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Dark matter particles can be gravitationally trapped by celestial bodies, motivating searches for localized
annihilation or decay. If neutrinos are among the decay products, then IceCube and other neutrino
observatories could detect them. We investigate this scenario for dark matter particles above mχ ≳ PeV
producing tau neutrino signals, using updated modeling of dark matter capture and thermalization. At these
energies, tau neutrino regeneration is an important effect during propagation through Earth, allowing
detection at distances far longer than one interaction length. We show how large energy loss of tau leptons
above ∼PeV drives a wide range of initial energies to the same final energy spectrum of “secondary” tau
neutrinos at the detector, and we provide an analytic approximation to the numerical results. This effect
enables an experiment to constrain decays that occur at very high energies, and we examine the reach of the
IceCube high-energy starting event sample in the parameter space of trapped dark matter annihilations and
decays above PeV. We find that the parameter space probed by IceCube searches would require dark matter
cross sections in tension with existing direct-detection bounds.

DOI: 10.1103/PhysRevD.105.083025

I. INTRODUCTION

Understanding the nature of dark matter is one of the
most pressing issues in modern astrophysics, cosmology,
and particle physics. Indirect detection of Standard Model
particles produced in dark matter annihilations or decays is
one way to gain an understanding of dark matter (DM)
particles and how they may interact with familiar matter.
Neutrino telescopes have the ability to detect and/or
constrain neutrinos produced in this manner, especially
decay of dark matter particles captured within the Sun or
Earth [1–18]. So far, Super Kamiokande [19], AMANDA
[20], and IceCube [21] have published limits on localized
decay for dark matter particle masses around ∼1–104 GeV.
Some work has considered decays of more massive

particles [22–24], including as a possible explanation for
the anomalous events seen by ANITA [25,26], and IceCube
has also examined limits above 104 GeV [27]. However,
recent work suggests that lower-energy secondary neutri-
nos would have been seen at IceCube, ruling out this
explanation [11,28]. Models of heavy dark matter include
decaying gravitinos [29] or right-handed neutrinos [30],
while many of the above studies take a phenomenological
approach that is agnostic to the particular model involved.

In this paper, we examine the current constraints and
reach of IceCube in detecting high-energy neutrino decays
from heavy dark matter particles trapped within the Earth,
connecting IceCube event rates to dark matter properties,
without restricting ourselves to the part of parameter space
relevant to the ANITA events. We include a full treatment
of tau neutrino propagation and regeneration [31–36]
within the Earth, using a modification of NuTauSim
[37], and give a semianalytic expression for the resulting
spectra.
In particular, we examine the phenomenon of large tau

lepton energy loss during propagation and emphasize the
role it plays in setting constraints. Our work extends the
pre-IceCube results of [7], and we use numerical and
semianalytic calculations to provide a simple parametriza-
tion of the energy spectrum that will allow straightforward
estimation of the effect of future observational develop-
ments on these constraints. Our work complements another
recent paper [17]; in contrast with that work, we use a DM
distribution localized very close to Earth’s center based on
the recent modeling of [38], we examine both decays and
annihilations, and present constraints in terms of dark
matter-nucleon cross sections and thermally averaged
annihilation cross sections, to allow for comparison with
specific dark matter models.
The structure of the paper is as follows. Section II

describes the models and parameters that we investigate,
and introduces the formalism that we use to describe the
evolution of neutrino flux. Section III describes the
simulation and presents our numerical and semianalytic
results for high-energy neutrino propagation originating
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within the Earth. Section IV uses the results of Sec. III to
examine the neutrino spectrum that would be seen at
IceCube, as a function of the dark matter parameters.
We use this to draw current constraints on the parameter
space in comparison with direct detection bounds. Finally,
in Sec. V we summarize our results, discuss implications
and dependence on underlying assumptions, and consider
possible extensions to future work.

II. MODELS AND PARAMETER SPACE

For greatest generality of our results, we consider two
general scenarios that are commonly studied [13], and
make minimal a priori assumptions about values of
parameters or model-specific relationships between them.
The general scenarios are as follows:
(1) Decay: examples include a heavy right-handed

neutrino, νR, which can decay into a tau neutrino
plus a Higgs [25,30], or a decaying gravitino [29].
We follow most studies in remaining agnostic to the
particular model, considering the dark matter par-
ticle to have decay time τχ .

(2) Annihilation: dark matter particles annihilate via
X þ X → νþ ν (see review [13]), with thermally
averaged cross section hσvi a constant in v, i.e.,
s-wave annihilation.

We assume that there is either a direct decay to neutrinos (as
in the above examples) or that any decay chain occurs
quickly enough that we can reasonably approximate the
neutrino source as the decay location. Our numerical results
in Sec. III suggest that variations of ≲100 km do not
significantly affect our conclusions. A longer-lived media-
tor would affect our results by reducing the number of
neutrinos detected for given dark matter parameters, a point
we return to in Sec. V.
Photons or charged leptons would generically

accompany neutrino emission, but we do not consider
potential observables related to these. We consider a spin-
independent DM-nucleon cross section σχN which scales as
A4, and in the case of decay, we take mχ ; τχ ; σχN as
independent free parameters, while for annihilation these
are mχ ; hσvi; σχN . We do not restrict ourselves to the
assumption that dark matter was produced thermally in
the early Universe, as nonthermal relics evade the unitarity
bound that would otherwise preclude mχ ≳ 105 GeV [39].
We now describe the process of dark matter capture

within Earth. First, we estimate annihilation and decay rates
from the number density and distribution of dark matter
particles within Earth. As Earth’s galactic orbit passes

through dark matter of density ρ ≃ 0.3 GeV=cm3 at
v ≈ 220 km=s, particles fall into Earth’s potential well
and lose energy via collisions with nuclei, becoming
trapped with v < vesc (see [38] for a recent calculation).
The captured particles thermalize on a timescale much
shorter than the age of Earth, and settle into an equilibrium
distribution which we represent in terms of the number
density as

nðt; x⃗Þ ¼ n0ðtÞ expð−r=r0Þ; ð1Þ

for constant r0 and central number density n0ðtÞ. At any
given time n0 is normalized to the total number NðtÞ of
trapped particles. In particular, N ¼ R

d3xnðt; x⃗Þ gives
n0 ¼ NðtÞ=ð8πr30Þ. Using dΓ=dV ¼ hσvinðt; x⃗Þ2, the anni-
hilation rate is then [3,7,9]

Γ ¼
Z

d3xhσvinðt; x⃗Þ2 ¼ hσviNðtÞ2=ð64πr30Þ: ð2Þ

The number of captured particles may be approximated
as [3]

NðtÞ ¼ Neq tanh ðt=τÞ; ð3Þ

where the eventual equilibrium number is Neq ¼
ðC=CAÞ1=2 and the timescale τ ¼ ðCCAÞ−1=2, C is the
capture rate, and CA ≡ Γ=N2 ¼ hσvi=ð64πr30Þ in our case.
The age of Earth is significantly less than τ [9], so we can
expand tanhðt=τÞ ≈ ðt=τÞ, leading to NðtÞ ≃ Ct, so the
annihilation rate is

Γann: ≃
hσviC2t2

64πr30
: ð4Þ

The extent r0 of the thermalized dark matter distribution
may be estimated as [38]

r0 ≃ ð2 kmÞð10
7 GeV
mχ

Þ
1=2

; ð5Þ

when at Earth’s core the temperature is 5000 K and density
is 10 g=cm3. We adopt these nominal values and therefore
do not include slowly varying corrections that would
account for different values. Furthermore, Ref. [38] esti-
mates the capture rate for isotope-dependent ðA4Þ DM-
nucleon scattering as

CχN ¼
( ð2.45 × 1022 s−1Þð103 GeV

mχ
Þ for ð mχ

1.66×1012 GeVÞ < ð σχN
10−26 cm2Þ

ð8.74 × 1027 s−1Þð108 GeV
mχ

Þ7=2ð σχN
10−26 cm2Þ5=2 for ð mχ

1.66×1012 GeVÞ > ð σχN
10−26 cm2Þ

; ð6Þ
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where capture is efficient for large enough cross section but drops rapidly below a certain value that depends on the mass.
So, finally, we can combine Eq. (4) with Eqs. (5) and (6), including a factor of 2 to account for each annihilation producing
two neutrinos, to find

Γann ≃

8<
:

ð1.50 × 1028s−1Þð107 GeV
mχ

Þ1=2ð hσvi
10−25 cm3s−1

Þ for ð mχ

1.66×1012 GeVÞ < ð σχN
10−26 cm2Þ

ð1.91 × 1054s−1Þð hσvi
10−25 cm3s−1

Þð107 GeV
mχ

Þ11=2ð σχN
10−26 cm2Þ5 for ð mχ

1.66×1012 GeVÞ > ð σχN
10−26 cm2Þ

; ð7Þ

where we have used t ¼ 4.5 Gyr as the age of the Earth. Our constraints in subsequent sections will take the DM-nucleon
cross section σχN and the thermally averaged DM self-annihilation cross section hσvi to vary as independent parameters.
For the case of dark matter particles that decay with lifetime τχ , the decay rate is

Γdecay ¼
1

τχ
NðtÞ ≃ 1

τχ
Ct: ð8Þ

Again using capture rate estimate Eq. (6), we find

Γdecay ≃

8<
:

ð2.45 × 1022 s−1Þð103 GeV
mχ

ÞðtEarthτχ
Þ for ð mχ

1.66×1012 GeVÞ < ð σχN
10−26 cm2Þ

ð8.74 × 1027 s−1Þð108 GeV
mχ

Þ7=2ð σχN
10−26 cm2Þ5=2ðtEarthτχ

Þ for ð mχ

1.66×1012 GeVÞ > ð σχN
10−26 cm2Þ

: ð9Þ

Wewill take σχN and τχ to be independent parameters in the
analysis that follows.
Formally, we can express the neutrino flux arriving at a

detector in terms of the observed energy E and the initial
energy Ẽ as

dΦ
dE

¼ 2π

Z
r2d cos θ

Z
dẼ

dΓ
dV

ðr; θÞfðE; Ẽ; xÞhðẼÞ; ð10Þ

where dΓ=dV is the local decay or annihilation rate
[defined by requiring Γ ¼ R

dVðdΓ=dVÞ with Eqs. (7)
or (9)], r and θ are radial and polar coordinates in detector-
centered spherical coordinates, and we have assumed
azimuthal symmetry. The function hðẼÞ gives the initial
spectrum of decays, and fðE; Ẽ; xÞ is the probability for a
neutrino of initial energy Ẽ to arrive at the detector with
energy E, traversing column depth x≡ R

dzρðzÞ, where z is
position along line of sight and ρðzÞ is local matter density.
Due to the expected localization of heavy dark matter
particles around Earth’s center as in Eq. (5), we approxi-
mate all decays as occurring at the center, simplifying the
above expression. The validity of this is further examined in
Sec. III. We will see that the initial energy Ẽ is irrelevant
above ∼107 GeV, and therefore the form of hðẼÞ will be
irrelevant to most of our parameter space. In Sec. III, we
numerically study evolution of neutrino flux through Earth
in order to determine fðE; ẼÞ.

III. PROPAGATION OF TAU NEUTRINOS
WITHIN THE EARTH

As tau neutrinos propagate through the Earth, they
undergo neutral current and charged current (CC) inter-
actions with the surrounding rock. CC interactions occur
approximately 72% of the time, and result in a shower of
particles, including a tau lepton, which keeps some of the
neutrino’s energy. As it moves, the tau loses energy due to
the photonuclear, Bremsstrahlung, and pair production
effects (the first of which dominates at energies above
∼108 GeV), as a function of its current energy and the
density of its surroundings. The particle eventually decays
back into a tau neutrino, a stochastic event which occurs
after the particle travels a randomized multiple of the tau
decay length; this is tau neutrino regeneration [31–36]. We
approximate the energy loss resulting from both the
production and the decay of the τ as 30%. Before analyzing
our numerical results, we discuss the energy loss of the tau
leptons analytically to better illustrate certain features of the
full results.

A. Semianalytic estimates

Since the photonuclear effect accounts for most energy
loss above ∼108 GeV, we can describe the energy loss rate
of a tau lepton of energy E as

�
dE
dx

�
≃ −βðEÞE; ð11Þ

where β is parametrized by
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βðEÞ ¼ p0 þ p1ðE=GeVÞp2 ; ð12Þ

with p0 ¼ 2.06 × 10−7 cm2 g, p1 ¼ 4.93 × 10−9 cm2 g,
p2 ¼ 0.228 in the ALLM parametrization [37,40]. The
exponent causes β to vary slowly with energy, and in this
section we approximate it by its value at E ¼ 108 GeV, i.e.,
we take β ≃ 5.0 × 10−7 cm2=g. Note that our numerical
results use the full energy dependence. Integrating Eq. (11)
under this approximation, we find

E ¼ Eie−βρz; ð13Þ

where ρ is the average density along the tau’s path, z is the
distance travelled by the particle, and Ei is the initial energy
of the tau lepton. Since the total energy loss depends on the
distance traveled, which depends on the particle’s lifetime
and velocity, the distance is also dependent on the particle’s
energy. As an approximation, we assume the tau decays
after exactly one lifetime (τ, or τ0 in its rest frame), and
express this as

1 ¼
Z

tdec

0

1

τ
dt ¼

Z
zdec

0

mc2

E
1

cτ0
dz; ð14Þ

where m is the tau mass and zdec represents the distance
traveled during the tau’s lifetime. Using Eq. (13) for the
energy, evaluating the z integral and solving for the distance
gives

zdec ¼
1

βρ
ln ðβρct0E0

mc2
þ 1Þ: ð15Þ

This result can be used with Eq. (13) to show the tau’s
energy just before it decays, across a range of starting

energies [as seen in Fig. 1(a)]; this shows that tau leptons
above ∼108 GeV lose energy until reaching approximately
107.8 GeV, regardless of their starting energy. Above ∼
108 GeV the effect is dramatic, but approaching and below
that point the energy losses become negligible. This can
also be seen in Fig. 1(b): no matter their starting energy, the
particles slow down dramatically within a short distance
(relative to the path length of the tau lepton and neutrino)
until reaching ∼107.8 GeV, after which point they lose
insignificant amounts of energy until decaying.
The stochastic nature of real decays means that the full

numerical simulation in Sec. III B will find a distribution
extending above and below a central value. Furthermore,
the estimate of this section only considers propagation of a
tau during one lifetime; the results of Sec. III B also account
for energy losses during decays and more than one instance
of tau propagation along the path, so they result in typical
energies at the surface being lower. However, the phe-
nomenon shown here—where high-energy tau propagation
drives widely varying initial energies toward similar final
energies—does carry over.

B. Numerical results

To produce an expected distribution of tau neutrino
energies at the surface of the Earth, we use a modification
of NuTauSim [37]. The Earth’s density profile is modeled
using the preliminary earth reference model [41]. Since the
dark matter is localized around the center of the Earth
[Eq. (5)] we approximate it to the exact center. That this is
accurate can be seen in Fig. 2(a). Most of the dark matter is
located well within 100 km of the center, and a 100 km
displacement has a negligible effect on the propagation.
Only at extreme distances, where effectively no neutrinos

FIG. 1. (a) The final energy of a tau lepton at the moment of decay as a function of its initial energy, using estimates Eqs. (13) and (15).
(b) Tau lepton energies as they move through rock, for starting values between 108 and 1012 GeV. They travel exactly one lifetime, all
decaying with energy ∼108 GeV having traveled Oð101 kmÞ.
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are produced, does the displacement matter, so this is a
good approximation.
The energy losses result in final energies at the Earth’s

surface being, on average, around 105 GeV, for all starting
energies above ∼108 GeV. This can be seen in Fig. 2(b),
where each fðE; ẼÞ is given as a normalized probability
density function (PDF) representing an average over ∼50,
000 neutrinos numerically propagated from the center of
the Earth. Since these distributions are nearly identical (for
energies as high as 1017 GeV), they can be described with
the following normalized probability distribution in terms
of ϵ≡ log10ðE=GeVÞ:

fðϵÞ ¼ 1

σ
ffiffiffiffiffiffi
2π

p e−
1
2
ðμ−ϵσ Þ2 ; ð16Þ

where σ ¼ 0.541 and μ ¼ 5.148.1

Below initial energies of 108 GeV, this becomes less
accurate. The energy losses from the tau propagation stages
become negligible next to those of neutral current and CC
interactions, as well as the decay process of the tau leptons
into tau neutrinos. As a result, neutrinos tend towards
specific energies that depend on the number of interactions
they experience, which can be seen in Fig. 3(a). The
Gaussian gives way to several specific energy levels, an
effect that becomes even more pronounced in Fig. 3(b). At
105 and 106 GeV, most neutrinos reach the surface with
one of two energies: they either never interact and keep
their initial energy, or undergo exactly one CC interaction
and reach the surface with about 10% of their initial energy.

IV. PARAMETER REACH OF ICECUBE HESE
EVENTS

As mentioned previously, we expect the general phe-
nomenon described in Sec. III to be important for any
observation of ultrahigh energy tau neutrinos. We now
illustrate this effect by taking as an example the existing
IceCube data set for high-energy starting events (HESE) at
energies above 60 TeVover 2635 days of live time [42,43].
To date, the HESE sample consists of 60 events including
two double cascade events that have been identified as tau
neutrinos. This sample is consistent with a diffuse back-
ground with power-law energy dependence. For our analy-
sis we exclude any region of parameter space that predicts
10 IceCube HESE events over 2635 days for energies
greater than 60 TeV. We chose this as an estimate of a
number of events that would be clearly localized compared
with the 60 total events, and any Oð10Þ number leads to
essentially the same results. We also estimate the IceCube-
Gen2 sensitivity following [44].
Formally, the number of events observed at IceCube

during time T is

N ¼ T
Z

dE
Z

dẼfðE; ẼÞ dΓ
dẼ

1

4πR2
⊕
AeffðEÞ; ð17Þ

where (as before) E is the neutrino energy at the detector
and Ẽ is the energy at production (time of decay), and Aeff
is the IceCube detector effective area for tau neutrinos (see
e.g., [45]). For simplicity we approximate the decay
spectrum of the dark matter particle with a delta function
at 0.1 mχc2, although recalling the discussion of Sec. III A,
the results will be almost independent of assumptions about
this spectrum. We describe propagation using the results of
Sec. III as encoded in Eq. (16), which leaves us with

FIG. 2. Panel (a) shows the final energy distribution of 1012 GeV neutrinos generated some distance from the center, along the line of
sight. Panel (b) shows the final distribution of tau neutrinos generated at three different energies. Due to the effects in Fig. 1(b), the
means and standard deviations of every distribution are within 5% of each other for energies between 107 and 1017 GeV.

1So fðEÞ ¼ ½ ffiffiffiffiffi
2π

p
σ lnð10ÞE�−1 exp ½ðlog10ðE=GeVÞ − μÞ2=

ð2σ2Þ� is the normalized PDF in terms of E; this will be
convenient in Sec. IV.
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N ¼ T
Γ

4πR2
⊕

Z
∞

60 TeV
dEfðE; ẼÞAeffðEÞ: ð18Þ

We use Eqs. (7) or (9) for annihilation or decay rates, use the
IceCube effective areas for tau neutrino detection [42,45],
and evaluate the integral Eq. (18) numerically using the
results of Sec. III. Sampling the parameter space ofmχ , σ we
find constrained regions shown in Fig. 4. Figure 4(a) shows
the case of dark matter self-annihilation, while Fig. 4(b)
shows the case of darkmatter decay. In both cases, projected

IceCube-Gen2 limits are included as dotted lines. Note that
despite the formal upper limit on the integral in Eq. (18), the
Gaussian tail from Eq. (16) causes the integrand to rapidly
drop by 107 GeV, so the result is fairly insensitive to details
of IceCube’s highest energy reach.
For decays above ∼107 GeV, the variation of the

constraint curve with mass is entirely due to the annihi-
lation rate, Eq. (7), or decay rate, Eq. (9). This is clear in
Eq. (18), where the form of fðE; ẼÞ in Eq. (16) causes the
integral to have no dependence on the initial energy or mass
scale. This effect makes the features of the plot above

FIG. 4. Parameter space reach of IceCube HESE events (dotted lines: IceCube-Gen2) for dark matter self-annihilation (a) and decay
(b), for spin-independent (A4-scaling) DM-nucleon cross sections. The gray line in (a) represents existing constraints on hσvi [13]; the
gray line in (b) shows σχN constraints from [46]. In (b) the DM decay time is given as τχ=tE, where tE ¼ 4.5 × 109 years is the age of
Earth. In (a) we see that the σχN values needed to evade the bound we have computed for a given annihilation cross section are in tension
with existing constraints on σχN [compare with solid gray line in (b)].

FIG. 3. Normalized final energy distributions for neutrinos with initial energies between 107 and 108 GeV (a) and below 107 GeV (b)
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∼107 GeV easy to understand. First, we use Eq. (16) to
numerically evaluate

Z
∞

60 TeV
dEfðEÞAeffðEÞ ≃ 5.1 m2: ð19Þ

The result of Eq. (19) now allows us to evaluate Eq. (18)
analytically for cases where the initial neutrino energy is
above ∼107 GeV:

N ≃ TΓ
5.1 m2

4πR2
⊕

≃ 10−14TΓ; ð20Þ

obtaining Γ from Eqs. (7) or (9) for annihilation or decay,
respectively.
To place the annihilation results [Fig. 4(a)] in context, we

note that searches for gamma ray and neutrino signals from
DM annihilation at the galactic center limit hσvi to less than
about 10−24 to 10−26 cm3 s−1 between 102 and 105 GeV
[47–49], while in our region of interest above 105 GeV,
constraints are somewhat weaker at roughly 10−25 to
10−20 cm3 s [13], which we show in Fig. 4(a). In Fig. 4(b)
we show constraints on the DM-nucleon cross section from
[46], assuming A4 scaling (see also [50]). In Fig. 4(b), the
“elbow” in the constraint is defined by the boundary
between the high-cross section and low-cross section
scaling behavior in the capture rates Eq. (6), i.e., it falls
along a line defined by σχN=cm2 ¼ 6.02 × 1013ðmχ=GeVÞ.
There is a clear tension between limits on σχN for decays

or annihilations of a given mass, and sensitivity to smaller
values of hσvi: the latter requires larger DM-nucleon cross
sections σχN (so DM particles are trapped in Earth more
efficiently), running up against the direct-detection bounds
as seen in Fig. 4(b). As seen in both Figs. 4(a) and 4(b), the
increased event rate for IceCube-Gen2 should not have a
significant qualitative effect on these results.
This parameter tension provides context for the inter-

pretation of other results that constrain decay or annihila-
tion rates. For IceCube to be sensitive to neutrinos from
dark matter particles that evade the direct detection bounds,
the capture and thermalization process would have to be
significantly altered. The effect of any such modifications
can be easily checked using our approximation Eq. (20) for
a dark matter distribution localized near Earth’s center. We
note that these comparisons can depend somewhat on
simplifying assumptions, see e.g. [51].
While previous results are not exactly comparable to

ours due to different assumptions, we can make some
comparisons. For example, decays of dark matter particles
with lifetimes on the order of 1027 to 1028 s are considered
in Ref. [23] (galactic and extragalactic dark matter) and
Ref. [17] (dark matter decays in Earth). Since

1027 s ∼ 1010tE, this corresponds approximately to the
dot-dashed (red) curve in Fig. 4(b), where dark matter-
nucleon cross sections are well above the direct detection
bound. As noted in Sec. I, Ref. [17] also assumes different
dark matter distributions from the thermalized distribution
we have taken, considering dark matter to be uniformly
distributed within Earth, or to be proportional to the density
profile of baryonic matter. Therefore, it is inherently
making different assumptions about dark matter properties
involved in capture and thermalization.

V. SUMMARY AND CONCLUSIONS

In this paper, we have shown how rates of high-energy
tau neutrinos from decaying or annihilating dark matter are
related to dark matter properties such as the dark matter-
nucleon cross section and decay rate or thermally averaged
annihilation cross section. Given existing constraints on
dark matter properties, we find that this scenario does not
allow room for high-energy Earth-emerging tau neutrino
events at IceCube to be interpreted in terms of decaying or
annihilating dark matter. While previous work has cast
doubt on such an interpretation of the anomalous ANITA
events [11,28], we examine a much broader range of dark
matter masses. Our explicit connection between dark matter
properties—constrained experimentally—and expected
IceCube event rates adds perspective to the existing
literature on searches for neutrino signatures of dark matter.
Our work included a numerical simulation that showed

how significant tau lepton energy losses during tau neutrino
regeneration drive a wide range of initial neutrino energies
toward a distinct spectrum, as shown in Eq. (16) and
Fig. 2(b). When combined with estimates of dark matter
capture and thermalization in relation to decay or annihi-
lation rates, this allows for a semianalytic estimate of the
IceCube HESE event rate, Eq. (20). This result provides a
useful way to quickly check the effect of, for example, quite
different assumptions about the dark matter capture and
thermalization process.
More sensitive dedicated searches for localized ultrahigh

energy tau neutrinos could be performed directly from
future experiments and upgrades [44,52,53]. While these
could lead to more sensitivity than we have inferred from
the public IceCube HESE sample, we do not expect this to
change the qualitative picture we have presented. We have
also assumed that tau neutrinos are immediate decay
products of the dark matter particle. If there is instead a
mediator that eventually decays to neutrinos, with a lifetime
allowing many mediator particles to escape Earth before
decaying, IceCube could still constrain this but with
reduced sensitivity that would depend on model assump-
tions. There are a number of other ways in which Standard
Model uncertainties, dark matter model dependence, and
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detector subtleties enter the above calculation. While these
do not change the general features of our conclusions,
future analyses or unexpected results in high-energy
neutrino physics (e.g. the tau neutrino cross section [54])
could be cause to revisit this.
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