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Abstract The nature of dark matter remains unresolved in
fundamental physics. Weakly Interacting Massive Particles
(WIMPs), which could explain the nature of dark matter, can
be captured by celestial bodies like the Sun or Earth, leading
to enhanced self-annihilation into Standard Model particles
including neutrinos detectable by neutrino telescopes such
as the IceCube Neutrino Observatory. This article presents
a search for muon neutrinos from the center of the Earth
performed with 10 years of IceCube data using a track-like
event selection. We considered a number of WIMP anni-
hilation channels (xx — tTt /W™ W~/bb) and masses
ranging from 10 GeV to 10 TeV. No significant excess over
background due to a dark matter signal was found while the
most significant result corresponds to the annihilation chan-
nel x x — bb for the mass m x = 250 GeV with a post-trial
significance of 1.060. Our results are competitive with pre-
vious such searches and direct detection experiments. Our
upper limits on the spin-independent WIMP scattering are
world-leading among neutrino telescopes for WIMP masses
my, > 100 GeV.

1 Introduction

Over the last century, an increasing amount of evidence has
emerged indicating that approximately 22% of the Universe
and about 85% of its matter content [1] is composed of

2 Also at Institute of Physics, Sachivalaya Marg, Sainik School Post,
Bhubaneswar 751005, India

b Also at Department of Space, Earth and Environment, Chalmers Uni-
versity of Technology, 412 96 Gothenburg, Sweden

¢ Also at Earthquake Research Institute, University of Tokyo, Bunkyo,
Tokyo 113-0032, Japan

2 e-mail: analysis@icecube.wisc.edu (corresponding author)

unknown matter [2]. This elusive form of matter, referred
to as dark matter (DM), must exhibit a low probability of
interaction with ordinary matter if it is considered to be of
corpuscular nature.

The existence of DM is supported by various observations
and experiments. These include measurements of cosmolog-
ical parameters conducted by the Planck collaboration [1], as
well as estimations of the mass content of galaxies and galaxy
clusters through gravitational lensing or velocity dispersion
measurements [3-6].

Numerous theoretical models propose the existence of
dark matter particles beyond the Standard Model (SM) of
particle physics. One set of proposed particles, collectively
called Weakly Interacting Massive Particles (WIMPs), inter-
act only gravitationally and by forces as weak as, or weaker
than, the Weak Interaction. As an example, supersymmet-
ric extensions of the SM predict the existence of a stable
dark matter particle with these properties, the neutralino [7].
However, searches for these WIMPs have, so far, yielded no
results, while collider experiments have failed to find hints
of supersymmetry [8].

This article is structured as follows: in Sect. 2 we explain
the neutrino production from dark matter self-annihilation
at the center of Earth as well as the capturing of dark mat-
ter by celestial bodies. Section 3 describes the IceCube neu-
trino telescope as well as the signal and background simula-
tion. The event selection is explained in Sect. 4. The analysis
method and results are described in Sects. 5 and 6 respec-
tively. Results are discussed in Sect. 7 and finally, conclu-
sions are given in Sect. 8.

@ Springer
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2 Neutrinos from dark matter self-annihilation at the
center of the Earth

The Milky Way is assumed to be embedded in a dark mat-
ter halo [9-11]. As the Solar System travels through this
halo, DM particles can be captured by the gravitational
potential of celestial bodies, such as the Sun or the Earth.
This capture occurs through repeated scattering interactions
between these bodies’ nuclei and DM particles in intersect-
ing orbits. As a result of these interactions, dark matter par-
ticles can lose kinetic energy resulting in velocities below
the escape velocity of the celestial object, and accumulate in
the central regions of the celestial body [12,13]. Dark mat-
ter in these over-densities can subsequently undergo self-
annihilation processes leading to the production of SM par-
ticles. This annihilation process depletes the central regions
of DM reducing the dark matter number density, N,. The
competing processes of capture and self-annihilation can be
described by the following equation:

Ny = Cc — CaANy — CuNy, M

where Cc is the capture rate which depends on the local DM
density, the scattering cross section, and the chemical compo-
sition of the target body, and Co N )% = ", is the annihilation
rate which is proportional to N )2( since two dark matter parti-
cles are required for annihilation. For thermalized dark mat-
ter, the parameter Cy is proportional to the self-annihilation
cross section averaged over velocity, (oav) — with v being
the relative velocity between the two dark matter particles —,
as well as the Earth effective volume which depends on the
density and temperature at the center of the Earth [14]. The
last term, CgN,,, corresponds to the rate of evaporation, i.e.
when DM gains speed above the escape velocity in scattering
off ambient nuclei, thus escaping from the capturing celestial
body. This rate is negligible for the DM masses (> 10 GeV)
considered in this work [15,16]. Equation (1) has a solution
that relates the dark matter annihilation rate to the dark matter
capture rate:

Ca(t) = =Cctanh” | — ), ()
2 T

where T = (CcCa)~1/2 is the characteristic time scale for

the capture and annihilation processes to come into equilib-
rium. For times ¢ > t Eq. (2) becomes Cc = 2I's and the
annihilation rate reaches its maximal value, i.e. when two DM
particles are captured, two are annihilated. However, given
the age of the Earth, 7 = 4.5 Gyr, and canonical values
of scattering and annihilation cross section [17], it is safe to
assume that DM inside the Earth cannot have reached equi-
librium [18]. In this situation, in order to solve Eq. (2) one
needs to adopt a specific value of the annihilation cross sec-

@ Springer
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tion, (oA V), in order to derive a constraint on the scattering
Cross section.

Capturing. The Earth is mainly composed of heavy ele-
ments, hence the most dominant scattering process is the
spin-independent DM-nucleon scattering, which is governed
by the spin-independent DM-nucleon scattering cross section
U;?}v- The total capture rate can be expressed as a the sum of
capture rates on each of the species of nuclei in the Earth,
N; [7]:
Px SI S(my /mn;)

Cc —cm—ﬂ_)Zisz(mx)oxN, L 3)
where p, /m, is local dark matter number density and v the
velocity dispersion of dark matter. The terms o)?}vi, fi, and
¢; are, respectively, the DM-nucleon cross section, the frac-
tional abundance, and the dimensionless gravitational poten-
tial of the ith nuclear element. F;(m,) is the Helm form
factor encoding the coherent scattering of DM off multiple
nucleons in the nucleus [12]. Finally, the term S(m, /my;)
is the kinematic suppression factor for a dark matter parti-
cle of mass m scattering off a nucleus i of mass m ;. This
term tends to unity when the DM mass is close to m ;. This
kinematic suppression factor leads to resonance features in
the capture rate when the dark matter mass coincides with
one of the elements of the Earth composition as can be seen
in Fig. 1 which shows the capture rate on Earth as a function
of the dark matter mass.

Annihilation. Neutrinos are among both direct and secondary
products from DM self-annihilation, and in the case of anni-
hilation at the center of the Earth, the only particles that can
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reach its surface. The expected flux of neutrinos will depend
on the annihilation rate and the branching fractions of the dif-
ferent annihilation channels. In particular the muon neutrino
volumetric flux (or event rate induced by muon neutrinos per
unit volume) can be obtained via the relation [7]:

Ca
47 R?

Ny, \’
xpn ) B, <dE> , @)

where R corresponds to the Earth radius, ov,N(Eu|Ey,) is
the integrated neutrino-nucleon cross section over the muon
energy for muon neutrinos with energy E,, producing a
muon with energy £, py is the nucleon density at the detec-

o0
/ dE,,5,n (Eyl Eyy)
0

F\)*)/L =

tor, B are the branching fractions, and (d N, " JdE v ) I are the
muon neutrino spectra for the jth DM self-annihilation chan-
nel. The Earth is small enough that absorption of neutrinos as
they pass through the Earth can be neglected at energies < 30
TeV [7]. As can be seen in Eq. (4), measuring the neutrino
flux corresponds to a measurement of the annihilation rate
and by using Eq. (2) we can relate it to the capture rate once
a value of the annihilation cross section is assumed. This is
unlike the case of the Sun where equilibrium is reached [7].
Typically the canonical value of (oAv) = 3 x 10720cm? s~!
for a WIMP that makes up all the DM [17] is used for calcu-
lating limits, however a more general way is to present them
in the (oAv) — 05’}\, plane (see Sect. 6 for more details).

Limits on the neutrino flux coming from the center of the
Earth, have been published over the last 20 years by experi-
ments such as ANTARES [22], SuperKamiokande [23], and
AMANDA [24]. A previous search was performed in Ice-
Cube [25] using only 1 year of data. In this study we extend
the search to 10 years of data with a re-optimized event selec-
tion. We use the zenith angle of the direction of the neutrino
event as an observable, and, unlike in our previous analysis,
the energy of the event is also now considered.

3 The IceCube Neutrino Observatory

The IceCube Neutrino Observatory [26] is a one-cubic-
kilometer neutrino telescope situated at the geographic South
Pole. The detector is composed of 5160 photomultiplier tubes
housed in individual detector units called Digital Optical
Modules (DOMs) [27] deployed on 86 strings in the Antarc-
tic ice-cap between the depths of 1450 m and 2450 m. Ice-
Cube detects Cherenkov light induced by the passage of
superluminal charged leptons and hadrons produced in neu-
trino interactions with the surrounding ice. The number of
detected Cherenkov photons and their arrival time are used
to reconstruct the direction and energy of the incoming neu-
trino. Depending on the neutrino interaction, different event

morphologies can be observed. The muon resulting from
v, interacting via the charge current interaction will leave
a track-like event providing directional information, while
neutral-current interactions of all flavors and charge-current
interactions of v, and v; will induce a hadronic or electro-
magnetic shower resulting in a cascade-like event. IceCube
has detected neutrinos with energies ranging from a few GeV
to a few PeV. A denser sub-array called DeepCore [28], is
placed between 2100 and 2450 m of depth and is dedicated
to the detection of neutrinos between 10 and 100 GeV. A
surface detector called IceTop [29] is used for cosmic-ray
studies as well as to veto atmospheric muons in the in-ice
detector.

Neutrinos from dark matter self-annihilation at the center
of the Earth are expected to reach the detector with highly
vertical up-going directions. This direction corresponds to
zenith angles of 8 ~ 180° and represents a unique direc-
tion in local coordinates, making it impossible to estimate
the background from an off-source region in the sky, as there
is no equivalent direction in local coordinates from which
we can estimate the background. Right ascension scram-
bling, a technique typically used in neutrino telescopes to
preserve the background’s declination dependence and detec-
tor efficiency [30], is not feasible for this analysis because
at the South Pole, declination and zenith angles are com-
plementary, and right ascension scrambling will not dilute
any possible signal from the center of the Earth. For this
reason, we must rely on Monte Carlo simulations to model
the background, for the optimization of the event selection,
and for the statistical analysis. The different sources of back-
ground for this analysis are muons and neutrinos generated
in cosmic-ray interactions in the atmosphere (atmospheric
muons/neutrinos) and, to a lesser extent, astrophysical neu-
trinos. Although atmospheric muons are only down-going, a
fraction of them are mis-reconstructed as up-going making
these muons the majority of background events at the ini-
tial level of the event selection. At the final level, the atmo-
spheric neutrino contribution remains as the most abundant
background component with a rate of 3 x 10> Hz.

Dataset. We used 3619 days of data taken over ten detector
seasons, from May 2011 to May 2020. A subset of 353 days
of data, taken sparsely over the ten seasons, was used as a
verification dataset during the event selection development
and has been omitted from the final analysis, leaving a total
of 3266 days of data.

Background simulation. Atmospheric muons are simulated
with the CORSIKA package [31]. Neutrinos, both atmospheric
and astrophysical, are simulated with GENIE [32] for ener-
gies up to 100 GeV and with NUGEN [33] for energies above
100 GeV. GENIE includes a more complete implementation
of the various neutrino interactions at low energies includ-
ing Quasi-Elastic, Resonance, and Deep Inelastic Scatter-
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Table 1 Summary of WIMPs simulation scenarios produced with
WiMPSIM

Channel Masses

xx —> tte [10, 20, 35, 50] GeV
[100, 250, 500] GeV
[1,3,5,10] TeV

xx —> Wtw- [100, 250, 500] GeV
[1,3,5,10] TeV

xx — bb [35, 50] GeV

[100, 250, 500] GeV
(1,3,5,10] TeV

ing (DIS) cross sections [32]. NUGEN, however implements
only the DIS neutrino cross section based on the CSMS cal-
culation [34] as this is the dominant process at high ener-
gies. Neutrino interactions produce secondary charge parti-
cles that propagate through the detector inducing Cherenkov
light. The Monte Carlo also simulates the propagation of
the Cherenkov light in ice, and its detection by the IceCube
DOMs. These simulated neutrinos are used to estimate atmo-
spheric (including the prompt [35]) and astrophysical [36]
backgrounds.

Signal simulation. Neutrinos from self-annihilation of dark
matter in the center of the Earth are simulated via WimP-
SmM [37,38]. WIMPSIM uses PYTHIA [39] to simulate the
hadronization and decay of the annihilation products that
produce neutrinos of all flavors. WIMPSIM also propagates
the neutrino on its way to the surface taking into account
the neutrino oscillations. As with atmospheric and astro-
physical neutrinos, they are propagated through the detec-
tor simulating Cherenkov light production, propagation, and
detection by IceCube DOMs. We simulated neutrinos pro-
duced in self-annihilation of DM with mass ranging from
10 GeV to 10 TeV in three main annihilation channels:
xx — tTt /WtW~/bb. Annihilation to bb produces a
soft neutrino spectrum, while W W~ produces a hard spec-
trum. Annihilation to 777~ replaces the W+ W™ channel for
DM lighter than the W boson. Details of the different mass-
channel combinations which were used in this analysis are
listed in Table 1. Since this analysis relies on the direction
of the neutrinos as an observable, only v, are considered in
these simulations. However, tau leptons from v, decay into
muons with a 17.7% branching ratio, producing a track-like
signature. This contribution from v, neutrinos is particularly
significant for the 77~ channel where about 60% of the
neutrinos will be v; [37,40]. As a result, the limits presented
in this paper for the + 1~ channel are conservative, and an
improvement in sensitivity is expected if all neutrino flavors
are included in the analysis.
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4 The event selection

The event selection in this analysis is designed to create
a dataset consisting of almost vertical up-going track-like
events, while preserving the agreement between data and
simulation. The selections starts by using a combination of
general track and low energy event filters, together with an
event filter aiming at selecting vertical tracks. As this analy-
sis covers low energy events, it also makes use of DeepCore-
specific filters [28]. The next step in the event selection is
called level 1 (L7) and is designed to eliminate obvious back-
ground events, such as down-going tracks or muon tracks
which are not fully contained within the detector. To this
end, it cuts on the zenith and goodness-of-fit of reconstructed
tracks. Muon track reconstruction used in IceCube is based
on a maximum likelihood method assuming a minimum ion-
izing energy loss of an infinite muon track [41]. In addition,
we cut out events with the reconstructed interaction vertex
outside the detector or at the top of the detector volume.
After this, we apply a cleaning algorithm that removes iso-
lated hits which are not causally-connected (mainly due to
the dark count rate from the photomultiplier tubes [42]) in a
step called level 2 (L2). After hit cleaning, the track recon-
structions are re-run and additional variables that help dis-
criminate up- vs. down-going events are calculated [25]. The
same selection on the reconstructed zenith and quality of the
reconstruction which were applied at L1 are re-applied at this
stage called level 3 (L3). For a more detailed description of
these processing levels see [43].

This preliminary selection, from L/ to L3, prepares the
dataset for the next step, level 4 (L4), which makes use of a
boosted decision tree (BDT) [44] for background discrimi-
nation. The software pybdt [45], developed within the Ice-
Cube collaboration, was used to this end. The BDT is trained
to discriminate between background events and signal events.
Once trained the BDT assigns a score to each event ranging
from —1 (most background-like) to +1 (most signal-like).
As this analysis probes a wide range of masses, signal origi-
nating from different dark matter masses will leave different
event morphologies in the detector. In particular, low-energy
events (when m, < 100 GeV) will not leave clear track-like
signatures, and will be predominantly contained within the
DeepCore volume. The direction of these low-energy events
is poorly reconstructed due to the smaller number of photons
detected. High-energy events (m, 2 100 GeV), on the other
hand, can leave kilometer-long tracks in the IceCube volume.
Given these differences, the event selection is split into two:
a low-energy (LE) selection trained on neutrino events from
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baseline LE and HE signal configurations are in light purple and dark
purple, respectively. Atmospheric neutrinos are shown in green and

the annihilation of DM with m, = 50GeV, into 7+7~, and
a high-energy (HE) selection trained on neutrino events from
a higher DM mass, m, = 1TeV, annihilating into W W ™.
Different observables and reconstructed parameters based on
the containment, vertex position, and direction of the events
were used to train the BDTs (for the descriptive list of vari-
ables used in the training please see [43]). The score distribu-
tions for the LE and HE BDTs are shown in Fig. 2 illustrating
the differences in the score distributions for the LE and HE
baseline signal configurations across the two BDTs.

Once the BDT has been trained we can apply some nom-
inal cuts excluding the most distinct (score close to —1)
background events. After reducing the event selection rate
by eliminating a large contribution of background events,
we can perform a more sophisticated (and more compu-
tationally intense) energy reconstruction algorithm called
PEGLEG [46]. This energy reconstruction improves the over-
all energy resolution by ~ 11% in terms of logq E¥ with
respect to an older algorithm (MUEX [47]) as shown in Fig. 3.
At energies above 100 GeV there is a drop in the recon-
structed neutrino energy. In the case of the PEGLEG, this
can be explained by the resulting muon leaving the IceCube
detector volume. In addition the minimum-ionizing track
assumption becomes inaccurate leading to an underestima-
tion of the lost energy per unit of track length and an under-
estimation of the total neutrino energy. This bias, however,
does not have a big impact on this analysis as we compare
distributions using the same reconstruction.

After the new energy reconstruction is done, the analy-
sis is performed on simulated data and the final BDT score
threshold of the two selections are optimized so that they
yield the best possible sensitivity (see Sect. 5). The optimized
final cuts on the BDT scores are shown as a vertical lines on
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Fig. 3 Comparison between the energy resolution for the final recon-
struction algorithm PEGLEG (blue) and the older reconstruction MUEX
(yellow)

Fig. 2. After this final cut the LE selection is left with 1105
events, while the HE selection contains 7414 events. At this
level the angular resolution defined as the median difference
in zenith angle, ranges from 3.4° for a o, m, = 50GeV
neutrino spectrum in the LE selection, to 1.1° in the HE selec-
tion and for a neutrino spectrum from the W+ W~ channel
and m, = 1TeV. Both the LE and HE selections have a
~ 90 — 95% neutrino purity at this final level (see Figs. 6, 7
for the experimental data and Monte Carlo comparison after
the likelihood minimization).

5 The analysis method

We performed a likelihood ratio test for the analysis using a
binned Poisson likelihood. We calculated probability density
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functions (PDFs) for both DM signal and background binned
in a space of two observables: the reconstructed zenith angle,
Breco, and the reconstructed energy of the event, log;y E.o-
These density functions were produced from simulations
with limited statistics, and were smoothed with a Kernel
Density Estimation (KDE) technique to reduce the statistical
fluctuations. The parameters of the KDE, such as its band-
width, were optimized using a cross-validation method [48].
Even if the LE analysis is optimized for neutrinos gener-
ated by dark matter masses below 100 GeV, given our energy
resolution, the selection includes events with reconstructed
energy in the range 1GeV < El < 10* GeV. We opti-
mized the number of bins to be 32 x 32 for the PDF based
on sensitivity studies. For the HE analysis, the energy range
is 1GeV < EY., < 10° GeV and the optimized bin grid is
100 x 100 bins. The different optimum bin sizes are due to
the different statistics on both selections and underlying sig-
nal distributions. For both analyses, the zenith angle range is
limited to 160° < Oreco < 180°. Two different background
PDFs are calculated for the LE and HE selection, while the
DM signal PDFs depend on the dark matter mass and anni-
hilation channel. As is common in indirect searches of DM,
each DM self-annihilation channel has been tested separately
assuming a 100% branching fraction. The PDFs for the sig-
nal, for one choice of DM mass and annihilation channel,
and atmospheric background for LE and HE, are shown in
Figs. 4 and 5 respectively.

The expected number of events in the ith bin can be then
written as a combination of the expected number of sig-
nal events plus the expected number of background events
according to:

Ai = Nt (§Si + (1 — ) B;), &)

where £ is the total fraction of signal events in the full dataset,
Niotal 18 the total number of events (in the LE or HE selec-
tion), and S; and B; are the signal and background PDFs
respectively, representing the normalized fraction of signal
and background events in the ith bin. Given that the back-
ground includes multiple contributions, namely atmospheric
neutrinos (including prompt) and muons, and astrophysical
neutrinos, we decomposed the background distribution as
follows:

n—1 | j—1 )
B =noB} + Z ]_[(1 — ) | njB]
j=1 [ k=0
n—1
+ [1‘[(1 - 77k):| B} (6)
k=0

where n is the number of different background components —
conventional atmospheric, astrophysical neutrinos, prompt —
each contributing with a fraction that depends on the param-
eters _rf = (no, ..., Nu—1). This nested formulation ensures a
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proper normalisation of the model as the sum of the param-
eters, (&, _17)), is equal to 1. Given the different description
of neutrino interactions in NUGEN and GENIE (see Sect. 3),
the atmospheric neutrino background was separated into
GENIE and NUGEN components. Their relative normaliza-
tions are allowed to vary with a smooth transition in the range
100GeV < Eye < 200GeV.

With this formulation, where n; is the number of events
observed in ith bin, we can build the Poisson likelihood
LE,7) as:

Nbins
—InLE 7)) =Y (=nilnki + 4 +Inn?), (7)

1

where £ is the physical parameter of interest and 7 are
treated as nuisance parameters. The test statistic can be
defined as [49]:

A
D EE )

tg=21 <
L&, 1)

[1n£<s,—%’)—1n£(é,73’)], ®)

where L(&, TA7)) is the profiled maximum likelihood obtained

by maximizing over 5 for any given value of £ and LE,T)
is the global maximum likelihood. In the particular case of
& = 0, the discovery test statistic, #p, can be used to evalu-
ate the compatibility of the best fit parameter with the null
hypothesis, Ho (&€ = 0). After verifying that the test statistic
asymptotically follows a x 2 distribution with one degree of
freedom (see Wilks’ theorem [50,51]), the pre-trial signif-
icance of the result in terms of the z-score — or number of
standard deviations—, can be calculated as zo = /7p. When
the significance is lower than 30 (z-score = 3), we com-
pute upper limits at 90% confidence level (C.L.) by finding
the value of & such that the 7; test statistic produces a sig-
nificance of 10% under the same H(¢) hypothesis. Before
analyzing the data, predicted sensitivities are evaluated by
calculating the median 90% C.L. upper limits over 10,000
pseudo-experiments based on MC simulations. The choice
of using the LE or HE dataset for a particular dark matter
mass/annihilation channel is taken by selecting the one that
yields the best sensitivity. Based on this criterion, DM parti-
clemasses m, < 100 GeV are analysed using the LE dataset,
while for m, > 100 GeV the HE dataset is applied. As previ-
ously mentioned, the best achievable sensitivity is also used
to determine the optimum score cut in the BDTs for both the
LE and HE selection.

Constraints. The only constraint imposed on the physical

parameter, &, is that it must be positive, £ > 0. For the nui-
— .

sance parameters, 1j , two constraints were added based on

previous knowledge about the normalization of the different

background components. This information was incorporated

into the likelihood formalism in the form of Gaussian con-
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straint terms. Specifically, a constraint on the astrophysical
contribution was applied to limit its normalization within
the 10 band of the most recent IceCube measurement [36].
Additionally, a second constraint was introduced to ensure
that the relative contributions of GENIE and NUGEN do not
deviate more than 20%, which conservatively encompasses
the observed relative difference between the two simulations
of about 10%.

Systematic uncertainties. Several sources of systematic
uncertainties are included in this analysis. Some of them
are included as nuisance parameters in the likelihood for-
malism, such as the individual normalization of the differ-
ent background components. Others, due to limitation in the
simulation of such systematic effects, are considered as dis-
crete parameters. In these cases, the likelihood is minimized
using the different systematic variations and the minimum of
all these likelihoods is selected. The sources of systematic
uncertainty in this analysis can be classified in three groups:

— Uncertainties in the propagation of light in the Antarctic
ice. One particular uncertainty in the propagation of light
through the ice, is the optical properties of the medium.
In particular, for vertical tracks which affects this anal-
ysis the most, the modeling of the hole ice is of spe-
cial importance. This is the ice which froze around the
DOMs after the hot water drilling used to put the strings in
place. Hole ice has been observed to have different opti-
cal properties than the common South Pole ice or bulk
ice. The hole ice optical properties can be modeled using
two parameters [46]. The first affects the acceptance of
incoming photons depending on their incoming direction,
and the second influences vertical up-going photons. Dis-
crete variations of these parameters are used in simula-
tion and included in the systematic uncertainty treatment.
The uncertainty in the exact position of the bedrock at the
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South Pole is an unknown that could also influence the
neutrino interaction and photon propagation. For neutri-
nos incoming from the direction of the center of the Earth,
the impact of the bedrock position is smaller than typical
statistical fluctuations, of ~ 1%, hence this uncertainty
is not considered in this analysis.

— Uncertainties in the detector response. The main driver in

the uncertainties of the detector response is the DOM effi-
ciency, which is influenced by the photomultiplier tube
efficiency, hardware effects, as well as the surrounding
ice. Discrete variations in efficiency (£10%) are consid-
ered in this analysis. These variation affect event detec-
tion rate as well as the shape of PDFs.

— Uncertainties in the dark matter capturing rate. To cal-

culate the capture rate we adopted the Standard Halo
Model [52], in which the velocity distribution of DM
particles in the Galactic halo is assumed to be a truncated
Maxwellian distribution with a dispersion of 270km/s
and an escape velocity of 544 km/s. Earth’s elementary
densities are taken from the Preliminary Reference Earth
Model [53]. The local DM density is taken to be 0.3
GeV/em? [54,55]. Recent astronomical data as well as
numerical simulations of structure formation in cold DM
indicate that there may be deviations from these assump-
tions, however for consistency with other experimental
analyses we continue with these recommended param-
eters [56]. Note that we cannot adopt the halo model-
independent formalism [57] that was used in a previous
IceCube analysis of neutrinos from the Sun [58], since
DM captured by the Earth has not yet equilibrated.

— Physics uncertainties. Finally uncertainties in the phys-

ical quantities, such as the atmospheric, astrophysics
fluxes, and oscillation parameters were also considered.
Two alternative atmospheric models were tested in addi-
tion to the nominal Honda [59,60] model: the Corsika
model [61], and the Bartol [62] model. To cope with
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the different response of the two neutrino generators
used in this analysis, GENIE and NUGEN, in the region
around ~ 100 GeV an additional systematic param-
eter is introduced. This parameter allows for the two
components to vary relative to one another by gradu-
ally increasing NUGEN events in the region 100 GeV <
Etie < 200 GeV from 0 to 100% while GENIE contribu-
tion evolves in the opposite way. The expected contribu-
tion of astrophysical neutrinos is expected to be less than
1% of the total number of events in this analysis. However
the normalization of this contribution is also included as
a nuisance parameter. Finally, propagation through the
Earth enhances the neutrino oscillation probability caus-
ing v, disappearance and v, appearance effects. Several
oscillation systematic variations parameters were used,
including the IceCube fit values from [63], an inverted
mass order set from [64] and a set with a §¢ p phase, with
the 8¢ p value taken from [64].

6 Results

After maximizing the likelihood for each of the masses and
channels listed in Table 1 we found no significant excess of a
dark matter signal coming from the center of the Earth. The
most significant pre-trial p value, 1.940, was found in the HE
analysis for the channel x x — bb and mass m x =250GeV.
The trial factor correction, accounting for all the masses and
decay channels, yields a post-trial significance of 1.060. The
rest of nuisance parameters were found to be within the con-
strains. Comparison of data and Monte Carlo distributions for
the two best fit scenarios for the LE sample (x x — 777,
my = 100 GeV) and for the HE sample (x x — bb at my =
250 GeV) can be seen in Figs. 6 and 7 respectively.

Given the null result, we provide upper limits on the spin-
independent DM-nucleon cross section af}\,. In particular,
we can estimate an upper limit on the volumetric flux of
muons from neutrino interactions as:

[90%C.L. _ E90%CL Nyl ©
v Vett + Hivetime '

where flivetime corresponds to the total analyzed livetime
(3266 days), Vesr is the effective volume of the detector, and
the quantity & 90%C.L Nl represents the upper limit on the
number of signal neutrinos in the sample.

The 90% C.L. upper limits for of’}v are presented in
Fig. 8, compared to results from the ANTARES neutrino
telescope [22].

A more general representation of the upper limits on the
scattering cross section, without any assumption regarding
the annihilation cross section, can be done in the (oA v) —of}\,
plane as illustrated in Fig. 9 for different channels and masses.

As can be seen, limits on O’E}V are stronger for larger values
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Fig. 8 Spin-independent DM-nucleon cross section 90% C.L. upper
limits. Limits in bold are from this analysis, and dashed for ANTARES.
The colour code identifies the annihilation channels, blue for annihila-
tion into Tt~ (W W™ from 80.4 GeV) and green for bb

of (oav). A large enough value of (oav) will ensure equi-
librium between capture and self-annihilation rate even in
the Earth. This is visible in the figures as a horizontal line
where for any value of (oA v) the limit on O'S}V remains con-
stant. As a reference, the vertical red dotted line indicates the
canonical assumption of a thermal WIMP self-annihilation
cross section, while the vertical blue dotted line is the mass
averaged combined limit from IceCube and ANTARES on
the WIMP self-annihilation cross section from observations
of the Galactic center [65].

7 Discussion and outlook

The upper limits set in this analysis represent an improvement
over the first IceCube search for dark matter annihilation
at the center of the Earth [25] by a factor of > 3 for any
mass or channel analyzed, and in particular by an order of
magnitude for m, > 100 GeV. Figure 8 shows how, for such
heavy DM, this analysis gives the best limits for all self-
annihilation channels. The major improvement in sensitivity
for m, > 100 GeV is ascribable to the use of the energy as
an observable in the present analysis.

In Fig. 10, we show a comparison with results from
direct detection experiments. The upper limits from this
analysis are lower than those of crystal experiments like
COSINE100 [66]. Although limits from liquid xenon detec-
tors, such as XENONIT [67], LUX [68], or the LUX-Zeplin
experiment [69] are an order of magnitude better, we con-
sider our results complementary in view of the uncertain DM
velocity distribution. In fact, DM particles are more likely to
be captured when they have relatively low velocity while in
direct detection experiments, to produce a detectable nuclear
recoil, high-velocity particles are needed. Therefore, the two
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Fig. 9 Upper limits at 90% C.L. on the af}v as a function of the (oA v)

(on the x-axis) for the xx — 7t~ (top), xx — WT W~ (middle),
and x x — bb (bottom) annihilation channels. The color scale indicates
DM particle mass. The two vertical lines indicate the canonical ther-
mal annihilation cross section (dotted red) and the averaged combined
IceCube/ANTARES limit (90% C.L.) on the annihilation cross section
from the Galactic Halo (dotted blue)

types of searches probe different regions of the DM velocity
distribution.

As the results from this analysis are based on the number
of signal events, they can be simply recast to test different
DM models. See for example Ref. [43], where limits on the
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Fig. 10 Upper limits on the spin independent nucleon dark matter cross
section for this analysis (blue) for the y x — t 7~ annihilation channel
compared to direct detection upper limits from the crystal experiments
DAMA/LIBRA [70] (grey areas) and COSINE100 [66] (green). Also
shown are the results from LUX [68] (red), XENONIT [67] (black),
and first results from LUX-ZEPLIN (LZ) experiment [69] (orange)

coupling constant of the effective field theory of dark mat-
ter [71] were computed.

Opening the selection to all-neutrino-flavors will improve
the sensitivity of this analysis. In addition, with the forthcom-
ing IceCube Upgrade [72,73], there is a significant potential
for improvement in the low energy region.

8 Conclusion

We conducted a search for dark matter annihilating at cen-
ter of the Earth with IceCube. The peculiar position of the
source required extensive use of Monte Carlo simulations and
the development of a dedicated event selection, which was
split into a low-energy and a high-energy selection, both of
which achieve a ~ 90% neutrino purity. We found no excess
over background for the neutrino flux from the center of the
Earth. The most significant result is for DM mass m, = 250
GeV and x x — bb annihilation channel, which had a post-
trial significance of 1.060. Therefore, we place upper limits
on the spin-independent DM-nucleon cross section which
are currently the best limits set by a neutrino telescope for
my > 100 GeV. A significant improvement in sensitivity is
expected for lower masses following the installation of the
upcoming IceCube Upgrade.
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