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Next-generation ultrahigh-energy (UHE) neutrino telescopes, presently under planning, will have the
potential to probe the decay of heavy dark matter (DM) into UHE neutrinos, with energies in excess of
107 GeV. Yet, this potential may be deteriorated by the presence of an unknown background of UHE
neutrinos, cosmogenic or from astrophysical sources, not of DM origin and seemingly large enough to
obscure the DM signature. We show that leveraging the angular and energy distributions of detected events
safeguards future searches for DM decay against such backgrounds. We focus on the radio detection of
UHE neutrinos in the planned IceCube-Gen2 neutrino telescope, which we model in state-of-the-art detail.
We report promising prospects for the discovery potential of DM decay into UHE neutrinos, the
measurement of DM mass and lifetime, and limits on the DM lifetime, despite the presence of a large
background, without prior knowledge of its size and shape.
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I. INTRODUCTION

About 85% of the matter in the Universe is dark, not
interacting electromagnetically nor strongly. Evidence for
dark matter (DM) comes from velocity dispersion and
rotation curves in galaxies and galaxy clusters [1–5],
gravitational lensing measurements in galaxy clusters
and collisions of galaxy clusters [6,7], the cosmic micro-
wave background (CMB) anisotropy, and the large-scale
structure of the Universe [8–12]. Because this evidence
relates to the gravitational effect that DM has on the visible
Universe, it provides little guidance to understand other
possible interactions between DM and Standard Model
particles that could reveal its nature.
The absence of such guidance has spurred a broad

program to understand the nature of DM, from theory
and experiment. From theory, diverse candidates have been
proposed as DM constituents; see, e.g., Ref. [13] for an
historical review. These include novel particles, such as
weakly interacting massive particles [14,15], axions [16],
Majorons [17–19], and sterile neutrinos [20], and non-
particle candidates, such as primordial black holes [21].
From experiment, searches for these candidates follow four
complementary strategies: collider searches, which attempt
to produce DM in high-energy particle collisions; direct

DM searches, which look for Galactic DM scattering on
dense detector targets; astrophysical searches, which look
for the impact that DMwould have on cosmic particles; and
indirect DM searches, which look for products of DM self-
annihilation or decay.
We focus on indirect searches for the decay of heavy

DM particles, with masses in excess of 10 PeV, into
neutrinos. Our choice is motivated by upcoming exper-
imental capabilities (more on this later) that, for the first
time, could allow us to probe DM decay using ultrahigh-
energy (UHE) neutrinos, with energies in excess of
10 PeV. (We do not consider DM self-annihilation
because, for heavy DM, its cross section is strongly
constrained by unitarity bounds [22–24].)
Already in the last decade, the breadth of DM indirect

searches widened after the discovery by the IceCube
neutrino telescope of high-energy neutrinos of cosmic
origin, with energies between 10 TeVand 10 PeV [25–31].
In fact, initially the discovery led to speculation that heavy
DM decaying to neutrinos could explain their flux in the
10–100 TeV range [32–43]. Nowadays, more conventional
astrophysical explanations are favored [44–47], but Ice-
Cube observations still set competitive bounds on the DM
lifetime and self-annihilation cross section for DM masses
below 10 PeV [48–50]. These bounds are complementary
to the ones obtained from gamma-ray observations in a
similar mass range; see, e.g., Refs. [48,51,52].
In the next decade, a host of new neutrino telescopes,

presently in different stages of planning, design, and
prototyping, will target the long-sought discovery of
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UHE neutrinos, between 100 PeV and 10 EeV, that were
first predicted in 1969 [53]. They include AugerPrime [54],
BEACON [55], EUSO-SPB2 [56], GCOS [57], GRAND
[58], POEMMA [59], PUEO [60], RNO-G [61], TAROGE
[62], and the radio array of IceCube-Gen2, the envisioned
upgrade of IceCube [63]. Ultrahigh neutrinos will bring
new insight into astrophysics [64–66] and fundamental
physics [65–70]. In particular, they will allow us to test the
decay of heavier DM particles, with masses from 10 PeV to
100 EeV; see, e.g., Refs. [24,48,71].
However, the capacity of UHE neutrino telescopes to

probe DM decay critically depends on an unknown
quantity: the diffuse flux of UHE neutrinos that do not
originate from DM decay, and that acts as a background to
DM searches. If this background is large, then it could
obscure more subtle signatures of neutrinos from DM
decay. These background neutrinos—hereafter dubbed
“non-DM neutrinos”—are expected from the interaction
of ultrahigh-energy cosmic-rays (UHECRs) with ambient
matter or radiation inside the extragalactic astrophysical
sources where they are accelerated—i.e., astrophysical
neutrinos—or with cosmic photon backgrounds during
their propagation to Earth—i.e., cosmogenic neutrinos
[53,72,73]. We expand on them later (Sec. II A).
The situation is worsened by the large variety, in size

and shape, in the current theoretical predictions of UHE
astrophysical and cosmogenic neutrino fluxes; see, e.g.,
Fig. 2 in Ref. [74]. Without a firm estimate of the non-DM
UHE neutrino background, it would seem that the mere
discovery of UHE neutrinos may be insufficient to establish
whether they originate from DM decay or not. Were the
possibility of a background of non-DM UHE neutrinos
ignored, the evidence for or against DM decay could be
interpreted erroneously.
We show that these difficulties can be overcome by

leveraging known differences between the distributions in
energy and arrival directions of UHE neutrinos from DM
decay and non-DM UHE neutrinos. Regarding energy,
neutrinos from DM decay are produced predominantly at an
energy of Eν ∼mDM=2, where mDM is the mass of the DM
particle, whereas the spectrum of non-DM neutrinos is
expected to be relatively extended in energy. Regarding
direction, the flux of neutrinos from DM decay should peak
towards the Galactic Center (GC), where DM is concentrated,
whereas the diffuse flux of non-DM neutrinos is expected to
be isotropic. The above features are essential and generic to
UHE neutrinos of DM and non-DM origin alike, and are
broadly present in models of their fluxes. By relying on them,
our methods apply broadly, regardless of the specific nature of
the DM particle, of the relative size of the fluxes of neutrinos
from DM decay and of non-DM neutrinos, and of the specific
shape of the energy spectrum of non-DM neutrinos.
Our strategy is similar to studies of the decay of TeV–PeV

DM that use IceCube data (see, e.g., Ref. [49]), but has one
important advantage. In the TeV–PeV range, it is possible

that non-DM astrophysical processes produce an excess of
neutrinos towards the GC that could obfuscate a signal of
neutrinos from DM decay [75–88]. In contrast, in the UHE
range, we expect no astrophysical process to produce
neutrinos towards the GC, making the search for DM decay
cleaner.
We gear our forecasts to the radio detection of UHE

neutrinos in IceCube-Gen2, since it is among the largest
upcoming neutrino telescopes under consideration and is
presently in an advanced stage of planning. We model
neutrino detection via the same state-of-the-art simulations
used in Refs. [74,89,90], which account for UHE neutrino
propagation inside Earth, detector geometry, energy- and
direction-dependent detector response, and energy and
angular detector resolution.
Figure 1 summarizes our main findings; we defer details

to later. They are twofold: on the discovery of DM decay
and on lower limits on the DM lifetime. For the first time,
we report robust discovery prospects for UHE neutrinos
from DM decay, i.e., the values of DM mass and lifetime
that would allow us not only to detect UHE neutrinos, but
also to claim that they originate from DM decay, at least
partially. In Fig. 1, the presence of about 30 neutrinos from
DM decay in a 10-year event sample, would allow us to
claim their DM origin. Separately, we find that while the
background of non-DM UHE neutrinos weakens the lower
limits on DM lifetime, an energy and angular analysis
mitigates this weakening, keeping the limits competitive
with present-day ones, at worst.
The overarching message of our results is that, despite

our ignorance of the background of astrophysical and
cosmogenic UHE neutrinos, the discovery of UHE neu-
trinos will constitute a sensitive probe of heavy DM decay.
We present our results and methods to inform future
forecasts and searches.
This paper is structured as follows. In Sec. II we discuss

the main features of DM and non-DM neutrino production,
and highlight the models that we choose as benchmark for
this work. In Sec. III we describe how we compute UHE
neutrino-induced event rates at IceCube-Gen2. In Sec. IV
we obtain the prospects of IceCube-Gen2 for the discovery
of DM neutrinos. In Sec. V we forecast bounds on the DM
lifetime if no evidence for DM decay is found. In Sec. VI,
we conclude. In Appendix, we provide additional figures
which complement the results in the main text.

II. FLUXES OF UHE NEUTRINOS

The diffuse flux of UHE astrophysical and cosmogenic
neutrinos, itself a target of discovery [64,65,70,74], could
be a background to searches for the diffuse flux of UHE
neutrinos from DM decay. Fortunately, these fluxes differ
in their distributions in energy and direction. In energy,
the non-DM background neutrino flux is spread out, while
that of neutrinos from DM decay is more concentrated.
In direction, the non-DM background neutrino flux is
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isotropic, while that of neutrinos from DM decay peaks
towards the Galactic Center. We review these features
below; later (Secs. IV and V), we use them to distinguish
between the fluxes.

A. UHE astrophysical and cosmogenic neutrinos

UHE neutrinos are expected from the interaction of
UHECR protons, with energies Ep ≳ 100 PeV, with
ambient matter [95–97] or radiation [96,98,99], inside
the extragalactic astrophysical sources where they are
accelerated—i.e., astrophysical neutrinos—or with cosmic
photon backgrounds during their propagation in extragalac-
tic space—i.e., cosmogenic neutrinos. These interactions
produce high-energy pions, and other intermediate particles,
that promptly decay into high-energy neutrinos via π− →
μ− þ ν̄μ, followed by μ− → e− þ ν̄e þ νμ, and their

charge-conjugated processes, where each neutrino has
energy Eν ≃ Ep=20.
We focus on the diffuse UHE neutrino flux, i.e., the

sum of the UHE neutrino emission—astrophysical or
cosmogenic—from all sources, across all redshifts. The
cosmogenic neutrino flux is isotropic, since extragalactic
magnetic fields scramble the trajectories of neutrino-
producing UHECRs; see Sec. II C. The angular distribution
of the astrophysical neutrino flux reflects that of the
neutrino sources in the sky. Because UHE neutrino sources
are in all likelihood extragalactic, we assume that they are
isotropically distributed, and so the diffuse neutrino flux
from them is isotropic, too. The discovery of the diffuse
flux of astrophysical and cosmogenic neutrinos is one of
the main goals of the next generation of neutrino telescopes
[64,65,74,89]. (The associated discovery of point sources
of UHE neutrinos is explored in Refs. [90,100,101].) Yet, in
our work, they represent a background to the discovery of
neutrinos from DM decay.
Cosmogenic neutrinos were first proposed in the late

1960s [53], as a natural consequence of the interaction of
UHECRs on the CMB [72,73]. They constitute a nearly
guaranteed contribution in the UHE neutrino range, since
their production only relies on the existence of UHECRs
and of the CMB (and also of the extragalactic background
light). The flux of cosmogenic neutrinos depends on the
properties of UHECRs—their spectrum, maximum ener-
gies, and mass composition—and of their sources—their
distribution in redshift. Because these properties are known
uncertainly [102], the flux predictions vary widely, in size
and shape; see, e.g., Refs. [31,103–116].
Astrophysical UHE neutrinos are produced inside astro-

physical sources. In this case, the target photons need not be
the CMB, but low-energy photons present in the environ-
ments in which UHECRs are injected. Flux predictions are
made more complex because they depend also on the
physical conditions inside the sources, including the shape
of the photon spectra, the matter density, and the geometry
of the neutrino production region. Numerous models have
been proposed for various candidate source classes, includ-
ing active galactic nuclei [109,115,117–126], gamma-ray
bursts [127–134], newborn pulsars [108,135], and tidal
disruption events [136–144]. In some models, the diffuse
astrophysical neutrino flux can be comparable or larger than
the cosmogenic neutrino flux; e.g., Ref. [115].
Thus, there is a large number of competing theoretical

predictions of the cosmogenic and astrophysical UHE
neutrino flux; see Fig. 2 in Ref. [74] and Fig. 6 in
Ref. [89] for an overview. The range of predicted UHE
neutrino fluxes spans several orders of magnitude. The
highest flux predictions [103] would yield about 30 events
per year in the radio array of IceCube-Gen2, making them
easily discoverable; the lowest [113,115], less than one
event in 10 years, making them undiscoverable (see Fig. 1
and Table I in Ref. [74] for details).

FIG. 1. Forecasts of discovery and constraints of dark matter
decay into UHE neutrinos in the radio array of IceCube-Gen2.
DM decay can be discovered or constrained even in the presence
of a medium-sized non-DM cosmogenic background flux of
UHE neutrinos (Fig. 2). Forecasts are based on state-of-the-art
projected samples of detected events with energies over 107 GeV,
use baseline choices of the detector angular and (logarithmic)
energy resolution, σΩ ¼ 3° and σϵ ¼ 0.1, and assume no knowl-
edge of the non-DM neutrino background in the analysis of
projected data. For discovery, forecasts use the angular distribu-
tion of events; for constraints, their joint angular and energy
distribution. This figure assumes the Navarro-Frenk-White den-
sity profile for Galactic DM. Existing lower limits on the DM
lifetime are from the upper bound on the UHE neutrino flux from
IceCube [91], KASCADE-Grande [92], the Telescope Array
[93], and the Pierre Auger Observatory [94]; see Ref. [48]. See
Sec. IV for details on discovery (especially Figs. 7–10) and
Sec. V for details on bounds (especially Figs. 11 and 12).
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Most flux predictions share some common features; e.g.,
they can be roughly described as a power-law flux—from
neutrino production via proton-matter interactions—a
bumplike flux—from neutrino production via proton-
photon interactions—or a combination of both. The
resemblance between different flux predictions is largely
superficial, since they differ in a number of important
assumptions, i.e., the identity of the neutrino sources, the
physical conditions in the region of neutrino production,
the neutrino production mechanism, and the UHECR
observations on which the neutrino predictions are based.
Regardless, in our forecasts below, we pivot on these
superficial similarities and choose a benchmark back-
ground flux of UHE neutrinos that is representative of
the range of theoretical predictions.
Figure 2 shows the two illustrative flux predictions that

we select as benchmark “non-DM” UHE neutrino back-
ground for our analysis. They represent a large background
and an intermediate one; later, we complement them with a
null-background scenario. We base both on the cosmogenic
neutrino flux predicted by Bergman & van Vliet [103] by
fitting the simulated UHECR energy spectrum and mass

composition at Earth to recent data from the Telescope
Array (TA) [145,146]. (This is flux model 4 in
Refs. [74,89].) Because TA data favors a light UHECR
mass composition and high maximum rigidity, the resulting
cosmogenic neutrino flux is large: Fig. 2 shows that it
saturates the present-day upper limits from IceCube [91]
and the Pierre Auger Observatory [147].

Large non-DM background: This is the full cosmogenic
neutrino flux predicted by Bergman & van Vliet [103],
which yields about 33 events per year in the radio
array of IceCube-Gen2; see Figs. 3 and 4 and Table I
in Ref. [74], and Fig. 5 below. Because this is as large
a flux of UHE neutrinos as is allowed by present-day
upper limits (Fig. 2), it is about the largest background
of non-DM UHE neutrinos that we could face in a
search for DM decay.

Intermediate non-DM background: This is the Bergman
& van Vliet cosmogenic flux scaled down to 10% of
its size, which yields about three events per year in the
radio array of IceCube-Gen2.

Null background: The ideal scenario for the discovery of
UHE neutrinos from DM is the absence of non-DM

FIG. 2. Diffuse flux of UHE neutrinos from DM decay and non-DM background flux. The flux from the decay of a DM particle, χ,
into neutrinos (i.e., χ → νþ ν̄) is shown for illustrative choices of the DM mass, mDM ¼ 108 GeV and 1011 GeV, and of the DM
lifetime, τ ¼ 1029 s, and computed following Sec. II B. Later, we vary the values of the DM mass and lifetime in our forecasts. The
neutrino flux from DM decay is separated into its sky-averaged Galactic component and its isotropic extragalactic component. (We do
not show in this figure the primary-neutrino contribution to the Galactic component, since it is a singular monochromatic line at
Eν ¼ mDM=2, but we include it in our calculations; see Sec. II B.) The two non-DM isotropic UHE neutrino fluxes are the benchmarks
that we use in our work. The large benchmark flux is the cosmogenic neutrino flux predicted by Bergman & van Vliet [103] based
on cosmic-ray data from the Telescope Array [145,146]. The medium benchmark flux is 10% of that. The projected sensitivity of the
radio array of IceCube-Gen2 is from Ref. [149]. Present-day upper limits on the flux of UHE neutrinos are from IceCube [91] and
the Pierre Auger Observatory [147]. For comparison, we show the tail end of the present-day IceCube measurements of TeV–PeV
neutrinos [31,104]. See Sec. II for details.
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UHE neutrinos. This has been the scenario adopted in
previous forecasts of DM decay into UHE neutrinos
[71,148]. We maintain it here as a baseline against
which we compare our forecasts including a non-DM
background.

Figure 2 shows the all-flavor background flux, but when
computing event rates (Sec. III) we sum the individual
contributions of the fluxes of νe, ν̄e, νμ, ν̄μ, ντ, and ν̄τ for
this model, as shown in Fig. 6 in Ref. [89].
For the purpose of discovering neutrinos from DM

decay, what matters is not whether the non-DM UHE
neutrino background is cosmogenic or astrophysical, but
rather that its angular and energy distributions are different
from those of the flux of neutrinos from DM decay (Sec. I).
We point out these differences explicitly in Sec. II C.
Admittedly, in choosing a benchmark non-DM UHE
neutrino background, we make a specific choice of the
shape of its energy spectrum. This choice is necessary to
be able to generate simulated samples of detected events
(Sec. III). However, when analyzing these samples (Secs. V
and IV), we do not assume knowledge of the size or shape
of the non-DM background, but instead let them vary, just
as an analysis of real detected data would.

B. UHE neutrinos from dark matter decay

The decay of a heavy DM particle, χ, with mass
mDM ≳ 107 GeV, into Standard Model particles, leads to
the production of high-energy neutrinos. The yield of
neutrinos depends on the channels by which the DM
particle decays. If the DM particle decays primarily into
neutrinos, i.e., χ → ν̄ν, then the resulting neutrino flux
has a primary contribution that is monoenergetic at
Eν ¼ mDM=2. We neglect the spread of the energy spec-
trum due to the thermal velocity of DM, since it is small
[150,151]. A secondary contribution comes from electro-
weak corrections, generated from the emission, by the
decay products, of off-shell W and Z bosons that promptly
decay into neutrinos; this contribution is present even if
DM does not primarily decay to neutrinos. In our analysis,
we consider the neutrino flux made up of both primary and
secondary contributions.
The electroweak corrections unavoidably give rise to

gamma rays, electrons, positrons, protons, and antiprotons
that are also amenable to indirect detection. Upper limits on
their flux indirectly constrain the associated neutrino flux.
Notably, for most decay channels (e.g., for hadronic decay
channels such as χ → b̄b), the present-day upper limits on
the gamma-ray flux are so strong that the projected limits
on the associated UHE neutrino flux are comparable or
weaker; see, e.g., Ref. [148] (see also Ref. [152] for a
comparison of the bounds from gamma-ray and cosmic-ray
measurements). However, for leptonic (e.g., χ → τ̄τ) and
neutrinophilic (i.e., χ → ν̄ν) decay channels, in the DM
mass range mDM ¼ 107–1010 GeV, the bounds from
UHE neutrinos may be comparable or stronger than the

present-day bounds from gamma rays. For this reason, we
focus exclusively on the neutrinophilic decay channel,
χ → ν̄ν. We assume equal branching ratios for the decay
into each of the three flavors, χ → ν̄eνe, χ → ν̄μνμ, and
χ → ν̄τντ. We treat the flux of νe, ν̄e, νμ, ν̄μ, ντ, and ν̄τ
separately; later, we propagate each through the Earth
(Sec. III A) and compute its contribution to the detected
event rate (Sec. III B).
We compute the neutrino spectra numerically, using the

public code HDMSpectra [153], which evolves the
particle showers initiated by DM decay, including in
detail electroweak corrections, and yields the final-state
products of shower evolution. The neutrino spectra from
DM decay are notoriously hard to compute precisely,
since the emission of soft collinear W� bosons leads to
logarithmically enhanced terms ∝ log2ðmDM=mWÞ, where
mW is the mass of the W boson, that need to be resummed
[154]; HDMSpectra accounts for this. Thus, from
HDMSpectra we obtain dNνα=dEν and dN ν̄α=dEν

(α ¼ e, μ, τ), the number of να and ν̄α emitted in a single
DM decay per unit energy. These spectra include also the
primary monoenergetic contributions at Eν ¼ mDM=2.
The diffuse flux of neutrinos that reach the Earth is due

to DM decays that occur inside the Galaxy (Gal) and in
extragalactic space (EG), i.e.,

dΦνα

dEνdΩν
¼ dΦGal

να

dEνdΩν
þ dΦEG

να

dEνdΩν
; ð1Þ

where Ων is the solid angle. To compute the Galactic
contribution, we integrate the neutrino spectrum from a
single DM decay over the spatial distribution of DM in the
Milky Way. This makes the Galactic neutrino flux aniso-
tropic, since it traces the density of Galactic DM. To
compute the extragalactic contribution, we integrate the
neutrino spectrum from a single DM decay over the
cosmological distribution of DM. This makes the extra-
galactic neutrino flux isotropic.
The Galactic contribution of να is

dΦGal
να

dEνdΩν
¼ dNνα

dEν

Z
∞

0

ρDMðs; b; lÞ
4πτDMmDM

ds; ð2Þ

where s is the distance measured from the Earth, b and l are
Galactic latitude and longitude and parametrize the neu-
trino incoming direction, τDM is the DM lifetime, and ρDM
is the density profile of DM in the Galaxy.
Figure 3 shows competing models of the Galactic DM

density profiles. The “cuspy” Navarro-Frenk-White (NFW)
[155] profile—obtained from a numerical fit to N-body
simulations of structure formation—and Einasto [156]
profile—originally proposed to describe stellar systems
and later extended to fit the DM halo—peak towards the
GC. The “puffy” Burkert profile [157]—obtained by a fit to
the DM distribution in dwarf galaxies—instead plateaus to
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a core towards the GC. We pick the NFW and Burkert
profiles as representative of the two extremes of the “cusp
vs core” uncertainty in Galactic DM profiles. To produce
our main results, in Figs. 7, 9, 10, 11, 12, 14, and 15, we
adopt the NFW profile; in Figs. 11, 12, and 15, we contrast
them against results obtained assuming the Burkert profile.
For the NFW profile, we use [158]

ρNFWDM ðs; b; lÞ ¼ ρ0

ðrðs;b;lÞrc
Þð1þ rðs;b;lÞ2

r2c
Þ
; ð3Þ

where ρ0 ¼ 0.33 GeVcm−3, rc ¼ 20 kpc, and rðs; b; lÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ R2

s − 2sRs cos b cos l
p

is the Galactocentric radius,
with Rs ¼ 8.5 kpc. For the Burkert profile, we use

ρBurkertDM ðs; b; lÞ ¼ ρs

ð1þ rðs;b;lÞ
rs

Þð1þ rðs;b;lÞ2
r2s

Þ
; ð4Þ

with ρs ¼ 0.712 GeVcm−3 and rs ¼ 12.67 kpc [158].
The extragalactic contribution of να is

dΦEG
να

dEνdΩν
¼ ΩDMρc

4πτDMmDM

Z
∞

0

dz
HðzÞ

dNνα

dEν

����
Eνð1þzÞ

; ð5Þ

where z is the redshift, ρc ¼ 4.79 × 10−6 GeV cm−3 is the
critical density of the Universe, ΩDM ¼ 0.265 is the
fraction of energy density of the Universe in the form of
DM, HðzÞ ¼ H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þΩmð1þ zÞ3

p
is the Hubble param-

eter, H0 ¼ 1.08 × 10−28 cm−1 h is the Hubble constant,
with h ¼ 0.674, ΩΛ ¼ 0.685 is the vacuum energy density,
and Ωm ¼ 0.315 is the matter energy density. The right-
hand side of Eq. (5) is evaluated at an energy Eνð1þ zÞ to
compensate for the cosmological expansion.
Figure 2 shows the resulting diffuse energy spectrum of

UHE neutrinos from DM decay, integrated over all sky
directions, for two benchmark values of the DM mass, and
separated into the Galactic and extragalactic components
only for illustration. The main features of the energy
spectrum are a spike of neutrinos close to the energy
Eν ¼ mDM=2, and a power-law tail at lower energies, from
electroweak corrections and, in the case of the extragalactic
component, from redshifting. The dominant component
of the flux is the Galactic one, due to the nearby DM
overdensity in the GC. However, at energies close to the
spike, a pileup of neutrinos from the direct decay χ → ν̄ν,
redshifted to lower energies, causes the extragalactic
contribution to dominate instead in a narrow energy range.
Because we assume DM decay into neutrinos of all flavors
with equal branching ratios (see above), the all-flavor flux
in Fig. 2 is split evenly among the three flavors and among
neutrinos and antineutrinos.

C. Non-DM neutrinos vs neutrinos from DM decay

The essential differences between the background flux of
UHE non-DM neutrinos and the flux of UHE neutrinos
from DM decay are in their energy spectrum and in their
angular distribution in the sky.
Energy spectrum: Figure 2 shows that the energy spectrum
of our benchmark non-DM background flux—which is
typical of many flux predictions—is more spread out
around its maximum compared to the energy spectrum
of neutrinos from DM decay, which peaks sharply at
Eν ¼ mDM=2. Yet, because of the spread of the latter
towards lower energies due to redshifting (compounded,
later, by the limited energy resolution of the detector),
the differences in spectral shape are not as marked.
While the lack of a bumplike feature in the observed
spectrum of UHE neutrinos would disfavor DM decay, its
observation could be attributed either to DM decay or
to a non-DM background flux. Accordingly, the energy
spectrum is not the driving factor to discover DM decay
(Sec. IV), but supplements angular information to set
constraints (Sec. V).
Angular distribution: Figure 4 shows the angular distribu-
tion of the total diffuse flux of UHE neutrinos, integrated
over energy. This reveals the critical difference between
non-DM and DM neutrinos: the flux of non-DM neutrinos
is isotropic, while the flux of DM neutrinos peaks towards
the GC, where, under the NFW profile, it is about a factor

FIG. 3. Profiles of Galactic dark matter density. For the
Navarro-Frenk-White (NFW) profile [155], we use Eq. (3). For
the Einasto [156] and Burkert [157] profiles, we use the para-
metrizations and parameter choices from Ref. [158]; see Eq. (4).
Our main results for DM discovery (Figs. 7, 9, 10, and 14)
and bounds (Figs. 11, 12, and 15) are generated assuming the
NFW profile. Results generated assuming the Einasto profile (not
shown) are similar. Figures 8 and 13 contrast results obtained
assuming the NFW and Burkert profiles.
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20 larger than in the rest of the sky. This contrast is the main
driving factor to discover DM decay and place constraints
on it. For the puffier Burkert profile, the contrast is milder,
which weakens both prospects, as we show later. In either

case, because the GC is in the Southern Hemisphere,
neutrinos from DM decay coming from this direction are
not attenuated by their passage through Earth before
reaching IceCube-Gen2 (Sec. III A), making it particularly
sensitive to this signal.
Below (Sec. III), we show that the above differences

between the fluxes are mirrored, albeit imperfectly, by
corresponding differences in the energy and angular dis-
tributions of detected events.

III. DETECTION OF UHE NEUTRINOS

To make realistic forecasts of probes of DM decay into
UHE neutrinos, we compute in detail their propagation
inside the Earth and their radio detection in our detector of
choice, the radio array of IceCube-Gen2.

A. Neutrino propagation inside the Earth

Upon reaching Earth, UHE neutrinos propagate from its
surface, through its interior, to the detector, IceCube-Gen2,
situated at the South Pole. While propagating, neutrinos
interact with matter underground. Because the neutrino-
nucleon cross section, σνN , grows with neutrino energy (at
ultrahigh energies, roughly as σνN ∝ E0.363

ν [159]), these
interactions appreciably attenuate the flux of neutrinos that
reaches the detector. Roughly, neutrino interactions attenu-
ate the flux via an exponential dampening factor e−σνNL,
where L is the distance traveled underground. Thus, the
attenuation grows with neutrino energy and with distance
traveled.
At ultrahigh energies, neutrinos interact with nucleons

predominantly via deep inelastic scattering (DIS) [160–166].
In it, the incoming neutrino scatters off of a parton—a
quark or a gluon—of a nucleon at rest, N—a proton or
a neutron (N ¼ p, n). The interaction is neutral-current
(NC) if mediated by a Z boson, i.e., να þ N → να þ X
(α ¼ e, μ, τ), where X represents final-state hadrons, or
charged-current (CC) if mediated by a W boson, i.e.,
να þ N → αþ X. The NC neutrino-nucleon cross section,
σNCναN , is about 1=3 of the CC cross section, σCCναN . At these
energies, the cross sections on proton and on neutron
are very similar, and the cross sections for different neutrino
flavors are nearly equal. When propagating neutrinos
inside the Earth, and also when computing detected event
rates (Sec. III C), we treat separately the NC and CC
interactions of neutrinos of different flavors, each with its
own cross section.
In a DIS interaction, the final-state hadrons receive a

fraction y—the inelasticity—of the energy of the interact-
ing neutrino. The final-state leptons receive the remaining
fraction, (1 − y). The inelasticity follows a probability
distribution given by the differential cross sections, either
dσNCναN=dy or dσCCναN=dy. The distributions peak at y ¼ 0,
but they are broad, and depend on the neutrino energy; see,
e.g., Fig. 4 in Ref. [89].

FIG. 4. Angular distribution of the diffuse flux of UHE
neutrinos. Top: neutrinos from DM decay, for a NFW profile.
We show the distribution computed using illustrative values of
DM mass and lifetime, mDM ¼ 108 GeV and τDM ¼ 1029 s, but
for other values the angular distribution is very similar. Center:
same for a Burkert profile. Bottom: neutrinos from the non-DM
isotropic background of UHE neutrinos. The flux is isotropic,
so the sky map is shaded uniformly. We show the distribution
from our large benchmark background, i.e., the cosmogenic
neutrino flux by Bergman & van Vliet [103], but for other choices
of the isotropic background flux the angular distribution is very
similar.
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Thus, as neutrinos propagate inside the Earth, NC
interactions shift the neutrino flux to lower energies,
while CC interactions deplete the flux. (For ντ, the
consecutive CC neutrino interactions and decays of the
ensuing tauons—known as “ντ regeneration”—appreciably
counteract the flux dampening; see, e.g., Fig. 8 in
Ref. [89].) At ultrahigh energies, the flux of up-going
neutrinos, with θz > 90°, where θz is the zenith angle
measured from the South Pole, is nearly fully attenuated by
the time it reaches the detector. On the contrary, the flux of
down-going (θz < 90°) and horizontal (θz ≈ 90°) neutrinos
is attenuated appreciably, but is not completely depleted.
For illustration, see, e.g., Fig. A2 in Ref. [164], Ref. [167],
and Figs. 10 & 11 in Ref. [89]. This makes the detection of
UHE neutrinos more likely from these directions, provided
there is sufficient detector response, which is the case for
our modeling of IceCube-Gen2; we elaborate on this in
Secs. III B and III C.
We compute the propagation of UHE neutrinos inside

the Earth as in Refs. [74,89,90], using the sophisticated
propagation code NUPROPEARTH [167,168]. It uses the
recent BGR18 neutrino-nucleon DIS cross sections [13],
the same ones that we use in Sec. III C to compute the
rate of detected events. NUPROPEARTH also accounts for ντ
regeneration, for energy losses of intermediate leptons
during propagation, and for subleading neutrino inter-
actions that, taken together, increase the flux attenuation
by approximately an extra 10%. For the density profile
of matter inside the Earth, we adopt the Preliminary
Reference Earth Model [169], with an added layer of
surface ice 3 km thick to represent Antarctica, and account
also for the radial change in the chemical composition of
underground matter [167]. Finally, we model the volume
of the neutrino detector—the radio array of IceCube-
Gen2—as a cylinder of radius 12.6 km and height
1.50 km, buried vertically 100 m underground at the
South Pole; see Fig. 7 in Ref. [89].
In summary, given a flux of neutrinos at the surface of

the Earth, from DM decay or from the non-DM background
neutrino flux, we propagate it across many different
directions to the detector. We propagate separately the
fluxes of νe, ν̄e, νμ, ν̄μ, ντ, and ν̄τ;. Below, we use their
fluxes at the detector, Φdet

να and Φdet
ν̄α , to compute neutrino-

induced event rates.

B. UHE neutrino radio detection at IceCube-Gen2

Reference [170] first proposed using the radio emission
from UHE particles as a means to detect them. Upon
reaching the detector volume, an UHE neutrino may scatter
off a nucleon in ice and produce a shower of high-energy
particles. As the shower travels, it accumulates an excess of
electrons in its front that, after reaching shower maximum,
is emitted as an impulsive coherent radio pulse, known as
Askaryan radiation [171]. For details, see Refs. [172,173].
Because radio travels in ice subject only to mild

attenuation, it may be detected using a sparse underground
array of radio antennas, which makes it feasible to instru-
ment a large volume that makes up for the potentially tiny
fluxes of incoming UHE neutrinos.
This is the strategy adopted by the planned radio array of

IceCube-Gen2 [63]. Of the proposed UHE neutrino tele-
scopes [65,70,174], the radio array of IceCube-Gen2 is
among the largest and in an advanced stage of planning
[63]. Thus, we gear our forecasts to it. However, our
methods can be readily adapted to other upcoming UHE
neutrino telescopes [65,70,174].
To compute realistic projected event rates at the radio

array of IceCube-Gen2, we follow the detailed procedure
introduced in Ref. [89], which uses an estimated detector
response based on state-of-the-art simulations. This has
been used already to forecast the measurement of the UHE
neutrino-nucleon cross section [89], the discovery of UHE
neutrino point sources [90], and the discovery of the diffuse
flux of UHE neutrinos [74]. Below, we only sketch the
procedure and introduce necessary modifications to it; we
defer to Ref. [89] for details.
Upon reaching the detector volume, after propagating

through the Earth (Sec. III A), an UHE να of energy Eν

interacts with a nucleon at rest, N, typically via DIS (see
above). The ensuing particle shower has an energy Esh, a
fraction of the parent neutrino energy. For showers initiated
by the NC DIS of να or ν̄α of any flavor, only the final-state
hadrons radiate [175], so Esh ¼ yEν. For showers initiated
by the CC DIS of a νe or ν̄e, both the final-state electron and
hadrons radiate, so Esh ¼ Eν. For showers initiated by the
CC DIS of νμ, ν̄μ, ντ, or ν̄τ, only the final-state hadrons
radiate, so Esh ¼ yEν. As during propagation, at detection
the value of the inelasticity follows dσNCνα =dy and dσ

CC
να =dy,

for which we adopt the BGR18 [13] calculation; see Fig. 4
in Ref. [89].
The detector response is represented by its effective

volume, which we treat separately for NC and CC showers,
VNC
eff;να

and VCC
eff;να

. The effective volume depends on the
shower energy and on the direction of the incoming
neutrino. It is generated by simulating the interaction of
neutrinos in the detector volume, followed by the gener-
ation of Askaryan radiation, its propagation in ice, includ-
ing changes in the index of refraction of ice with depth, and
its detection in the two types of radio antennas envisioned
in the array. For the simulations we use NURADIORECO

[176] and NURADIOMC [177], the same tools used by the
IceCube-Gen2 Collaboration. We adopt the same array
design consisting of a combination of shallow and deep
radio stations as in Ref. [89]. The effective volume is least
sensitive around 107 GeV, grows with shower energy,
and is relatively less sensitive for down-going neutrinos
(cos θz ≈ 1); see Fig. 13 in Ref. [89]. (Unlike common
practice, the detector volume does not contain the effect of
the attenuation of the neutrino flux underground. This is
contained separately in Φdet

να .)
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The differential event rate is obtained by convolving the neutrino flux that reaches the detector (Sec. III A), Φdet
να , the

effective volume, and the neutrino-nucleon cross section. For να, after an exposure time T, this is

d2Nνα

dEshdcosθzdϕ
¼Tnt

Z
1

0

dy

�
ENC
να ðEsh;yÞ
Esh

VNC
eff;να

ðEsh;cosθzÞ
dσNCναwðEν;yÞ

dy
Φdet

να ðEν;cosθz;ϕÞ
����
Eν¼ENC

να ðEsh;yÞ
þNC→CC

�
; ð6Þ

where dσNCναw=dy is the cross section for interaction
with water, made up of ten protons and eight neutrons,
and nt is the number density of water molecules in ice. The
event rate due to ν̄α is the same as Eq. (6), but changing
Φdet

να → Φdet
ν̄α , dσNCνα =dy → dσNCν̄α =dy, and dσNCνα =dy →

dσCCν̄α =dy. At these energies the cross sections for να and
ν̄α are nearly indistinguishable; see Ref. [13] and Fig. 3 in
Ref. [89]. Equation (6) generalizes the original procedure in
Ref. [89] by allowing the flux and the event rate to vary not
only with zenith angle, θz, but also with azimuth, ϕ. This
allows our analysis to be sensitive to an excess of UHE
neutrinos from the decay of DM towards the GC.
As in Ref. [89], we smear the event rate using the

detector energy and angular resolution and use for our
forecasts the event rate in terms of the reconstructed shower
energy, Erec

sh , and reconstructed direction, Ωrec, i.e.,

d2Nνα

dErec
sh dΩrec ¼

Z
dEsh

Z
dΩ

d2NναðEsh; θz;ϕÞ
dEshdΩ

× REsh
ðErec

sh ; EshÞRΩðnrec;nÞ; ð7Þ

where dΩ ¼ sin θzdθzdϕ and dΩrec ¼ sin θrecz dθrecz dϕrec

are the real and reconstructed differential solid angles,
and n and nrec are the real and reconstructed shower
directions. We model the energy resolution via a Gaussian
function in ϵ≡ log10ðErec

sh =EshÞ, i.e.,

REsh
ðErec

sh ; EshÞ ¼
ffiffiffi
2

π

r exp
h
− ðErec

sh −EshÞ2
2σ2Esh

i

σEsh

h
1þ Erf

�
Erec
shffiffi

2
p

σEsh

�i ; ð8Þ

where σEsh
¼ 10σϵEsh. As baseline, we fix σϵ ¼ 0.1, based

on simulations performed for UHE neutrino radio detection
at the RNO-G neutrino telescope [178], which we take as
representative of IceCube-Gen2, too. We model the angular
resolution via a Gaussian function of the angle between true
and reconstructed direction, i.e.,

RΩðnrec;nÞ ¼ σ2

2πð1 − e−2=σ
2Þ exp

�
n · nrec

σ2

�
; ð9Þ

with a common width of σθz ¼ σϕ ¼ ≡σΩ in zenith and
azimuth. As baseline, we fix σΩ¼3°, similar to what
Ref. [89] adopted for the zenith-angle resolution.
References [74,89] explored the effect of varying the
energy and angular resolution on the event rate.

To produce our forecasts, we use the all-flavor event rate
of να and ν̄α, i.e.,

d2Nν

dErec
sh dΩrec ¼

X
α¼e;μ;τ

�
d2Nνα

dErec
sh dΩrec þ

d2Nν̄α

dErec
sh dΩrec

�
: ð10Þ

Conservatively, we do not assume that radio detection at
IceCube-Gen2 will be able to distinguish between events
initiated by different flavors; however, there is promising
ongoing work in this direction [175,179,180].

C. Expected event rates

Using the methods above, we compute event rates for the
flux of UHE neutrinos from DM decay and for the non-DM
background flux of UHE neutrinos. For the former, the
event rate depends on the DM mass and lifetime. For the
latter, it depends on our choice of background flux. As
illustration, below we show event rates for the fluxes in
Fig. 2; later, when producing results, we compute event
rates for many more cases.
Figure 5 shows the all-sky differential event rate in

reconstructed shower energy. The event energy spectra
reflect the features of the underlying neutrino energy
spectra in Fig. 2, though smoothed out by the detector
energy resolution, which complicates distinguishing
between them in our forecasts later (see also Sec. II C).
Further, while the neutrino energy spectrum from DM
decay with mDM ¼ 108 GeV and the spectrum of the large
non-DMbenchmark flux are comparable in Fig. 2; in Fig. 5
the event rate for the former is appreciably smaller than that
for the latter. This is because the effective volume falls at
low energies, where the spectrum from DM decay peaks;
see Sec. III B.
Figure 6 shows sky maps of the angular distribution of

the energy-integrated event rate, for neutrinos from DM
decay and for the background neutrinos. The angular
distribution of events is anisotropic, even when it is due
to an isotropic neutrino flux, like the background flux. The
radio array of IceCube-Gen2 is mostly sensitive to zenith
angles between 45° and 90°. At larger zenith angles, Earth
attenuation strongly reduces the chances of neutrino
detection, whereas at smaller zenith angles the effective
volume is smaller. For this reason, most of the events come
from declinations between −45° and 0°. (The two bright
zenith bands in the skymaps, easily visible for neutrinos
from DM decay, are due to features in the response of the
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two types of antennas that the radio array is made of; see
Fig. 12 in Ref. [89].)
The sky maps in Fig. 6 illustrate the combined effect of

the three sources of angular dependence in our calcula-
tion: from the neutrino flux itself, from the propagation
of neutrinos through the Earth, and from the detector
effective volume. The latter two, together with the angular
resolution of the detector, smooth out any natural aniso-
tropy in the neutrino flux. Nevertheless, Fig. 6 shows that
the excess of neutrinos from DM decay towards the GC
survives into the angular distribution of events, though it
is more spread out. The excess is more concentrated for
the NFW profile than for the Burkert profile, reflecting
their fluxes from Fig. 6.

IV. DISCOVERY PROSPECTS FOR DARK
MATTER DECAY

The decay of heavy DM into UHE neutrinos may be
discovered even in the presence of sizable non-DM
neutrino backgrounds, by using the angular distribution
of detected events, in 10 years of exposure of the radio
array of IceCube-Gen2 (Fig. 7). However, a puffy Galactic
DM density profile may weaken the discovery prospects
(Fig. 8). Upon discovery, the DM mass and lifetime, and

the flux of neutrinos from its decay, may be accurately and
precisely measured by using also the energy distribution of
events (Figs. 9 and 10).

FIG. 5. Differential rate of neutrino-induced events in the radio
array of IceCube-Gen2. We show results obtained for the same
illustrative choices of the flux from DM decay and the non-DM
background flux as in Fig. 2. The event rate is computed using
Eq. (10), using baseline choices of the detector angular and
(logarithmic) energy resolution, σΩ ¼ 3° and σϵ ¼ 0.1. This
figure shows the direction-averaged energy distribution of events;
Fig. 6 shows the angular event distribution. See Sec. III for
details.

FIG. 6. Angular distribution of detected events in the radio
array of IceCube-Gen2. We use the same illustrative fluxes as in
Fig. 4. Top: Neutrinos from DM decay for an NFW profile.
Center: same for a Burkert profile. Bottom: neutrinos from the
non-DM isotropic background of UHE neutrinos. The angular
dependence is due both to the angular distribution of the flux
(Fig. 4) and the angular response of the detector (Fig. 13 in
Ref. [89]). The event rate is computed using Eq. (10), using
baseline choices of the detector angular and (logarithmic) energy
resolution, σΩ ¼ 3° and σϵ ¼ 0.1. This figure shows the energy-
integrated angular distribution of events; Fig. 5 shows the energy
distribution. See Sec. III for details.
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A. Overview

The distinct angular distribution of UHE neutrinos from
DM decay—peaked towards the GC—provides a smoking-
gun signature of their origin when compared to the
isotropic flux of astrophysical and cosmogenic neutrinos.
Yet, so far, the usefulness of this difference has gone
underused or ignored in forecasts of searches for DM decay
in UHE neutrino telescopes; see, e.g., Ref. [148]. In
contrast, our methods embrace it. Unlike previous fore-
casts, we use this angular difference to not only claim the
discovery of UHE neutrinos with a possible origin in DM
decay, but to assert their DM origin in the presence of a
non-DM neutrino background, i.e., to firmly discover UHE
neutrinos from DM decay.
However, a sensible DM discovery claim requires a

sufficiently large excess towards the GC. Added to that, if
there is a large isotropic background of non-DM neutrinos,
it could wash out the excess of neutrinos from DM decay,
weakening the discovery claim.

In our forecasts below, we quantify the above statements
in two ways. First (Sec. IV B), we find the values of the
mass and lifetime of DM needed to discover UHE neutrinos
from its decay, in the presence of a non-DM neutrino
background. For this, we use only the angular distribution
of detected events in the radio array of IceCube-Gen2.
Second (Sec. IV C), in the event of discovery, we illustrate
the accuracy with which the DMmass and lifetime could be
measured. For this, we use the joint angular and energy
distribution of events.

B. Discovery prospects

We forecast the regions of DM mass and lifetime where
UHE neutrinos from DM decay could be discovered.
Figure 7 (also Fig. 14) shows our results.

1. Statistical methods

We produce discovery forecasts by analyzing projected
samples of detected events. To be conservative, we use
only their angular distribution, summed over all energies,
since it is in it that the critical difference between the flux
of neutrinos from DM decay and the non-DM neutrino

FIG. 7. Discovery prospects of UHE neutrinos from DM decay
in the radio array of IceCube-Gen2. Forecasts are for three
benchmark choices of the background flux of non-DM UHE
neutrinos (i.e., cosmogenic): null, medium, and large (Sec. II A),
based on the cosmogenic neutrino flux by Bergman & van Vliet
[103] (Fig. 2). The forecasts use only the angular distribution of
events, summed over all reconstructed energies Erec

sh ≥ 107 GeV.
They use baseline choices of the detector angular and (logarithmic)
energy resolution, σΩ ¼ 3° and σϵ ¼ 0.1; see Sec. III B. This figure
assumes the NFW density profile for Galactic DM. Existing lower
limits on the DM lifetime are the same as in Fig. 1. In this figure,
results are for discovery at ≥ 2σ; see Fig. 14 for results at ≥ 3σ.
Even in the presence of a medium-sized background, DM
discovery might be possible. See Sec. IV B for details.

FIG. 8. Discovery prospects of UHE neutrinos from DM decay
for NFW vs Burkert Galactic DM profiles. Same as Fig. 7, but
comparing results obtained using the NFW vs Burkert Galactic
DM density profiles (Fig. 3). Results are for discovery at ≥ 2σ
after 20 years; see Fig. 16 for more results using the Burkert
profile. Existing lower limits on the DM lifetime are the same as
in Fig. 1, and computed assuming the NFW profile [48]. If the
Galactic DM profile is puffy, like the Burkert profile, then
discovery of DM becomes barely feasible, and only if there is
no isotropic non-DM UHE neutrino background. See Sec. IV B
for details.
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background manifests (Sec. II C). Later (Sec. V), we
derive upper limits using also their energy distribution.
We build our forecasts using the maximum likelihood
technique and report mean discovery prospects based on
Asimov data samples.
Each event sample is the sum of events due to neutrinos

from DM decay, dependent on the DM mass, mDM, and
lifetime, τDM, and events from the background of non-DM
neutrinos, rescaled by a flux normalization, N Φ, i.e.,

dNνðϑÞ
dΩrec ¼ dNDM

ν ðmDM; τDMÞ
dΩrec þN Φ

dNbg
ν

dΩrec ; ð11Þ

where ϑ≡ fmDM; τDM;N Φg. For the non-DM back-
ground, we show forecasts obtained under the three bench-
mark scenarios presented in Sec. II A: a large flux set to the
cosmogenic flux by Bergman & van Vliet [103], a medium

flux that is 10% of that, and a null background; see Fig. 2.
The large and medium benchmark backgrounds have the
same angular distribution of events (see Fig. 6 and also
Fig. 4 in Ref. [74]); they only differ in the total number of
events (Fig. 5).
Based on a projected event sample, we compare two

hypotheses: the DM hypothesis, where the angular distri-
bution of events is best explained by the presence of a DM
decay component on top of a background non-DM com-
ponent vs the null hypothesis, where it is best explained by
the presence of only the background non-DM component.
In both cases, the background flux normalization, N Φ, is
left free to vary to best fit the data. Hence, when analyzing
a simulated event sample, we obtain results that do not
require prior knowledge of the true background flux. We do
this separately for each of the three above choices of the

FIG. 9. DM mass and lifetime inferred from detecting UHE
neutrinos from DM decay in the radio array of IceCube-Gen2.
Results are generated for an illustrative choice of the true values
of the DM mass and lifetime, mDM ¼ 3.5 × 109 GeV and τDM ¼
1.19 × 1029 s, which are representative of what is discoverable
with 10 years of detector exposure and allowed by present-day
limits (Fig. 7). Forecasts are for two choices of the background
isotropic flux of non-DM UHE neutrinos: null and medium
(Sec. II A), i.e., 10% of the cosmogenic flux by Bergman & van
Vliet [103] (Fig. 2). The forecasts use the joint angular and
energy distribution of events, and baseline choices of the detector
angular and (logarithmic) energy resolution, σΩ ¼ 3° and
σϵ ¼ 0.1; see Sec. III B. This figure assumes the NFW density
profile for Galactic DM. Existing lower limits on the DM lifetime
are the same as in Fig. 1. In the event of DM discovery, the DM
mass and lifetime may be measured with reasonable accuracy and
precision. See Sec. IV C for details.

FIG. 10. Inferred flux of UHE neutrinos using the radio array of
IceCube-Gen2. The flux of neutrinos from DM decay, sky-
averaged, and the isotropic background flux are shown sepa-
rately. The true values of the DM mass and lifetime are the same
as used in Fig. 9. The allowed band of neutrino flux from DM
decay corresponds to the allowed regions of inferred DM mass
and lifetime from Fig. 9. The forecast assumes our medium-
sized benchmark background flux of non-DM UHE neutrinos
(Sec. II A), i.e., 10% of the cosmogenic neutrino flux by Bergman
& van Vliet [103] (Fig. 2), or about three background events
detected per year. This figure assumes the NFW density profile
for Galactic DM. Existing upper limits on the flux of UHE
neutrinos are from IceCube [91] and Auger [147]. The projected
sensitivity of the radio array of IceCube-Gen2 is from Ref. [149].
Even using a coarse model for the UHE neutrino flux background
[Eq. (18)], the flux of neutrinos from DM decay may be
reconstructed with reasonable accuracy and precision. See
Sec. IV C for details.
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simulated background flux, and for a wide range of true
values of the DM and lifetime.
First, for a particular choice of the true DM mass and

lifetime, mDM and τDM, and using the true value of the flux
normalization,N Φ ¼ 1, we compute the projected observed
sample of Nevts events, each with reconstructed direction
Ωrec

i sampled from the distribution dNνðmDM; τDM;N Φ ¼
1Þ=dΩrec. Later, we use a test statistic that is averaged over
all possible random realizations of the number of events and
of the distribution of reconstructed directions of the events.
Then, based on this observed sample, we evaluate an

unbinned likelihood function at different test values of the
model parameters, ϑ0 ≡ ðm0

DM; τ
0
DM;N

0
ΦÞ, i.e.,

Lðϑ0; fΩrec
i gÞ ¼ e−Nνðϑ0Þ YNevts

i¼1

dNνðϑ0Þ
dΩrec

����
Ωrec

i

; ð12Þ

where Nνðϑ0Þ≡ R ðdNνðϑ0Þ=dΩrecÞdΩrec is the all-sky
event rate. In the comparison, we let the test values of
m0

DM, τ
0
DM, and N 0

Φ float as free parameters, as they would
in a test based on real experimental data. Under the null
hypothesis, where there is no DM decay contribution
because DM is stable (i.e., τDM → ∞), the likelihood
reduces to

LbgðN 0
Φ; fΩrec

i gÞ≡ lim
τ0DM→∞

Lðϑ0; fΩrec
i gÞ; ð13Þ

where the right-hand side no longer depends on the test
values m0

DM and τ0DM.
For a specific choice of the true values of mDM and τDM,

the test statistic depends on the angular distribution of the
associated random observed event sample. To account for
the possible different realizations of the observed sample,
we average the logarithm of the likelihood functions,
Eqs. (12) and (13), over all possible realizations. The
probability to observe a total number of Nevts, over the
full sky, PðNevtsjNνÞ, is given by a Poisson distribution
with a mean value equal to the mean all-sky event rate,
Nν ≡ NνðmDM; τDM;N Φ ¼ 1Þ. The probability to sample
an event with reconstructed direction Ωrec

i from this dis-
tribution is PðΩrec

i Þ≡ ð1=NνÞðdNν=dΩrecÞjΩrec
i
. Thus, the

likelihood function, Eq. (12), averaged over all possible
realizations of the event sample, is

hlnLðϑ0ÞimDM;τDM

¼
X∞

Nevts¼0

P½NevtsjNνðmDM;τDM;N Φ ¼ 1Þ�

×
Z

dΩrec
1 � � �

Z
dΩrec

Nevts

YNevts

i¼1

PðΩrec
i jmDM;τDM;N Φ ¼ 1Þ

×lnL½ϑ0;fΩrec
j gNevts

j¼1 �; ð14Þ

and, similarly, the average log-likelihood under the null
hypothesis, in which only background non-DM neutrinos
are present, Eq. (13), is

hlnLbgðN 0
ΦÞimDM;τDM ≡ lim

τ0DM→∞
hlnLðϑ0ÞimDM;τDM : ð15Þ

We average the log-likelihood, rather than the likelihood, to
prevent the averaging procedure from prescribing exceed-
ingly large averaging weights to random realizations that
have associated large likelihood values. This corresponds to
obtaining the results for an Asimov data sample [181], in
which the observed distribution of events exactly coincide
with the expected one.
To compare the two hypotheses, we use as a test statistic

the average log-likelihood ratio, i.e.,

hΛðmDM; τDMÞi ¼ minN 0
Φ
½−2hlnLbgðN 0

ΦÞimDM;τDM �
−minϑ0 ½−2hlnLðϑ0ÞimDM;τDM �: ð16Þ

According to Wilks’ theorem [182], in the asymptotic limit
of a large data sample, this quantity follows an χ2

distribution with 2 degrees of freedom, corresponding to
the difference between the dimensions of the parameter
spaces of the two competing hypotheses. We adopt it in our
forecasts since, for 10 and 20 years of detector exposure
and for the neutrino fluxes that we adopt, they are based on
a large number of events. Hence, below, when hΛi > 6, we
claim discovery of DM neutrinos at the 2σ confidence level
(CL); when hΛi > 11.5, we claim it at 3σ C.L.

2. Results

Figure 7 shows the regions of DM mass and lifetime,
obtained with the above methods, where DM can be
discovered at ≥ 2σ. We show results for our three bench-
mark choices of non-DM UHE neutrino background flux
(Sec. II A)—null, medium, and large. The results in Fig. 7
convey three key messages.
First, while a large part of the parameter space in Fig. 7

is already disfavored by present-day neutrino and gamma-
ray searches, upcoming UHE neutrino telescopes will
extend the search to longer DM lifetimes, roughly above
1029 s, that are unreachable with present-day experiments.
This aspect of our results agrees with previous works; see,
e.g., Refs. [48,148]). Yet, for the first time, we fortify the
claim by showing that it holds even in the presence of a
medium-sized isotropic background flux of non-DM UHE
neutrinos.
Second, Fig. 7 shows the significant difference between

detecting events, which a priori may or may not be due to
DM decay, and claiming that those events are produced by
DM decay. Earlier forecasts of UHE neutrino detection
from DM decay [148] had only investigated the maximum
lifetime needed to detect neutrinos from DM decay, without
identifying their origin. We show a version of these

SEARCHES FOR DARK MATTER DECAY WITH ULTRAHIGH- … PHYS. REV. D 108, 103012 (2023)

103012-13



forecasts in Fig. 7, generated by demanding that DM decay
yields at least one event over the full sky, background-
free, with a probability larger than 95% (or 99.7% in
Fig. 14). As expected, this weaker criterion leads to overly
long lifetimes being discoverable: compared to our results
using the angular distribution of events, lifetimes longer by
at least 1 order of magnitude could be detected without
actually leading to a DM discovery. Thus, hereafter the
main observations and conclusions of our work are based
exclusively on forecasts made using the angular—and
energy (in Secs. IV C and V)—distribution of events.
Third, Fig. 7 shows that, while the discovery prospects

are best when background-free, as expected, the presence
of a medium-size background only degrades the reach of
discoverable DM lifetimes by a factor of about 2. In other
words, UHE neutrinos retain the potential to reveal DM
decay even in the presence of a sizable isotropic back-
ground of non-DM origin. This is true also for discovery at
3σ; see Fig. 14.
Figure 8 shows that, however, our prospects for discov-

ery of DM decay are contingent on the Galactic DM density
profile being cuspy, i.e., markedly pronounced towards the
GC. Swapping the cuspy NFW profile for the puffy Burkert
profile reduces the region amenable for discovery by about
1 order of magnitude, pushing it into the region of DM
mass and lifetime that is already disfavored, and rendering
discovery all but unfeasible. A subtle point is that the
present-day disfavored region shown in Fig. 8 was com-
puted, in Ref. [48], assuming the NFW profile. Assuming
the Burkert instead would push down the disfavored region,
leaving slightly more room for discovery under the Burkert
profile; we do not attempt this recalculation here. Yet, the
bottom line holds: for realistic choices of the detector
angular resolution, like the σΩ ¼ 3° that we adopt, the
discovery of DM decay into UHE neutrinos will be likely
only if the Galactic DM density profile is cuspy.

C. Measuring dark matter mass and lifetime

In the event of the discovery of DM decay into UHE
neutrinos, we forecast how well the DM mass and lifetime
could be inferred. Figure 9 shows our results.

1. Statistical methods

Above (Sec. IV B), we showed that to claim the
discovery of DM decay into UHE neutrinos it was enough
to use the angular distribution of events. In the event of
discovery, inferring the DM lifetime also relies mainly on
the angular distribution events, concretely, as before, on its
excess towards the GC. Because the DM lifetime deter-
mines the normalization of the neutrino flux from DM
decay, its value can be inferred from the magnitude of the
excess. However, inferring the DM mass requires the
energy distribution of events, too. Using it allows us to
infer the DM mass by looking for the distinct bumplike
feature imprinted by DM decay on the neutrino spectrum,

which peaks at Eν ¼ mDM=2; see Figs. 2 and 5. Thus,
below, we extend the statistical methods from Sec. IV B 1
to include also the energy of the detected events.
First, we generate the true event sample, i.e., the

one that we assume will be detected. We use a procedure
similar to the one we used to compute discovery prospects
(Sec. IV B), but extended to included also the energy
distribution of events. To illustrate our method, we choose
mDM ¼ 3.5 × 109 GeV and τDM ¼ 1.19 × 1029 s as true
values; these are representative of the discoverable region
under our benchmark medium non-DM in Fig. 7. We use
for the non-DM background UHE neutrino flux the same
three benchmarks (Sec. II A) that we used earlier to make
discovery forecasts—null, medium, and large. In analogy
to Eq. (11), the true distribution is

dNtrue
ν ðmDM; τDMÞ
dErec

sh dΩrec ¼ dNDM
ν ðmDM; τDMÞ
dErec

sh dΩrec þ dNbg
ν

dErec
sh dΩrec :

ð17Þ

From it, we randomly sample Nevts events, each with
reconstructed energy Erec

sh;i and direction Ωrec
i . Later, for

each choice of mDM and τDM, we average our test statistic
over all possible random realizations of the event samples.
Then we compare the true event sample to test event

samples, generated for many different test values of DM
mass and lifetime, in order to find which ones fit best. To
produce test event samples, we generalize what we did to
compute discovery prospects and adopt a generic model of
the non-DM background neutrino energy spectrum. We
parametrize it as a piecewise (pw) spectrum ∝ E−2

ν , with
three independent normalization constants, N Φ;1, N Φ;2,
N Φ;3, in three decades of neutrino energy, from 107 GeV to
1010 GeV. For να, this is

Φbg−pw
να ðEνÞ ¼

fα;⊕
2E2

ν
×

8>><
>>:

N Φ;1; 107 ≤ Eν=GeV < 108

N Φ;2; 108 ≤ Eν=GeV < 109

N Φ;3; 109 ≤ Eν=GeV ≤ 1010

;

ð18Þ

where, for the flavor composition at Earth, we adopt the one
from the canonical expectation of neutrino production via
the pion decay chain (Sec. II A), computed using recent
best-fit values of the neutrino mixing parameters [183,184],
fe;⊕ ¼ 0.298, fμ;⊕ ¼ 0.359, and fτ;⊕ ¼ 0.342, from
Ref. [185], i.e., close to flavor equipartition (see also,
e.g., Ref. [186]). Since we make forecasts for 10–20 years,
when the values of the mixing parameters will likely be
known precisely [89], we neglect the small uncertainties in
these predictions; see Eqs. (7)–(9) in Ref. [89]. The fluxes
of να and ν̄α are identical; this is ensured by the factor of 2
in the denominator of Eq. (18).
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Weadopt this background fluxmodel to analyze projected
event samples using a phenomenological prescription of the
non-DM neutrino background that is as agnostic as possible
regarding the shape of its energy spectrum and its origin.
Our strategy resembles one that would be used by future
analyses based on real experimental observations. Indeed,
similar fluxmodels are used by the IceCubeCollaboration to
analyze present-day data [31,104]. Using the piecewise
background flux, we compute the associated differential
event spectrum, dNbg−pw

ν =dErec
sh dΩrec, using the methods

from Sec. III B. Thus, the total differential test event
spectrum is

dNtest
ν ðϑ0Þ

dErec
sh dΩrec ¼

dNDM
ν ðm0

DM; τ
0
DMÞ

dErec
sh dΩrec

þ dNbg−pw
ν ðN 0

Φ;1;N
0
Φ;2;N

0
Φ;3Þ

dErec
sh dΩrec ; ð19Þ

where now ϑ0 ≡ ðm0
DM; τ

0
DM;N

0
Φ;1;N

0
Φ;2;N

0
Φ;3Þ.

In analogy to Eq. (12), we evaluate an unbinned like-
lihood function at different test values of the model
parameters, ϑ0, i.e.,

Lmeaðϑ0; fErec
sh;i;Ωrec

i gÞ ¼ e−N
test
ν ðϑ0Þ YNevts

i¼1

dNtest
ν ðϑ0Þ

dErec
sh dΩrec

����
Erec
sh;i;Ω

rec
i

;

ð20Þ

where Ntest
ν is the all-sky number of events with energies

Erec
sh ≥ 107 GeV. As before (Sec. IV B), for a specific

choice of the true values of mDM and τDM and of the
non-DM background neutrino flux, we average the loga-
rithm of the above likelihood over all possibly random
realizations of the observed event sample. In analogy to
Eq. (14), this yields hlnLmeaðϑ0ÞimDM;τDM. Finally, to infer
the values of the DM mass and lifetime, we profile the
likelihood over the test parameters and, in analogy to
Eq. (16), define the test statistic

hΛmeaðmDM; τDMÞi
¼ minN 0

Φ;1;N
0
Φ;2;N

0
Φ;3
½−2hlnLmeaðm0

DM ¼ mDM;

τ0DM ¼ τDM;N 0
Φ;1;N

0
Φ;2;N

0
Φ;3ÞimDM;τDM �

−minϑ0 ½−2hlnLmeaðϑ0ÞimDM;τDM �: ð21Þ

As in Sec. IV B, based on Wilks’ theorem, this test
statistic follows an χ2 distribution with 2 degrees of
freedom. Below, we use it to infer allowed regions of
mDM and τDM at different confidence levels.

2. Results

Figure 9 illustrates that, in the event of discovery of DM
decay into UHE neutrinos, IceCube-Gen2 may infer the

values of the DM mass and lifetime responsible for the
discovered signal. In Fig. 9, we show results obtained using
our illustrative choice for the true DM and mass lifetime
(see above). To illustrate the influence of a non-DM
isotropic background flux of UHE neutrinos, we compare
results obtained assuming no background vs assuming our
medium benchmark background (Sec. II A).
Our results confirm our expectation (Sec. IV C 1) that

using the energy distribution of events grants us sensitivity
to the DM parameters. For the choice of DM mass and
lifetime in Fig. 9, and similar ones, their values can be
inferred with an accuracy of a factor of 2–3. In the presence
of the medium background, the accuracy degrades only
slightly compared to the null-background case. A larger
background degrades the accuracy further, but does not
preclude measurement; it may, however, reduce the pre-
cision with which the DM mass is inferred (see below).
While the accuracy on the DM mass is only weakly

degraded by the presence of a background, the precision on
it suffers more appreciably. In the absence of a background,
the best-fit value of the DM mass matches its true value.
In the presence of a medium-size background, its best-fit
value is offset from the real one. This stems from our choice
of the three-piece background flux, Eq. (18), to analyze
projected event samples. On the one hand, this flux
prescription frees us from having to rely on specific
theoretical predictions of the UHE astrophysical or cosmo-
genic neutrino flux. On the other hand, because it is rather
coarse—with decade-wide flux normalization constants—
it fails to reproduce closely the shape of the background
neutrino energy spectrum, Fig. 2. Even so, the mismatch
between the best-fit and true values is small; they are
consistent within 1σ. Future analyses could mitigate this
loss of precision by adopting a more finely binned version
of the piecewise background flux.
Thus, the DM mass and lifetime can be accurately

inferred, even in the presence of a non-DM isotropic
background flux of UHE neutrinos, by analyzing jointly
the angular and energy distribution of events. In doing so,
there is essentially no degeneracy between the flux of UHE
neutrinos from DM decay and the unknown background
flux of UHE astrophysical and cosmogenic neutrinos, since
in our procedure the former is determined almost exclu-
sively by neutrinos from the GC, while the latter is
determined by neutrinos from every direction.
Figure 10 shows the corresponding allowed regions of

the sky-averaged diffuse flux of UHE neutrinos from DM.
The approximate factor-of-2 uncertainty on the DM life-
time translates into an uncertainty of similar size on the flux
normalization. The mismatch between the best-fit and true
vales of the DM mass translates into a mismatch between
the low-energy tails of secondary neutrinos from electro-
weak corrections in their corresponding fluxes. Figure 10
shows also that our piecewise background flux model,
Eq. (18), is able to match the true background flux
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reasonably well, within the limitations of its coarse shape,
except in the lowest energy bin, where the match is poor
due to the background flux dipping well below the
sensitivity of the radio array of IceCube-Gen2, thus leading
to low event rates. There, results could be improved by a
combined analyses of TeV–PeV and UHE neutrinos
detected, respectively, by the optical and radio arrays of
IceCube-Gen2 [63,187].

V. PROJECTED BOUNDS ON
DARK MATTER DECAY

The lifetime of heavy DM that decays into UHE
neutrinos may be bound even in the presence of sizable
non-DM neutrino backgrounds, by using the joint angular
and energy distribution of detected events, in 10 years of
exposure of the radio array of IceCube-Gen2 (Fig. 11).
Even when using the largest possible allowed background,
the bounds on the DM lifetime remain competitive or better
than present-day bounds (Fig. 12).

A. Overview

Absent evidence for UHE neutrinos from DM decay, it
may still be possible to place competitive bounds on the
DM lifetime, even in the presence of a sizable non-DM
isotropic UHE neutrino background flux. Like for the
discovery of DM decay (Sec. IV), below we gear our
results for radio detection at IceCube-Gen2, but our
methods and, broadly stated, our conclusions are applicable
to next-generation UHE neutrino telescopes, in general.
References [48,71,148] reported projected bounds for

DM decay into UHE neutrinos, including via their radio
detection at IceCube-Gen2. We improve on those in two
ways. First, we use a significantly more detailed calculation
of event rates in IceCube-Gen2, based on state-of-the-art
simulations of neutrino propagation, interaction, and radio
detection (Sec. III). Like for the discovery of DM decay,
this is key to generating reliable angular and energy event
distributions, which our analysis uses to discriminate
against the background. Second, unlike previous works,
we forecast bounds in the presence of a sizable non-DM
isotropic UHE neutrino background flux. Reference [148]
did consider the presence of a potential background, but
discriminated against it simply by counting only neutrinos
with energy smaller thanmDM=2. In contrast, we use a full-
fledged angular and energy analysis to produce our bounds.

B. Statistical methods

Unlike our earlier analyses to discover DM decay and
infer the DM mass and lifetime (Sec. IV), to place bounds
on DM decay we assume that the true observed event
distributions are due solely to the non-DM isotropic
background flux of UHE neutrinos, and we contrast test
event distributions expected from DM decay against it. For
the non-DM background flux, we use our two medium and

large benchmark fluxes (Sec. II A), based off of the
cosmogenic neutrino flux by Bergman & van Vliet [103].
Our main conclusions hold for other choices of back-
ground, and we point out below what features of our results
are due to our specific benchmark choices.
Further, unlike when computing discovery prospects

(Sec. IV B), when setting bounds below we use not only
the angular distribution of events, but also their energy
distribution. We demand that the energy distribution of
events lacks features that are characteristic of the energy
spectrum of neutrinos from DM decay, i.e., a clustering of
events with similar energies that reflects an underlying
bumplike shape of the spectrum (Sec. II B). Admittedly,
this is a broad conservative criterion: it discriminates
against the flux of neutrinos from DM decay, but also
against any astrophysical or cosmogenic flux that has a
bumplike feature in its spectrum, of which there are many
proposals, including our benchmark background fluxes;
see, e.g., Fig. 2 in Ref. [74].
For a given choice of the non-DM neutrino background,

we compute the true observed event distribution,

dNtrue
ν

dErec
sh dΩrec ¼

dNbg
ν

dErec
sh dΩrec ; ð22Þ

using the methods from Sec. III C. From it, we sample
random realizations of the observed event sample, consist-
ing of a random number Nevts of events, each with
reconstructed energy and direction, Erec

sh;i and Ωrec
i .

Then, for a choice of the DM mass mDM and lifetime
τDM, we compare the true event rate vs the test event rate
expected from DM decay, dNtest

ν ðϑ0Þ=dErec
sh dΩrec, given by

Eq. (19) evaluated at test parameters ϑ0 ≡ ðm0
DM ¼ mDM;

τ0DM ¼ τDM;N 0
Φ;1;N

0
Φ;2;N

0
Φ;3Þ. This test event rate is

computed using the same piecewise background UHE
neutrino spectrum, Eq. (18), that we used to infer the
DM mass and lifetime (Sec. IV C).
Like when computing discovery forecasts, we compare

the true (i.e., background-only) and test (i.e., background
plus DM) hypotheses via an unbinned likelihood, given by
Eq. (20), i.e.,

Lfullðϑ0; fErec
sh;i;Ωrec

i gÞ ¼ e−N
test
ν ðϑ0Þ YNevts

i¼1

dNtest
ν ðϑ0Þ

dErec
sh dΩrec

����
Erec
sh;i;Ω

rec
i

;

ð23Þ

which relies on the full available information on the events,
i.e., their joint angular and energy distribution.
In addition, to highlight the role of the angular and

energy information in placing bounds, we compute, sep-
arately, analyses that use limited information. An analysis
that relies only on angular information uses a likelihood
where the event rate is integrated across all reconstructed
energies from 107 GeV to 1010 GeV, i.e.,
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Langðϑ0;fΩrec
i gÞ¼ e−N

test
ν ðϑ0ÞYNevts

i¼1

�Z
dErec

sh
dNtest

ν ðϑ0Þ
dErec

sh dΩrec

�����
Ωrec

i

:

ð24Þ

An analysis that relies only on energy information uses a
likelihood where the event rate is all-sky, i.e.,

Lenðϑ0;fErec
sh;igÞ¼ e−N

test
ν ðϑ0ÞYNevts

i¼1

�Z
dΩrec dN

test
ν ðϑ0Þ

dErec
sh dΩrec

�����
Erec
sh;i

:

ð25Þ

And, finally, an analysis that relies only on the all-sky
number of events of all energies uses

Lcountðϑ0Þ ¼ e−N
test
ν ðϑ0Þ½Ntest

ν ðϑ0Þ�Nevts : ð26Þ

Like for the DM discovery prospects before, we compute
projected bounds on the DM mass and lifetime using an
Asimov event sample. In analogy to Eq. (14), we average
the above likelihood functions over all possible random
realizations of the observed events, sampled from the
underlying event distribution due to the non-DM back-
ground, dNtrue

ν =dErec
sh dΩrec. This yields the average func-

tions hlnLfulli, hlnLangi, hlnLeni, and hlnLcounti. In
analogy to Eq. (15), we define likelihood functions
computed under the background-only hypothesis, e.g.,

hlnLfull;bgðN 0
Φ;1;N

0
Φ;2;N

0
Φ;3Þi

¼ lim
τ0DM→∞

hlnLfullðm0
DM; τ

0
DM;N

0
Φ;1;N

0
Φ;2;N

0
Φ;3Þi; ð27Þ

where the right-hand side no longer depends on the DM
mass and lifetime. Similar expressions apply for the other
likelihood functions, i.e., hLang;bgi, hLen;bgi, hLcount;bgi.
To place bounds, we follow Ref. [181] and define a test

statistic that compares the true hypothesis—that there is no
DM neutrino flux—and test hypothesis—that there is a DM
neutrino flux with parameters mDM and τDM. For example,
for the full analysis,

hΛfullðmDM; τDMÞi ¼ −2minN 0
Φ;1;N

0
Φ;2;N

0
Φ;3

× ½hlnLfullðmDM; τDM;N 0
Φ;1;N

0
Φ;2;N

0
Φ;3Þi

− hlnLfull;bgðN 0
Φ;1;N

0
Φ;2;N

0
Φ;3Þi�Θ½τ̂DM − τDM�; ð28Þ

where Θ is the Heaviside function and τ̂DMðmDMÞ is the
value of the DM lifetime that, for a fixed value of the DM
mass, mDM, maximizes the likelihood function hlnLfulli.
Similar expressions apply for the other analyses, i.e.,
hΛangi, hΛeni, hΛcounti. With this definition, under the null
hypothesis where neutrinos from DM decay exist, the test
statistic should be distributed according to a half-χ2

distribution with 1 degree of freedom. Hence, below, we

place limits on the DM lifetime at the 2σ C.L. when
hΛfulli > 2.7, and similarly for the other analyses.

C. Results

Figure 11 shows the resulting projected bounds on the
DM lifetime, obtained by adopting our benchmark medium
non-DM UHE neutrino background. We extract two main
observations from it.
First, Fig. 11 shows that the existence of a sizable non-DM

neutrino background appreciably weakens the bounds,
compared to those obtained by plainly demanding that no

FIG. 11. Projected lower limits on the DM mass and lifetime
from a search for UHE neutrinos in the radio array of IceCube-
Gen2. The limits are placed in the absence of detection of
neutrinos from DM decay, assuming a medium-sized benchmark
non-DM isotropic background flux of UHE neutrinos, i.e., 10%
of the cosmogenic neutrino flux by Bergman & van Vliet [103];
see Fig. 2. We show bounds obtained using the joint angular and
energy distribution of events—our main results—only the an-
gular or only the energy distribution, and only counting the all-
sky rate of events of all energies. The bounds obtained using
energy information dip between 109 and 1010 GeV, where our
benchmark background neutrino energy spectrum peaks and may
mimic the spectrum of neutrinos from DM decay. We adopt
baseline choices of the detector angular and (logarithmic) energy
resolution, σΩ ¼ 3° and σϵ ¼ 0.1; see Sec. III B. For comparison,
we show limits obtained if no UHE neutrinos are detected at 2σ.
This figure assumes the NFW density profile for Galactic DM.
Existing lower limits on the DM lifetime are the same as in Fig. 1.
Even in the presence of a sizable non-DM isotropic background
flux of UHE neutrinos, using the angular and energy distributions
of events keeps the projected lower limits on DM lifetime
comparable to, or better than, present-day ones. See Fig. 15
for results obtained using a large UHE neutrino background. See
Sec. V for details.
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UHE neutrino is detected, which are representative of most
previous analyses in the literature. (In Fig. 11, the null-
detection curve also corresponds to a value of the test statistic
of 2.7, which implies a mean number of detected events of
1.35.) Blatantly, when using only a counting analysis, the
bounds that we obtain are up to 40 times weaker than bounds
obtained from demanding that no neutrino is detected. In
reality, how much the bounds are weakened will depend on
the actual size and shape of the non-DM background. Still,
our results serve as a reminder that projected bounds on the
DM lifetime reported in the literature may be optimistic.
Second, Fig. 11 shows that using the angular and energy

event distributions mitigate how much the bounds are
weakened. Depending on the DM mass, they improve
the bounds compared to the counting analysis by a factor of
2–10. This holds even when adopting our benchmark large
background instead; see Fig. 15. Overall, using the angular
and energy distributions allows projected bounds to remain
competitive with present-day ones.
The angular and energy information complement each

other. Using the energy distribution strongly improves the
bounds at low and high DM masses. In the intermediate
region, between 109 GeV and 1010 GeV, bounds that use
energy information weaken because this is where our
benchmark background neutrino spectrum peaks (Fig. 2)
and where it may be misconstrued as being due to DM
decay; see the discussion in Sec. V B. This is counteracted
by using angular information: in the 109–1010 GeV range,
where the detector response is largest (see Fig. 13 in
Ref. [89]), the isotropic neutrino background induces a
number of events large enough for the analysis to reject an
excess towards the GC from DM decay. Figure 11 shows
the result of this interplay for our particular choice of non-
DM background; in reality, the specifics will depend on the
actual size and shape of the background.
Figure 12 shows that using our large benchmark non-DM

UHEneutrino background instead—10 times larger than the
medium one—weakens the bounds by only a factor of
roughly 2, except in the range 109–1010 GeV, where the
bounds weaken by a factor of up to 6, but even so remain
roughly competitive with present-day ones. This represents
promising prospects: the background flux we use here [103]
is as large as allowed by the present-day IceCube [91] and
Auger [147] upper limits. Yet, even with this aggressive
choice of background, our projected bounds in Fig. 12
remain comparable or better than present-day ones.
Figure 13 shows that, naturally, the bounds degrade

when using the Burkert Galactic DM profile instead of the
NFW profile. Because the Burkert profile is puffier, the
bounds derived from the analysis of the angular distribution
of events are weakened, so most of the limit-setting power
comes from the energy distribution of events instead; see
also Fig. 17. Still, the energy analysis sets bounds using
the Burkert profile that are only a factor-of-2 worse than
using the NFW profile. Thus, given our extant imperfect

knowledge of the Galactic DM profile—in particular, given
the possibility of a puffy DM profile—leveraging the
interplay between energy and angular information is key.

VI. SUMMARY AND OUTLOOK

In the next decade, UHE neutrino telescopes, presently
in planning, will deliver a new way to look for heavy DM,
with masses in excess of 107 GeV, via its decay into UHE
neutrinos, with energies in excess of 107 GeV. To properly
harness this potential, it is critical to disentangle the
signatures of UHE neutrinos of DM decay origin from
the signatures of UHE neutrinos of astrophysical and
cosmogenic origin—long sought but still undiscovered—
that act as a background to DM searches. Failure to do so
may incur in steep misrepresentation when claiming dis-
covery of DM decay, inferring the DM mass and lifetime in
the event of discovery, or setting bounds on the DM mass
and lifetime, otherwise. The task is complicated by the fact
that the size and shape of the non-DM neutrino background
is unknown, that the number of detected events may be

FIG. 12. Projected lower limits on the DM lifetime for different
choices of non-DM UHE neutrino background. Same as Fig. 11,
but showing only results obtained from the joint angular and
energy analysis. We compare results obtained using our medium
and large benchmark background isotropic fluxes of non-DM
neutrinos (Fig. 2), and using 10 years and 20 years of detector
exposure. The limit on DM lifetime is degraded for values of the
DM mass that yield neutrino spectra that peak at energies where
our benchmark background neutrino spectrum also peaks, i.e.,
between 109 and 1010 GeV. This figure assumes the NFW density
profile for Galactic DM. The presence of a sizable non-DM
isotropic background flux ofUHEneutrinoswill degrade the lower
limits that can be placed on the DM lifetime, but only within a
window of values of the DM mass. See Sec. V for details.
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small, and that the direction- and energy-measurement
capabilities of the detectors are limited.
Even so, we have shown, by means of detailed forecasts,

that these obstacles are surmountable. Key to that is to
examine the energy and angular distributions of the detected
UHE neutrinos. They grant us access to the essential
differences between the diffuse neutrino fluxes from DM
decay and from the non-DM background: in energy, the
former is concentrated around the DMmass, while the latter
is more spread out (Fig. 2), and, in direction, the former is
concentrated around the GC—where DM is abundant—
while the latter is isotropic (Fig. 4). In our forecasts, we look
for these differences in projected observations.
We have geared our forecasts to the radio detection of

UHE neutrinos in the envisioned IceCube-Gen2 neutrino
telescope, which we simulate using state-of-the-art meth-
ods, including experimental nuances that dull the above
differences between the fluxes. Our findings are promising:
these differences survive an analysis under realistic exper-
imental conditions (Figs. 5 and 6). Therefore, while the
existence of a non-DMUHE neutrino background, even the
largest presently allowed, weakens claims of discovery of
DM decay or bounds on it, it does not necessarily preclude
them. Still, the limit-setting potential and, particularly, the
discovery potential are contingent to the Galactic DM
profile peaking markedly towards the GC (Figs. 8 and 13).

Regarding the discovery of DM decay, we have shown
that DM with mass between 108 GeV and 1010 GeV and
lifetime of roughly 1029 s should be discoverable after
10 years of operation of the radio array of IceCube-Gen2,
even in the presence of a medium-sized non-DM neutrino
background that yields about three events per year (Fig. 7).
This is conservatively achieved using only the angular
distribution of detected events. Under a larger background,
of about 33 events per year, discovery becomes unfeasible
in the face of existing bounds on the DM lifetime. Our
discovery forecasts depend only mildly on the shape of the
energy spectrum of the non-DM neutrino background—
whose size we let float in our analyses—and depend mainly
on the total number of events.
In the event of discovery, the DMmass and lifetime could

bemeasuredwith reasonable accuracy and precision (Fig. 9),
depending on their truevalues, and the flux ofUHEneutrinos
from DM decay could be similarly inferred (Fig. 10).
Importantly, this result is robust: when inferring the values
of the DM parameters—and also when setting bounds on
them (see below)—we analyze the simulated event samples
without assuming knowledge of the shape and size of the
energy spectrum of the non-DM neutrino background.
If discovery is not possible, wewill be able to place lower

limits on the DM lifetime, which we forecast. Using the
joint angular and energy distribution of events allows us
to constrain the presence of bumplike energy spectra and
excesses towards the Galactic Center even under challeng-
ing, but plausible, scenarios where the energy spectrum of
the non-DM neutrino background is medium-sized and
whose bumplike energy spectrum inconveniently resembles
that of neutrinos from DM decay (Fig. 11). Even in the
presence of a large bumplike non-DM background, using
the energy distribution of events safeguards the limits on the
DM lifetime for DMmasses sufficiently far from the peak of
the non-DM flux (Fig. 12). Overall, we forecast lower limits
on the DM lifetime that are comparable to, or better than,
existing limits from gamma rays and TeV–PeV neutrinos.
While our forecasts are geared to the detection of UHE

neutrinos in the radio array of IceCube-Gen2, our con-
clusions apply generally to planned neutrino telescopes of
comparable size, radio-based, and otherwise, and our
methods can be readily adapted to them. In particular,
detectors with an envisioned high angular resolution, like
GRAND, could be better at discovering or discriminating
against an excess of events towards the GC [71].
It seems that, fortunately, the potential of next-

generation UHE neutrino telescopes to probe heavy DM
decay may be safeguarded against sizable unknown
neutrino backgrounds.
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APPENDIX: ADDITIONAL FIGURES

Without further ado, we include additional figures to
complement those in the main text:

FIG. 14. Discovery prospects for UHE neutrinos from DM
decay, at ≥ 3σ. Compare to Fig. 7, which is for ≥ 2σ.

FIG. 15. Projected lower limits on the DM lifetime, under a
large background of non-DM UHE neutrinos. Same as Fig. 15,
but assuming our large benchmark non-DM isotropic background
flux of UHE neutrinos, i.e., the cosmogenic neutrino flux by
Bergman & van Vliet [103]. See Sec. V for details.

FIG. 16. Discovery prospects for UHE neutrinos from DM decay, using a Burkert Galactic DM profile. Left: for discovery at ≥ 2σ, to
be compared with Fig. 7. Right: for discovery at ≥ 3σ, to be compared with Fig. 14.
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Figure 14 Discovery prospects at 3σ for the NFW
Galactic DM profile.

Figure 15 Lower limits on DM lifetime under a large
background of non-DM UHE neutrinos, for the NFW
profile.

Figure 16 Discovery prospects at ≥ 2σ and ≥ 3σ for the
Burkert Galactic DM profile.

Figure 17 Lower limits on DM lifetime for the Burkert
Galactic DM profile.
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[174] C. Guépin, K. Kotera, and F. Oikonomou, High-energy
neutrino transients and the future of multi-messenger
astronomy, Nat. Rev. Phys. 4, 697 (2022).

[175] D. García-Fernández, A. Nelles, and C. Glaser, Signatures
of secondary leptons in radio-neutrino detectors in ice,
Phys. Rev. D 102, 083011 (2020).

[176] C. Glaser et al., NuRadioMC: Simulating the radio
emission of neutrinos from interaction to detector, Eur.
Phys. J. C 80, 77 (2020).

[177] C. Glaser, A. Nelles, I. Plaisier, C. Welling, S. W. Barwick,
D. García-Fernández, G. Gaswint, R. Lahmann, and
C. Persichilli, NuRadioReco: A reconstruction framework

for radio neutrino detectors, Eur. Phys. J. C 79, 464
(2019).

[178] J. A. Aguilar et al., Reconstructing the neutrino energy for
in-ice radio detectors: A study for the radio neutrino
observatory greenland (RNO-G), Eur. Phys. J. C 82,
147 (2022).

[179] S. Stjärnholm, O. Ericsson, and C. Glaser, Neutrino
direction and flavor reconstruction from radio detector
data using deep convolutional neural networks, Proc. Sci.,
ICRC2021 (2021) 1055.

[180] C. Glaser, D. García-Fernández, and A. Nelles, Prospects
for neutrino-flavor physics with in-ice radio detectors,
Proc. Sci., ICRC2021 (2021) 1231.

[181] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); 73, 2501(E) (2013).

[182] S. S. Wilks, The large-sample distribution of the likelihood
ratio for testing composite hypotheses, Ann. Math. Stat. 9,
60 (1938).

[183] I. Esteban, M. C. González-García, M. Maltoni, T.
Schwetz, and A. Zhou, The fate of hints: Updated global
analysis of three-flavor neutrino oscillations, J. High
Energy Phys. 09 (2020) 178.

[184] I. Esteban, M. C. González-García, M. Maltoni, T.
Schwetz, and A. Zhou, http://www.nu-fit.org/ (2020),
NuFit 5.0.

[185] N. Song, S. W. Li, C. A. Argüelles, M. Bustamante, and
A. C. Vincent, The future of high-energy astrophysical
neutrino flavor measurements, J. Cosmol. Astropart. Phys.
04 (2021) 054.

[186] M. Bustamante, J. F. Beacom, and W. Winter, Theoreti-
cally palatable flavor combinations of astrophysical neu-
trinos, Phys. Rev. Lett. 115, 161302 (2015).

[187] J. van Santen, B. A. Clark, R. Halliday, S. Hallmann, and
A. Nelles, toise: A framework to describe the performance
of high-energy neutrino detectors, J. Instrum. 17, T08009
(2022).

FIORILLO, VALERA, BUSTAMANTE, and WINTER PHYS. REV. D 108, 103012 (2023)

103012-26

https://doi.org/10.1103/PhysRevD.99.032004
https://doi.org/10.1103/PhysRevD.99.032004
https://doi.org/10.1103/PhysRevD.104.022001
https://doi.org/10.1088/1475-7516/2020/09/025
https://github.com/pochoarus/NuPropEarth
https://github.com/pochoarus/NuPropEarth
https://doi.org/10.1016/0031-9201(81)90046-7
https://doi.org/10.1016/0031-9201(81)90046-7
https://doi.org/10.1103/PhysRevD.45.362
https://doi.org/10.1016/j.ppnp.2016.12.002
https://doi.org/10.1016/j.ppnp.2016.12.002
https://arXiv.org/abs/2208.04971
https://doi.org/10.1038/s42254-022-00504-9
https://doi.org/10.1103/PhysRevD.102.083011
https://doi.org/10.1140/epjc/s10052-020-7612-8
https://doi.org/10.1140/epjc/s10052-020-7612-8
https://doi.org/10.1140/epjc/s10052-019-6971-5
https://doi.org/10.1140/epjc/s10052-019-6971-5
https://doi.org/10.1140/epjc/s10052-022-10034-4
https://doi.org/10.1140/epjc/s10052-022-10034-4
https://doi.org/10.22323/1.395.1055
https://doi.org/10.22323/1.395.1055
https://doi.org/10.22323/1.395.1231
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1007/JHEP09(2020)178
https://doi.org/10.1007/JHEP09(2020)178
http://www.nu-fit.org/
http://www.nu-fit.org/
http://www.nu-fit.org/
https://doi.org/10.1088/1475-7516/2021/04/054
https://doi.org/10.1088/1475-7516/2021/04/054
https://doi.org/10.1103/PhysRevLett.115.161302
https://doi.org/10.1088/1748-0221/17/08/T08009
https://doi.org/10.1088/1748-0221/17/08/T08009

