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The observed dark matter abundance in the Universe can be explained with non-thermal, heavy
dark matter models. In order for dark matter to still be present today, its lifetime has to far
exceed the age of the Universe. In these scenarios, dark matter decay can produce highly energetic
neutrinos, along with other Standard Model particles. To date, the IceCube Neutrino Observatory
is the world’s largest neutrino telescope, located at the geographic South Pole. In 2013, the
IceCube collaboration reported the first observation of high-energy astrophysical neutrinos. Since
then, IceCube has collected a large amount of astrophysical neutrino data with energies up to
tens of PeV, allowing us to probe the heavy dark matter models using neutrinos. We search the
IceCube data for neutrinos from decaying dark matter in galaxy clusters and galaxies. The targeted
dark matter masses range from 10 TeV to 10 PeV. In this contribution, we present the method and
sensitivities of the analysis.
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Search for extragalactic DM with IceCube

1. Introduction

The existence of dark matter has been well established by a variety of astronomical observations,
but the particle nature of dark matter still remains unknown. Various theories, beyond the Standard
Model of particle physics, propose candidates for dark matter. Among those, Weakly Interacting
Massive Particles (WIMPs) have been the most extensively studied candidates, for a number of
reasons. WIMPs naturally explain the abundance of dark matter in the present Universe [1]. On
the other hand, the mass scale allowed for WIMPs is limited up to ~100 TeV, due to the unitarity
bound [2], and thus accessible by current instruments. However, decaying heavy dark matter, which
was non-thermally produced in the early Universe and has a longer lifetime than the age of the
Universe, is also a viable candidate for dark matter [3, 4].

Neutrinos are useful tools for testing dark matter hypotheses. When dark matter pair-annihilates
or decays, neutrinos could be produced directly or through the decay of the primary products. Hence,
the properties of dark matter can be constrained by measuring the neutrino flux from celestial objects
which host a large amount of dark matter. Neutrinos have several advantages over other messenger
particles. They are not affected by magnetic fields and have extremely small cross-sections. Thus,
their directions can be better associated with their origins. Also, they are barely absorbed at their
production site. This provides unique opportunities to search for dark matter in the core of the Sun
and the Earth [5-7].

The IceCube Neutrino Observatory [8] is a cubic-kilometer scale neutrino telescope deployed
in the deep glacial ice in the Antarctica. The IceCube collaboration has reported observations of
high-energy astrophysical neutrino events [9-11]. Theoretical studies suggest that some of these
astrophysical neutrinos could originate from the decay of dark matter particles [12—-15]. Recent
IceCube analyses looked for neutrinos from dark matter decay in the Galactic Halo and isotropic
neutrinos from extragalactic dark matter decay [16, 17]. These searches provide highly competitive
limits on the dark matter decay lifetime, demonstrating that IceCube is sensitive to probe decaying
heavy dark matter hypotheses.

In this contribution, we present a search for neutrinos from the decay of dark matter particles
in galaxy clusters and galaxies, which utilizes track-like events observed in IceCube. In section 2,
we describe the expected signal and background of this analysis. In section 3, we discuss the data
sample and statistical methods used in this work. Then we present the sensitivities of this analysis
in section 4 and conclude in section 5.

2. Signal and Background

The differential neutrino flux expected from the decay of dark matter particles in an extragalactic
source is calculated as the following:

do, 1 dN, /AQ /“’
“Y(E)=——Y(E dQ IA)dl, 1
dEV( v) P dEV( v) ; ; Py (1) (D)

with m,, being the dark matter mass, 7, the dark matter lifetime, 71 the direction of the line-of-sight,
and dN, /dE, the differential neutrino spectrum per dark matter particle decay. We assume that
dark matter decays into a pair of Standard Model particles with a branching ratio of 100% and
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calculate the energy spectrum of neutrinos in the final state. This calculation is done for different
dark matter masses and decay channels using the yarov software package [18]. This package takes
into account the electroweak corrections and the neutrino oscillation from the source to the Earth.
Figure 1 shows the expected spectra of muon neutrinos (and anti-muon neutrinos) at the Earth, for
dark matter masses of 10 TeV and 10 PeV, decaying through different dark matter channels. The
neutrino oscillation inside the Earth is negligible, as we use neutrinos with energies higher than
100 GeV. The attenuation of high-energy neutrino fluxes due to absorption in the Earth is accounted
for using the Nugen software packages [19].

The spatial distribution of the neutrino flux depends on the distribution of dark matter in the
source. In this analysis, we use galaxy clusters, the Andromeda galaxy (M31), and satellite dwarf
galaxies of the Milky Way as targets. For dwarf galaxies, we adopt the dark matter halo models
presented in [20]. The authors use the Zhao density profile [21] to describe the dark matter halos in
the dwarf galaxies. For galaxy clusters, we adopt the models presented in [22]. Here, the dark matter
halos of these clusters are described using the Navarro-Frenk-White (NFW) profile [23] which is
a special case of the Zhao profile. The model for the dark matter distribution in the Andromeda
galaxy is adopted from [24] and is based on the Einasto profile [25]. Lastly, we assume that the
dark matter halos of the sources do not contain subhalos, as the signal from decaying dark matter
is not highly sensitive to subhalos.

Given the dark matter halo models for different sources, we evaluate the integral in Eq. 1,
conventionally referred to as the D-factor, for each of the sources with AQ = 2w cos 6. Here, 6
denotes the angular distance from the center of the source. Then, we select the targets with larger
D-factors than 10'® GeV/cm?2, which are listed in Table 1. 6,,,, denotes the angular distance from
the source at which the D-factor reaches its maximum, while D, is the D-factor calculated up
to 6 = 0,,4x. We use the CLUMPY software package [26, 27] to calculate D, and the spatial
distribution of the neutrino flux from the targets. The locations of the selected targets in the sky are
depicted in Figure 2.

The expected background includes the neutrinos produced by cosmic-ray interactions with
Earth’s atmosphere and isotropic astrophysical neutrinos. The background is expected to be uniform
in right ascension, as the detector rotates along the Earth’s rotation axis. Thus, the scrambled data
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Figure 1: Differential energy spectra of v, (and v,,) expected at the Earth for four different dark matter decay

channels and two different dark matter masses.
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\ Source Type | RA[?] | Dec [°] | Omax [°] | Dimax [GeV/em™] |
Virgo galaxy cluster | 186.63 | 12.72 6.11 2.54 x 10%°
Coma galaxy cluster | 194.95 | 27.94 1.30 1.49 x 10"

Perseus galaxy cluster | 49.94 | 41.51 1.35 1.44 x 10"
Andromeda galaxy 10.68 | 41.27 8.00 1.70 x 10%°
Draco dwarf galaxy | 260.05 | 57.92 1.30 1.54 x 10"
Leol dwarf galaxy | 152.12 | 12.3 0.45 1.19x 10'8
Ursa Minor dwarf galaxy | 227.28 | 67.23 1.37 1.41 x 1018
Bodtes I dwarf galaxy | 210.03 | 14.5 0.47 1.46 x 108
Coma Berenices | dwarf galaxy | 186.74 | 23.9 0.31 1.53x10'8
Segue 1 dwarf galaxy | 151.77 | 16.08 0.35 2.05x 10'8
Ursa Major II | dwarf galaxy | 132.87 | 63.13 0.53 5.23x 108

Table 1: Sources of neutrinos selected for this analysis. 6,,,, is the angular radius of the dark matter halo
of the source at which the D-factor, the integral factor in Eq. 1, reaches its maximum (D4 )-

can be used to estimate the distribution of background events. This is done by replacing the right
ascension of each event by a random value between 0 and 2.

3. Data Sample and Statistical Methods

For this work, we use a subset of the IceCube data sample established to search for point-like
sources [28]. The sample contains track-like events from both the southern and northern sky. The
data are collected between 2008 and 2018 of which we use the last 6 years of data. The data of the
subset are taken with the full 86-strings detector configuration, for which an updated event selection
is applied compared to previous years. With this track-like event sample, the detector has a median
angular resolution smaller than 1°, for neutrino energies of ~TeV or above.

To determine whether there is a significant excess in data, we perform a hypothesis test using
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Figure 2: Locations of the sources in equatorial coordinates. The circles denote the location of the galaxy
clusters. The crosses are for the dwarf galaxies, and the triangle is for the Andromeda galaxy (M31). For
references, the locations of the Galactic Center (star) and the Galactic Plane (line) are also shown.
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a likelihood ratio test statistic defined as below:

L (ns = 0)

A= —210g W,

2
where 7 is the expected number of signal events, and 75 is the best-fit value of the parameter. The
likelihood function is defined as the following:

N
n n
L(ng) = l_[ [ﬁss(a’i,éia o, Eilng) + (1 - ﬁs) B(a;, 6;, 04, Eilng) |, 3)
i=1

where i is the event index, and N is the total number of observed events. « and ¢ are the reconstructed
right ascension and declination, respectively. o is the angular uncertainty, and E is the reconstructed
neutrino energy.

The sensitivity is defined, at 90% confidence level (CL), as the minimum number of signal
events required to have a Type I error rate smaller than 0.5 and Type II error rate of 0.1. From this,
we can deduce the sensitivity on the dark matter decay lifetime using the following equation:

AQ Enmax d¢V
ns = Tii / dQ/ dEy A (R, Ey) ———— (7, Ey), “)
S 1ve 0 - viie v deEV v

where Tjive 18 the detector livetime, A iS the effective area of the detector, and E i, Emax are the
minimum, maximum energies of the expected neutrinos, respectively.

4. Sensitivities

In this section, we present the 90% CL sensitivities obtained for this analysis. The sensitivities
computed for dark matter decaying into bb can be seen in Figure 3. The left panel shows the
sensitivities for the galaxy clusters and the Andromeda galaxy. The sensitivities for the Virgo
cluster are better than those for the Coma cluster and Perseus cluster. This is mainly due to the
fact that the D-factor for the Virgo cluster is much larger than those for the other two clusters.
Stacking the three clusters does not improve the sensitivities, compared to using only the Virgo
cluster. The sensitivities for the Andromeda galaxy are comparable to those for the Virgo cluster.
In the right panel of Figure 3, we present the sensitivities for the seven dwarf galaxies that we
selected. The sensitivities for the Draco galaxy and the Ursa Major II galaxy are better than those
for the other dwarf galaxies. This can be explained by the relatively large D-factors for the two
galaxies, similar to the case of the galaxy clusters. The sensitivities are improved by stacking all of
the dwarf galaxies, but they are still not comparable to the sensitivities for the Virgo cluster and the
Andromeda galaxy.

Figure 4 shows the sensitivities for the 7¥7~ channel. It can seen that for this channel the Virgo
cluster and the Andromeda galaxy are the most promising sources. Stacking the dwarf galaxies
leads to slightly better sensitivities than those for the best dwarf galaxy. The sensitivity curves for
Perseus, Andromeda, Draco, Ursa Major II, and Ursa Minor have onsets of decrease. This is due
to the opacity of the Earth to neutrinos. The opacity increases with increasing neutrino energy and
increasing source declination. Thus, the Earth is more opaque to the neutrinos from these sources
than the others. Furthermore, the higher the dark matter mass is, the larger is the opacity for these
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Figure 3: 90% CL sensitivities on dark matter lifetime for the b channel. Left: The sensitivities for the
three galaxy clusters. The solid lines are for the individual galaxy clusters, and the dashed line is for the case
of stacking the three clusters. The dotted line is for the Andromeda galaxy. Right: The sensitivities for the
seven dwarf galaxies. The solid lines are for the individual dwarf galaxies and the dashed line is for the case
of stacking all of the dwarf galaxies.

sources. Therefore, the sensitivities for the sources do not keep increasing with increasing dark
matter mass. This effect is less noticeable when dark matter decays into bb, as the neutrino spectra
for this channel are soft.

We compare the sensitivities of this analysis to the observed limits from other experiments in
Figure 5. The dashed line represents the sensitivities of the presented analysis for the bb channel
and the Andromeda galaxy. The solid lines are the limits from different experiments [16, 29-32],
for the same dark matter decay channel. It can be seen that the sensitivities calculated for this
analysis are competitive with other experiments.
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Figure 4: 90% CL sensitivities on dark matter lifetime for the 7+7~ channel.
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Figure 5: Comparison of the sensitivities of the analysis to the observed limits from other experiments [16,
29-32]. The dashed line represents the 90% CL sensitivities of the analysis for the bb channel and the
Andromeda galaxy. Other lines are the limits from different experiments calculated assuming the same dark
matter decay channel. The confidence levels associated with the IceCube limits, HAWC limits, and the
Fermi-LAT limits are 90%, 95%, and 30, respectively.

5. Conclusions and Outlook

We calculated the sensitivities, at 90% CL, for the bb, 7*7~ channels for dark matter masses
between 10 TeV and 10 PeV. For the Virgo cluster and the Andromeda galaxy, the sensitivities are
competitive with other leading experiments. We also tested if the sensitivities could be improved
by stacking the sources. For the bb and 77~ channels, stacking the galaxy clusters did not improve
the sensitivities, compared to using only the Virgo cluster. Furthermore, the sensitivities for the
Virgo cluster and the Andromeda galaxy were significantly better than those obtained by stacking
the dwarf galaxies. We plan to study the sensitivities for other dark matter decay channels than bb
and 7777, Galaxy clusters and dwarf galaxies in the southern sky could be included in the list of
targets, and the benefit of stacking could be evaluated again.
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