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Abstract: Although there is overwhelming evidence for the existence of dark matter, the nature of
dark matter remains largely unknown. Neutrino telescopes are powerful tools to search indirectly for
dark matter, through the detection of neutrinos produced during dark matter decay or annihilation
processes. The IceCube Neutrino Observatory is a cubic-kilometer-scale neutrino telescope located
under 1.5 km of ice near the Amundsen-Scott South Pole Station. Various dark matter searches
were performed with IceCube over the last decade, providing strong constraints on dark matter
models. In this contribution, we present the latest results from IceCube as well as ongoing analyses
using IceCube data, focusing on the works that look at the Galactic Halo, nearby galaxies, and
galaxy clusters.

Keywords: dark matter; neutrinos; IceCube

1. Introduction

The IceCube Neutrino Observatory [1] is a cubic-kilometer-scale neutrino telescope,
deployed in deep glacial ice in Antarctica. The telescope consists of 86 vertically placed
strings that are 125 m apart from each other. Each of the strings holds 60 digital optical
modules (DOMs) that contain a downward-facing photomultiplier tube (PMT) and readout
electronics. The DOMs are deployed at depths between 1450 m and 2450 m, utilizing the
ultra-transparent Antarctic ice as Cherenkov medium. In most of IceCube, the DOMs
on the same string are spaced 17 m apart, but at the bottom center of the detector, they
are more densely spaced with a spacing of 7 m. This densely spaced sub-array is called
the DeepCore and was designed to detect low-energy neutrino events. At the surface of
IceCube, the IceTop air-shower detector array is located. This surface array was designed
to observe cosmic rays and is also used to veto atmospheric backgrounds for IceCube.

IceCube can probe dark matter models by looking for neutrinos produced by dark
matter interactions. When dark matter in an astronomical object self-annihilates or decays
into Standard Model particles, neutrinos could be produced directly or indirectly, and a
flux of these neutrinos could be observed at IceCube. Multiple analyses were performed
using IceCube data to search for dark matter in the Sun [2,3], the Earth [4,5], the Milky
Way [6-11], and extragalactic sources [12], deriving competitive constraints on the dark
matter models. We present dark matter searches with IceCube, which were completed
recently or are in progress. The presented analyses focus on dark matter interactions in the
our Galaxy or extragalactic sources.

2. HESE 7.5-Year Analyses

We performed analyses using IceCube’s 7.5-year High-Energy Starting Event (HESE)
sample [13] to search for dark matter interactions. The HESE event selections achieve
a high purity of astrophysical neutrinos, and the data sample contains track-like events
and cascade events from all directions. Details of the event selections can be found from
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Reference [13]. In the first analysis, we searched for neutrinos from dark matter decay or
self-annihilation. In the second analysis, we looked for evidence of the scattering of high-
energy astrophysical neutrinos with dark matter in our galaxy. In both of the works, we
model the dark matter distribution in our galaxy by taking the parameterization presented
in Reference [14], which is based on the Einasto profile [15].

For the decaying dark matter search, we consider dark matter with masses from
160 TeV and 20 PeV. Also, dark matter is assumed to decay into bb, WtW—, tH1~, utuo,
Hv, or v with 100% branching ratio. We account for signals from cosmological dark
matter decay as well as Galactic dark matter decay. In this case, the signal neutrino flux is
evaluated as the following:

dd, Ao 4PpSos

iE, ~ dE, T dE, M

. . . d(DGal
The Galactic contribution i

is calculated as

deGl 1 4N,
dE,  4mmyty dE, /z,o,s Px(s)ds, )

where m, is the dark matter mass, 7y is the dark matter lifetime, ‘;Igg is the neutrino

production spectrum. The dark matter density (o,) is integrated along the line-of-sight.

Cos
The cosmological contribution dfgv is as follows:

doSes  Oypc /oo dN, dz 3
dE, dremytyHo Jo  dEy(1+2) /O, + Qp(1 +2)3

where p, is the critical density of the Universe, Hy is the Hubble constant, z is the redshift,
and 4, Oy, and (), are the energy density, cold dark matter density, and matter density,
respectively. We disregard the contribution from extragalactic dark matter clumps, making
the analysis results conservative. A binned maximum likelihood analysis is performed,
which uses energy and directional information as observables. Backgrounds are estimated
from Monte Carlo simulation. More details of the analysis methods are presented in
Reference [16].

For the annihilating dark matter search, we probe dark matter masses ranging from
80 TeV to 10 PeV. Various dark matter decay channels, including bb, W W~, u"u~, and
v7, are studied. We only consider the Galactic dark matter annihilation, as it is expected to
dominate the signal flux. Then, the signal neutrino flux is calculated as

ad,  (ov) dN, 2
dE,  8mmy dE, /1_0_5 (s)ds, @

where (0v) denotes the velocity-averaged dark matter annihilation cross-section.

In this work, the neutrino spectrum, %, is simulated using PYTHIA [17], partially
taking into account electroweak corrections. To account for halo model uncertainties, the
NFW and Burkert models presented in Reference [18] are also studied.

Figure 1 shows upper limits on the velocity-averaged dark matter annihilation cross-
section obtained from this analysis. The limits calculated at 90% C.L. for different decay
channels are shown in the left panel. In the right panel, the limits for the "~ channel are
compared to those from previous experiments. In Figure 2, lower limits on the dark matter
lifetime are shown in the same manner as Figure 1. It can be seen that the limits from this
analysis are highly stringent for the probed dark matter masses.

To search for evidence of dark matter-neutrino scattering, we use the energy and
directional distribution of the HESE events. We assume that the extragalactic neutrino
flux has an unbroken power-law spectrum. The energy and directional distribution of the
neutrino flux are expected to change when the neutrinos scatter on the Galactic dark matter,
depending on the dark matter mass, mediator mass, Galactic dark matter distribution, and
the couplings of dark matter and neutrino to the mediator. We consider two simplified
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dark matter-neutrino scattering scenarios: fermionic dark matter with a vector mediator
and scalar dark matter with a fermionic mediator. We assume that the scattering between
dark matter particles and neutrinos is elastic and neglect secondary neutrinos from the in-
teraction (see Reference [16] for more details of the signal expectation and analysis method).
Since no evidence for the dark matter interaction was found, we derived constraints on the

dark matter—neutrino scattering for the two scattering scenarios, which can be found in
Figure 3.
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Figure 1. Upper limits (90% C.L.) on the velocity-averaged dark matter self-annihilation cross-section.
Left panel shows the limits obtained from the HESE 7.5-year analysis for the considered dark matter
annihilation channels and the Einasto halo model. In the right panel, the limits for the ™ channel
are compared with limits from other experiments [19-24]. These plots are taken from [16].
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Figure 2. Lower limits (90% C.L.) on the dark matter lifetime. Left panel shows the limits obtained
from the HESE 7.5-year analysis for the considered dark matter decay channels and the Einasto halo
model. In the right panel, the limits obtained for the #*~ channel are compared with limits from
other experiments [19-24]. These plots are taken from Reference [16].
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Figure 3. Credible upper limits (90%) on the maximum dark matter-neutrino coupling strength,
obtained from the HESE 7.5-year analysis. Left panel shows the limits for fermionic dark matter
with a vector mediator scenario. Right panel shows the limits for the scalar dark matter with a
fermionic mediator scenario. In each of the panels, the limits are shown as a function of the mediator
mass (1) and dark matter mass (1m1y). The pink line separates the regions of parameter space where
cosmology or IceCube gives stronger bounds. The plots are taken from Reference [16].



Phys. Sci. Forum 2023, 8,70

40f8

3. Neutrino Line Analysis

This analysis searches for low-to-medium energy neutrinos from dark matter anni-
hilation or decay in the Galactic Center. The expected signal neutrino flux is calculated
using Equation (2). Two different halo models are considered: the NFW model and the
Burkert model presented in Reference [18]. The considered dark matter masses range
from 10 GeV to 40 TeV, and the analysis is optimized to detect signals from the y — v7
or xx — v¥ scenario where the signal neutrino spectrum consists of a delta-function at
E, = my (annihilation) or E, = m, /2 (decay). In addition to the v¥ channel, the bb, WTIW—,
utp~,and T~ channels are also probed. We use the signal neutrino spectra calculated
in PPPC4 [25], which accounts for leading-order electroweak corrections.

For this work, 5 years of data collected from 2012 to 2016 is used. To achieve a good
energy resolution, the event selection is optimized to select cascade events starting in the
DeepCore sub-array. The neighboring IceCube DOMs are used as a veto. Two sub-samples
are produced by the final event selection. The low-energy sample is obtained using a BDT
trained with the signal spectrum expected from the m, = 100 GeV, x — bb scenario. This
sub-sample is used for probing dark matter masses from 10 GeV to 1 TeV. The high-energy
sample is produced with a BDT trained for the m, = 300 GeV, x — WTW™ scenario and
used to probe dark matter masses from 1 TeV to 40 TeV. The background event distribution
is estimated by scrambling data in right ascension, assuming that the background neutrino
flux is uniform in right ascension. To account for potential signal contamination in the
scrambled data, a signal-subtracted likelihood is used. Details of the analysis method can
be found from Reference [26].

The left panel of Figure 4 presents upper limits on the velocity-averaged dark matter
annihilation cross-section. The right panel shows lower limits on the dark matter lifetime.
They are calculated at 90% C.L. assuming the NFW halo model. The limits from this
analysis improve upon the previous best IceCube limits for low dark matter masses.
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Figure 4. Limits on the velocity-averaged dark matter self-annihilation cross-section (left panel)
and the dark matter lifetime (right panel). The solid lines represent the limits obtained from the
Neutrino Line analysis at 90% confidence level. They are compared with limits from other neutrino
experiments [6,9,10,24,27,28]. The plots are taken from Reference [26].

4. Galactic Center Analysis with OscNext 8-Year Sample

The analysis is being developed to search for low-energy neutrinos from dark matter
annihilation in the Galactic Center. The considered dark matter masses range from 5 GeV
to 8 TeV. Also, various dark matter annihilation channels are probed.

This work uses 8 years of DeepCore events collected from 2012 to 2020. The data
sample is based on the oscNext event selection, which is developed for atmospheric
neutrino oscillation measurement. For this particular analysis, the zenith angle cut and
energy cut in the original oscNext event selection are released. The signal neutrino spectra
corresponding to the considered dark matter masses and channels are obtained from the
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PPPC4 [25] table, and the NFW and Burkert halo models discussed in [18] are considered.
The background event distribution is estimated using Monte Carlo simulation. Three
variables are used as observables: reconstructed energy, angular distance from the Galactic
Center, and particle ID (PID) (see Reference [26] for more details of the analysis method).

Figure 5 shows the sensitivities of this analysis to the velocity-averaged dark matter
annihilation cross-section. These sensitivities are calculated assuming the NFW model.
For the v,7,, v,7,, and v7r channels, higher dark matter masses than 200 GeV are not
considered, as the neutrino spectra consist of a peak at energies to which DeepCore is not
sensitive. From the right panel of the figure, it can be seen that the analysis improves upon
previous IceCube analyses and ANTARES analyses.
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Figure 5. Sensitivities (90% C.L.) of the low-energy Galactic Center analysis to the velocity-
averaged dark matter self-annihilation cross-section. Left panel presents the sensitivities calculated
for the considered dark matter annihilation channels and the NFW halo model. Right panel shows the
sensitivities for the 747~ channel compared with limits from other neutrino experiments [10,11,29].
The plots are taken from [26].

5. Search for Dark Matter Decay in Galaxy Clusters and Galaxies

The analysis is in progress to search for dark matter decay in nearby galaxy clusters and
galaxies. This analysis focuses on dark matter with masses from 10 TeV to 100 PeV, decaying
through the bb, W W~, t" 17, or the v# channel. Energy and directional information are
used as observables. For a given source, dark matter mass, and decay channel, the expected
neutrino flux is calculated using Equation (2).

In this work, the neutrino spectra for the considered dark matter masses and decay
channels are obtained using the yarov package [30]. To calculate the neutrino spectra for
higher dark matter masses than 500 GeV, this package adopts the HDMSpectra package [31]
that accounts for electroweak corrections. Table 1 lists the targets selected for this analysis,
along with their properties. The fifth column from the left shows the angular radius of the
region of interest (ROI). The sixth column represents the integral of dark matter density
along the line-of-sight and over the solid angle corresponding to 6rp;. For the galaxy
clusters and dwarf galaxies, the angular radius, 8z}, corresponds to the angle where Dy
starts to saturate. For the Andromeda galaxy, the ROl is limited to 8° in radius, in order
to have a sufficient separation from its ROI to the Galactic Plane. The selected targets are
expected to produce a large neutrino flux and are located in the northern sky from which
the atmospheric muon backgrounds are effectively absorbed by Earth. The NFW models
presented in References [32,33] are used to calculate the spatial distribution of neutrino flux
from the galaxy clusters and Andromeda, and the Zhao models in Reference [34] are used
for the dwarf galaxies. We disregard the subhalos of dark matter, as the expected neutrino
flux from dark matter decay is not highly sensitive to the subhalos. The targets are stacked
within the same source class to enhance the analysis sensitivity and mitigate the impact of
halo model uncertainties. In order to achieve a good pointing resolution, the analysis uses
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a sample of upward-going track-like events, collected from 2012 to 2022. The distribution
of background events is estimated from scrambled data in the same way as for the neutrino
line analysis discussed in Section 3. To find an excess of events, an unbinned maximum
likelihood analysis is conducted.

Sensitivities of the analysis to the dark matter lifetime are presented in Figure 6, along
with the limits from previous analyses, including those from other experiments. The solid
lines represent the analysis sensitivities obtained by stacking the galaxy clusters, dwarf
galaxies, or using the Andromeda galaxy alone. Stacking the galaxy clusters leads to the
best sensitivities, which are comparable to the HAWC limits, but extend to higher dark
matter masses. The analysis could complement the previous IceCube analyses.

Table 1. Targets selected for the extragalactic decaying dark matter analysis. The third and fourth
columns from the left show the right ascension and declination of the targets in equatorial coordinates
for epoch J2000. In the fifth column, 6o represents the angular radius of the region of interest. Dy,
is the integral of the dark matter density along the line of sight and over the solid angle corresponding

to GROI-

Source Type RA [°] Dec [°] Oror [°] logyo (Dtot)
Virgo galaxy cluster 186.63 12.72 6.11 20.40
Coma galaxy cluster 194.95 27.94 1.30 19.17

Perseus galaxy cluster 49.94 41.51 1.35 19.15

Andromeda galaxy 10.68 41.27 8.00 20.23

Draco dwarf galaxy 260.05 57.92 1.30 18.97

Ursa Major 11 dwarf galaxy 132.87 63.13 0.53 18.39
Ursa Minor dwarf galaxy 227.28 67.23 1.32 18.13
Segue 1 dwarf galaxy 151.77 16.08 0.34 17.99
Coma Berenices dwarf galaxy 186.74 23.9 0.34 17.96
Leol dwarf galaxy 152.12 12.3 0.45 17.92
Bootes I dwarf galaxy 210.03 14.5 0.53 17.90
1078 HeeCube Workcin Progress i v oty )
—— this work (sensitivity, dSphs)
- lceCube (Cascades 2 years, GH, 2018)
1079 e e e e
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Figure 6. Sensitivities of the extragalactic decaying dark matter analysis to the dark matter life-
time. The solid lines represent the sensitivities of the analysis, calculated at 90% confidence level.
The other lines are limits from recent IceCube and HAWC analyses [16,23,24,35-37]. The confidence
levels associated with the IceCube and HAWC limits are 90% and 95%, respectively.

6. Conclusions

We presented dark matter searches with IceCube, which were recently completed or
are in progress. The analyses using the HESE 7.5-year sample derived strong constraints
on dark matter annihilation, decay, and dark matter-neutrino scattering. The neutrino line
analysis improved upon the previous best IceCube limits on both dark matter annihilation
and decay for low dark matter masses. The Galactic Center analysis with the oscNext
8-year sample is expected to be an improvement over previous IceCube results for low
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dark matter masses. Lastly, the search for dark matter decay in nearby galaxy clusters and
galaxies is expected to complement previous decaying dark matter searches with IceCube.
The results of these ongoing analyses will be discussed in future publications.
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