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High to ultrahigh energy neutrino detectors can uniquely probe the properties of dark matter χ by
searching for the secondary neutrinos produced through annihilation and/or decay processes. We evaluate
the sensitivities to dark matter thermally averaged annihilation cross section hσvi and partial decay width
Γχ→νν̄ (in the mass scale 107 ≤ mχ=GeV ≤ 1015) for next generation observatories like POEMMA (Probe
of Extreme Multi-Messenger Astrophysics) and GRAND (Giant Radio Array for Neutrino Detection). We
show that in the range 107 ≤ mχ=GeV ≤ 1011, space-based Cherenkov detectors like POEMMA have the
advantage of full-sky coverage and rapid slewing, enabling an optimized dark matter observation strategy
focusing on the Galactic Center. We also show that ground-based radio detectors such as GRAND can
achieve high sensitivities and high duty cycles in radio quiet areas. We compare the sensitivities of next
generation neutrino experiments with existing constraints from IceCube and updated 90% C.L. upper limits
on hσvi and Γχ→νν̄ using results from the Pierre Auger Collaboration and Antarctic Impulsive Transient

Antenna. We show that in the range 107 ≤ mχ=GeV ≤ 1011, POEMMA and GRAND10k will improve the
neutrino sensitivity to particle dark matter by factors of 2 to 10 over existing limits, whereas GRAND200k
will improve this sensitivity by 2 orders of magnitude. In the range 1011 ≤ mχ=GeV ≤ 1015, POEMMA’s
fluorescence observation mode will achieve an unprecedented sensitivity to dark matter properties. Finally,
we highlight the importance of the uncertainties related to the dark matter distribution in the galactic halo,
using the latest fit and estimates of the galactic parameters.
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I. INTRODUCTION

The evidence of dark matter is compelling at various
astrophysical scales, from galactic scales to cosmological
scales [e.g., [1–5], for reviews]. Following the first dis-
coveries of stellar velocity anomalies in our Galaxy [6] and
galaxy velocity dispersion anomalies in galaxy clusters
[7,8], the existence of a dark matter (DM) component was
firmly established by a variety of probes, such as the
extensive study of galaxy rotation curves [9,10], gravita-
tional lensing observations of galaxy clusters [e.g., [11]],
weak gravitational lensing and X-ray observations of
collisions between galaxy clusters [e.g., [12,13]], observa-
tions of dwarf galaxies in galaxy clusters [e.g., [14,15]],
observations of the cosmic microwave background temper-
ature fluctuations [16,17], observations of large-scale
structures [18], and simulations of large scale structure
formation [19,20].
Despite the extensive evidence for the existence of

nonbaryonic DM, representing nearly 84% of the matter
density in the Universe, its nature is still elusive. A large
number of candidates have been proposed, such as sterile
neutrinos, axions, supersymmetric candidates, such as
neutralinos, sneutrinos, gravitinos, and axinos, light scalar
dark matter, dark matter from Little Higgs models, Kaluza-
Klein states, superheavy dark matter, and many more
[3,21]. The diversity of possible particle candidates
requires a balanced program based on four-pillar strategies
for dark matter detection [3,22–25]:

(i) Collider experiments that elucidate the particle
properties of DM. DM could be produced in the
scattering of standard model (SM) particles.
Although the DM particles would be undetectable,
they are typically accompanied by related produc-
tion mechanisms, e.g., SMSM→ DMDMþ fSMg,
where fSMg denotes one or more SM particles.

(ii) Direct detection experiments that look for DM
interacting in the lab. DM can scatter off SM
particles via DMSM → DMSM interactions, de-
positing energy that could be detected by sensitive,
low background experiments.

(iii) Indirect detection experiments that connect lab sig-
nals to DM in the galactic halos. DM can annihilate
DMDM→ SMSM or decay DM→ SMSM, and the
annihilation and decay products could be detected.

(iv) Astrophysical probes that determine how DM scat-
tering DMDM → DMDM has shaped the evolution
of large-scale structures in the Universe.

In this paper, we focus attention on indirect detection of
dark matter particles by searching for high and ultrahigh
energy neutrinos. Before proceeding, we pause to describe
two caveats of our analysis.
It is well known that the SM of electroweak interactions

includes three left-handed neutrino fields ναL, which
accompany the three families of charged leptons lαL in
the SUð2ÞL lepton doublet Lα ¼ ðναL;lαLÞT , where

α ¼ e, μ, τ. Because SM neutrinos only interact through
weak interactions, the right-handed fields ναR are absent in
the SM by construction, and, thereby, SM neutrinos are
massless. However, the observation of neutrino oscillations
in astrophysical and laboratory experiments implies that
neutrinos have a mass [26]. Even though the SM structure
of the neutrino sector must be extended to accommodate
the mass term, the neutrinos as indirect dark matter signals
originate in charged and neutral current interactions of the
left-handed fields ναL. As such, the effective operators that
(via dark matter decay) might lead to high and ultrahigh
energy neutrino lines in the energy spectrum need to
involve Lα. As an illustration, in Table I, we list hypo-
thetical dark matter candidates, defined by standard model
SUð2ÞL and Uð1ÞY quantum numbers, and the decay
operators that would produce a neutrino line signal [27].
All in all, the effective operators given in Table I imply that
neutrinos as indirect dark matter signals will always be
accompanied by electromagnetic signals; e.g., secondary
electrons will transform into photons scattering off the
cosmic microwave background via the inverse Compton
process. Neutrinos can be also produced through the decay
of π� if the dark matter particle couples to qq̄, but a photon
counterpart will emerge from the associated π0 → γγ decay.
Generally speaking, the assumption of a dominant neutrino
channel carries with it a violation of the SUð2ÞL invariance,
so as to allow a suppression of the lαL coupling. However,
exceptions could be manufactured, e.g., by allowing dark
matter to decay into the sterile neutrino states νs (respon-
sible for the generation of neutrino masses and lepton flavor
mixing), which can later mutate into active neutrinos
νs ⇋ ναL [28,29]. Alternatively, the neutrino channel could
be maximized introducing new degrees of freedom, which

TABLE I. Dark matter candidates and the decay operators,
which could produce a neutrino line signal. Here, H denotes the
SM Higgs doublet, and ϕ, ψ , Vμ, or ψμ denote the dark matter
particle depending on whether it has spin 0, 1=2, 1, or 3=2,
respectively. In case 4, F denotes either Bμνσ

μν, B̃μνσ
μν,

Wa
μντ

aσμν, or W̃a
μντ

aσμν, with standard textbook [35] notation
in which Bμν and Wa

μν represent the field strength tensors of the
SM Uð1ÞY and SUð2ÞL gauge fields. In cases 1, 4, and 5, for
which the dark matter particle carries hypercharge, a Dirac mass
partner is required. In this table, we have only listed operators of
lowest dimension when considering all operators allowed for
either member of the Dirac pair.

Case Spin SUð2ÞL Uð1ÞY Decay operator

1 0 3 1 L̄c
αϕLα

2 1=2 0 0 L̄αHcψ
3 1=2 3 0 L̄αψ

aτaHc

4 1=2 2 −1=2 L̄αFψ
5 1=2 3 −1 L̄αψ

aτaH
6 1 0 0 L̄α=VLα

7 3=2 0 0 ðL̄αiDμHcÞγνγμψν
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would act as portals into the hidden sector [30,31].
However, it is clear that all of these effective models are
able to suppress the coupling to charged leptons at the
expense of additional parameters that regulate the mixing
between the hidden and visible (SM) sectors. Moreover,
even if at tree level, the lαL coupling can be suppressed,
radiative corrections could, in principle, start an electro-
weak cascade with the production of charged leptons and
gauge bosons [32]. The center of attention in our analysis
will be indirect dark matter searches in the neutrino
channel, but we should always keep in mind that, in
general, the same region of the parameter space could
be tested by gamma-ray and cosmic-ray detectors [33,34].
Strictly speaking, we concentrate on decays of spin-0 and
spin-1 dark matter particles yielding a ναLν̄αL final state. To
simplify notation, hereafter, the active SM left-handed
neutrinos of flavor α are denoted by ν and the scalar
and vector dark matter particles by χ. The interesting decay
channel in our study is then χ → νν̄.
The favored models of dark matter are those character-

izing χ as a relic density of weakly interacting massive
particles (WIMPs). A key assumption of this WIMP
paradigm is that χ is a nonrelativistic stable particle species
whose abundance is set by its annihilation in the early
Universe [36–39]. For temperatures above the χ mass,
T ≫ mχ , the dark matter particles are thought to be in
thermal equilibrium with the SM plasma. When the
temperature drops below mχ, the abundance of χ begins
to decrease exponentially, and χχ → ff̄ annihilation proc-
esses become inefficient, where (in the simplest models) f
denotes any particle of the SM. Eventually, for
Tfo ∼mχ=20, the dark matter comoving density freezes
out. The WIMP relic abundance (that is, the fraction of the
critical density contributed by χ today) is inversely propor-
tional to the thermally averaged velocity-weighted cross
section for WIMP annihilation (to all channels) calculated
at freeze-out: Ωχ ∝ h−2=hσvifo, where h is the dimension-
less Hubble constant. The proportionality constant, which
is steered by the dynamics of thermal freeze-out, is found to
be 3 × 10−27 cm3 s−1 [40]. Now, for a pair of nonrelativistic
WIMPs annihilating with relative velocity v, partial
wave unitarity dictates an upper bound: ΩDM ≥
1.7 × 10−6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mχ=Tfo

p ðmχ=TeVÞ2h−2 [41], which implies
mχ ≤ 110 TeV [42]. Curiously, a stable particle species
with a weak scale mass and interaction strength is predicted
to freeze out of thermal equilibrium with a relic abundance
that is comparable to the measured cosmological density of
dark matter: ΩDM ≃ 0.1186ð20Þh−2 [43]. This can be seen
taking a weak cross section derived from dimensional
analysis: σ∼g4χ=ð4πmχÞ2∼10−8GeV−2, with mχ∼1=

ffiffiffiffiffiffiffi
GF

p
,

gχ ∼ 0.65, and v ∼ c=3 for Tfo ∼mχ=20 [44]. This remark-
able coincidence is usually referred to as the “WIMP
miracle.” Thus far, WIMPs have eluded detection through
any of the methodologies listed above [24,25,45–47],

motivating the consideration of alternative models of
DM. Some classes of DM models feature nonthermal
production in the early Universe [48–58] and result in a
DM mass of ≫110 TeV that could produce ultrahigh
energy cosmic rays or neutrinos through DM interactions.
Following [59–61], we assume that the χ particles can still
annihilate efficiently in the galactic halo via χχ → νν̄, but
we will remain agnostic about the specifics of model
building and, more generally, how these dark matter
particles would evade the unitarity bound.
In the high energy range, gamma-ray and cosmic-ray

observatories provide strong constraints on the dark matter
annihilation cross section and the particle decay widths
[e.g., [62–71]]. Observatories sensitive to high and ultra-
high energy neutrinos, such as IceCube [72], Astronomy
with a Neutrino Telescope and Abyss environmental
Research [73], the Pierre Auger Observatory (Auger)
[74], ANITA (Antarctic Impulsive Transient Antenna)
[75] and, in the future, for instance, IceCube-Gen2 [76],
KM3Net [77], POEMMA (Probe of Extreme Multi-
Messenger Astrophysics) [78], GRAND (Giant Radio
Array for Neutrino Detection) [79], RNO-G (Radio
Neutrino Observatory Greenland) [80], can provide unprec-
edented constraints for these channels in the high to
ultrahigh dark matter mass range mχ ≳ 103 GeV. Several
existing studies consider annihilation channels [e.g., [61]]
or decay channels [e.g., [64,66,81–86]], with various
models for background neutrinos. For instance, the recent
study by [86] focuses on three decay channels and on the
IceCube, RNO-G, and GRAND detectors, considering
neutrino source and cosmogenic neutrino models as poten-
tial backgrounds. In this work, we calculate the sensitivities
of POEMMA and GRAND, update the existing limits by
Auger and ANITA by using the most up-to-date exposures,
and we compare these sensitivities with existing limits from
IceCube, with a particular emphasis on the uncertainties
related to the dark matter spatial distribution in the galactic
halo. The layout of the paper is as follows. In Sec. II, we
describe the dark matter distribution and the neutrino
intensity from decay or annihilation. In Sec. III, we present
key properties of the high and ultrahigh energy neutrino
detectors considered. An observation strategy that can
optimize the detection of neutrinos from dark matter decay
or annihilation for POEMMA is presented in Sec. IV. In
Sec. V, we present the constraints on the dark matter
thermally averaged cross section and in Sec. VI, the
constraints on the dark matter decay width. Their uncer-
tainties are evaluated in Sec. VII. In Sec. VIII, we discuss
prospects for future experiments. We discuss these pro-
spective constraints and conclude in Sec. IX.

II. DARK MATTER DISTRIBUTION
AND NEUTRINO SPECTRUM

An accurate description of the dark matter distribution, in
particular, in the galactic halo, is critical for direct and
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indirect searches. Its distribution is commonly assumed to
be spherically symmetric and characterized by a specific
radial profile, such as Navarro-Frenk-White (NFW) [87],
Burkert [88], or generalized NFW. The uncertainties con-
cerning the shape of the profile as well as its normalization
can be constrained by observations such as rotation curve
measurements. In the following, in order to compare our
estimates with estimates calculated by the IceCube
Collaboration [84], we use the parameters given in [89]
for a Burkert profile,

ρχðrÞ ¼ fχρH

�
1þ r

RH

�
−1
�
1þ

�
r
RH

�
2
�
−1
; ð1Þ

with a central dark matter density ρH ≃ 4 × 107 M⊙ kpc−3

and a core radius RH ≃ 9 kpc. Here, fχ is the fraction of
dark matter that is superheavy. For comparison, and to
account for the most recent estimates of the uncertainties
related to the dark matter distribution [90,91], described in
Secs. V and VI, we also consider a generalized NFW
profile,

ρχðrÞ ¼ fχρs

�
r
Rs

�
−γ
�
1þ r

Rs

�
−3þγ

; ð2Þ

where ρs ¼ ρ0ðR0=RsÞγð1þR0=RsÞ3−γ. The best fit param-
eters from [91] give a local density ρ0 ¼ 0.6 GeVcm−3, a
slope γ ¼ 0.4, and a scale radius Rs ¼ 8 × 101 kpc. The
distance between the Sun and the Galactic Center is set to
R0 ¼ 8.178 kpc [92].
Three dark matter astrophysical components contribute

to the neutrino flux [e.g., [59–61]]: the MilkyWay halo, the
extragalactic diffuse background, and the extragalactic
halos. In this work, we focus on the Milky Way halo
component, as it provides stronger and less uncertain
constraints than the ones provided by the Galactic

Center or extragalactic signals [60]. The average neutrino
intensity in solid angle dΩ from dark matter decay or
annihilation [e.g., [60,93]],

dΦ
dΩdE

≡ Γ
4πma

χ

dN
dE

Z
l:o:s:

dxρaχðxÞ; ð3Þ

depends on the spectrum of decay or annihilation products
dN=dE, the rate Γ, and the integral along the line of sight of
the dark matter density, the so-called D factor or J factor,

DðΔΩÞ≡
Z
ΔΩ

dΩD ¼
Z
ΔΩ

dΩ
Z
l:o:s:

dx ρχðxÞ ð4Þ

JðΔΩÞ≡
Z
ΔΩ

dΩJ ¼
Z
ΔΩ

dΩ
Z
l:o:s:

dx ρ2χðxÞ: ð5Þ

For decay, Γ is the decay width and a ¼ 1. For annihilation,
Γ ¼ hσvi=2, with hσvi the annihilation cross section, and
a ¼ 2. Moreover, the factor 1=4π in Eq. (3) accounts for
isotropic emission. The line of sight distance x and
the galactocentric distance r are related by r ¼
ðR2

0 − 2xR0 cosϕþ x2Þ0.5, with ϕ the angle between the
line of sight and the Galactic Center. The integral over x is
from 0 to the upper bound xmax ¼ ðR2

halo − sin2 ϕR2
0Þ0.5 þ

R0 cosϕ, with Rhalo ¼ 30 kpc. The differentialD factor and
J factor (D and J ) are illustrated in Fig. 1. For the decay
and annihilation channels considered in this study, respec-
tively, χ → νν̄ and χχ → νν̄, the spectra of secondary decay
or annihilation products peak at Eν ¼ mχ=2 and Eν ¼ mχ ,
respectively. In the following, we use a delta-function
approximation for these spectra [see Eqs. (8) and (10)].
We also assess the impact of the neutrino distribution [94]
in the Appendix A, for the case of decay.

FIG. 1. Differential D factor for dark matter decay (left) and J factor for annihilation (right) in different longitude and latitude
bins for dΩ ¼ 10−3 sr, considering the generalized Navarro-Frenk-White dark matter profile with best fit parameters from
Benito et al. [91]. The J factors are normalized by their integrals over the entire sky,

R
dΩD¼ 6.6× 1023 GeVcm−2 sr andR

dΩJ ¼ 2.3× 1023 GeV2 cm−5 sr, and are shown in logarithmic scales.
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III. HIGH AND ULTRAHIGH ENERGY
NEUTRINO DETECTORS

A new generation of detectors, aiming at detecting
ultrahigh energy particles and, in particular, very to ultra-
high energy neutrinos (above ∼107 GeV), is emerging. In
this paper, we focus on the projects POEMMA and
GRAND. Despite their common detection goal, these
two future observatories involve different techniques and
configurations.
POEMMA will be comprised of two satellites flying in

formation at 525 km altitude, equipped with Cherenkov and
fluorescence detectors [78]. Cherenkov signals may come
from extensive air showers from up-going τ-lepton decays,
the result of ντ interactions in the Earth. A key feature is
that the Earth acts as a neutrino converter. The probability
for a τ-lepton to emerge from the Earth and produce an up-
going air shower depends on neutrino energy and its source
location in the sky relative to the Earth, and the detectability
depends on the satellites’ positions [95–97]. Air fluores-
cence signals come from neutrino interactions in the
atmosphere. Over several precession periods, POEMMA
can access the full sky. In the Cherenkov observation mode,
POEMMA can adopt specific observation strategies. For
instance, the detectors can rapidly point toward a source in
the case of an alert for a transient event. In its fluorescence
detection mode, POEMMAwill achieve a groundbreaking
sensitivity to neutrinos in the range ∼1011–1015 GeV.
GRAND will be ground-based and composed of

arrays of 10k to 200k radio antennas (referred to as
GRAND10k and GRAND200k in the following), operating
in the 50–200 MHz range in its final deployment [79]. The
targets for GRAND neutrino detection are also tau leptons
that decay to produce extensive air showers, coming from ντ
interactions in the Earth. A geomagnetic field effect yields
radio signals from the extensive air showers. The GRAND
arrays can be deployed over immense areas and thus,
achieve a competitive diffuse sensitivity in the range
∼108–1011 GeV, together with a high duty-cycle in radio
quiet areas. A single array of antennas will access a limited
declination range. Full-sky coverage could be achieved by
installing arrays at different locations around the globe. The
latter configuration is still to be determined.
Due to their prospective unprecedented neutrino sensi-

tivity in the >107 GeV energy range, these detectors are
particularly well suited for constraining the neutrino pro-
duction channels of superheavy darkmatter. Several existing
detectors sensitive to high to ultrahigh energy neutrinos
already constrain indirectly the properties of superheavy
dark matter. The properties of dark matter annihilating to
neutrinos is constrained over a wide energy range consid-
ering various detectors in [61]. The properties of darkmatter
decaying into high energy neutrinos is constrained for
various experiments in [82,85]. These properties have also
been constrained by the IceCube Collaboration for various
decay channels [84]. In this work, we compare the

sensitivities of POEMMA andGRANDwith the constraints
from IceCube, Auger, and ANITA, which provide currently
the most constraining limits from neutrino detection in the
energy range considered.

IV. OBSERVATION STRATEGIES
FOR POEMMA

Due to the slewing capability of its detectors, POEMMA
can adopt various observation strategies in its Cherenkov
observation mode. Full-sky coverage can be achieved, and,
in the case of transient source follow-up, a specific
observation strategy focussing on one region of the sky
can be adopted [95]. The dark matter density is enhanced in
the Galactic Center direction, which impacts the right
ascension and declination dependencies or the differential
D factor and J factor, as illustrated in Fig. 1. The differ-
ential J factor is the most impacted due to its dependency
on ρ2χ , against ρχ for the differential D factor. Given these
dependencies, an observation strategy optimized for indi-
rect dark matter detection is important to develop.
To determine the optimum observing strategy, we

combine sky coverage calculations accounting for the
detector field of view and orientation [95] with calculations
of the best achievable differential exposure for every
direction of the sky [97]. In the sky coverage calculations,
the detector has a field of view of 45° and covers a region
ranging from 7° below the limb to 2° above the limb. Also,
we account for the illumination of the Sun and the Moon.
For a total observation time Tobs ≃ 1 yr 15 d 4 h, corre-
sponding to seven precession periods of the satellite orbit
around the North Pole, we calculate the optimized effective
observation time for every direction of the sky. To do so, we
calculate the time-dependent detector orientation maximiz-
ing the effective area weighted by the J factor or D factor,
for example, for DM annihilation, the quantity,

Z
ΔΩ

dΩAeffðΩ; Eν; tÞ
����
max

Z
l:o:s:

dx ρ2χðxÞ; ð6Þ

where AeffðΩ; Eν; tÞjmax is the best achievable effective area
for ντ detection [97], and ΔΩ is the region of the sky
determined by the instantaneous field of view of the
detector [95]. This procedure roughly corresponds to
selecting the observable portion of the sky closest to the
Galactic Center.
The effective area depends on the area of the extensive

air shower’s Cherenkov cone subtended on the ground
normal to the shower axis AChðsÞ, a quantity that depends
on the path length s of the tau lepton before its decay along
a trajectory to the detector. The effective area depends on
the differential observation probability dPobs, according to

AeffðΩ; Eν; tÞ ¼
Z

dPobsðΩ; Eν; s; tÞAChðsÞ; ð7Þ
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with the effective area averaged over Tobs designated by
hAeffðΩ; EνÞi. The differential probability to observe the
shower depends on the probability of the tau lepton to exit
the Earth, given an incident energy and angle of the tau
neutrino, on the tau-lepton decay probability as a function
of s, and on the detection probability given the shower
energy, altitude, and angle. Details can be found in [97].
The effective observation time is normalized and used to
weight the maximum effective area in every direction of the
sky. In the following, this observation strategy is named
Galactic Center observation mode (GC), whereas the
observation strategy leading to a full-sky coverage is
referred to as standard observation mode (std). As illus-
trated in Fig. 2, the two observation strategies lead to
drastically different sky coverages.

V. DARK MATTER ANNIHILATION
TO NEUTRINOS

In this section, we focus on dark matter annihilation to
neutrinos, through the channel χχ → νν̄, where χ is its own
antiparticle with a cross section σ ≡P

i σðχχ → ναν̄αÞ for
α ¼ e, μ, τ. We assume equal cross sections for each of the
three neutrino flavors. For a given dark matter massmχ , the
three-flavor neutrino flux produced by dark matter anni-
hilation in the galactic halo is proportional to a Dirac delta
function at Eν ¼ mχ ,

dΦνþν̄

dEν
¼ 1

4π

hσvi
2m2

χ
½2δðmχ − EνÞ�

Z
dΩ

Z
l:o:s:

dx ρ2χðxÞ; ð8Þ

where the factor 1=2 accounts for the dark matter being its
own antiparticle, and the factor of 2 multiplying the Dirac
delta function accounts for equal production of ν and ν̄. To
account for the possible anisotropies of the sensitivity or
specific observation strategies and constrain the thermally
averaged cross section, we combine POEMMA’s effective
area [96–98] with the differential J factor. The effective

area is identical for neutrinos and antineutrinos for
Eν ¼ mχ considered here. We refer to neutrinos and
antineutrinos together as “neutrinos” in what follows. In
terms of the time averaged effective area hAeffðΩ; EνÞi and
the observation time Tobs, for a given annihilation cross
section hσviðmχÞ, the number of detectable tau neutrinos at
Eν ¼ mχ is given by

NντðEνÞ¼
Z

dE
1

4π

hσvi
2m2

χ

2δðmχ−EÞ
N ν

×
Z

dΩ
Z
l:o:s:

dxρ2χðxÞhAeffðΩ;EνÞiTobs;

¼ 1

N ν

1

4π

hσvi
E2
ν

Z
dΩ

Z
l:o:s:

dxρ2χðxÞhAeffðΩ;EνÞiTobs;

ð9Þ

where N ν ¼ 3 is the number of neutrino flavors.
POEMMA’s Cherenkov signal sensitivities to the thermally
averaged annihilation cross section multiplied by the square
of the χ-fraction of DM squared, f2χhσvi, illustrated in
Fig. 3, are given by setting Nντ ¼ 2.44, which corresponds
to the 90% C.L. limit with negligible background.
In the following, we give additional detail about the

calculation of the sensitivity for the different detectors
considered. The number of detectable tau neutrinos is
used to calculate the sensitivity for the Cherenkov obser-
vation mode of POEMMA, as noted above, and for
GRAND10k and GRAND200k. Total number of neutrinos,P

α Nνα ¼ 2.44, is used for the fluorescence observation
mode of POEMMA, and for Auger and ANITA IV.
For the Cherenkov observation mode of POEMMA, we

use the averaged effective area over a total observation time
Tobs for the standard observation strategy, and the weighted
effective area as described in Sec. IV for the Galactic
Center observation strategy. A detailed discussion of the
prospective backgrounds for the Cherenkov observation

FIG. 2. Normalized time averaged effective area in logarithmic scale for the standard observation mode (left) and the Galactic Center
observation mode (right), for Eν ¼ 108.5 GeV.
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mode of POEMMA can be found in [97]. In the cases of
GRAND10k and GRAND200k, we use GRAND differ-
ential effective areas as a function of neutrino energy, for
eight energy bins between 108 GeV and 1011.5 GeV.
These differential effective areas are derived for an antenna
array located at 43° latitude North (Olivier Martineau,
private communication). The sensitivity calculated for
GRAND200k (obtained by dividing the sensitivity of
GRAND10k by 20) is indicative, as the locations of the
future twenty 10k antenna arrays are still to be determined.
In some of the cases considered, namely for the fluores-

cence observation mode of POEMMA, for Auger and for
ANITA-IV, the differential exposure of the detector is not
directly available in the literature. In these cases, we use the
sensitivities of these detectors to compute the total exposure
for one neutrino flavor E ¼ 2.44N ν=½lnð10ÞTobs 4π Fν�,
where N ν ¼ 3 is the number of neutrino flavors, Tobs is
the total observation time of the detector considered, and
Fν ¼ Eν dNν=ðdEν dA dΩ dtÞ its sensitivity. The total expo-
sure is then combined with the sky coverage of the detector
to calculate the sensitivity to superheavy darkmatter. For the
fluorescence observation mode of POEMMA, its sensitivity
[78,99] using two different high energy neutrino cross
sections, labeled GQRS [100] and BDH [101], is combined
with a uniform differential exposure over the entire sky. The
large instantaneous field of view of the fluorescence detector
makes this assumption reasonable. In the case of Auger, the
total exposure [102] multiplied by a factor 1.5 to account for
the increase of exposure with time, is combined with the
average neutrino exposure per day [103] to account for the
declination dependence of the exposure. In the case of

ANITA-IV, its sensitivity [75] is combinedwith the ANITA-
III effective area as a function of declination [104].
The sensitivities computed can be compared with the

limit from [61] for IceCube-HE (up to 108 GeV). As this
limit is calculated using a generalized NFW dark matter
profile, we simply scale it using the ratio rJ between the
full-sky J factors rJ ¼ JgNFW=JBurkert. A comparison
between existing limits [61] for Auger is presented in
Appendix B.

VI. DARK MATTER DECAY TO NEUTRINOS

Following the approach described in Sec. V, we focus in
this section on dark matter decay into neutrinos, through
the channels χ → νν̄. The three-flavor neutrino flux pro-
duced at Eν ¼ mχ=2 by dark matter decay in the galactic
halo,

dΦνþν̄

dEν
¼ 1

4π

Γχ→νν̄

mχ
½2δðmχ=2 − EνÞ�

Z
dΩ

Z
l:o:s:

dx ρχðxÞ;

ð10Þ

depends on the dark matter decay width Γχ→νν̄. As in
Eq. (8), the factor of 2 multiplying the Dirac delta function
accounts for equal production of ν and ν̄. The number of
detectable tau neutrinos is given by

NντðEνÞ ¼
Z

dE
1

4π

Γχ→νν̄

mχ

2δðmχ=2 − EÞ
N ν

×
Z

dΩ
Z
l:o:s:

dx ρχðxÞhAeffðΩ; EνÞiTobs;

¼ 1

N ν

1

4π

Γχ→νν̄

Eν

Z
dΩ

×
Z
l:o:s:

dx ρχðxÞhAeffðΩ; EνÞiTobs; ð11Þ

where N ν ¼ 3 is the number of neutrino flavors. The
90%C.L. limitNντ ¼ 2.44 gives the sensitivities to the dark
matter decay width fχΓχ→νν̄ for POEMMA Cherenkov
mode and GRAND, and

P
α Nνα ¼ 2.44 for POEMMA

fluorescence mode, Auger and ANITA IV, which are
illustrated in Fig. 4. We overlay the limit calculated by
the IceCube Collaboration [84], corrected to account for the
difference of dark matter distribution used. As previously,
for Auger, a comparison with existing limits [82,85] is
presented in Appendix B.

VII. DARK MATTER DISTRIBUTION
UNCERTAINTIES

The sensitivities presented in Figs. 3 and 4 are computed
considering the Burkert dark matter distribution with
parameters from [89], as mentioned in Sec. II. However,
due to the limited knowledge of the baryonic component of

FIG. 3. Sensitivities to dark matter thermally averaged annihi-
lation cross section, νν̄ channel (summed over neutrino flavors),
multiplied by f2χ ¼ ðρχ=ρDMÞ2. Five-year sensitivities of PO-
EMMA for the Cherenkov standard [(std), solid blue] and
Galactic Center [(GC), dashed blue], and the fluorescence (green)
observation modes, GRAND10k (solid orange), and
GRAND200k (dashed orange). Sensitivities of ANITA IV (gray),
Auger (dot-dashed red), and IceCube [61] (dot-dashed purple).
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the Galaxy, the dark matter distribution is loosely con-
strained by rotation curve measurements, leading to sig-
nificant uncertainties on dark matter properties [90,91].
In order to systematically evaluate the impact of these

distribution on the sensitivities to SHDM annihilation and
decay into neutrinos, we consider the general fit presented
in [91], which uses rotation curve measurements for the
parameters ρ0, γ, Rs, and V0 (the circular velocity of
the Sun) for a generalized NFW dark matter profile, with
the latest estimates of the Galactic parameters [92,105]. We

use the likelihood profiles publicly available (https://github
.com/mariabenitocst/UncertaintiesDMinTheMW), and we
calculate the 1σ uncertainties on our sensitivities for
4 degrees of freedom by considering parameters such that
χ2 − χ2best fit < 4.72.
The uncertainties to the sensitivities, in the case of

annihilation and decay to neutrinos, are illustrated in
Fig. 5. For both decay and annihilation, we obtain uncer-
tainties of about 1–1.5 orders of magnitude. As illustrated in
Fig. 2, the POEMMACherenkovGalacticCenter observation

FIG. 4. Sensitivities to dark matter decay width (left) and inverse of the decay width (right), νν̄ channel. Five-year sensitivities of
POEMMA for the Cherenkov standard [(std), solid blue] and Galactic Center [(GC), dashed blue], and the fluorescence (green)
observation modes, GRAND10k (solid orange), and GRAND200k (dashed orange). Sensitivities of ANITA IV (gray), Auger (dot-
dashed red), and the IceCube [84] (dot-dashed purple). Allowed regions are below (above) the curves in the left (right) figure.

FIG. 5. Uncertainties on the sensitivities to dark matter thermally averaged annihilation cross section (left) and on the sensitivities to
dark matter decay width (right) for the νν̄ channel. The bands show the 1σ uncertainties associated with the four parameters in the
generalized NFW profile, the solid lines the sensitivities obtained with the Burkert dark matter distribution with parameters from [89],
and the dashed lines the sensitivities obtained using the best fit parameters and the generalized NFW distribution from [91].
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mode is only sensitive to the dark matter distribution in a
restricted area around the Galactic Center, and thus, uncer-
tainties are noticeably larger for the annihilation channel, due
to the factorρ2χ that intervenes in the calculation of the number
of detectable neutrinos [see Eq. (9)]. Conversely, the ANITA
experiment is mostly sensitive to a �20° declination band
around DEC ¼ 0° [104], and the uncertainties are smaller for
the annihilation channel.

Estimates of the uncertainties due to the dark matter
profile are available in the literature. In [84], the variation of
the dark matter profiles can lead to uncertainties on the
lifetime of the order of �10%. These uncertainties are
obtained for the Burkert model, by varying the parameters
in the 1σ range [89] and for a comparison with the NFW
model. In [61], the likelihoods from [90] give uncertainties
of approximately 1 order of magnitude.

FIG. 6. Instantaneous field of view for a given position along the satellite orbit (left) and effective areas weighted by the differential J
factor and normalized for Eν ¼ 108.5 GeV (right), as a function of longitude and latitude, for configurations with one, three, and six
detectors (from top to bottom).
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VIII. MOTIVATION FOR
FUTURE EXPERIMENTS

A space detector focussing on the Cherenkov detection
of ultrahigh energy neutrinos can be designed to observe a
large portion of the limb, as a wide azimuth extent will
increase the instantaneous sky coverage and thus, the
sensitivity of the detector. With a field of view of 45°,
POEMMA observes instantaneously approximately 1=12
of the limb.
We evaluate the sensitivity gain that would be provided

by a detector with a wider azimuth extent. Concretely, we
consider several detectors pointing in different directions,
all with a field of view 45° and covering a region ranging
from 7° below the limb to 2° above. Three configurations
are considered. The first is comprised of one detector, with
an azimuth extent of ∼30°, which corresponds to the
POEMMA Cherenkov observation mode, the second is
comprised of three detectors and has an azimuth extent of
∼90°, and the third is comprised of six detectors with an
azimuth extent of ∼180°. The geometrical instantaneous
fields of view of the three configurations are illustrated in
Fig. 6 for one satellite position along the orbit.
The geometrical instantaneous field of view is given by
the intersection between the region corresponding to the
constraint on the viewing angle δ < 7° (or emergence angle
θem < 19.6°), and the regions corresponding to the con-
straints on the field of view of the detectors fov ¼ 45°.
These three configurations are used to calculate the sky

coverage of the instrument, using our optimization
method accounting for the dark matter distribution. The
central detector is pointed toward the direction maximizing
the detection of dark matter, which is often the Galactic
Center direction when accessible to observations. The
effective areas weighted by the differential J factor for
the Burkert dark matter profile, namely J ðΩÞhAeffðΩ; EνÞi,
are illustrated in Fig. 6 for Eν ¼ 108.5 GeV. The effec-
tive areas are time averaged over an observation time
Tobs ≃ 1 yr 15d4h. Wider azimuth extents allow the
detector to be sensitive to a larger portion of the sky,
and the effect is more pronounced for the quantity
DðΩÞhAeffðΩ; EνÞi as DðΩÞ is less peaked toward the
Galactic Center direction than J ðΩÞ.
In order to evaluate the gain of the last two configura-

tions when compared with the first configuration, for
the case of annihilation, we calculate and compare
the quantities IJ;n ¼

R
dΩJ ðΩÞhAeffðΩ; EνÞitobsðΩÞ for

Eν ¼ 108.5 GeV, for the 1σ range presented in Sec. VII. In
this formula, n stands for the number of detectors,
hAeffðΩ; EνÞi is the best achievable effective area in all
directions of the sky, weighted by the effective observa-
tion time for each direction tobsðΩÞ, which is computed
using geometrical sky coverage calculations. For
decay, we adopt the same procedure, calculating ID;n ¼R
dΩDðΩÞhAeffðΩ; EνÞitobsðΩÞ at Eν ¼ 108.5 GeV.

For annihilation, the sensitivity gain is IJ;3=IJ;1 ∼ 2, and
IJ;6=IJ;1 ¼ 2–5. For decay, the sensitivity gains also show
a wide range with ID;3=ID;1 ¼ 2–3 and ID;6=ID;1 ¼ 2–6.
These large ranges are due to the large uncertainties on dark
matter halo properties. The best fit properties give gains of
IJ;3=IJ;1 ¼ 2 and IJ;6=IJ;1 ¼ 4 for annihilation and
ID;3=ID;1 ¼ 3 and ID;6=ID;1 ¼ 6 for decay.

IX. DISCUSSION AND CONCLUSION

High to ultrahigh energy neutrino detectors can provide
unique constraints on the properties of superheavy dark
matter annihilating or decaying to neutrinos. In this work,
we have calculated the sensitivities and limits that high to
ultrahigh energy neutrino observatories provide on dark
matter thermally averaged annihilation cross section and
dark matter decay width, for the channels χχ → νν̄ and
χ → νν̄. We have focussed on calculating the sensitivities
and limits of POEMMA, GRAND, ANITA-IV, and Auger,
compared with the current limits given by IceCube. The
sensitivities of the detectors, or their differential exposures,
as well as their sky coverages and the possibility of
detecting several neutrino flavors, are key aspects for
constraining the properties of superheavy dark matter.
The next stages of GRAND, GRAND10k, and

GRAND200k, to be deployed in the next decades, have
the advantage of a very large exposure, of the detection from
all azimuth angles and a full time operation due to the radio
detection technique. Therefore, they give the most con-
straining bounds in the energy range ∼108–1011 GeV.
GRAND200k could improve the existing limits by 2 orders
of magnitude. The locations of the antenna arrays of
GRAND200k are still to be determined, which could
influence its sensitivity to superheavy dark matter. The next
phase of the experiment, GRANDProto300 [106], a pre-
liminary network comprised of 300 radio antennas, will
determine the efficiency of autonomous radio detection and
will possibly help identify unexpected sources of noise.
POEMMA has the advantage of full-sky coverage, due to

its orbit around the Earth, and in the Cherenkov detection
mode, the pointing ability of the detector can allow optimiz-
ing the observation strategy for dark matter detection. A
strategy focussing on the region of the sky observable and
closest to the Galactic Center improves the sensitivity of
POEMMA to superheavy dark matter detection. This
improvement ismore significant for darkmatter distributions
peaked towards the Galactic Center. At 109 GeV, the
sensitivity of POEMMA to superheavy darkmatter decaying
to neutrinos improves by a factor ∼2, the constraint derived
by the IceCube Collaboration [84]. In the fluorescence
observation mode, the three-flavor sensitivity and the full-
sky coverage of POEMMA lead to unprecedented sensitivity
to superheavy dark matter properties above 1011 GeV and
improves by a factor of ∼80 the sensitivity of ANITA-IV.
The uncertainties related to the dark matter distribution

in the galactic halo play a central role for indirect dark
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matter detection. In addition to calculating the sensitivities
to superheavy dark matter annihilation and decay into
neutrinos using the best-fit parameters of the dark matter
distributions, we have evaluated the 1σ uncertainties on
these sensitivities, using the tabulated uncertainties in the
distribution of dark matter constrained from rotation curve
measurements [91]. We have shown the importance of
these uncertainties, which can be 1–1.5 orders of magni-
tude, depending on the sky coverage of the detector
considered.
An enhanced version of the POEMMACherenkov detec-

tor, for instance, with a wider field of view, or comprised of
several detectors pointing in different directions, could
increase the sensitivity to superheavy dark matter properties.
We consider the cases of three and six detectorswith a field of
view of 45°. For the case of six POEMMA-like detectors, the
best fit parameters of the generalized NFW distribution [91],
we find an enhancement in the sensitivity by a factor 4 and 6,
respectively, for annihilation and decay.Most of the detectors
do not point toward the Galactic Center; thus, the enhance-
ment is small for a very peaked dark matter distribution
towards the Galactic Center. Consequently, the uncertainties
on the dark matter distribution strongly influence these
estimates of the sensitivity gains.
In addition toGRANDandPOEMMA, various projects of

HE-UHE neutrino detectors are being developed, such as
IceCube-Gen2 [76], RNO-G, [80] Trinity [107], and
others [108], with a variety of detection techniques. These
detectorswill profitably contribute to superheavy darkmatter
searches.
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APPENDIX A: DISTRIBUTION
OF SECONDARY PRODUCTS

Electroweak showers can influence the distribution of
secondary products for both the annihilation channel
χχ → νν̄ and decay channel χ → νν̄ considered in this
work.With SHDM, the ν or ν̄ can be producedwith virtuality
∼mχ (mχ=2) for annihilation (decay). Electroweak showers
develop, degrading the initial neutrino energy and, through

the showering, introduce additional neutrinos at lower
energies. We consider recent calculations that include
electroweak fragmentation function evolution, matching
at the weak scale, and then further evolution with Pythia
[94]. We use the associated python packages including
these effects, available on github (https://github.com/
nickrodd/HDMSpectra), to assess the impact of the
distributions of secondary products on the sensitivities
to SHDM.
Two examples for the decay channel, considering

POEMMA Cherenkov Galactic Center observation mode
and POEMMA fluorescence observation mode with
GQRS cross sections, are illustrated in Fig. 7. For each
mass mχ , with the inclusion of showering cascades, the
number of neutrinos comes from the integral over the
number of events in the POEMMA energy sensitivity
range. The difference between the delta function approxi-
mation and the distribution including cascades is small
when compared to uncertainties related to the dark matter
distribution in the galactic halo. A small enhancement
appears at the highest energies due to the contribution
of the low energy tail of the distribution of secondary
products. The main difference appears for the
Cherenkov observation mode, with a high-energy tail at
mχ > 1.4 × 1011 GeV, which is produced by the low-
energy tail of the neutrino distribution, thus, without the
contribution of the delta function.

APPENDIX B: COMPARISON WITH EXISTING
AUGER CONSTRAINTS

Several constraints from the Auger experiment, on the
SHDM annihilation cross section and decay width, have
been computed in previous studies. In Fig. 8, we compare
our calculations, which use the updated Auger sensitivity to
UHE neutrinos and the declination dependence of the day-

FIG. 7. Effect of secondary neutrino distribution on the
sensitivity to decay width for POEMMA Cherenkov (Galactic
Center observation mode) and POEMMA fluorescence (GQRS).
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average exposure [102,103], with estimates from [61] for
the annihilation channel and [82,85] for the decay channel.
These estimates are rescaled to account for the different
dark matter distribution profiles considered and the
increase of exposure with time.
Our limit for the annihilation channel differs by a factor

40 from the rescaled constraint from [61]. The sky coverage
of the detector and the related calculation of the differential
J factor differ in these two analyses.

For the decay channel, our limit differs from [82]
(rescaled) by a factor of 10, which may be related to
different effective area and solid angle acceptance of the
detector in both studies. Moreover, our estimate differs
from [85] (rescaled) by a factor of 2 in the mass range
108–1011 GeV, the main difference between the two
analyses being the use of the distribution of secondary
neutrinos in [85], which contributes to the constraint in the
higher mass range 1011–1015 GeV.
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CLAIRE GUÉPIN et al. PHYS. REV. D 104, 083002 (2021)

083002-12

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/10.1146/annurev-astro-082708-101659
https://doi.org/10.1155/2011/968283
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1086/143864
https://doi.org/10.1086/162866
https://doi.org/10.1093/mnras/249.3.523
https://doi.org/10.1093/mnras/249.3.523
https://doi.org/10.1086/168359
https://doi.org/10.1086/168359
https://doi.org/10.1086/508162
https://doi.org/10.1086/508162
https://doi.org/10.1086/591246
https://doi.org/10.1086/522326
https://doi.org/10.1086/522326
https://doi.org/10.1111/j.1365-2966.2008.14269.x
https://doi.org/10.1086/186504
https://doi.org/10.1086/186504
https://doi.org/10.1088/0067-0049/192/2/14
https://doi.org/10.1088/0067-0049/192/2/14
https://doi.org/10.1111/j.1365-2966.2009.15812.x
https://doi.org/10.1111/j.1365-2966.2009.15812.x
https://doi.org/10.1086/524921
https://doi.org/10.1111/j.1365-2966.2009.15191.x
https://doi.org/10.1111/j.1365-2966.2009.15191.x
https://doi.org/10.1238/Physica.Topical.085a00221
https://doi.org/10.1088/0034-4885/63/5/2r3
https://doi.org/10.1016/j.ppnp.2015.07.001
https://doi.org/10.1016/j.ppnp.2015.07.001
https://doi.org/10.1088/0954-3899/43/1/013001
https://doi.org/10.1088/0954-3899/43/1/013001
https://doi.org/10.1088/1361-6471/aabea7


[26] M. C. Gonzalez-Garcia and M. Maltoni, Phys. Rep. 460, 1
(2008).

[27] B. Feldstein, A. Kusenko, S. Matsumoto, and T. T.
Yanagida, Phys. Rev. D 88, 015004 (2013).

[28] Z. Berezhiani, Nucl. Part. Phys. Proc. 265–266, 303
(2015).

[29] L. A. Anchordoqui, V. Barger, D. Marfatia, M. H. Reno,
and T. J. Weiler, Phys. Rev. D 103, 075022 (2021).

[30] N. Hiroshima, R. Kitano, K. Kohri, and K. Murase, Phys.
Rev. D 97, 023006 (2018).

[31] M. Blennow, E. Fernandez-Martinez, A. Olivares-Del
Campo, S. Pascoli, S. Rosauro-Alcaraz, and A. V. Titov,
Eur. Phys. J. C 79, 555 (2019).

[32] V. Berezinsky, M. Kachelriess, and S. Ostapchenko, Phys.
Rev. Lett. 89, 171802 (2002).

[33] M. Kachelriess, O. E. Kalashev, and M. Y. Kuznetsov,
Phys. Rev. D 98, 083016 (2018).

[34] C. Blanco and D. Hooper, J. Cosmol. Astropart. Phys. 03
(2019) 019.

[35] F. Halzen and A. D. Martin, Quarks and Leptons: An
Introductory Course in Modern Particle Physics (Wiley,
New York, 1984).

[36] B. W. Lee and S. Weinberg, Phys. Rev. Lett. 39, 165
(1977).

[37] M. I. Vysotsky, A. D. Dolgov, and Y. B. Zeldovich, Sov.
Phys. JETP Lett. 26, 188 (1977).

[38] H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983); 103,
099905(E) (2009).

[39] G. Steigman and M. S. Turner, Nucl. Phys. B253, 375
(1985).

[40] P. Gondolo and G. Gelmini, Nucl. Phys. B360, 145 (1991).
[41] K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64, 615

(1990).
[42] K. Blum, Y. Cui, and M. Kamionkowski, Phys. Rev. D 92,

023528 (2015).
[43] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.

Phys. 2020, 083C01 (2020).
[44] G. Steigman, B. Dasgupta, and J. F. Beacom, Phys. Rev. D

86, 023506 (2012).
[45] J. M. Gaskins, Contemp. Phys. 57, 496 (2016).
[46] O. Buchmueller, C. Doglioni, and L. T. Wang, Nat. Phys.

13, 217 (2017).
[47] S. Rappoccio, Rev. Phys. 4, 100027 (2019).
[48] S. Chang, C. Coriano, and A. E. Faraggi, Nucl. Phys.

B477, 65 (1996).
[49] V. A. Kuzmin and V. A. Rubakov, Phys. At. Nucl. 61, 1028

(1998).
[50] D. J. H. Chung, E. W. Kolb, and A. Riotto, Phys. Rev. Lett.

81, 4048 (1998).
[51] M. Birkel and S. Sarkar, Astropart. Phys. 9, 297 (1998).
[52] D. J. H. Chung, E. W. Kolb, and A. Riotto, Phys. Rev. D

59, 023501 (1998).
[53] A. E. Faraggi, K. A. Olive, and M. Pospelov. Astropart.

Phys. 13, 31 (2000).
[54] V. A. Kuzmin and I. I. Tkachev, Phys. Rep. 320, 199

(1999).
[55] D. J. H. Chung, P. Crotty, E. W. Kolb, and A. Riotto, Phys.

Rev. D 64, 043503 (2001).
[56] C. Coriano, A. E. Faraggi, and M. Plumacher, Nucl. Phys.

B614, 233 (2001).

[57] K. Kannike, A. Racioppi, and M. Raidal, Nucl. Phys.
B918, 162 (2017).

[58] L. Delle Rose, A. E. Faraggi, C. Marzo, and J. Rizos, Phys.
Rev. D 96, 055025 (2017).

[59] J. F. Beacom, N. F. Bell, and G. D. Mack, Phys. Rev. Lett.
99, 231301 (2007).

[60] H. Yüksel, S. Horiuchi, J. F. Beacom, and S. Ando, Phys.
Rev. D 76, 123506 (2007).

[61] C. A. Argüelles, A. Diaz, A. Kheirandish, A. Olivares-Del-
Campo, I. Safa, and A. C. Vincent, arXiv:1912.09486
[Rev. Mod. Phys. (to be published)].

[62] S. Sarkar and R. Toldra, Nucl. Phys. B621, 495 (2002).
[63] A. Cafarella, C. Coriano, and A. E. Faraggi, Int. J. Mod.

Phys. A 19, 3729 (2004).
[64] K. Murase and J. F. Beacom, J. Cosmol. Astropart. Phys.

10 (2012) 043.
[65] R. Aloisio, S. Matarrese, and A. V. Olinto, J. Cosmol.

Astropart. Phys. 08 (2015) 024.
[66] T. Cohen, K. Murase, N. L. Rodd, B. R. Safdi, and Y.

Soreq, Phys. Rev. Lett. 119, 021102 (2017).
[67] O. E. Kalashev and M. Y. Kuznetsov, Phys. Rev. D 94,

063535 (2016).
[68] E. Alcantara, L. A. Anchordoqui, and J. F. Soriano, Phys.

Rev. D 99, 103016 (2019).
[69] L. A. Anchordoqui, Phys. Rep. 801, 1 (2019).
[70] L. A. Anchordoqui et al., Astropart. Phys. 132, 102614

(2021).
[71] T. N. Maity, A. K. Saha, A. Dubey, and R. Laha,

arXiv:2105.05680.
[72] T. Gaisser and F. Halzen, Annu. Rev. Nucl. Part. Sci. 64,

101 (2014).
[73] M. Ageron et al. (ANTARES Collaboration), Nucl.

Instrum. Methods Phys. Res., Sect. A 656, 11 (2011).
[74] A. Aab et al. (Pierre Auger Collaboration), J. Cosmol.

Astropart. Phys. 10 (2019) 022.
[75] P. W. Gorham et al. (ANITA Collaboration), Phys. Rev. D

99, 122001 (2019).
[76] M. G. Aartsen et al. (IceCube-Gen2 Collaboration),

J. Phys. G 48, 060501 (2021).
[77] S. Adrian-Martinez et al. (KM3Net Collaboration),

J. Phys. G 43, 084001 (2016).
[78] A. V. Olinto et al., J. Cosmol. Astropart. Phys. 06 (2021)

007.
[79] J. Álvarez-Muñiz et al. (GRAND Collaboration), Sci.

China Phys. Mech. Astron. 63, 219501 (2020).
[80] J. A. Aguilar et al. (RNO-G Collaboration), J. Instrum. 16,

P03025 (2021).
[81] P. Gondolo, G. Gelmini, and S. Sarkar, Nucl. Phys. B392,

111 (1993).
[82] A. Esmaili, A. Ibarra, and O. L. G. Peres, J. Cosmol.

Astropart. Phys. 12 (2012) 034.
[83] C. Rott, K. Kohri, and S. C. Park, Phys. Rev. D 92, 023529

(2015).
[84] M. G. Aartsen et al. (IceCube Collaboration), Eur. Phys.

J. C 78, 831 (2018).
[85] M. Kachelrieß, O. E. Kalashev, and M. Y. Kuznetsov,

Phys. Rev. D 98, 083016 (2018).
[86] M. Chianese, D. F. G. Fiorillo, R. Hajjar, G. Miele, S.

Morisi, and N. Saviano, J. Cosmol. Astropart. Phys. 05
(2021) 074.

INDIRECT DARK MATTER SEARCHES AT ULTRAHIGH ENERGY … PHYS. REV. D 104, 083002 (2021)

083002-13

https://doi.org/10.1016/j.physrep.2007.12.004
https://doi.org/10.1016/j.physrep.2007.12.004
https://doi.org/10.1103/PhysRevD.88.015004
https://doi.org/10.1103/PhysRevD.103.075022
https://doi.org/10.1103/PhysRevD.97.023006
https://doi.org/10.1103/PhysRevD.97.023006
https://doi.org/10.1140/epjc/s10052-019-7060-5
https://doi.org/10.1103/PhysRevLett.89.171802
https://doi.org/10.1103/PhysRevLett.89.171802
https://doi.org/10.1103/PhysRevD.98.083016
https://doi.org/10.1088/1475-7516/2019/03/019
https://doi.org/10.1088/1475-7516/2019/03/019
https://doi.org/10.1103/PhysRevLett.39.165
https://doi.org/10.1103/PhysRevLett.39.165
https://doi.org/10.1103/PhysRevLett.50.1419
https://doi.org/10.1103/PhysRevLett.103.099905
https://doi.org/10.1103/PhysRevLett.103.099905
https://doi.org/10.1016/0550-3213(85)90537-1
https://doi.org/10.1016/0550-3213(85)90537-1
https://doi.org/10.1016/0550-3213(91)90438-4
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevD.92.023528
https://doi.org/10.1103/PhysRevD.92.023528
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.86.023506
https://doi.org/10.1103/PhysRevD.86.023506
https://doi.org/10.1080/00107514.2016.1175160
https://doi.org/10.1038/nphys4054
https://doi.org/10.1038/nphys4054
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/0550-3213(96)00371-9
https://doi.org/10.1016/0550-3213(96)00371-9
https://doi.org/10.1103/PhysRevLett.81.4048
https://doi.org/10.1103/PhysRevLett.81.4048
https://doi.org/10.1016/S0927-6505(98)00028-0
https://doi.org/10.1103/PhysRevD.59.023501
https://doi.org/10.1103/PhysRevD.59.023501
https://doi.org/10.1016/S0927-6505(99)00116-4
https://doi.org/10.1016/S0927-6505(99)00116-4
https://doi.org/10.1016/S0370-1573(99)00064-2
https://doi.org/10.1016/S0370-1573(99)00064-2
https://doi.org/10.1103/PhysRevD.64.043503
https://doi.org/10.1103/PhysRevD.64.043503
https://doi.org/10.1016/S0550-3213(01)00420-5
https://doi.org/10.1016/S0550-3213(01)00420-5
https://doi.org/10.1016/j.nuclphysb.2017.02.019
https://doi.org/10.1016/j.nuclphysb.2017.02.019
https://doi.org/10.1103/PhysRevD.96.055025
https://doi.org/10.1103/PhysRevD.96.055025
https://doi.org/10.1103/PhysRevLett.99.231301
https://doi.org/10.1103/PhysRevLett.99.231301
https://doi.org/10.1103/PhysRevD.76.123506
https://doi.org/10.1103/PhysRevD.76.123506
https://arXiv.org/abs/1912.09486
https://doi.org/10.1016/S0550-3213(01)00565-X
https://doi.org/10.1142/S0217751X04018452
https://doi.org/10.1142/S0217751X04018452
https://doi.org/10.1088/1475-7516/2012/10/043
https://doi.org/10.1088/1475-7516/2012/10/043
https://doi.org/10.1088/1475-7516/2015/08/024
https://doi.org/10.1088/1475-7516/2015/08/024
https://doi.org/10.1103/PhysRevLett.119.021102
https://doi.org/10.1103/PhysRevD.94.063535
https://doi.org/10.1103/PhysRevD.94.063535
https://doi.org/10.1103/PhysRevD.99.103016
https://doi.org/10.1103/PhysRevD.99.103016
https://doi.org/10.1016/j.physrep.2019.01.002
https://doi.org/10.1016/j.astropartphys.2021.102614
https://doi.org/10.1016/j.astropartphys.2021.102614
https://arXiv.org/abs/2105.05680
https://doi.org/10.1146/annurev-nucl-102313-025321
https://doi.org/10.1146/annurev-nucl-102313-025321
https://doi.org/10.1016/j.nima.2011.06.103
https://doi.org/10.1016/j.nima.2011.06.103
https://doi.org/10.1088/1475-7516/2019/10/022
https://doi.org/10.1088/1475-7516/2019/10/022
https://doi.org/10.1103/PhysRevD.99.122001
https://doi.org/10.1103/PhysRevD.99.122001
https://doi.org/10.1088/1361-6471/abbd48
https://doi.org/10.1088/0954-3899/43/8/084001
https://doi.org/10.1007/s11433-018-9385-7
https://doi.org/10.1007/s11433-018-9385-7
https://doi.org/10.1088/1748-0221/16/03/P03025
https://doi.org/10.1088/1748-0221/16/03/P03025
https://doi.org/10.1016/0550-3213(93)90199-Y
https://doi.org/10.1016/0550-3213(93)90199-Y
https://doi.org/10.1088/1475-7516/2012/12/034
https://doi.org/10.1088/1475-7516/2012/12/034
https://doi.org/10.1103/PhysRevD.92.023529
https://doi.org/10.1103/PhysRevD.92.023529
https://doi.org/10.1140/epjc/s10052-018-6273-3
https://doi.org/10.1140/epjc/s10052-018-6273-3
https://doi.org/10.1103/PhysRevD.98.083016
https://doi.org/10.1088/1475-7516/2021/05/074
https://doi.org/10.1088/1475-7516/2021/05/074


[87] J. F. Navarro, C. S. Frenk, and S. D. M. White, Astrophys.
J. 490, 493 (1997).

[88] A. Burkert, Astrophys. J. Lett. 447, L25 (1995).
[89] F. Nesti and P. Salucci, J. Cosmol. Astropart. Phys. 07

(2013) 016.
[90] M. Benito, A. Cuoco, and F. Iocco, J. Cosmol. Astropart.

Phys. 03 (2019) 033.
[91] M. Benito, F. Iocco, and A. Cuoco, Phys. Dark Universe

32, 100826 (2021).
[92] R. Abuter et al. (Gravity Collaboration), Astron.

Astrophys. 625, L10 (2019).
[93] R. K. Leane, 3rd World Summit on Exploring the Dark

Side of the Universe, arXiv:2006.00513.
[94] C. W. Bauer, N. L. Rodd, and B. R. Webber, J. High

Energy Phys. 06 (2021) 121.
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