
and the Xenon-based experiments (right). Note the di�erence in the limits of the ordinate between
figures. The contours for LZ (green, dashed) and PandaX (blue, solid) are di�erent as PandaX is
sensitive to larger nuclear recoils. The di�erence is significant for DM mass above ≥75 GeV and mass
splitting above ≥150 keV.

as evident in the larger sensitivity of PandaX when compared to LZ and XENON. Similar
conclusions have been obtained in ref. [48]. At the time of this writing, XENON and PandaX
provide the leading limits for DM mass between 5–9 GeV whereas LZ is most sensitive above
9 GeV. For DM mass between 2–5 GeV, we use the limits by PICO-C3F8.2 Recently, the
PICO collaboration presented their limits on inelastic dark matter in [49], and our results
obtained with eq. (2.3) are in agreement.

It is worth mentioning that other experiments like CRESST have enhanced sensitivity
for larger mass splittings, and future heavy-nuclei based experiments can also probe a wider
DM parameter space [48]. Moreover, the sensitivity of these experiments is also improved by
accounting for an extra-galactic component in the DM velocity distribution [50]. However,
systematic inclusion of this high-velocity component in WimPyDD as well as gravitational
capture in the Sun (as discussed below) is beyond the scope of this work and left as a
future e�ort.

2.2 Gravitational capture in Sun

When a DM particle from the galactic halo falls into the gravitational potential of the
Sun, it accelerates to a velocity w(r) =


u2 + v2esc(r), where u is the DM velocity outside

the gravitational potential and vesc is the local escape velocity, both in units of c (natural
units). The inelastic interaction between incident DM and a target nucleus in the Sun is
kinematically allowed only if w2(r) > 2”/µ where µ is the reduced mass of the DM–nucleus
system [51, 52]. As a result, for typical values of the mass splitting, only the high-velocity

2
In this range, the liquid argon based experiment, DarkSide [44], provides leading sensitivity today and

evaluating the relative event-rate on argon is interesting. However, DM with mass less than 4 GeV is evaporated

from the Sun and the marginal improvement does not warrant a dedicated implementation in WimPyDD.
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tail of DM distribution results in a gravitational capture. The di�erential capture rate by the
i-th isotope in the Sun is given by,

dCi

dV
= n‰ni(r)

⁄
du

f(u)
u

w(r)
⁄

dER
d‡

dER
, (2.5)

where f(u) is the DM velocity distribution boosted to the frame of the Sun, n‰ = fl‰/M‰,
and ni(r) is the local number density of the target isotope. The limits for integration over the
recoil energy and the velocity are non-trivial as the phase-space for capture is significantly
reduced due to the mass splitting ”. We follow the method outlined in ref. [53] for evaluating
the integrals in eq. (2.5). The total rate of capture of DM in Sun is given by,

�cap =
ÿ

i

⁄ Rsun

0
4fir2dr

dCi

dV
, (2.6)

where we sum over all 29 isotopes given by the B16-AGSS09 solar model [54]. As the capture
rate for inelastic dark matter with spin-dependent interactions is very small [52, 53], we
only look at spin-independent scatterings of dark matter. Moreover, we assume that the
number density of captured dark matter in the Sun has reached equilibrium and the rate of
annihilation is given by the steady state solution,

�A = �cap
2 . (2.7)

Lastly, the evaporation of low-mass dark matter will be a�ected by a non-zero mass split-
ting [55]. One expects that for large mass-splitting, the evaporation rate will be smaller as the
nucleons cannot su�ciently up-scatter the captured dark matter. As a result, the evaporation
mass for inelastic dark matter would be smaller than the evaporation mass for elastic dark
matter, which is approximately 4 GeV for the Sun [4, 56]. In this study, we assume that the
reduced rate of evaporation is less important than the reduction in capture rate, and we do
not consider dark matter lighter than 4 GeV. In detailed models, a small elastic-scattering
cross section is always generated at one-loop level which aids in attaining equilibrium and
contributes to evaporation.

Similar to the application of direct-detection limits on elastic DM to inelastic DM, we
are interested in the relative reduction in the capture rate due to the inelastic DM mass
splitting, so we determine

kcap = �cap(M‰, ”) / �cap(M‰, 0) . (2.8)

In figure 2, we show the contours of constant kcap in the M‰ ≠” parameter space. As expected,
the inclusion of the mass splitting yields a smaller capture rate as compared to the elastic
DM interactions (i.e., ” = 0 line in the figure). We also show the regions of parameter
space where complementary limits from direct-detection experiments exist from Xenon-based
experiments as well as from PICO-C3F8. It is interesting to note that there exists a region
of parameter space that is inaccessible to direct-detection experiments but does not su�er
from an exponential reduction in capture rate. In this region, even though the capture
rate is reduced by factor of 0.1 ≠ 0.01, there are no competing limits from direct-detection
experiments. The only way to probe this space is through neutrino detection experiments. In
ref. [57] discusses the complementarity between direct-detection experiments and capture in
the Sun of inelastic dark matter to obtain halo-independent bounds.
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Figure 2. The contours for relative capture rate kcap (see eq. (2.8)) are compared with the sensitivity
of direct-detection experiments. The figure on the left focuses on the small-mass parameter space.
The shaded regions show non-zero relative event rate in direct-detection experiments, kDD Ø 0, for
PICO-C3F8 (purple), XENON and LZ (grey), and PandaX (blue). The yellow shaded region represents
the evaporation mass of dark matter, which we fix at 4 GeV for all ” Ø 0. One can see that there is a
significant parameter space where direct-detection experiments are not sensitive, but where indirect
detection from a significant gravitational capture and annihilation of DM in the Sun is possible.

3 Neutrino flux from DM annihilation in Sun

In a simplified and minimal model of inelastic DM, it is reasonable to assume that the
gravitationally captured DM in the Sun annihilates to standard model particles. In hadrophilic
models, the DM annihilates to a quark-antiquark pair which hadronize in the solar media.
The subsequent decays of the mesons result in neutrinos that escape the Sun. In detailed
models of DM, it is also possible that the dominant annihilation channel is to leptons or
beyond standard model particles [58–60], however, we do not consider these models here. We
also ignore the details of the mediator and only assume scalar contact interactions.

The flux of neutrinos of flavor – at a detector on Earth is given by,

d�D
–

dE‹
= �A

4fid2
ÿ

—

P–—
dÏ—

dE‹
(3.1)

where, dÏ—/dE‹ is the energy-spectrum of neutrinos produced per annihilation and P–— is the
average conversion probability which includes propagation inside the Sun, through vacuum
to the Earth, and propagation inside the Earth to the detector location. In this work, we
assume that d = 1 A.U. is the average distance between the Sun and Earth, and we ignore
the e�ects of the eccentricity of the Earth’s orbit. We use the publicly available package
PPPC 4 DM‹ [61] to estimate the neutrino flux as well as the DM annihilation rate, �A. The
spectrum of neutrinos of various flavors at the source, without any flavor conversion e�ects, is
shown in figure 3 for a benchmark DM mass of 25 GeV for two di�erent annihilation channels,
to ‘uū’ and to ‘bb̄’. Note that there are two distinct features: a mono-energetic spike in the ‹µ

spectrum, and a broad shoulder in all six components (‹e, ‹̄e, ‹µ, ‹̄µ, ‹· , and ‹̄· ). The spike
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Figure 3. Left: The energy-scaled spectrum of muon neutrinos and anti-neutrinos per DM annihilation
(E‹ dÏ—/dE‹) in the Sun is shown for a benchmark DM mass of 25 GeV and for two annihilation
channels — ‘bb̄’ (blue) and ‘uū’ (light blue). The neutrino (anti-neutrino) spectrum is shown with solid
(dashed) curve. The spike in the ‹µ spectrum is due to primary and secondary K+ that decay-at-rest
(KDAR) in the Sun. For illustration, we represent the mono-energetic feature with a Gaussian of
width 10 MeV which is the typical energy resolution of a LArTPC detector at these energies. Right:
The energy-scaled spectrum of non-muon flavors is shown. The spectrum of anti-neutrinos is same as
neutrinos. Both: The broad feature from E‹ = 500 MeV to E‹ = M‰ in all neutrino spectra, called the
shoulder, is significant only for the heavy-quark channel. There are additional features in the neutrino
spectra at below 250 MeV, notably from three-body decays of kaons, which are not shown here.

at 236 MeV arises from primary and secondary K+ that decay at rest [23, 24], whereas the
shoulder is mostly due to prompt decays of primary mesons produced after hadronization.
For the spike, the integrated form of eq. (3.1) can be obtained as,

�spike = �A
4fid2 ◊ Pµµ ◊ 2M‰rK

2mK
B (3.2)

where rK is the energy fraction that yields kaons at rest [25], mK ≥ 494 MeV is the mass of
charged kaon, and B = 0.68 is the charged kaon branching fraction to mono-energetic ‹µ.
In ref. [28], the DUNE collaboration reported the projected sensitivity of the flux of these
236 MeV neutrinos in a DM model independent form as,

�spike (400 kton-yr) Æ 102 m≠2 s≠1 (3.3)

translates to limits on the DM capture rate in the Sun. For an honest comparison, we use
the sensitivity from generator-level analysis without accounting for the detector e�ects in
reconstruction, which reduces the sensitivity by an order or magnitude. The sensitivity of
DUNE to shoulder neutrinos from DM annihilation is the Sun is the main subject of this paper.

One should note that the shoulder is significant only if DM annihilates to heavy quarks,
whereas the spike is present in both light-quark and heavy-quark channels [25]. As we do
not discuss the detailed model of inelastic DM, we consider these two channels, uū and bb̄,
independently as benchmark annihilation channels with unit branching fraction. Moreover,
we do not consider channels such as W +W ≠ and tt̄ as the main focus of the paper is on DM
masses below 100 GeV. Lastly, we do not explicitly consider leptonic channels such as · ·̄ and
‹‹̄ as the results for these channels can be analogously obtained.
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Figure 4. The flavor conversion probabilities in the Earth, averaged over the position of the Sun over
a period of one year at the proposed location of DUNE far-detector, ÈP–—Í, are shown for neutrinos
(left) and antineutrinos (right) as functions of energy.

We quantify the e�ect of flavor conversion in the Earth using the latest neutrino
oscillation parameters from NuFIT [62]. We use the nuCraft software [63] to evaluate the
flavor conversion probabilities due to vacuum-mixing as well as Earth-matter e�ects [64, 65].
The parametric resonance [66, 67], which is important for Earth-crossing neutrinos in the
energy range 3–10 GeV [68], is included in nuCraft. We evaluate the neutrino flux at 1 A.U.
which includes flavor conversion in the Sun and in vacuum using PPPC 4 DM‹. This flux
without Earth-crossing, d�E

µ/dE‹ , is multiplied by flavor conversion probabilities depending
on the zenith angle of the Sun at a given time and location on Earth. As we are interested in
event-rates in detectors over a span of several years of runtime, we average over the position of
the Sun over the period of one year and obtain an annual averaged flavor conversion probability.
Subsequently, the (annually-averaged) flux of ‹– at a detector location is obtained by,

d�D
–

dE‹
= d�E

e

dE‹
◊ ÈP ED

e– Í +
d�E

µ

dE‹
◊ ÈP ED

µ– Í + d�E
·

dE‹
◊ ÈP ED

·– Í (3.4)

where ÈP–—Í represents the conversion probabilities averaged over the zenith angles of the Sun.
The antineutrino flux at the detector can be obtained analogously. We use AstroPy [69] to
calculate the zenith-angles of the Sun (Â) at the proposed location of the DUNE far-detector,
and we calculate P ED

–— (E‹ , Â) using nuCraft for 100 ◊ 365 samples of Â over a period of one
year, before averaging. Our primary interests are the ‹µ and ‹̄µ fluxes from the shoulder
since the final-state charged leptons in the charged-current interactions are best candidates to
identify the direction of the source, and µ± o�er the best angular resolution in DUNE. We
evaluate ÈP–—Í for neutrinos and antineutrinos and present them in figure 4.

4 Atmospheric neutrino background

As discussed in the previous section, our focus is on low-mass DM particles which produce
neutrinos with energies ranging from 500 MeV to 100 GeV. At these energy scales, one of the
key challenges is to e�ciently identify and reject the significant background arising from atmo-
spheric neutrinos. Atmospheric neutrinos, originating from interactions between cosmic rays
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and the Earth’s atmosphere, reach the detector from all directions [70]. A fraction of them can
appear to come from the direction of the Sun. For a typical detector exposure that we consider,
these neutrinos cannot be distinguished from the neutrinos originating from DM annihilation
in the Sun, and thus limit the sensitivity of any terrestrial detector. In this section, we take a
close look at the expected distributions of atmospheric neutrino events in DUNE and propose
event selection criteria that would significantly reduce the atmospheric neutrino background.

As detailed estimates of the atmospheric neutrino flux at the location of the DUNE
far-detector are unavailable, we adopt the flux predictions for Super-Kamiokande provided
by Honda et al. [70]. This is a reasonable assumption as the proposed site for the DUNE is
at a similar latitude to Super-Kamiokande [68]. The e�ect of atmospheric neutrino flavor
conversion due to propagation in the Earth is evaluated using nuCraft [63] using the best-fit
values of neutrino oscillation parameters and assuming the Normal Hierarchy of neutrino
masses. As noted above, to obtain the energy-dependent cross sections as well as di�erential
distributions, we use the neutrino Monte Carlo generator NuWro that simulates neutrino and
antineutrino interactions with argon nuclei. Although ref. [70] provides zenith and azimuth
dependent flux, we use the all-sky-averaged flux as input to NuWro, and we assume that the
distribution is isotropic at the energy scales in consideration. Similar to ref. [26], we use the
spectral function approach to model the nuclei and set nucleus_target=2 and sf_method=1
in the NuWro parameter initialization file. Other parameters are set to their default values.
We only look at charged-current interactions. All neutral-current interactions channels are
switched o�. To obtain generalized results that are utilized later for the neutrino flux from
DM annihilation in Sun, we also separately simulate interactions from mono-energetic ‹µ and
‹̄µ with energies between 100 MeV and 100 GeV. As mentioned earlier, we only focus on the
muon neutrinos and antineutrinos as we expect better source-pointing resolution for tracks as
opposed to cascade-like events from electron and tau flavors.

Our focus is directed towards interactions that result in muon-like events, where the
interaction point is situated within the volume of the detector. This is di�erent from Super-
Kamiokande, which primarily utilizes upward-going muons that mostly originate in the rock
outside the detector [7]. The upward muons are advantageous as they have much larger target
volume, whereas the contained events in DUNE carry more information about the incident
neutrinos. Due to low thresholds and excellent particle identification capabilities of LArTPCs,
the events will have additional detectable final-state particles (like protons and pions) that
can help with reconstruction, however, we do not utilise them. The di�erential event rate for
contained events from charged-current interactions of atmospheric muon neutrinos can be
expressed as,

dNatm

dE‹
= Mtarget T

kton
NA ◊ 109

A
◊ ‡tot

d�atm

dE‹
(4.1)

where ‡tot is the total charged-current cross section from all channels, Mtarget is the fiducial
mass of the target nuclei (atomic mass A), and T is the exposure time. In figure 5, we
show the flux of atmospheric ‹µ and ‹̄µ folded with their energy-dependent interaction cross
section, with and without accounting for flavor conversions in the Earth. As DUNE is not
expected to be magnetized, it cannot di�erentiate between µ≠ and µ+, and the detector is
only sensitive to the aggregate flux. We expect around 2300 events per 34 kton-yr in DUNE
from atmospheric ‹µ and ‹̄µ from all angles with energies above 100 MeV, with most of the
events arising from neutrinos with energies below 5 GeV. Even though their flux is similar, ‹̄µ

contribute less to the event rate due to relatively smaller cross-section. However, not all of
these events would be considered as background in the search for DM annihilation in the Sun.
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Figure 5. We show the product of the angle-integrated fluxes of atmospheric ‹µ (solid) and ‹̄µ (dashed)
and charged-current cross sections at DUNE. We have explicitly shown the e�ect of flavor-conversion
in Earth: the lighter blue curves show the same ‹µ and ‹̄µ fluxes times cross sections without neutrino
oscillations in the Earth. Even though the fluxes are similar, ‹̄µ contribute less to the event rate due
to relatively smaller cross section.

The irreducible background comes from the atmospheric neutrinos that ‘appear’ to be coming
from the direction of the Sun.

The LArTPC technology that will be employed by the DUNE detector is expected to
have excellent energy and angular resolution for charged particles, especially at the energies
of interest [14]. Even if the µ±-tracks are perfectly reconstructed, the energy and direction of
the incident neutrino can only be imperfectly determined. Since our aim is to determine the
direction of the flight of the neutrino in DUNE, we need to determine event-selection criteria
that minimize this uncertainty. We follow ref. [26] for this purpose, albeit for high-energy
neutrinos. The event selection criteria for µ±-tracks in DUNE has two components: a muon
energy threshold (Eth

µ ), and the other, on maximum value of the relative direction of the muon
track to the Sun (◊c

µ). The remainder of this section is dedicated to determining appropriate
values for these parameters.

As evident from figure 5, a large fraction of atmospheric neutrino events can be reduced
by selecting high-energy tracks above a threshold (Eth

µ ). These tracks that come from the
tail of the µ± energy distribution. In this work, we consider three benchmark cases for Eth

µ :
500 MeV, 1 GeV, and 5 GeV. As similar cuts will be eventually imposed on the DM signal
as well, one has to be conservative because very strict selection criteria will also reduce
event-rate from DM annihilation, thus resulting in low sensitivity. While there may exist
alternative choices that optimize the signal-to-background ratio, we do not perform this
exercise. Our choices represent a low-, moderate-, and high-energy cuto�, and we shall explore
their implications.

The number of muon-like tracks from atmospheric neutrinos in DUNE with energy above
the threshold Eth

µ is obtained by

Natm
th =

ÿ

µ±

⁄
dE‹

dNatm

dE‹
◊ ÷atm

th (E‹ , Eth
µ ) (4.2)
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Figure 6. The fractions of muons produced above threshold, ÷atm
th (see eq. (4.3)) as a function of

incident energy, for ‹µ (solid) and ‹̄µ (dashed) are shown for three benchmark choices of the track
energy threshold Eth

µ as 500 MeV, 1 GeV, and 5 GeV.

where ÷atm
th is the fraction of final-state muons that are produced above threshold for a given

neutrino energy, and given by,

÷atm
th (E‹ , Eth

µ ) = 1
‡(E‹)

⁄
d‡(E‹ , Eµ)

dEµ
�(Eµ ≠ Eth

µ ) dEµ ©
NMC(Eµ > Eth

µ )
NMC,total

. (4.3)

In the equation above, NMC(Eµ > Eth
µ ) is the number of simulated events in NuWro that pass

the energy selection criterion, and NMC,total = 5 ◊ 106 is the total number of simulated events
in NuWro for a given neutrino/antineutrino energy. In figure 6, we show the energy dependence
of ÷atm

th for both neutrinos and antineutrinos for the three benchmark choices of Eth
µ . As

expected, the selected fraction of events is identically zero at low energies (Emin
‹ ≥ mµ + Eth

µ ),
and it monotonically increases with incident neutrino energy. We also note that the selection
e�ciency for anti-neutrinos is typically higher than that of neutrinos. The resulting numbers
of events for muon-like tracks in DUNE from atmospheric neutrinos and anti-neutrinos are
tabulated in table 2 for the three benchmark energy threshold and assuming an exposure of
34 kton-yr.

For a given muon-like track in DUNE, one can reconstruct the initial energy of the
charged particle based on the rate of energy deposition along the track. Assuming perfect
resolution, one can also obtain the initial direction of the charged particle. This is, however,
insu�cient to infer the direction of the initial neutrino that interacted in the detector due to
the lack of one-to-one correspondence between the neutrino and charged-lepton directions.
One can only statistically infer whether the incident neutrino path lies within a cone of
half-angle ◊c

µ with respect to the direction of the charged particle: ◊µ < ◊c
µ where ◊µ is the

true angle between the muon and neutrino trajectories. Depending on the position of the Sun
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Component Eth
µ =500 MeV Eth

µ =1 GeV Eth
µ =5 GeV

‹µ 884 552 120
‹µ 325 232 58
Total 1209 784 178

Table 2. The expected number of events in DUNE from atmospheric muon neutrinos and antineutrinos
assuming an exposure of 34 kton-yr. The event rates are shown for the three benchmark values of
the muon energy threshold, Eth

µ . We expect ≥2300 events/(34 kton-yr) from the neutrinos and
anti-neutrinos above 100 MeV.

Figure 7. Geometry of a charged-current interaction is illustrated. DUNE has excellent energy and
angular resolution for tracks. However, the direction of the flight of incident neutrino can only be
determined statistically.

with respect to the muon track, ◊ sun
µ , we want to determine a criterion to accept/reject the

event. The geometry of the interaction is illustrated in figure 7.
To determine this directionality criterion, we look at the angular distribution of µ≠

and µ+ originating from atmospheric ‹µ and ‹̄µ respectively, as well as their aggregate. The
distributions obtained for the three benchmark values of Eth

µ are shown in the first three
panels of figure 8. As expected, the muons (anti-muons) are more collinear with neutrino
(anti-neutrino) direction for larger values of the muon energy threshold, and the total event
rate is smaller. From this angular distribution, we determine a numerical value of ◊c

µ such
that nearly 90% of the incident neutrinos lie inside the cone of half-angle ◊c

µ with the track
as axis and the interaction point as the vertex of the cone, and call it ◊ 90

µ . The fraction of
events for which ◊µ < ◊c

µ as a function of ◊c
µ is shown in the last panel of figure 8. Although

we have explicitly shown the contributions of µ≠ and µ+, only µ≠ + µ+ is observable as none
of the detectors in consideration can di�erentiate between them. It is clear that the value of
◊ 90

µ depends on the choice of Eth
µ , and subsequently we have three benchmark scenarios:

1. Low-cuto�: Eth
µ = 0.5 GeV and ◊ 90

µ = 40¶

2. Moderate-cuto�: Eth
µ = 1 GeV and ◊ 90

µ = 30¶

3. High-cuto�: Eth
µ = 5 GeV and ◊ 90

µ = 15¶.

In principle, it should be possible to perform an event-by-event analysis where the muon-like
track is accepted only if Eµ > Eth

µ and the position of the Sun in the sky relative to the muon
track is inside the conical section with half-angle ◊ 90

µ , i.e., ◊ sun
µ < ◊ 90

µ . The geometry of the
interaction is illustrated in figure 7.
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Figure 8. The first three figures (top left, top right, and bottom left) show the angular distribution of
muon-like events originating from atmospheric neutrinos in DUNE for the three benchmark choices of
the energy threshold, Eth

µ , considered in this paper. We show the contributions of µ≠ (dashed) and µ+

(dotted) separately, but only their aggregate (solid) is observable. Bottom right: The fraction of events
for which ◊µ < ◊ c

µ as a function of ◊ c
µ is shown for the three benchmark choices of Eth

µ for µ+ + µ≠

(solid), µ≠ (dashed) and µ+ (dotted). The horizontal grey line is f [◊µ < ◊ c
µ ] = 0.90 which determines

the numerical value of ◊ 90
µ .

It is possible to improve the atmospheric neutrino background estimate by including the
full angular dependence of the atmospheric neutrino flux, however, this is beyond the scope
of the paper and left as future work which could also include true predictions for atmospheric
neutrinos at the location of DUNE, as well as the uncertainty from reconstruction. For our
estimates, we assume that the atmospheric neutrino flux at these energies is isotropic and
subsequently, the event selection e�ciency considering both the energy threshold and direction
of the track is,

÷atm
sel = ÷atm

th ◊ 1
2

1
1 ≠ cos ◊ 90

µ

2
(4.4)

where both ÷atm
th and ◊ 90

µ depend on the choice of Eth
µ . Subsequently, the irreducible number
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of events from atmospheric neutrinos in DUNE is given by,

Natm
sel =

ÿ

µ±

⁄
dE‹

dNatm

dE‹
◊ ÷atm

sel (E‹ , Eth
µ , ◊ 90

µ ) (4.5)

© Natm
th ◊ 1

2
1
1 ≠ cos ◊ 90

µ

2
, (4.6)

where Natm
th are given in table 2. Any event selection criterion on the background must also

be imposed on the signal, and is explored in the next section.
Another potential source of background comes from solar atmospheric neutrinos [71–

73]. These are produced in cosmic ray interactions with the Sun’s atmosphere. These
neutrinos are typically sub-dominant as compared to Earth’s atmospheric neutrinos, even
when isolating events in the direction of the Sun. For DUNE, we estimate the event rate from
solar atmospheric neutrinos to be Æ 1/(400 kton-yr). We have evaluated the neutrino “floor”
for spin-independent interactions and find that it is approximately two orders of magnitude
below the projected sensitivity of shoulder neutrinos. We do not explicitly show the neutrino
floor for brevity.

5 Results and discussion

In the previous section, we identified three benchmark event-selection criteria that can
minimize the background from atmospheric neutrinos, and we obtained the source pointing
resolution of DUNE. In this section, we evaluate the impact of these criteria on the signal
from dark matter annihilation in the Sun to obtain the projected sensitivity for DUNE from
shoulder neutrinos. For the spike neutrinos, we use eq. (3.2) and the recent DUNE results
summarised in eq. (3.3), together with eq. (2.8) for our new constraints inelastic dark matter.

Due to the lack of one-to-one correspondence between incident-neutrino energy and the
outgoing-lepton energy and direction, a fraction of events from shoulder neutrinos from DM
annihilation in the Sun will not satisfy the event selection criteria. A signal-event is missed
if either the outgoing-lepton has kinetic energy below threshold, or if it is produced outside
the cone of half-angle ◊c

µ with axis along the direction of the Sun at the time of event. The
fraction of the events from DM annihilation in the Sun that pass the selection criteria are
given by,

N sig
sel = Mtarget T

kton
NA ◊ 109

A
◊

ÿ

µ±

⁄
dE‹ ‡tot(E‹) d�D

dE‹
◊ ÷sig

sel (E‹ , Eth
µ , ◊ 90

µ ) (5.1)

where ÷sig
sel is the signal-selection e�ciency, and determined by,

÷sig
sel (E‹ , Eth

µ , ◊ 90
µ ) = 1

‡tot(E‹)

⁄
dEµ d cos ◊µ

d‡

dEµd cos ◊µ
�(Eµ ≠ Eth

µ ) �(◊ 90
µ ≠ ◊µ)

©
NMC(Eµ > Eth

µ , ◊µ < ◊ 90
µ )

NMC,total
. (5.2)

We have evaluated ÷sig
sel for ‹µ and ‹̄µ using NuWro for the three benchmark scenarios considered

in this paper, and the results are shown in figure 9 (left).
To obtain the projected 90% C.L. exclusion limits, we follow ref. [26] and assume a

Poisson distribution for the event-rate from the atmospheric background. We assume a
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Eth
µ ◊ 90

µ Natm
sel N excl

90

0.5 GeV 40¶ 1664 57.5
1.0 GeV 30¶ 618 34.4
5.0 GeV 15¶ 36 9.4

Table 3. The number of expected atmospheric background events that pass the selection criterion
(Natm

sel ) and the number of signal events needed for 90% C.L. exclusion (N excl
90 ) are tabulated. We have

assumed an exposure of 400 kton-yr for DUNE.

Figure 9. Left: The signal-selection e�ciency, ÷sig
sel , for the three benchmark choices of muon energy

thresholds (Eth
µ ) are shown for ‹µ (solid) and ‹µ (dashed). The cone half-angle (◊c

µ) is determined
by the choice of Eth

µ (see table 3). Right: The sensitivities of DUNE to the shoulder neutrinos from
DM annihilation to bb̄ for the three benchmark choices are shown along with the sensitivity to spike
neutrinos (blue) from ref. [28], for elastic DM (” = 0). The exclusion limits from the direct-detection
experiment PICO60-C3F8 [36] are shown using a gray curve.

detector exposure of 400 kton-yr, and the observed number of events is set equal to the
expected number of background events, rounded to the nearest integer. A signal is considered
excluded at 90% C.L., if the total number of events, i.e., the sum of background and signal,
exceeds the observed number of events in at least 90% of the cases. For the three scenarios
considered in this paper, the number of expected atmospheric background events that pass
the selection criterion (Natm

sel ), and the number of signal events needed for 90% C.L. exclusion
(N excl

90 ) are presented in table 3.
The projected sensitivity in the M‰ ≠‡SI

‰p plane for elastic DM (i.e., ” = 0) is obtained by
considering N sig

sel Ø N exclg
90 . The results are shown in figure 9 (right). It is interesting to note

that the low-energy-cuto� scenario has larger sensitivity at small DM mass (Æ 7 GeV) and the
high-energy-cuto� scenario has larger sensitivity at larger DM mass (Ø 20 GeV). This can be
attributed to two di�erent factors. First, a larger threshold on the muon energy implies that
event-rate from DM with small mass is suppressed. Second, the muons with larger energy are
more collinear with the incident neutrino. As a result, not only the background is suppressed
due to small ◊c

µ, but also the fraction of events that satisfy the directionality criterion is larger,
and subsequently the signal-to-background ratio is enhanced.
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Unsurprisingly, the entire parameter space for elastic DM that can lead to detectable
signal in DUNE is already ruled out by direct-detection experiments. In the figure 9 (right),
we only show the limits by PICO60-C3F8 from ref. [36]. Other direct-detection experiments
such as XENON, LZ, and Panda-X are even more constraining. Their upper bounds on the
spin-independent cross section ‡SI

‰p are below the scale shown on this plot. This is one of the
primary reasons for investigating inelastic DM, for which the direct-detection experiments are
less sensitive. Moving forward, we choose the moderate-cuto� scenario (i.e., Eth

µ = 1 GeV and
◊c

µ = 30¶) to forecast our projected sensitivity for DUNE to detect the shoulder neutrinos
from annihilation of inelastic DM captured in the Sun.

For inelastic DM with non-zero mass splitting ”, the capture rate in the Sun is reduced
by a factor kcap(M‰, ”) Æ 1 (see eq. (2.8)) whereas the spectrum of neutrinos is not a�ected.3
As a result, the limiting sensitivity for DM-nucleon cross-section for inelastic DM can be
obtained from the limits obtained for elastic DM by a simple translation,

‡lim
cap(M‰, ”) = ‡lim

cap(M‰, ” = 0) ◊ k≠1
cap(M‰, ”) (5.3)

where ‡lim
cap(M‰, ” = 0) are the limits on the DM-nucleon cross-section obtained from the

capture of elastic DM (shown in figure 9). In ref. [8], Super-Kamiokande utilized their
upward-going muons data to look for neutrinos from DM annihilation in the Sun. Their limits
are presented for elastic DM. We translate their ” = 0 limits to limits on inelastic DM using
eq. (5.3). In ref. [16], the sensitivity of Hyper-Kamiokande using upward-going muons was
presented for SD interactions. We translate these limits for inelastic dark matter with an
additional factor of �SD

cap(M‰)/�SI
cap(M‰) in eq. (5.3) to account for the di�erence in capture

rate. Analogously, the limiting sensitivity of direct-detection experiments for inelastic DM
can be obtained from the limits on elastic DM,

‡lim
DD(M‰, ”) = ‡lim

DD(M‰, ” = 0) ◊ k≠1
DD(M‰, ”) (5.4)

where ‘DD’ in the subscript refers to the specific direct-detection experiment. As described
earlier, we limit our attention to PICO-C3F8, LZ, and PandaX for a good coverage of the
range of DM mass. Moreover, the capture of inelastic DM in the Sun with spin-dependent (SD)
interactions is highly suppressed [52, 53], and we only present our sensitivity forecasts for
spin-independent (SI) scattering cross-section of DM with nucleons.

With the translated limits from other neutrino experiments and direct-detection experi-
ments, we present our results for DUNE in figure 10 and figure 11. The sensitivity is projected
for muon-like contained tracks with moderate cuto� (i.e., Eth

µ = 0.5 GeV and ◊ 90
µ = 30¶) and

assuming a fiducial exposure of 400 kton-yr.
In figure 10, we show our results for the light-quark channel and the heavy-quark channel

separately. This is to highlight the fact that other neutrino experiments (such as Super-
Kamiokande and IceCube) can only detect shoulder muon neutrinos and antineutrinos, which
is prominent for heavy-quark channel only. In case of dark matter annihilation to light-quarks,
the shoulder is suppressed. The ‹µ-spike is only detectable at DUNE. In principle, Super-
Kamiokande and DUNE can also detect the ‹e-spike (originating due to flavor conversion)
for the light-quark channel, and the projected sensitivity has been obtained in [25]. We do
not show these limits as our discussion is focused on detection of muon-like tracks. One also
expects some events from tau neutrinos and anti-neutrinos from DM annihilation without any

3
If the heavier state is long-lived and constitutes a minor component of the cosmological DM density, only

the capture rate in the Sun needs to be suitably modified and the spectrum of neutrinos remains the same.
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Figure 10. The exclusion limits with neutrino experiments and direct-detection experiments on the
parameter space of mass-splitting (”) and spin-independent scattering cross-section with nucleon (‡SI

‰p)
are shown for two choices of DM mass (M‰). The limits for DM annihilation to light-quark channel
(left) and heavy-quark channel (right) are shown separately. The projected 90% C.L. exclusion limits
from DUNE with 400 kton-yr exposure are shown for spike and shoulder neutrinos independently.
The existing 90% C.L. exclusion limits from Super-Kamiokande with 3903 days exposure are shown
using the red solid curve (using eq. (2.8) and limits on elastic interactions from ref. [8]). The projected
sensitivity of Hyper-Kamiokande with 11 years exposure is shown with the red dashed curve (using
eq. (2.8) and ref. [16]). The existing limits from IceCube-DeepCore with 7 years of exposure is shown
in green (using eq. (2.8) and ref. [12]), but note that they are weaker than Super-K at these DM
masses. The limits from Super-Kamiokande and Hyper-Kamiokande are dominated by upward-muons
and only available for DM annihilation to bb̄. The shaded region is ruled out from the direct detection
experiments LZ [33] PICO-60 [36].

background from atmospheric neutrinos. However, their source-pointing resolution is di�cult
to determine without dedicated detector simulations, and we encourage DUNE collaboration
to consider this. In figure 11, we show the limits and projected sensitivities of neutrino
experiments and direct detection experiments for four benchmark values of the mass splitting
”. For brevity, we show the limits from light-quark channel and the heavy-quark channel in
the same figure, even though they can be mutually exclusive.

The main result of our new analysis of the current neutrino experiments, Super-
Kamiokande and IceCube, is that they already rule out a large portion of the inelastic

– 19 –



J
C
A
P
0
1
(
2
0
2
4
)
0
3
0

Figure 11. The complementarity of neutrino experiments and direct-detection experiments on the
parameter space of DM mass (M‰) and spin-independent scattering cross-section with nucleon (‡SI

‰p)
is shown for four choices of mass-splitting (”). The projected 90% C.L. exclusion limits from DUNE
with 400 kton-yr exposure are shown for spike and shoulder neutrinos separately and assuming light-
and heavy-quark annihilation channels independently. The existing limits Super-Kamiokande and
the projected sensitivity of Hyper-Kamiokande are obtained using eq. (2.8) and refs. [8] and [16]
respectively. Note that the limits from Super-(Hyper-) Kamiokande assumes annihilation to bb̄ channel.
The gray-shaded region is ruled out from the direct detection experiments. The existing limits from
IceCube-DeepCore [12] are not shown because they are weaker than Super-Kamiokande at lower DM
mass and weaker than direct-detection at larger DM mass.

dark matter parameter space that is usually inaccessible to direct-detection experiments.
We find that for the heavy-quark channel, the projected sensitivities from both spike and
shoulder muon neutrinos at DUNE are weaker than the Super-Kamiokande limits we have
determined here. Note that the limits from Super-Kamiokande are dominated by upward
going muons which originate outside the detector volume, and thus have a much larger target
mass, resulting in better sensitivity. In the heavy-quark channel, only Hyper-Kamiokande is
expected to improve the limits in future. For the light-quark channel, DUNE can detect the
‹µ-spike e�ciently. In the light-quark channel, the projected limits from shoulder neutrinos is
weaker than the spike, as expected. As figure 10 and figure 11 show, DUNE can constrain a
region of (M‰, ”) parameter space for inelastic dark matter annihilation to light quarks where
Super-Kamiokande, Hyper-Kamiokande and DD experiments do not have sensitivity.
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6 Summary and outlook

In models of dark matter with sizable interactions with standard model particles, the dark
matter in the galactic halo can be gravitationally captured by the Sun. The subsequent
annihilation of the captured dark matter results in a novel neutrino flux on Earth. The
detectable neutrino spectrum has two components: a spike at ≥236 MeV from kaon decays-at-
rest, and a broad-spectrum shoulder from prompt decays of mesons. DUNE is a good candidate
to study the spike neutrinos, and has been widely discussed in the literature [25, 26, 28, 74],
whereas the sensitivity to shoulder neutrinos is only discussed for electron neutrinos [29].
We evaluate, for the first time, the sensitivity of DUNE from contained GeV-scale tracks
originating from the shoulder ‹µ and ‹̄µ. To reduce the atmospheric neutrino background,
we determine event selection criteria in DUNE that can identify neutrinos coming from the
direction of the Sun. Unsurprisingly, the parameter space probed by DUNE for dark matter
with elastic interactions with nucleons is already ruled out by direct detection experiments.
For inelastic dark matter [17], we find that there is interesting parameter space which cannot
be probed by direct-detection experiments but where neutrino experiments can provide
complementary sensitivity.

We find that the sensitivity of neutrino experiments depends on the flavor structure of
inelastic dark matter interactions. We have considered separately couplings to both heavy-
quarks and light-quarks in dark matter annihilation in the Sun. For coupling to heavy-quarks,
both the spike and shoulder neutrinos are detectable, and we find that current limits from
Super-Kamiokande [8] and IceCube [12] already rule out a large part of the inelastic dark
matter parameter space that is inaccessible to direct-detection experiments (see figure 10
and figure 11). In this channel, our projected sensitivity for contained events in DUNE
is weaker than the current limits from upward-going muons from Super-Kamiokande, and
IceCube. We encourage Super-Kamiokande to perform a dedicated search for inelastic dark
matter using their new atmospheric neutrino data [75]. We also encourage IceCube and
Hyper-Kamiokande to search for inelastic dark matter in the Sun. For coupling to light-
quarks, only the spike is detectable as the flux of shoulder neutrinos is relatively small. In
this scenario, DUNE excels due to its better performance at low-energy, and will probe
currently unexplored parts of the inelastic dark matter parameter space. In this paper,
we have extended the analysis of ref. [28] to include a wider range of mass splittings. In
the future, a positive signal from spike in DUNE, and null results from shoulder neutrinos
in other neutrino experiments will strongly hint towards inelastic dark matter coupling to
light-quarks only.

The DUNE collaboration could improve our analysis by including the e�ects of detector
resolution on the reconstruction of neutrino energy and direction. For the spike neutrinos,
the DUNE collaboration finds that these e�ects reduce the sensitivity by a factor of ≥10 [28].
The shoulder neutrinos are higher in energy, and we expect the detector resolution to be
better, so these e�ects should be smaller. For shoulder neutrinos, it is reasonable to assume
that the angular distribution of the background atmospheric neutrinos is isotropic. Including
the location-specific zenith-angle dependence of the atmospheric neutrinos in the Monte Carlo
generators will result in a small changes in the projected sensitivity presented in this paper.
We encourage the DUNE collaboration to consider a dedicated study of GeV-scale atmospheric
neutrinos in the future.
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