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As is well known, dark matter direct detection experiments will ultimately be limited by a “neutrino
floor,” due to the scattering of nuclei by MeV neutrinos from, e.g., nuclear fusion in the Sun. Here we point
out the existence of a new neutrino floor that will similarly limit indirect detection with the Sun, due to
high-energy neutrinos from cosmic-ray interactions with the solar atmosphere. We have two key findings.
First, solar atmospheric neutrinos ≲1 TeV cause a sensitivity floor for standard weakly interacting massive
particles (WIMP) scenarios, for which higher-energy neutrinos are absorbed in the Sun. This floor will be
reached once the present sensitivity is improved by just 1 order of magnitude. Second, for neutrinos
≳1 TeV, which can be isolated by muon energy loss rate, solar atmospheric neutrinos should soon be
detectable in IceCube. Discovery will help probe the complicated effects of solar magnetic fields on cosmic
rays. These events will be backgrounds to WIMP scenarios with long-lived mediators, for which higher-
energy neutrinos can escape from the Sun.
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I. INTRODUCTION

Numerous astrophysical and cosmological observations
show that most of the matter in the Universe has no
apparent electromagnetic interactions, and hence is called
dark matter (DM) [1–3]. Identifying the particle nature of
DM is important for understanding what lies beyond the
standard models of cosmology and of particle physics.
Weakly interacting massive particles (WIMPs) [4], which

can be producedwith the correct abundance as a thermal relic
of the early Universe [5,6], are a popular DM candidate.
WIMPs can be probed through annihilation signals seen by
high-energy astrophysical observatories (indirect detection)
[7,8], production at colliders detected by missing energy
[9,10], and by the elastic scattering of nuclei in underground
experiments (direct detection) [11–13].
As direct detection experiments improve in sensitivity,

they will reach a “neutrino floor,” due to nuclear recoils
induced by neutrinos from the Sun, cosmic supernovae, and
Earth’s atmosphere [14–20]. This is an irreducible back-
ground that cannot be shielded like other typical back-
grounds in underground experiments. Once these neutrinos
are detected, the sensitivity to DM scattering can improve at
best with the square root of exposure. Importantly, current
detectors are almost reaching this floor in some parameter
space [21–24].

The scattering of DM with nuclei can also be probed by
DM capture in the Sun [25–28]. As the Sun moves in the
Galactic DM halo, DM particles can scatter with the Sun,
lose some of its kinetic energy such that the final velocity is
below the escape velocity (gravitational capture). The DM
particles continue to lose energy through scattering and
eventually accumulate at the core of the Sun. The accu-
mulated DM can annihilate into various channels and
produce neutrinos that can be searched by neutrino tele-
scopes. While for spin-independent (SI) scattering, the best
sensitivity comes from direct detection experiments, for
spin-dependent (SD) scattering, the sensitivity of solar DM
searches with neutrino telescopes can be better than that of
direct detection experiments, depending on the annihilation
channel [29,30]. At present, the dominant background for
solar DM searches is Earth atmospheric neutrinos (EAν),
and thus the sensitivity improves with the square root of
exposure.
However, as solar DM searches become more sensitive,

they too will face a neutrino floor, caused by solar
atmospheric neutrinos (SAν [31–34]), produced by cos-
mic-ray interactions with the Sun. The SAν background is
especially troublesome in the sense that it cannot be
distinguished from the signal using the arrival direction.
This, together with the considerable flux uncertainty and
poor energy resolution of muon neutrinos (the most
important search channel), make the SAν background far
more difficult to eliminate than the smoothly distributed
and well-measured EAν background. Also due to the flux
uncertainty, the DM sensitivity cannot improve once SAν is
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detectable. Thus, the SAν constitutes a hard floor. If the
SAν flux can be predicted well, or distinguished by
the spectral shape, then the sensitivity can improve with
the square root of exposure. In this case, the sensitivity
floor is soft.
In this paper, we first consider SAν as an interesting

signal and discuss its detectability. We then consider SAν
as a background to the solar DM search, and calculate the
neutrino floor. (Some of our preliminary results were
presented in conferences, e.g., Refs. [35].) In Sec. II, we
review the SAν flux and calculate the detection prospects.
In Sec. III, we review the neutrino flux from DM captured
in the Sun and calculate the DM sensitivity floor caused
by SAν. We also discuss its implications for nonminimal
WIMP models. We aim for a precision of a factor of ∼2,
considering the uncertainties involved. We conclude in
Sec. IV, where we also discuss how these uncertainties can
be reduced.

II. SOLAR ATMOSPHERIC NEUTRINO FLUXES
AND DETECTION

A. Solar atmospheric neutrino flux

In this subsection, we review the SAν flux calculation
and define the model we use. We focus on muon neutrinos
and their charged-current interactions, as the directionality
provided by the final-state muons is crucial for detection
and for background reduction, especially in the TeV range.
Cosmic rays entering the solar atmosphere undergo

hadronic interactions and produce secondary particles, such
as charged pions and kaons. These secondary particles can
then decay into neutrinos, thus leading to the production of
SAν (also frompγ interactions at≳1 PeV [36]). The process
is similar to the production of EAν [37]. For both cases, the
thick-target limit is appropriate for the cosmic rays, which
means that the column density is high enough that inter-
actions are very likely. Therefore, the SAν and EAν are
naively expected to have comparable intensity (flux per solid
angle). However, there are some important differences.
If solar magnetic fields are ignored, then the most

important difference is at high neutrino energies. In
Earth’s atmosphere, pions (kaons) above about 100 GeV
(800 GeV) undergo significant hadronic scattering before
decay [37], lowering the energy of their neutrinos and thus
steepening their spectrum compared to the cosmic-ray
spectrum. The Sun’s atmosphere is thinner, so this steep-
ening does not occur until 1 to 2 orders of magnitude higher
in energy [31–34]. This difference makes the SAν spectrum
both higher and harder in the TeV range, which is an
important distinction between SAν and EAν.
Magnetic fields are important at lower energies. Cosmic-

ray propagation in the solar system is affected by solar
magnetic fields carried by the solar wind; magnetic fields
near the solar surface can also affect the propagation of
cosmic rays and their charged secondaries. These effects

were modeled by Seckel, Stanev, and Gaisser (SSG1991
[32]). In their Nominal model, the rate of cosmic rays
interacting with the solar atmosphere is reduced due to
reflection by the magnetic flux tubes in the solar surface.
This leads to a strong suppression of the neutrino flux at low
energies. In their Naive model, where magnetic effects are
ignored, the SAν intensity is indeed comparable to the EAν
intensity near ∼1 GeV. At sufficiently high energies, mag-
netic effects should diminish. In the SSG1991 models, this
transition occurs at about 300 GeV neutrino energy, though
the value is theoretically quite uncertain. At lower energies,
the spread between the SSG1991 models gives some
indication of the uncertainty. The corresponding gamma-
ray fluxes lie between these two extremes [38–40]. We use
the SSG1991 models up to 300 GeV.
At higher energies, the uncertainties are expected to be

less, but could be non-negligible. For neutrino energies
above 300 GeV, we use the model from Ingelman and
Thunman (IT1996 [34]). The IT1996 model assumes zero
magnetic fields, and is consistent with the Naive model of
SSG1991 above ∼100 GeV. We caution that it is not clear
how much magnetic fields can affect the neutrino produc-
tion at ∼1 TeV, the most relevant energy range for SAν
detection, and we comment further in Sec. II C.
We take into account neutrino mixing. As shown in

Refs. [41], there are both vacuum-mixing and matter
effects. However, these effects are largely washed out after
combining neutrino and antineutrinos, integrating over the
production region, and using wide energy bins. The final
muon neutrino flux is thus roughly a factor of ≃0.5 less
than that at production, similar to vacuum mixing alone,
where 1:2:0 transforms to nearly 1:1:1. For simplicity,
given the other large uncertainties, we simply reduce the
total SAν muon neutrino flux by this factor.
For the EAν model, we use the all-sky averaged intensity

from Ref. [42], and the parametric form in Ref. [43] to
extrapolate to highenergies, aftermatching thenormalization.
We ignore neutrino mixing for the EAν, which would reduce
the flux by a factor of 2 at low energies and would be
negligible at high energies [44], wherewe aremost interested.
The EAν intensity also changes with zenith angle [45], but is
only a ∼50% effect for the most important energies and
directions considered here. We neglect this variation, in
keeping with our precision goal of a factor of ∼2.
Figure 1 shows the predicted SAν flux after mixing,

integrated over the angular size of the Sun. We have joined
the SSG1991 and IT1996 fluxes at 300 GeV. We also show
the corresponding EAν flux within the angular size of the
Sun, with half angle θSun ¼ 0.27°. As described above, in
the same solid angle, the EAν flux becomes smaller and
steeper than the SAν flux at high energies.
However, the actual relevant EAν background should be

given by the flux within the neutrino-muon separation
angle, θνμ ≃ 1°

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 TeV=Eν

p
[46,47]. This is the mean angle

between the incoming neutrinos and the outgoing muons,
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after the neutrino-quark charged-current interactions. It is
therefore an intrinsic limitation to the best possible neutrino
angular resolution if only the final state muons are
observed, and is independent of the detector technology.
As shown in Fig. 1, even in this case, the SAν flux exceeds
the EAν background above a few TeV.

B. Neutrino detection

In this subsection, we discuss the detection of muon
neutrinos from the Sun with neutrino telescopes. We adopt
the “theorist’s” or ideal approach to estimate the best
possible scenario. In a realistic case, background reduction
and threshold effects reduce the signal efficiency, which are
encoded in the effective areas provided by experimental
collaborations. These effective areas are thus analysis
dependent, and could be improved. The ideal approach
is necessary because we want to separate events by muon
energy, which is not possible in the effective-area approach.
We comment on the differences between the ideal and the
realistic cases below.
As noted, we focus on muon neutrinos and the tracks

they produce in charged-current interactions. We combine
neutrinos and antineutrinos. The muon energy at birth, Eμ,
is related to the neutrino energy, Eν, by Eμ ¼ Eνð1 − yÞ,
where y is the inelasticity parameter [48,49]. For simplicity,
we assume a fixed value of y ¼ 0.4 throughout our energy
range of interest. We neglect neutrino absorption in

Earth, which becomes important only above ∼40 TeV
for neutrinos that cross the diameter (and ∼1 PeV for
neutrinos that travel from the Sun to IceCube [49]).
Muons can be produced inside the detector (starting

events), or outside and then enter the detector after
propagation (entering events). For starting events, the muon
spectrum is

dNsta

dEμ
≃ NAρVT

1

1 − y

�
dΦ
dEν

ðEνÞσðEνÞ
�
Eν¼ Eμ

ð1−yÞ

; ð1Þ

where dΦ=dEν is the neutrino flux, σ is the interaction
cross section [48,49], NA¼6.02×1023 g−1 is the Avogadro
number, ρ≃ 1 g cm−3 is the density, V is the fiducial
volume of the detector, and T is the effective exposure. The
muon energy is taken to be its birth energy. To reduce
backgrounds from atmospheric muons, we consider only
upgoing events. The effective exposure for the Sun is thus
taken to be half the detector live time.
For entering muons, taking into account energy loss, the

spectrum is [46,50]

dNent

dEμ
≃ NAρAT

ρðαþ βEμÞ
Z

∞

Eμ
1−y

dEν
dΦ
dEν

ðEνÞσðEνÞ; ð2Þ

where A is the geometric detector area, α ¼
2.0 × 10−6 TeV cmg−1, and β¼4.2×10−6 cm2g−1 [51,52].
The muon energy is that when the muon enters the detector.

FIG. 1. The SAν flux spectrum. Below 300 GeV, we use the
SSG1991 models [32] (upper: Naive; lower: Nominal); above
300 GeV, we use the IT1996 model [34]. All are shown within the
angular cone of the Sun (θSun). We also show the EAν flux
spectrum within θSun and within the neutrino-muon separation
angle (θνμ).

FIG. 2. The total muon spectrum (starting þ entering) of the
SAν flux (Nominal model) for IceCube with ten years of live
time. Also shown is the muon spectrum from the EAν back-
ground within the neutrino-muon opening angle. The SAν signal
exceeds the background at Eμ ≳ 2 TeV.
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We consider two idealized experimental setups that
roughly correspond to Super-Kamiokande (Super-K) and
IceCube. They cover the range of a small, low-threshold
detector and a large, high-threshold detector, and are
representative of similarly sized future detectors. For
Super-K, we use V ≃ 2 × 104 m3 and approximate the
geometric area to be A≃ 780 m2. For IceCube, we use
V ≃ 109 m3 and A≃ 106 m3. We discuss the effect of a
more realistic setup below, and future detectors in Sec. IV.

C. Solar atmospheric neutrinos as signal

In this subsection, we consider the SAν as a signal. For
this case, only an IceCube-sized detector is relevant. We
then discuss the implications of detecting the Sun as a high-
energy astrophysical neutrino source.
Figure 2 shows the muon spectrum of the SAν signal

compared to the EAν background, following the procedure
described above, with ten years of IceCube live time. At this
energy range, the difference between Naive and Nominal
model is small; we use the Naive model in this part for
concreteness. At low energies, ∼100 GeV, the EAν back-
ground is dominant. The background decreases rapidly,
largely due to the decreasing neutrino-muon angle, and
eventually falls below the SAν flux. Therefore, detection of
the SAν signal critically depends on isolating high-energy
events. Fortunately, this can be donewithmuonswith energy
>1 TeV, which is above the minimum-ionizing regime. In
this regime, the muon energy loss become radiative [47],
which can be used to distinguish muons above 1 TeV, as
demonstrated in Ref. [53]. We find the integrated number of
events above 1 TeV to be 4.5 and 4.1 for SAν and EAν,
respectively. Above a slightly higher energy, the signal
would decrease, but the background would decrease more.
This suggests that IceCube and KM3NeT [54] are sensitive
to the SAν signal.
If TeV muon events are detected from the Sun, we note

that they can be distinguished from those from solar DM in
standard WIMP scenarios. As described below, neutrinos
above about 100 GeV produced in the solar core are
absorbed as they leave the Sun. Therefore, if an excess of
>1 TeV muons is seen from the Sun, they are likely to be
SAν events. As a result, we do not count these events when
calculating the neutrino sensitivity floor for standard
WIMPs. We further comment on nonminimal DM scenar-
ios below.
Given that SAν could potentially be detected as a signal,

it is important to discuss the uncertainty of the SAν flux and
the implications of a detection. Most of the inputs of the
SAν flux calculation, such as the primary cosmic-ray flux,
solar matter distribution, and neutrino mixing parameters,
are well constrained. The most uncertain aspect of the
SAν calculation is the effect of solar magnetic fields.
Theoretically, the inclusion of their effects is challenging
due to the complicated solar coronal and photospheric
magnetic fields. From cosmic-ray shadow measurements,

there is evidence that coronal fields [55] can affect the
propagation of ∼10 TeV cosmic rays, which is the most
relevant energy range for IceCube. Typically, solar mag-
netic fields are expected to reduce the rate of cosmic-ray
interactions by magnetic reflection of incoming cosmic
rays [32]; thus the neutrino production rate is reduced. This
picture may be more complicated at the IceCube energy
range, where neutrino absorption in the Sun is important.
A detection or a constraint on the SAν flux will be
important to understand the effect of magnetic fields.
One can also study cosmic-ray interactions with the Sun

through gamma-ray observations. Gamma rays are readily
absorbed by the Sun. The no-magnetic-field scenario
therefore corresponds to minimal gamma-ray production
[56]. Observations with Fermi [38–40] show that the
gamma-ray flux is much larger than the no-magnetic-field
case, possibly up to 100 GeV. This suggests that magnetic
fields can boost gamma-ray production, and affect cosmic-
ray primaries up to at least 1 TeV. Above the energy range
that magnetic fields can be ignored, gamma-ray production
is expected to be suppressed. As a result, even limits on the
flux of TeV gamma rays from the Sun by HAWC [57] and
LHAASO [58] would be an important clue. This, together
with the detection of SAν by IceCube, would be important
for normalizing cosmic-ray interaction rates with the Sun
and disentangling magnetic-field effects.
Lastly, it is important to emphasize that the detection of

the Sun as a high-energy neutrino point source would by
itself be an important milestone for neutrino astronomy,
especially given that sources have yet to be identified for
the IceCube events. The Sun is also conveniently observ-
able for neutrino telescopes at both hemispheres, so it could
in principle be a flux calibration source for IceCube,
KM3NeT, and their successors.

III. SOLAR DM SENSITIVITY FLOOR

A. Neutrinos from solar WIMP DM

In this subsection, we review the calculation of neutrino
flux from WIMP DM annihilation in the Sun. The process
of DM capture and annihilation in the Sun is well studied
[28,59–61]. The time evolution of the DM number density
Nχ in the Sun is

d
dt

Nχ ¼ Γcap − CannN2
χ ; ð3Þ

where Γcap is the capture rate of DM in the Sun and Cann is
the annihilation coefficient. We ignore the evaporation
term, which is only relevant below ∼4 GeV [62,63].
For typical parameters, equilibrium is achieved [28].
Hence, the annihilation rate, Γann, is related to the capture
rate, Γann ¼ CannN2

χ=2≃ Γcap=2.
The capture rate, Γcap, depends on the DM-nucleon cross

section and the DM mass mχ , and is proportional to the
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probability that a DM particle’s velocity falling below the
Sun’s escape velocity after the scattering (gravitational
capture). We calculate the capture rates, and hence the
annihilation rates, using DARKSUSY [64] version 5.1.3
with default settings, which performs a numerical integra-
tion using the prescription given in Ref. [65]. Unlike other
indirect detection methods, such as DM annihilation in the
Galactic center, the capture rate in the Sun is not very
sensitive to astrophysical uncertainties [61,66].
The differential neutrino flux, dΦν=dE is

dΦ
dEν

¼ Γann

4πD2
⊕

d ~N
dEν

; ð4Þ

where d ~N=dE is the neutrino spectrum per annihilation
(with all mixing effects included) and D⊕ ≃ 1.5 × 108 km
is the distance to the Sun.
We obtain the neutrino spectrum per annihilation using

WIMPSIM [67] version 3.03 (available in [68]), which takes
into account both neutrino absorption in the Sun and flavor
evolution from production to the Earth [69–72]. (The latter
can be seen from the “wiggles” in the spectra.) We also
ignore the very-low-energy neutrinos from DM annihila-
tion in the Sun [73,74]. The neutrino spectra depends on the
underlying DM models. To discuss our results in a model-
independent manner, we consider two cases, where DM
annihilates into ττ̄ and bb̄ with 100% branching fraction,
respectively. Both ττ̄ and bb̄ are unstable; they decay, or

hadronize and then decay into various final products
including neutrinos. These two channels are typically used
to represent hard and soft spectral shapes.
Figure 3 shows the total DM muon spectra for the χχ →

ττ̄ channel as well as the SAν muon spectrum for IceCube
and Super-K, respectively. For illustration, the input neu-
trino spectra are chosen to have the same annihilation rates,
and hence comparable number fluxes. Higher DM masses
simply means higher neutrino energies, which is more
favorable for detection due to higher neutrino cross section
and increased muon range. This can be clearly seen for
Super-K, where the muon event rates increase significantly
with DMmass. Therefore, lower-mass DM requires a larger
annihilation rate to yield comparable events rate as high-
mass DM. However, for a given cross section, the capture
rate (thus, annihilation rate) decreases with the DM mass
due to a combination of factors, including the decreasing
DM number density and the capture kinematics (see Fig. 1
in Ref. [73]), the final sensitivity to the scattering cross
section turns out to be a weak function of the DM mass for
Super-K (see below). For IceCube, the sensitivity gain with
high-energy neutrinos is hampered by the neutrinos absorp-
tion in the Sun during their escape from the core of the
star. This introduces an absorption factor, ∼e−XðEνÞ, to the
neutrino spectrum, where XðEνÞ is the optical depth. The
optical depth increases with energy following the neutrino
cross section, and approaches unity around a few hundred
GeV. This explains why the muon spectra have similar
shapes in IceCube for high DM masses, as they are

FIG. 3. Left: The total muon spectrum of the SAν in IceCube with 1 year of live time, compared with several DM spectra in the ττ̄
channel, obtained with WIMPSIM [67]. For high DMmasses, the spectra become indistinguishable due to neutrino absorption in the Sun.
For presentation, the DM annihilation rate for different masses is taken to have a fixed value of 1019 s−1 (see text for details). Right:
The same, but for Super-K, and the annihilation rate is 1020 s−1.
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suppressed by the same factor. Due to the absorption,
the cross section sensitivity also weakens above ∼TeV
(see below).

B. Indirect detection neutrino floor

In this subsection, we consider SAν as a background to
solar DM searches, and we calculate the corresponding
sensitivity floor.
To estimate the neutrino sensitivity floor, we compare the

number of SAν background events to the DM signal events
by integrating the total (startingþ entering) muon spectrum,

N ¼
Z

Emax

Emin

�
dNsta

dEμ
þ dNent

dEμ

�
: ð5Þ

The energy range,Emin toEmax, depends on the detector. For
IceCube, we choose Emin and Emax to be 50 GeVand 1 TeV.
The lower bound is chosen to roughly match the main
IceCube selection in Ref. [30]. We assume events above
1 TeV can be identified and isolated by energy loss. They are
not included here as standard WIMP DM cannot produce
such neutrinos. (Including the high-energy neutrinos would
cause only a modest difference in our results for the floor,
because the SAν spectrum is falling.) For Super-K,Emin and
Emax are chosen to be 1GeVand 1 TeV. The precise choice of
Emax does not change our result by much, due to the small
number of events for both SAν and DM components. The
choice of Emin does affect DM masses that are near the

threshold. Here, we assume neutrino telescopes have no
energy information for muon tracks, and so only one energy
bin is considered.
For energies below about 200GeV, the uncertainty of SAν

flux is estimated using the Naive and Nominal models from
SSG1991. As mentioned above, the uncertainty at higher
energies is not clear, given the complicated magnetic field
effects on cosmic-ray interactions in the Sun. As can be seen
from Fig. 3, the uncertainty in the SAν flux affects Super-K
muchmore than IceCube. Integrating theNaive andNominal
SAν spectra, we obtain about 5 − 6 events=yr for IceCube
and 0.003 − 0.007 events=yr for Super-K. Qualitatively, we
can see that SAν events are not likely to be detectable in
Super-K. This already shows that the neutrino sensitivity
floor will not be reached by kiloton scale low-threshold
detectors. For IceCube, however, even in the case when EAν
backgrounds can be completely removed, the SAν events
will ultimately limit the DM search.
To quantitatively calculate the neutrino floor, we find the

DM flux that gives an equal number of events to the SAν
background. For each DM mass and annihilation channel,
this then defines a DM-nucleon cross section. This is
equivalent to assuming the SAν events are totally indis-
tinguishable from the DM annihilation events, or there is
100% uncertainty in the SAν flux. In principle, the
expected number of SAν events can be estimated with
an accurate SAν model, or inferred from SAν observations
at energies >TeV. However, given that there is likely

FIG. 4. Left: The indirect detection neutrino sensitivity floors for SD DM cross section for Super-K and IceCube are shown in the
bottom. We show the case for the ττ̄ channel, and the solid (dashed) line corresponds to the Naive (Nominal) case. For comparison, we
show, in black dotted line, the floor obtained using the IceCube effective area [30] with the Naive model. We also show current indirect
detection limits from Super-K [29] and IceCube [30]; the white space between them and the floors shows the remaining parameter space
that can be probed by solar DM searches. For perspective, we also show the direct detection limits from PICO [75]. Right: Same as the
left, but for the bb̄ channel.
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appreciable uncertainty in the SAν flux, as suggested by
gamma-ray data at ≃100 GeV, the 100% uncertainty is
reasonable and perhaps optimistic. Lastly, we also neglect
the EAν, as well as other backgrounds. Including these
would increase the floor.
Figure 4 shows the neutrino sensitivity floor for the ττ̄ and

bb̄ channels, which represents hard and soft DM spectra,
respectively. We only consider SD cross sections, as direct
detection experiments are more efficient at probing the SI
cross sections. The floor for Super-K is about 2 orders of
magnitude below the current limit. Given the low event rate
and the EAν background, it is unlikely that this floor will be
reached. For IceCube, the situation is more interesting, as the
sensitivity floor is only about 1 order ofmagnitude below the
current limit at high DM masses.
To cross-check, we also estimate the neutrino floor for

IceCube with the “realistic” approach, using the effective
area provided in Ref. [30], which is optimized for solar DM
searches and covers roughly 30–3000 GeV neutrino
energy. With this effective area, we find that both the
SAν background and DM signal reduce by roughly a factor
of 10, compared to the ideal case. This factor mainly comes
from the small signal efficiency factor due to cuts on
removing atmospheric muon backgrounds, which could
misreconstruct and mimic a neutrino event [30]. Other
contributions to this factor likely come from various
approximations, such as the detector volume and effective
area. The sensitivity floor obtained with our ideal approach
and the realistic case agree well with each other. This is
because the detector efficiency affects both the DM signal
and SAν background by roughly the same factor. The small
difference at the low mass end of IC is expected from
threshold effects.
In Fig. 4, we also show the strongest direct detection

limit currently available, from PICO-60 [75]. For the ττ̄
channel, the solar DM search is more sensitive in most of
the mass range. For the bb̄ channel, direct detection
experiments are already more sensitive, and are not far
from the indirect detection neutrino floor. (To be clear,
direct detection sensitivity is not limited by the indirect
detection neutrino floor.) In all cases, the solar DM search
is complementary to direct detection, most notably due to
their different dependence on the local DM velocity
distribution [66].
It is informative to compare the neutrino floors between

direct detection and indirect detection. We summarize the
results for several representative experimental setups
considered in Ref. [20]. For heavy targets, such as Ge
and Xe, the direct detection floor is higher in general (even
higher for Si targets), which is roughly 10−41 cm2 at
10 GeV DM mass and 10−40 cm2 at 1 TeV. This is
expected, as heavy targets are more efficient at detecting
the background MeV neutrinos through coherent scatter-
ing. In the case of light targets, such as CF3I or C3F8, the
direct detection neutrino floor is significantly lower,

roughly 10−43 cm2 at both 10 GeV and 1 TeV (even
lower if energy information is utilized). This is lower than
the indirect detection neutrino floor for solar DM searches.
Hence, if the indirect detection neutrino floor is reached in
the future, a large direct detection experiment with light
targets will be needed to reach small SD DM-nucleon
cross sections efficiently.
It is also important to note the subtle differences between

the two types of neutrino floors. The indirect detection
neutrino floor can be considered as a “hard floor;” due to
the large theoretical uncertainty of the SAν flux, the
sensitivity cannot improve once SAν events are detected.
Therefore, it important to have a model that can reliably
predict the SAν flux, taking into account magnetic fields. If
the SAν flux is known robustly, then the floor can become
“soft,”meaning that the sensitivity can in principle improve
with the square root of the exposure. It will be difficult to
further lower the floor unless good neutrino angular (good
enough to resolve the Sun) and energy resolution are
achieved.
For direct detection, the neutrino floor is already soft, as

solar and earth atmospheric neutrino fluxes and their
coherent scattering are either well known or can be
measured [76]. The floor can also be lowered with
innovative techniques that utilizing energy, timing, and
directional information that distinguishes neutrinos from
DM, until systematic uncertainties become important. See
Ref. [77] for a partial collection of ideas.

C. DM models with long-lived mediators

In this subsection, we briefly discuss a nonminimal
DM scenario that modifies the discussion above. If DM
annihilates first into a pair of long-lived dark mediators, the
neutrinos produced through the delayed decay of those
mediators can potentially freely escape the Sun [78,79]. In
this case, it is possible for TeV-scale DM to mimic the high-
energy part of the SAν. Given that the detection of the TeV
SAν events are possibly imminent, the neutrino floor for
high-mass DM with long-lived mediators may soon be
reached.
To distinguish SAν from neutrinos in the long-lived

mediator scenario, provided that the mediators decay
outside the solar atmosphere, TeV gamma rays [79–81]
or electrons (e�) [82–85] from the Sun may be the key. For
the long-lived mediator scenario, the gamma-ray and
electron flux can be comparable to the neutrino flux,
and can be probed by sensitive ground-based (HAWC [57],
LHAASO [58]) and space-borne (Fermi [86], AMS-02
[87], DAMPE [88], CALET [89], etc.) detectors. However,
in the case of cosmic-ray interactions with the Sun, the
gamma-ray flux is hugely suppressed by the small angular
size of the solar limb [56]. Therefore, multimessenger
GeV-TeV observations of the Sun are important in both
understanding the cosmic-ray interactions and general DM
searches.
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IV. DISCUSSIONS AND CONCLUSIONS

A. Discussions

We focus on neutrino-induced muon tracks due to their
directionality. However, showers induced by electron and
tau neutrinos are also powerful signatures for neutrino
detection [90], as they have better neutrino energy reso-
lution and have lower EAν backgrounds. The energy
information is important in improving the sensitivity of
DM searches [60], and has been demonstrated at low
energies in Super-K [29]. Improved angular resolution for
shower events is also expected with KM3NeT [54] in the
high-energy regime. The neutrino flux from DM annihi-
lations has a very different spectrum shape compared to
SAν. As a result, if showers can achieve a comparable DM
sensitivity to muons, they will be important for distinguish-
ing the SAν background. A shower sensitivity study
required detailed understanding of KM3NeT/ARCA, such
as the angular and energy resolution at ∼100 GeV, and is
beyond the scope of this work.
It is interesting to also consider collider probes of the SD

DM cross section (e.g., [9,10,91–93]), given that both direct
detection and solar DM searches have neutrino sensitivity
floors. The sensitivity of collider searches is mostly deter-
mined by the maximum collision energy and the luminosity
of the experiment. In some cases, collider searches can be
more sensitive than both direct and indirect detection, and
reach below the neutrino floors [94]. However, comparison
with collider sensitivities also involves substantial model-
dependent uncertainties [95,96]. Thus, direct detection,
indirect detection, and collider searches shouldbe considered
as complementary probes [97].
Due to the small number of events, it is unlikely that

Super-K and similarly sized detectors, such as DUNE [98],
JUNO [98], and Jinping [99] will reach the neutrino floor
(or detect SAν.) For larger future neutrino detectors, such as
Hyper-Kamiokande [100,101] (≃0.5 MT) and PINGU/
KM3NeT-ORCA [54,102] (≃5 MT), ≃1 and ≃10 events
may be present in the detector with ten years of live time.
The challenge will be to reduce the EAν background
uncertainty to a similar level. For IceCube-Gen2 [103],
the 10 gigaton extension of IceCube, a muon energy
threshold down to at least 10 TeV is required for it to be
sensitive to SAν.

B. Conclusions

To conclude, in thisworkwe consider the detection of SAν
neutrinos and their implications for solar DM searches.
We show that in the multi-TeV regime, where muons can

be isolated using their energy loss, EAν background can be
significantly reduced. Importantly, SAν could be detectable
using ≳1 TeV muons and ten years of live time in IceCube
and KM3NeT. This would help understand cosmic-ray
interactions in the solar atmosphere. These events cannot be
mimicked by standard WIMP scenarios due to neutrino

absorption in the Sun. However, DM with long-lived
mediators could mimic these high-energy neutrinos. If
these events are detected, TeV gamma rays or electrons
could be important diagnostic tools.
For the sub-TeV regime and considering IceCube, SAν

events are indistinguishable with solar DM signals due to
the lack of energy resolution. Therefore, SAν constitute a
neutrino sensitivity floor, which is only about 1 order of
magnitude below the current IceCube limit. To breach the
floor would require an accurate model of SAν that includes
magnetic-field effects, or new detector and analysis tech-
niques that can better reconstruct neutrino energy and
direction. Even then, the DM sensitivity can only improve
with the square root of the exposure.
At lower energies and considering Super-K, the number

of expected SAν events are much less than 1 and the
neutrino floor is about 2 orders of magnitude below the
current limit. Therefore, there is still a large discovery
potential for low-threshold neutrino telescopes, provided
that large detector mass and exposure are available, for
example with Hyper-Kamiokande [100,101].
Solar DM annihilation searches are more sensitive to the

SD WIMP-proton cross section than direct searches if the
annihilation channel is hard, although the opposite is true
for soft annihilation spectra. If the solar DM sensitivity
floor is reached by neutrino telescopes, a large direct
detection experiment with light targets may be able to
reach one order of magnitude lower in cross section, until it
is limited by MeV neutrino backgrounds.
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Note added.—Recently, Ref. [104] appeared on arXiv. In
addition, Ref. [105] appeared shortly after ours.
References [104,105] both provided an updated no-
magnetic field SAν flux calculation and estimated the
neutrino floor. In comparison, we focus more on the
detectability of SAν and the implications of the neutrino
floor. Our results agree well with those of Refs. [104,105].

NG, BEACOM, PETER, and ROTT PHYSICAL REVIEW D 96, 103006 (2017)

103006-8



[1] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996).

[2] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).

[3] L. E. Strigari, Phys. Rep. 531, 1 (2013).
[4] G. Steigman and M. S. Turner, Nucl. Phys. B253, 375

(1985).
[5] Y. Zeldovich, Adv. Astron. Astrophys. 3, 241 (1965).
[6] G. Steigman, B. Dasgupta, and J. F. Beacom, Phys. Rev. D

86, 023506 (2012).
[7] J. Conrad, arXiv:1411.1925.
[8] J. M. Gaskins, Contemp. Phys. 57, 496 (2016).
[9] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P.

Tait, and H.-B. Yu, Phys. Rev. D 82, 116010 (2010).
[10] J. Abdallah et al., Phys. Dark Universe 9, 8 (2015).
[11] L. Baudis, Phys. Dark Universe 1, 94 (2012).
[12] A. H. G. Peter, V. Gluscevic, A. M. Green, B. J. Kavanagh,

and S. K. Lee, Phys. Dark Universe 5, 45 (2014).
[13] V. Gluscevic and A. H. G. Peter, J. Cosmol. Astropart.

Phys. 09 (2014) 040.
[14] B. Cabrera, L. M. Krauss, and F. Wilczek, Phys. Rev. Lett.

55, 25 (1985).
[15] J. Monroe and P. Fisher, Phys. Rev. D 76, 033007 (2007).
[16] L. E. Strigari, New J. Phys. 11, 105011 (2009).
[17] A. Gutlein, C. Ciemniak, F. von Feilitzsch, N. Haag, M.

Hofmann, C. Isaila, T. Lachenmaier, J.-C. Lanfranchi,
L. Oberauer, and S. Pfister, Astropart. Phys. 34, 90 (2010).

[18] R. Harnik, J. Kopp, and P. A. N. Machado, J. Cosmol.
Astropart. Phys. 07 (2012) 026.

[19] J. Billard, L. Strigari, and E. Figueroa-Feliciano, Phys.
Rev. D 89, 023524 (2014).

[20] F. Ruppin, J. Billard, E. Figueroa-Feliciano, and L.
Strigari, Phys. Rev. D 90, 083510 (2014).

[21] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
118, 021303 (2017).

[22] E. Aprile et al. (XENON100 Collaboration), Phys. Rev. D
94, 122001 (2016).

[23] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
116, 161301 (2016).

[24] A. Tan et al. (PandaX-II Collaboration), Phys. Rev. Lett.
117, 121303 (2016).

[25] W. H. Press and D. N. Spergel, Astrophys. J. 296, 679
(1985).

[26] L. M. Krauss, K. Freese, W. Press, and D. Spergel,
Astrophys. J. 299, 1001 (1985).

[27] J. Silk, K. A. Olive, and M. Srednicki, Phys. Rev. Lett. 55,
257 (1985).

[28] A. H. G. Peter, Phys. Rev. D 79, 103532 (2009).
[29] K. Choi et al. (Super-Kamiokande Collaboration), Phys.

Rev. Lett. 114, 141301 (2015).
[30] M. G. Aartsen et al. (IceCube Collaboration), Eur. Phys.

J. C 77, 146 (2017).
[31] I. V. Moskalenko, S. Karakula, and W. Tkaczyk, Astron.

Astrophys. 248, L5 (1991).
[32] D. Seckel, T. Stanev, and T. K. Gaisser, Astrophys. J. 382,

652 (1991).
[33] I. V. Moskalenko and S. Karakula, J. Phys. G 19, 1399

(1993).
[34] G. Ingelman and M. Thunman, Phys. Rev. D 54, 4385

(1996).

[35] https://meetings.wipac.wisc.edu/IPA2015/program; https://
fermi.gsfc.nasa.gov/science/mtgs/symposia/2015/.

[36] K. K. Andersen and S. R. Klein, Phys. Rev. D 83, 103519
(2011).

[37] T. K. Gaisser and M. Honda, Annu. Rev. Nucl. Part. Sci.
52, 153 (2002).

[38] E. Orlando and A.W. Strong, Astron. Astrophys. 480, 847
(2008).

[39] A. A. Abdo et al. (Fermi-LATCollaboration), Astrophys. J.
734, 116 (2011).

[40] K. C. Y. Ng, J. F. Beacom, A. H. G. Peter, and C. Rott,
Phys. Rev. D 94, 023004 (2016).

[41] G. L. Fogli, E. Lisi, A. Mirizzi, D. Montanino, and P. D.
Serpico, Phys. Rev. D 74, 093004 (2006).

[42] M. Honda, M. Sajjad Athar, T. Kajita, K. Kasahara, and S.
Midorikawa, Phys. Rev. D 92, 023004 (2015).

[43] T. S. Sinegovskaya, A. D. Morozova, and S. I. Sinegovsky,
Phys. Rev. D 91, 063011 (2015).

[44] M. G. Aartsen et al. (IceCube Collaboration), Phys. Rev. D
91, 072004 (2015).

[45] M. Honda, T. Kajita, K. Kasahara, S. Midorikawa, and T.
Sanuki, Phys. Rev. D 75, 043006 (2007).

[46] T. K. Gaisser, Cosmic Rays and Particle Physics,
(Cambridge University Press Cambridge, Cambridge,
UK, 1990), p. 279.

[47] M. G. Aartsen et al. (IceCube Collaboration), J. Instrum. 9,
P03009 (2014).

[48] R. Gandhi, C. Quigg, M. H. Reno, and I. Sarcevic, Phys.
Rev. D 58, 093009 (1998).

[49] R. Gandhi, C. Quigg, M. H. Reno, and I. Sarcevic,
Astropart. Phys. 5, 81 (1996).

[50] M. D. Kistler and J. F. Beacom, Phys. Rev. D 74, 063007
(2006).

[51] P. Lipari and T. Stanev, Phys. Rev. D 44, 3543 (1991).
[52] S. I. Dutta, M. H. Reno, I. Sarcevic, and D. Seckel, Phys.

Rev. D 63, 094020 (2001).
[53] M. G. Aartsen et al. (IceCube Collaboration), J. Cosmol.

Astropart. Phys. 04 (2016) 022.
[54] S. Adrian-Martinez et al. (KM3Net Collaboration), J. Phys.

G 43, 084001 (2016).
[55] M. Amenomori et al. (Tibet ASgamma Collaboration),

Phys. Rev. Lett. 111, 011101 (2013).
[56] B. Zhou, K. C. Y. Ng, J. F. Beacom, and A. H. G. Peter,

Phys. Rev. D 96, 023015 (2017).
[57] A. U. Abeysekara et al. (HAWC Collaboration), arXiv:

1310.0074.
[58] H. He (LHAASO Collaboration), Proc. Sci., ICRC2015

(2016) 1010.
[59] A. Gould, Astrophys. J. 388, 338 (1992).
[60] C. Rott, T. Tanaka, and Y. Itow, J. Cosmol. Astropart. Phys.

09 (2011) 029.
[61] M. Danninger and C. Rott, Phys. Dark Universe 5, 35

(2014).
[62] G. Busoni, A. De Simone, and W.-C. Huang, J. Cosmol.

Astropart. Phys. 07 (2013) 010.
[63] C. Kouvaris, Phys. Rev. D 92, 075001 (2015).
[64] P. Gondolo, J. Edsjö, P. Ullio, L. Bergström, M. Schelke,

and E. A. Baltz, J. Cosmol. Astropart. Phys. 07 (2004)
008.

[65] A. Gould, Astrophys. J. 321, 571 (1987).

SOLAR ATMOSPHERIC NEUTRINOS: A NEW NEUTRINO … PHYSICAL REVIEW D 96, 103006 (2017)

103006-9

https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2013.05.004
https://doi.org/10.1016/0550-3213(85)90537-1
https://doi.org/10.1016/0550-3213(85)90537-1
https://doi.org/10.1016/B978-1-4831-9921-4.50011-9
https://doi.org/10.1103/PhysRevD.86.023506
https://doi.org/10.1103/PhysRevD.86.023506
http://arXiv.org/abs/1411.1925
https://doi.org/10.1080/00107514.2016.1175160
https://doi.org/10.1103/PhysRevD.82.116010
https://doi.org/10.1016/j.dark.2015.08.001
https://doi.org/10.1016/j.dark.2012.10.006
https://doi.org/10.1016/j.dark.2014.10.006
https://doi.org/10.1088/1475-7516/2014/09/040
https://doi.org/10.1088/1475-7516/2014/09/040
https://doi.org/10.1103/PhysRevLett.55.25
https://doi.org/10.1103/PhysRevLett.55.25
https://doi.org/10.1103/PhysRevD.76.033007
https://doi.org/10.1088/1367-2630/11/10/105011
https://doi.org/10.1016/j.astropartphys.2010.06.002
https://doi.org/10.1088/1475-7516/2012/07/026
https://doi.org/10.1088/1475-7516/2012/07/026
https://doi.org/10.1103/PhysRevD.89.023524
https://doi.org/10.1103/PhysRevD.89.023524
https://doi.org/10.1103/PhysRevD.90.083510
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevD.94.122001
https://doi.org/10.1103/PhysRevD.94.122001
https://doi.org/10.1103/PhysRevLett.116.161301
https://doi.org/10.1103/PhysRevLett.116.161301
https://doi.org/10.1103/PhysRevLett.117.121303
https://doi.org/10.1103/PhysRevLett.117.121303
https://doi.org/10.1086/163485
https://doi.org/10.1086/163485
https://doi.org/10.1086/163767
https://doi.org/10.1103/PhysRevLett.55.257
https://doi.org/10.1103/PhysRevLett.55.257
https://doi.org/10.1103/PhysRevD.79.103532
https://doi.org/10.1103/PhysRevLett.114.141301
https://doi.org/10.1103/PhysRevLett.114.141301
https://doi.org/10.1140/epjc/s10052-017-4689-9
https://doi.org/10.1140/epjc/s10052-017-4689-9
https://doi.org/10.1086/170753
https://doi.org/10.1086/170753
https://doi.org/10.1088/0954-3899/19/9/019
https://doi.org/10.1088/0954-3899/19/9/019
https://doi.org/10.1103/PhysRevD.54.4385
https://doi.org/10.1103/PhysRevD.54.4385
https://meetings.wipac.wisc.edu/IPA2015/program
https://meetings.wipac.wisc.edu/IPA2015/program
https://meetings.wipac.wisc.edu/IPA2015/program
https://meetings.wipac.wisc.edu/IPA2015/program
https://fermi.gsfc.nasa.gov/science/mtgs/symposia/2015/
https://fermi.gsfc.nasa.gov/science/mtgs/symposia/2015/
https://doi.org/10.1103/PhysRevD.83.103519
https://doi.org/10.1103/PhysRevD.83.103519
https://doi.org/10.1146/annurev.nucl.52.050102.090645
https://doi.org/10.1146/annurev.nucl.52.050102.090645
https://doi.org/10.1051/0004-6361:20078817
https://doi.org/10.1051/0004-6361:20078817
https://doi.org/10.1088/0004-637X/734/2/116
https://doi.org/10.1088/0004-637X/734/2/116
https://doi.org/10.1103/PhysRevD.94.023004
https://doi.org/10.1103/PhysRevD.74.093004
https://doi.org/10.1103/PhysRevD.92.023004
https://doi.org/10.1103/PhysRevD.91.063011
https://doi.org/10.1103/PhysRevD.91.072004
https://doi.org/10.1103/PhysRevD.91.072004
https://doi.org/10.1103/PhysRevD.75.043006
https://doi.org/10.1088/1748-0221/9/03/P03009
https://doi.org/10.1088/1748-0221/9/03/P03009
https://doi.org/10.1103/PhysRevD.58.093009
https://doi.org/10.1103/PhysRevD.58.093009
https://doi.org/10.1016/0927-6505(96)00008-4
https://doi.org/10.1103/PhysRevD.74.063007
https://doi.org/10.1103/PhysRevD.74.063007
https://doi.org/10.1103/PhysRevD.44.3543
https://doi.org/10.1103/PhysRevD.63.094020
https://doi.org/10.1103/PhysRevD.63.094020
https://doi.org/10.1088/1475-7516/2016/04/022
https://doi.org/10.1088/1475-7516/2016/04/022
https://doi.org/10.1088/0954-3899/43/8/084001
https://doi.org/10.1088/0954-3899/43/8/084001
https://doi.org/10.1103/PhysRevLett.111.011101
https://doi.org/10.1103/PhysRevD.96.023015
http://arXiv.org/abs/1310.0074
http://arXiv.org/abs/1310.0074
https://doi.org/10.1086/171156
https://doi.org/10.1088/1475-7516/2011/09/029
https://doi.org/10.1088/1475-7516/2011/09/029
https://doi.org/10.1016/j.dark.2014.10.002
https://doi.org/10.1016/j.dark.2014.10.002
https://doi.org/10.1088/1475-7516/2013/07/010
https://doi.org/10.1088/1475-7516/2013/07/010
https://doi.org/10.1103/PhysRevD.92.075001
https://doi.org/10.1088/1475-7516/2004/07/008
https://doi.org/10.1088/1475-7516/2004/07/008
https://doi.org/10.1086/165653


[66] K. Choi, C. Rott, and Y. Itow, J. Cosmol. Astropart. Phys.
05 (2014) 049.

[67] M. Blennow, J. Edsjo, and T. Ohlsson, J. Cosmol.
Astropart. Phys. 01 (2008) 021.

[68] http://wimpsim.astroparticle.se/results.html.
[69] P. Crotty, Phys. Rev. D 66, 063504 (2002).
[70] M. Cirelli, N. Fornengo, T. Montaruli, I. Sokalski, A.

Strumia, and F. Vissani, Nucl. Phys. B727, 99 (2005); 790,
338 (2008).

[71] R. Lehnert and T. J. Weiler, Phys. Rev. D 77, 125004
(2008).

[72] P. Baratella, M. Cirelli, A. Hektor, J. Pata, M. Piibeleht,
and A. Strumia, J. Cosmol. Astropart. Phys. 03 (2014) 053.

[73] C. Rott, J. Siegal-Gaskins, and J. F. Beacom, Phys. Rev. D
88, 055005 (2013).

[74] N. Bernal, J. Martn-Albo, and S. Palomares-Ruiz, J. Cos-
mol. Astropart. Phys. 08 (2013) 011.

[75] C. Amole et al. (PICO Collaboration), Phys. Rev. Lett.
118, 251301 (2017).

[76] D. Akimov et al. (COHERENT Collaboration), arXiv:
1708.01294.

[77] M. Battaglieri et al., arXiv:1707.04591.
[78] N. F. Bell and K. Petraki, J. Cosmol. Astropart. Phys. 04

(2011) 003.
[79] R. K. Leane, K. C. Y. Ng, and J. F. Beacom, Phys. Rev. D

95, 123016 (2017).
[80] B. Batell, M. Pospelov, A. Ritz, and Y. Shang, Phys. Rev.

D 81, 075004 (2010).
[81] C. Arina, M. Backovic, J. Heisig, and M. Lucente, Phys.

Rev. D 96, 063010 (2017).
[82] P. Schuster, N. Toro, and I. Yavin, Phys. Rev. D 81, 016002

(2010).
[83] P. Schuster, N. Toro, N. Weiner, and I. Yavin, Phys. Rev. D

82, 115012 (2010).
[84] M. Ajello et al. (Fermi LAT Collaboration), Phys. Rev. D

84, 032007 (2011).
[85] J. L. Feng, J. Smolinsky, and P. Tanedo, Phys. Rev. D 93,

115036 (2016).
[86] S. Abdollahi et al. (Fermi-LAT Collaboration), Phys. Rev.

Lett. 118, 091103 (2017).

[87] M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett.
113, 121102 (2014).

[88] J. Chang, Chinese Journal of Space Science / Kongjian
Kexue Xuebao 34, 550 (2014).

[89] S. Torii, Nucl. Instrum. Methods Phys. Res., Sect. A 630,
55 (2011).

[90] J. F. Beacom and J. Candia, J. Cosmol. Astropart. Phys. 11
(2004) 009.

[91] N. Zhou, D. Berge, and D. Whiteson, Phys. Rev. D 87,
095013 (2013).

[92] A. M. Sirunyan et al. (CMS Collaboration), J. High Energy
Phys. 07 (2017) 014.

[93] M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C
77, 393 (2017).

[94] P. Harris, V. V. Khoze, M. Spannowsky, and C. Williams,
Phys. Rev. D 93, 054030 (2016).

[95] O. Buchmueller, M. J. Dolan, and C. McCabe, J. High
Energy Phys. 01 (2014) 025.

[96] O. Buchmueller, M. J. Dolan, S. A. Malik, and C. McCabe,
J. High Energy Phys. 01 (2015) 037.

[97] S. Arrenberg et al., Working Group Report: Dark Matter
complementarity, in Proceedings, 2013 Community
Summer Study on the Future of U.S. Particle Physics:
Snowmass on the Mississippi (CSS2013): Minneapolis,
MN, 2013, arXiv:1310.8621.

[98] F. An et al. (JUNO Collaboration), J. Phys. G 43, 030401
(2016).

[99] J. F. Beacom et al. (Jinping Collaboration), Chin. Phys. C
41, 023002 (2017).

[100] K. Abe et al., arXiv:1109.3262.
[101] K. Abe et al. (Hyper-Kamiokande proto- Collaboration),

arXiv:1611.06118.
[102] M. G. Aartsen et al. (IceCube PINGU Collaboration),

arXiv:1401.2046.
[103] M. G. Aartsen et al. (IceCube Collaboration), arXiv:

1412.5106.
[104] C. A. Argelles, G. de Wasseige, A. Fedynitch, and B. J. P.

Jones, J. Cosmol. Astropart. Phys. 07 (2017) 024.
[105] J. Edsjo, J. Elevant, R. Enberg, and C. Niblaeus, J. Cosmol.

Astropart. Phys. 06 (2017) 033.

NG, BEACOM, PETER, and ROTT PHYSICAL REVIEW D 96, 103006 (2017)

103006-10

https://doi.org/10.1088/1475-7516/2014/05/049
https://doi.org/10.1088/1475-7516/2014/05/049
https://doi.org/10.1088/1475-7516/2008/01/021
https://doi.org/10.1088/1475-7516/2008/01/021
http://wimpsim.astroparticle.se/results.html
http://wimpsim.astroparticle.se/results.html
http://wimpsim.astroparticle.se/results.html
http://wimpsim.astroparticle.se/results.html
https://doi.org/10.1103/PhysRevD.66.063504
https://doi.org/10.1016/j.nuclphysb.2005.08.017
https://doi.org/10.1016/j.nuclphysb.2007.10.001
https://doi.org/10.1016/j.nuclphysb.2007.10.001
https://doi.org/10.1103/PhysRevD.77.125004
https://doi.org/10.1103/PhysRevD.77.125004
https://doi.org/10.1088/1475-7516/2014/03/053
https://doi.org/10.1103/PhysRevD.88.055005
https://doi.org/10.1103/PhysRevD.88.055005
https://doi.org/10.1088/1475-7516/2013/08/011
https://doi.org/10.1088/1475-7516/2013/08/011
https://doi.org/10.1103/PhysRevLett.118.251301
https://doi.org/10.1103/PhysRevLett.118.251301
http://arXiv.org/abs/1708.01294
http://arXiv.org/abs/1708.01294
http://arXiv.org/abs/1707.04591
https://doi.org/10.1088/1475-7516/2011/04/003
https://doi.org/10.1088/1475-7516/2011/04/003
https://doi.org/10.1103/PhysRevD.95.123016
https://doi.org/10.1103/PhysRevD.95.123016
https://doi.org/10.1103/PhysRevD.81.075004
https://doi.org/10.1103/PhysRevD.81.075004
https://doi.org/10.1103/PhysRevD.96.063010
https://doi.org/10.1103/PhysRevD.96.063010
https://doi.org/10.1103/PhysRevD.81.016002
https://doi.org/10.1103/PhysRevD.81.016002
https://doi.org/10.1103/PhysRevD.82.115012
https://doi.org/10.1103/PhysRevD.82.115012
https://doi.org/10.1103/PhysRevD.84.032007
https://doi.org/10.1103/PhysRevD.84.032007
https://doi.org/10.1103/PhysRevD.93.115036
https://doi.org/10.1103/PhysRevD.93.115036
https://doi.org/10.1103/PhysRevLett.118.091103
https://doi.org/10.1103/PhysRevLett.118.091103
https://doi.org/10.1103/PhysRevLett.113.121102
https://doi.org/10.1103/PhysRevLett.113.121102
https://doi.org/10.11728/cjss2014.05.550
https://doi.org/10.11728/cjss2014.05.550
https://doi.org/10.1016/j.nima.2010.06.026
https://doi.org/10.1016/j.nima.2010.06.026
https://doi.org/10.1088/1475-7516/2004/11/009
https://doi.org/10.1088/1475-7516/2004/11/009
https://doi.org/10.1103/PhysRevD.87.095013
https://doi.org/10.1103/PhysRevD.87.095013
https://doi.org/10.1007/JHEP07(2017)014
https://doi.org/10.1007/JHEP07(2017)014
https://doi.org/10.1140/epjc/s10052-017-4965-8
https://doi.org/10.1140/epjc/s10052-017-4965-8
https://doi.org/10.1103/PhysRevD.93.054030
https://doi.org/10.1007/JHEP01(2014)025
https://doi.org/10.1007/JHEP01(2014)025
https://doi.org/10.1007/JHEP01(2015)037
http://arXiv.org/abs/1310.8621
https://doi.org/10.1088/0954-3899/43/3/030401
https://doi.org/10.1088/0954-3899/43/3/030401
https://doi.org/10.1088/1674-1137/41/2/023002
https://doi.org/10.1088/1674-1137/41/2/023002
http://arXiv.org/abs/1109.3262
http://arXiv.org/abs/1611.06118
http://arXiv.org/abs/1401.2046
http://arXiv.org/abs/1412.5106
http://arXiv.org/abs/1412.5106
https://doi.org/10.1088/1475-7516/2017/07/024
https://doi.org/10.1088/1475-7516/2017/06/033
https://doi.org/10.1088/1475-7516/2017/06/033

