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H. Dujmovic,58 M. Dunkman,53 E. Dvorak,57 B. Eberhardt,71 T. Ehrhardt,60 P. Eller,53 R. Engel,58 P. A. Evenson,77

S. Fahey,71 A. R. Fazely,82 J. Felde,67 K. Filimonov,61 C. Finley,50 D. Fox,79 A. Franckowiak,47 E. Friedman,67 A. Fritz,60

T. K. Gaisser,77 J. Gallagher,83 E. Ganster,56 S. Garrappa,47 L. Gerhardt,69 K. Ghorbani,71 T. Glauch,84 T. Glüsenkamp,54
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We present the results of the first combined dark matter search targeting the Galactic Center using the
ANTARES and IceCube neutrino telescopes. For dark matter particles with masses from 50 to 1000 GeV,
the sensitivities on the self-annihilation cross section set by ANTARES and IceCube are comparable,
making this mass range particularly interesting for a joint analysis. Dark matter self-annihilation through
the τþτ−, μþμ−, bb̄, andWþW− channels is considered for both the Navarro-Frenk-White and Burkert halo
profiles. In the combination of 2101.6 days of ANTARES data and 1007 days of IceCube data, no excess
over the expected background is observed. Limits on the thermally averaged dark matter annihilation cross
section hσAυi are set. These limits present an improvement of up to a factor of 2 in the studied dark matter
mass range with respect to the individual limits published by both collaborations. When considering dark
matter particles with a mass of 200 GeV annihilating through the τþτ− channel, the value obtained for the
limit is 7.44 × 10−24 cm3 s−1 for the Navarro-Frenk-White halo profile. For the purpose of this joint
analysis, the model parameters and the likelihood are unified, providing a benchmark for forthcoming dark
matter searches performed by neutrino telescopes.

DOI: 10.1103/PhysRevD.102.082002

I. INTRODUCTION

Dark matter was first postulated in the 1930s and its
existence has been established by a wealth of astrophysical
as well as cosmological observations, on both Galactic and
extragalactic scales [1,2]. Nevertheless, the nature of dark
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matter remains largely unknown and a variety of theoretical
models are considered in order to solve this mystery [3]. A
common hypothesis assumes dark matter to be composed
of (yet unobserved) weakly interactive massive particles
(WIMPs) [4]. Searches for dark matter are typically carried
out in three different ways: direct detection of nuclear recoil
from WIMP-nucleus interactions [5], dark matter produc-
tion in particle accelerators [6], and indirect searches [7–9].
When annihilating or decaying, dark matter particles are
expected to produce Standard Model particles. These will
eventually yield stable charged particles present in the
cosmic radiations, as well as neutrinos and γ rays. Indirect
searches look for these messengers, which can be detected
by space- or ground-based observatories.
Observations of the kinematics of stars and N-body

simulations suggest that galaxies and galaxy clusters are
embedded in dark matter halos, with an increased density
towards the center [10,11]. In addition, dark matter particles
are expected to accumulate gravitationally at the center
of massive objects, such as the Earth [12,13] and the Sun
[14–16], after losing energy via scattering. The enhanced
concentration of dark matter at the center of these objects
would favor their annihilation into secondary particles,
making massive objects good targets for indirect searches.
The analysis presented in this paper consists in a search for

neutrinos from dark matter self-annihilation in the center of
the Milky Way. In this paper, the term “neutrino” refers to
νþ ν̄ since the events generated by neutrinos and antineu-
trinos are seen indistinguishably in the two detectors consid-
ered. Corresponding limits on the thermally averaged
annihilation cross section, hσAυi, have already been set by
the ANTARES and IceCube collaborations [17–21]. Both
neutrino telescopes are optimized for the detection of high-
energy neutrinos (∼1 TeV). For dark matter masses ranging
from50 to1000GeV, the limits obtainedby the two telescopes
are comparable,whichmakes this region interesting for a joint
analysis. By combining the data sets of both experiments, the
goal is to improve the detection potential in this particular
mass range. In order to perform this combined search, an
important aspectwas to identify the differences in themethods
used by the two collaborations and to reconcile them.
This paper is structured as follows. The expected

neutrino flux from dark matter annihilation is discussed
in Sec. II. In Sec. III the ANTARES and IceCube neutrino
detectors are presented. Section IV gives an overview of the
data sets used for the combined search. The analysis
method is introduced in Sec. V. In Sec. VI the systematic
uncertainties are addressed. Finally, the results are shown
and discussed in Sec. VII.

II. INDIRECT DARK MATTER SEARCH
WITH NEUTRINOS

The expected differential flux of secondary neutrinos
from dark matter self-annihilation in the Galactic Center is
defined following Ref. [22]:

dϕν

dEν
¼ 1

4π

hσAυi
2m2

DM

dNν

dEν
J; ð1Þ

where hσAυi is the thermally averaged self-annihilation
cross section, mDM is the mass of the dark matter particle,
and dNν=dEν is the differential number of neutrinos per
annihilating dark matter pair. The factor 1=4π arises from
the assumed spherical symmetry of the dark matter self-
annihilation. The J-Factor is expressed as

J ¼
Z
ΔΩ

dΩðΨÞ
Z
l:o:s:

ρ2DMðrðl;ΨÞÞdl ð2Þ

and is defined as the integral over the solid angle ΔΩ of the
squared dark matter density evaluated along the line of
sight (l.o.s.). The J-Factor depends on the opening angle to
the Galactic Center, Ψ. The squared dark matter mass and
dark matter density, as well as the factor 1=2, result from
the fact that two dark matter particles are needed for each
annihilation.
The density distribution of dark matter in galaxies as a

function of the distance r to the Galactic Center can be
parametrized by an extension of the Zhao profile [23]:

ρDMðrÞ ¼
ρ0

ðδþ r
rs
Þγ · ½1þ ð rrsÞα�ðβ−γÞ=α

: ð3Þ

Both the normalization density ρ0 and the scale radius rs
have to be evaluated for each galaxy. Both the ANTARES
and IceCube analyses took values for these free model
parameters from Ref. [24]. For consistency reasons, these
values are also used for the combined search (see Table I).
Since the J-Factor depends on the dark matter density used,
we consider two dark matter halo models to account for this
uncertainty. Both of them are described by Eq. (3), where
the dimensionless parameters ðα; β; γ; δÞ take the values
(1,3,1,0) for the Navarro-Frenk-White (NFW) profile [25]
and (2,3,1,1) for the Burkert profile [26]. While the two
models differ by orders of magnitude close to the Galactic
Center, they become rather similar outside the solar circle,
Rsc ¼ 8.5 kpc, in agreement with uncertainty estimations
from galactic rotation curves [27]. The resulting dark
matter densities as a function of r are shown in the left
panel of Fig. 1 for both halo profiles.
Along with the spatial distribution of dark matter, given

by the J-Factor, the spectra of secondary particles from
dark matter annihilation is also a necessary theoretical input

TABLE I. Parameters of the dark matter halo profiles for the
Milky Way taken from Ref. [24].

Parameters Units NFW Burkert

ρ0 107 M⊙=kpc3 1.4 4.1
rs kpc 16.1 9.3
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for this analysis. In our effort to combine themethods of both
experiments, we found differences in the energy spectra
used for previous analyses. While the spectra known as
PPPC4 tables [28] were used by ANTARES, IceCube used
spectra computed directly with PYTHIA [29]. For the
purpose of the combined analysis, it was imperative to
use the same spectra for both detectors. The PPPC4 tables
are preferred as they take electroweak corrections into
account. As a result, we noticed variations of up to 25%
of the IceCube-only limits computedwith the PPPC4 spectra
when compared to the limits obtained with the previously
used PYTHIA spectra.We consider darkmatter annihilating
through four self-annihilation channels. A 100% branching
ratio to WþW−, τþτ−, μþμ−, or bb̄ is assumed. The
corresponding muon neutrino spectra at Earth for every
annihilation process, dNν=dEν, are shown in the right panel
of Fig. 1 for a dark matter mass of 100 GeV.
This analysis is sensitive to any dark matter candidate

self-annihilating to Standard Model particles and leading to
the production of neutrinos through the four channels
studied. Throughout this work, dark matter masses ranging
from 50 to 1000 GeV are considered.

III. DETECTORS

Given the small interaction cross section of neutrinos, a
large volume of target material is required for the neutrino
detection. For Cherenkov detectors, such as ANTARES
and IceCube, this was achieved by installing photomulti-
plier tubes (PMTs) in a transparent natural medium. These
photosensors then record the Cherenkov emission induced
by secondary charged particles produced by the interaction
of neutrinos in the surrounding environment.
ANTARES is an underwater neutrino telescope deployed

in the Mediterranean Sea, 40 km offshore from Toulon,
France at coordinates 42°48’ N, 6°10’ E [30]. The detector
is composed of 12 vertical detection lines, horizontally
spaced by 70 m. Each string holds 25 storeys of three

photodetectors separated vertically by 14.5 m. The strings
are anchored to the seabed at a depth of 2475 m, covering a
volume of more than 0.01 km3.
IceCube is a cubic-kilometer neutrino telescope located

at the geographic South Pole [31]. The detector consists of
5160 PMTs attached to vertical strings disseminated in 86
boreholes [32], between depths of 1450 to 2500 m. The
IceCube array is composed of 86 strings instrumented with
60 digital optical modules (DOMs). Among them, 78
strings are arranged on a hexagonal grid with a spacing
of 125 m, with a vertical separation of 17 m between each
DOM. The eight remaining strings are deployed more
compactly at the center of the array, forming the DeepCore
subdetector [33]. A horizontal distance of 72 m separates
the DeepCore strings with a vertical spacing of 7 m
between each DOM. The fiducial volume of DeepCore
forms a 125 m radius by 350 m long cylinder, which
includes seven regular IceCube strings.

IV. EVENT SELECTION

This joint analysis makes use of individual data sets
which were designed for previous analyses of the corre-
sponding collaborations. Both samples are optimized to
search for dark matter in the Galactic Center. Considering
the different scales and locations of the two detectors,
distinct methods were used to reduce the background. The
main backgrounds of neutrino telescopes consist of atmos-
pheric muons and neutrinos produced by the interaction of
cosmic rays with nuclei in the upper atmosphere. The
contribution from atmospheric muons is 6 orders of
magnitude larger than the background from atmospheric
neutrinos. However, in the up-going direction, muons are
suppressed as they are filtered out by the Earth.
The Galactic Center is located in the Southern

Hemisphere, at declination δGC ∼ −29.01°. Since declina-
tions between 0° and −90° are always above the horizon of
IceCube, events coming from the Galactic Center are seen

FIG. 1. Left: dark matter density ρDMðrÞ as a function of the radial distance to the Galactic Center r for the NFWand Burkert profiles.
Right: muon neutrino spectra at Earth for a dark matter mass of 100 GeV and the four self-annihilation channels.
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as down-going events in the detector. Therefore, we
consider a smaller fiducial volume for this analysis, since
the outer part of the detector is used as a veto to reject
atmospheric muons. The effective volume is reduced to the
eight DeepCore strings and the seven surrounding IceCube
strings. In addition, only DOMs with depths between 2140
and 2420 m are considered. Hence, the resulting effective
volume for IceCube is about 0.015 km3, which is compa-
rable to the ANTARES instrumented volume. Unlike
IceCube, ANTARES does not have a fixed view of the
Galactic Center in local coordinates. Hence, declinations
below −47° are favored since they are always seen as up-
going in the ANTARES detector, while events with
declinations between −47° and 47° are below the horizon
for only a part of the sidereal day. As a result, ANTARES is
able to view the Galactic Center about 75% of the time and
no instrumental veto is required for this analysis.
The ANTARES data set consists of events recorded over

9 years between 2007 and 2015, resulting in an effective
livetime of 2101.6 days. This sample is composed of up-
going track-like events and was optimized for a previous
dark matter search based on the same data set [17].
According to the number of strings with triggered
PMTs, two different reconstruction algorithms are used.
The single-line reconstruction (QFit) [34], which is opti-
mized for energies below 100 GeV, can reconstruct only the
zenith angle of the events. At higher neutrino energies, the
multi-line algorithm (λFit) is used [35] since PMTs from
more than one string are likely to be triggered. Both
algorithms are characterized by a parameter representing
the quality of the reconstructed track. The final selection
results in 1077 reconstructed neutrino events for QFit and
15 651 events for λFit. Since these cuts strongly favor the
reconstruction of muon tracks produced in the charged-
current interaction of muon neutrinos, only neutrinos of this
flavor are considered.
For IceCube, a data sample thoroughly described in

Ref. [19] is used. That selection consists of events recorded
from 2012 to 2015 with the 86-string configuration, for a
total livetime of 1007 days. The purpose was to select track-
like events starting within the detector volume. Such events
originate mainly from the charged-current interactions of
muon neutrinos within the detector. Unlike ANTARES, this
event selection does not completely reject non-muon
neutrinos. Therefore, electron or tau neutrinos with similar
topology remain in the sample. The final selection results in
a total of 22 622 events.

V. ANALYSIS PROCEDURE

A binned likelihood method is applied in order to search
for an excess of signal neutrinos from the Galactic Center.
In this approach, the distribution of the data is compared to
what is expected from the background and signal distri-
butions for given combinations of halo profile, dark matter
mass, and annihilation channel. The information about the

shape of the signal and background is contained in
probability density functions (PDFs). Likelihood functions
are defined for each experiment, with PDFs built differently
for ANTARES and IceCube.
The ANTARES PDFs represent the angular distance of

each event from the source. For QFit, we use 28 bins in
Δ cosðθÞ ¼ cosðθGCÞ − cosðθeventÞ from −1 to 0.14, where
cosðθeventÞ is the zenith of the reconstructed event track and
cosðθGCÞ represents the zenith position of the Galactic
Center at the time of the event (see top panel of Fig. 2). For
λFit, we consider 15 bins in Ψ ranging from 0° to 30°,
whereΨ is the space angle between the Galactic Center and
the event track (see bottom panel of Fig. 2). In the case of
IceCube, two-dimensional distributions are used (see
Fig. 3). The binning consists of six bins in declination
ranging from −1 to 1 rad and ten bins in right ascension
(RA) covering the range from −π to π rad.
For both experiments, the signal PDFs are estimated

from generic samples of simulated neutrinos, which are
then weighted with the source morphology and the neutrino
spectrum for each halo profile, dark matter mass, and

FIG. 2. Top: ANTARES PDFs for the QFit reconstruction.
Bottom: ANTARES PDFs for the λFit reconstruction. Both
histograms show the background (blue) and signal (green) PDFs
for the τþτ− annihilation channel and NFW profile, assuming
mDM ¼ 100 GeV.
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annihilation channel. Assuming uniformity of the back-
ground in RA, the IceCube background PDF is determined
by scrambling the data in RA and subtracting the expected
signal. For ANTARES, the λFit background PDF is also
determined from experimental data scrambled in RA, while
the QFit background PDF is obtained by scrambling the
arrival time of the events.
Any given event distribution fiðμÞ can be expressed as a

superposition of the signal fis and background fibg PDFs:

fiðμÞ ¼ μfis þ ð1 − μÞfibg; ð4Þ

where μ ∈ ½0; 1� is the fraction of signal events assumed to
be present in the total sample.
The likelihood is defined as the product of the Poisson

probabilities to observe niobs events in a particular bin i:

LðμÞ ¼
Ymax

i¼min

ðntotobsf
iðμÞÞniobs

niobs!
e−n

tot
obsf

iðμÞ: ð5Þ

The number of observed events in a bin i, niobs, is
compared to the expected number of events in that
particular bin, given the total number of events in the data,
ntotobs, times the fraction of events within a specific bin,
fiðμÞ, for a given value of μ.
Once defined for ANTARES and IceCube separately, the

likelihoods are merged into a single combined likelihood
defined as

LcombðμÞ ¼
Y
k¼A;I

Lkðwk:μÞ; ð6Þ

where the index k ¼ ðA; IÞ refers to ANTARES and
IceCube, respectively. Since the signal acceptances ηksig
for a given dark matter signal (mass, annihilation channel,
and halo profile) are different for the two experiments, the
signal fraction is weighted with a relative weight, wk. This
weight represents the relative signal acceptance of each
experiment with respect to the contribution from the total
event sample:

wk ¼
ηksig=ηsig
Nk

tot=Ntot
; ð7Þ

where Ntot denotes the total number of background events
and is obtained by summing NA

tot and NI
tot. The total signal

acceptance ηsig is defined as the sum of the individual signal
acceptances ηksig, which we define as

ηksig ¼
1

8π

J
Tk
live

m2
DM

Z
Ak
effðEÞ

dNν

dEν
dE; ð8Þ

where Tk
live is the experiment livetime and Ak

eff is the
effective area of the detector. The signal acceptances are
computed for each combination of dark matter mass,
annihilation channel, and halo profile. The effective area,
computed using Monte Carlo simulations, depends on
several factors, such as the neutrino cross section, the
range of secondary particles, the detector efficiencies, and
the selection criteria for each sample. A comparison of the
effective area of the ANTARES and IceCube samples is
shown in Fig. 4 for declinations between δGC − 30° and

FIG. 3. Left: IceCube background PDF obtained from data scrambled in RA, where the color scale expresses the probability density.
Right: IceCube signal PDF for the τþτ− channel and mDM ¼ 100 GeV assuming the NFW profile.

FIG. 4. Comparison of the effective area of the ANTARES and
IceCube samples as a function of the neutrino energy for events
with declination δ ∈ ½δGC − 30°; δGC þ 30°�.

A. ALBERT et al. PHYS. REV. D 102, 082002 (2020)

082002-8



δGC þ 30°. The different behavior of the two curves can be
explained by the fact that, while IceCube is limited to its
vetoed fiducial volume in order to limit the background
from atmospheric muons, ANTARES does not need to
restrict itself to events starting within the detector volume.
Therefore, the IceCube effective area hits a plateau at
higher energies, while ANTARES can extend its fiducial
volume beyond the detector boundaries. For ANTARES,
the transition between the QFit and λFit reconstructions is
visible around 130 GeV.
With this likelihood method, we can obtain the best

estimate of the signal fraction, μbest, which is the value of μ
that maximizes the likelihood, LðμÞ. In order to evaluate
the sensitivity of this analysis, we generate 100 000 pseu-
doexperiments sampled from the background-only PDF.
For each of these pseudoexperiments, we compute the
upper limit at the 90% confidence level (C.L.), μ90,
according to the unified approach of Feldman and
Cousins [36]. The final sensitivity, μ̂90, is defined as the
median value of these upper limits. The μ90 distribution of
the pseudoexperiments is also used to determine the
statistical uncertainty of the sensitivity, which we express
in terms of 1σ and 2σ uncertainties.
The same method is used to determine μbest for the

unblinded data. If the obtained value is consistent with the
background-only hypothesis, the corresponding upper limit
on the signal fraction, μ90, is computed. We can then
deduce the limit on the dark matter self-annihilation cross
section using the relation

hσAυi ¼
μ90Ntot

ηsig
ð9Þ

for a given dark matter mass, annihilation channel, and halo
profile.

VI. SYSTEMATIC UNCERTAINTIES

The sources of uncertainties can be split into theoretical
and detector-related systematic uncertainties. Since the
background PDFs are obtained from data for both experi-
ments, systematic effects were only studied for the signal
simulation.
For ANTARES, the uncertainty on the track direction is

the dominant systematic uncertainty. To account for this,
the approach used in previous ANTARES point-source
searches is applied. The determination of track parameters
relies on the time resolution of the detector units, affected
by the PMT transit time spread, errors in the calibration of
the timing system, and possible spatial misalignment of the
detector lines. As reported in Ref. [35], these uncertainties
overall affect the angular resolution for tracks by about
15%. This uncertainty is implemented in the analysis by
smearing the signal PDFs by 15%.
Similarly, the dominant source of systematic uncertainty

of the IceCube detector results from the uncertainty on the

angular resolution, which is affected by the modeling of the
ice properties and the photon detection efficiency of the
DOMs. These effects were studied using Monte Carlo
simulations for which variations of �1σ on the baseline set
of values were applied. This results in a 5–15% uncertainty
from the optical properties of the ice, where the scattering
and absorption lengths are modified. The optical properties
of the hole ice are different than the bulk ice. Due to the
presence of impurities, the scattering length of the ice in the
drilling holes is shorter. The treatment of the uncertainty on
the scattering length results in a worsening of the sensitivity
by 25–30% when increasing the scattering length consid-
ered for the hole ice. Reciprocally, the sensitivity improves
by 5–10% when considering a shortening of the scattering
length. The uncertainty on the photon detection efficiency
of the DOMs affects the sensitivity by improving or
worsening it by 5–40%. We add in quadrature the different
systematic contributions to obtain the total uncertainty,
assuming all systematic uncertainties to be independent.
These systematic uncertainties are included in the final
results by conservatively reducing the IceCube signal
acceptance ηIsig by 38%.
However, astrophysical uncertainties on the dark matter

halo model parameters prevail over the systematic uncer-
tainties mentioned above. For instance, alternative esti-
mates of these model parameters for the NFW halo profile
[37] can affect the limit by up to a factor of 1.5. To account
for uncertainties linked to the dark matter halo models, we
present limits for both the NFW and Burkert profiles. The
impact of the halo model choice can be seen in Fig. 5,
where the limits for the NFW and Burkert profiles are
presented.

VII. RESULTS AND DISCUSSION

This joint analysis is conducted with data collected by
the ANTARES and IceCube neutrino telescopes during
periods of 9 and 3 years, respectively. By combining the
data samples at the likelihood level, we find no significant
excess of neutrinos in the direction of the Galactic Center.
We present limits on the thermally averaged dark matter
self-annihilation cross section hσAυi. The values obtained
for all dark matter masses and annihilation channels can be
found in Tables II and III for the NFWand Burkert profiles,
respectively, with parameters from Table I. The 90% C.L.
combined limits are presented in Fig. 5 for all self-
annihilation channels considered, assuming both the
NFW (top) and Burkert (bottom) halo profiles. The
dissimilar behavior of these limits for the NFW and
Burkert profiles originates from the two event reconstruc-
tions used for ANTARES. The transition point from QFit to
λFit depends on the balance between the number of
reconstructed events and the quality of the reconstruction.
The better angular resolution provided by λFit is more
beneficial when considering a “cuspy” dark matter halo
profile such as the NFW profile. Therefore, the transition
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between the two reconstructions happens at a lower dark
matter mass for the NFW profile.
In Fig. 6 we present the combined limit obtained for the

τþτ− channel and the NFW profile alongside the previous
ANTARES and IceCube limits. The present analysis uses
the data sets developed for these individual searches. When
compared to the IceCube and ANTARES standalone limits,
the combined limit is better by up to a factor of 2 in the dark
matter mass range considered, i.e., between 50 and
1000 GeV. An enhancement of the limit can also be seen
for the other dark matter annihilation channel and halo
profile combinations presented in Fig. 5, with an exception
for the bb̄ channel when considering the Burkert profile.
For this particular case, the combined limit is dominated by
IceCube, which has a better signal acceptance than
ANTARES for the entire mass range due to the very soft
spectrum. In addition to the improvement due to the
combination of the two data sets, a difference between
the ANTARES limit and the combined limit is also
noticeable for dark matter masses close to 1 TeV, where

the contribution from IceCube is expected to be negligible.
This divergence results mainly from the way under-
fluctuations are treated by this analysis and the previous
ANTARES search. When obtaining limits with lower
values than sensitivities, sensitivities were labeled as limits
for the previous ANTARES analysis while limits remain
unchanged for our combined search. Furthermore, the
ANTARES analysis used the Neyman approach [38] with
slightly different PDFs for the λFit reconstruction. The
importance of these changes can be seen in Fig. 7, where

FIG. 5. Combined 90% C.L. limits on the thermally averaged
dark matter annihilation cross section as a function of the dark
matter mass for the NFW (top) and Burkert (bottom) halo
profiles. All annihilation channels considered in this analysis
are presented (bb̄, τþτ−, μþμ−, WþW−).

TABLE II. 90% C.L. upper limits on the thermally averaged
self-annihilation cross section for the NFW profile.

hσAυi [10−24 cm3 s−1]

mDM [GeV] bb̄ τþτ− μþμ− WþW−

50 424 14.9 12.3 …
65 315 11.5 9.8 …
90 236 9.7 8.3 23.5
100 217 9.5 8.2 21.7
130 177 9.5 8.2 21.5
150 162 9.9 8.7 22.9
180 157 7.9 6.9 15.0
200 144 7.4 6.3 13.6
250 136 5.8 5.2 10.6
300 132 5.2 4.5 9.5
350 130 4.5 4.2 8.1
400 131 4.0 3.6 7.8
500 107 3.5 3.3 6.9
750 72.9 2.9 2.7 5.8
800 69.7 2.9 2.6 5.9
900 66.0 2.7 2.4 5.7
1000 66.1 2.6 2.4 5.5

TABLE III. 90% C.L. upper limits on the thermally averaged
self-annihilation cross section for the Burkert profile.

hσAυi [10−23 cm3 s−1]

mDM [GeV] bb̄ τþτ− μþμ− WþW−

50 118 5.9 4.5 …
65 96.8 5.3 4.2 …
90 81.2 5.1 4.3 11.9
100 77.1 5.3 4.4 11.9
130 69.6 5.6 4.8 12.6
150 68.6 5.9 5.3 13.6
180 65.7 6.2 5.7 14.3
200 64.5 6.5 5.9 14.4
250 64.2 7.2 6.7 15.9
300 64.4 7.9 7.4 17.1
350 65.9 8.4 8.3 17.9
400 66.8 8.9 8.1 17.8
500 69.1 8.4 7.7 16.4
750 75.9 7.7 6.9 15.3
800 78.7 7.3 6.7 14.8
900 79.8 7.1 6.5 15.0
1000 98.7 7.0 6.5 14.8

A. ALBERT et al. PHYS. REV. D 102, 082002 (2020)

082002-10



the limit for dark matter annihilation into τþτ− for the
NFW profile is shown alongside the sensitivity. These
results are also compared with current limits obtained
with γ-ray telescopes from searches of photons produced
in the self-annihilation of dark matter into τþτ− (see
Fig. 6). Gamma-ray limits are still several orders of
magnitude better for this particular channel, although it
needs to be noted that the VERITAS [8] and combined
FermiþMAGIC limits [9] were obtained from the study of
dwarf spheroidal galaxies (dSphs), while the other limits

presented are for the Galactic Center. Note as well that the
H.E.S.S. limit was obtained assuming the Einasto halo
profile [7]. Although both the NFW and Einasto halo
profiles assume a high dark matter density at the center of
the Galaxy, the difference between the profiles is non-
negligible in the central region. Moreover, there is consid-
erable freedom in the choice of halo parameters, and these
choices are not made consistently between experiments.
The halo parameters used in this work are conservative with
respect to more optimistic values made in other analyses,
and this freedom is responsible for some of the difference
between the limits set by IceCube and the more stringent
limits reported in Ref. [7].
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Canada Foundation for Innovation, WestGrid, and
Compute Canada; Denmark—Villum Fonden, Danish
National Research Foundation (DNRF), Carlsberg
Foundation; New Zealand—Marsden Fund; Japan—Japan
Society for Promotion of Science (JSPS) and Institute for
Global Prominent Research (IGPR) of Chiba University;
Korea—National Research Foundation of Korea (NRF);
Switzerland—Swiss National Science Foundation (SNSF);
United Kingdom—Department of Physics, University of
Oxford. The IceCube collaboration acknowledges the sig-
nificant contributions to this manuscript from Sebastian
Baur, Nadège Iovine and Sara Rebecca Gozzini.

[1] G. Bertone and D. Hooper, Rev. Mod. Phys. 90, 045002
(2018).

[2] P. A. R. Ade et al. (Planck Collaboration), Astron. As-
trophys. 571, 66 (2014).

[3] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).

[4] G. Steigman and M. S. Turner, Nucl. Phys. B253, 375
(1985).

[5] J. Liu, X. Chen, and X. Ji, Nat. Phys. 13, 212 (2017).
[6] A. Boveia and C. Doglioni, Annu. Rev. Nucl. Part. Sci. 68,

429 (2018).
[7] H. Abdallah et al. (H.E.S.S. Collaboration), Phys. Rev. Lett.

117, 111301 (2016).
[8] S. Archambault et al. (VERITAS Collaboration), Phys. Rev.

D 95, 082001 (2017).
[9] M. L. Ahnen et al. (MAGIC and Fermi-LAT Collabora-

tions), J. Cosmol. Astropart. Phys. 02 (2016) 039.
[10] B. Moore, T. Quinn, F. Governato, J. Stadel, and G. Lake,

Mon. Not. R. Astron. Soc. 310, 1147 (1999).
[11] A. V. Kravtsov, A. A. Klypin, J. S. Bullock, and J. R.

Primack, Astrophys. J. 502, 48 (1998).
[12] M. G. Aartsen et al. (IceCube Collaboration), Eur. Phys. J. C

77, 82 (2017).
[13] A. Albert et al. (ANTARES Collaboration), Phys. Dark

Universe 16, 41 (2017).
[14] M. G. Aartsen et al. (IceCube Collaboration), Eur. Phys. J. C

77, 146 (2017).
[15] S. Adrián-Martínez et al. (ANTARES Collaboration), Phys.

Lett. B 759, 69 (2016).
[16] S. Adrián-Martínez et al. (ANTARES Collaboration),

J. Cosmol. Astropart. Phys. 05 (2016) 016.
[17] A. Albert et al. (ANTARES Collaboration), Phys. Lett. B

769, 249 (2017); 796, 253(E) (2019).

[18] A. Martinez et al. (ANTARES Collaboration), J. Cosmol.
Astropart. Phys. 10 (2015) 068.

[19] M. G. Aartsen et al. (IceCube Collaboration), Eur. Phys. J. C
77, 627 (2017).

[20] R. Abbasi et al. (IceCube Collaboration), Phys. Rev. D 84,
022004 (2011).

[21] M. G. Aartsen et al. (IceCube Collaboration), Eur. Phys. J. C
75, 20 (2015).

[22] H. Yuksel, S. Horiuchi, J. F. Beacom, and S. Ando, Phys.
Rev. D 76, 123506 (2007).

[23] J. An and H. Zhao, Mon. Not. R. Astron. Soc. 428, 2805
(2013).

[24] F. Nesti and P. Salucci, J. Cosmol. Astropart. Phys. 07
(2013) 016.

[25] J. F. Navarro, C. S. Frenk, and S. D. M. White, Astrophys. J.
462, 563 (1996).

[26] A. Burkert, Astrophys. J. 447, L25 (1995); IAU Symp. 171,
175 (1996)

[27] M. Benito, A. Cuoco, and F. Iocco, J. Cosmol. Astropart.
Phys. 03 (2019) 033.

[28] M. Cirelli, G. Corcella, A. Hektor, G. Hutsi, M. Kadastik, P.
Panci, M. Raidal, F. Sala, and A. Strumia, J. Cosmol.
Astropart. Phys. 03 (2011) 051; 10 (2012) E01.

[29] T. Sjöstrand, P. Eden, C. Friberg, G. Miu, L. Lönnblad, S.
Mrenna, and E. Norrbin, Comput. Phys. Commun. 135, 238
(2001); T. Sjöstrand, S. Mrenna, and P. Z. Skands, J. High
Energy Phys. 05 (2006) 026.

[30] M. Ageron et al. (ANTARES Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 656, 11 (2011).

[31] M. G. Aartsen et al. (IceCube Collaboration), J. Instrum. 12,
P03012 (2017).

[32] R. Abbasi et al. (IceCube Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 618, 139 (2010).

A. ALBERT et al. PHYS. REV. D 102, 082002 (2020)

082002-12

https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/0550-3213(85)90537-1
https://doi.org/10.1016/0550-3213(85)90537-1
https://doi.org/10.1038/nphys4039
https://doi.org/10.1146/annurev-nucl-101917-021008
https://doi.org/10.1146/annurev-nucl-101917-021008
https://doi.org/10.1103/PhysRevLett.117.111301
https://doi.org/10.1103/PhysRevLett.117.111301
https://doi.org/10.1103/PhysRevD.95.082001
https://doi.org/10.1103/PhysRevD.95.082001
https://doi.org/10.1088/1475-7516/2016/02/039
https://doi.org/10.1046/j.1365-8711.1999.03039.x
https://doi.org/10.1086/305884
https://doi.org/10.1140/epjc/s10052-016-4582-y
https://doi.org/10.1140/epjc/s10052-016-4582-y
https://doi.org/10.1016/j.dark.2017.04.005
https://doi.org/10.1016/j.dark.2017.04.005
https://doi.org/10.1140/epjc/s10052-017-4689-9
https://doi.org/10.1140/epjc/s10052-017-4689-9
https://doi.org/10.1016/j.physletb.2016.05.019
https://doi.org/10.1016/j.physletb.2016.05.019
https://doi.org/10.1088/1475-7516/2016/05/016
https://doi.org/10.1016/j.physletb.2017.03.063
https://doi.org/10.1016/j.physletb.2017.03.063
https://doi.org/10.1016/j.physletb.2019.05.022
https://doi.org/10.1088/1475-7516/2015/10/068
https://doi.org/10.1088/1475-7516/2015/10/068
https://doi.org/10.1140/epjc/s10052-017-5213-y
https://doi.org/10.1140/epjc/s10052-017-5213-y
https://doi.org/10.1103/PhysRevD.84.022004
https://doi.org/10.1103/PhysRevD.84.022004
https://doi.org/10.1140/epjc/s10052-014-3224-5
https://doi.org/10.1140/epjc/s10052-014-3224-5
https://doi.org/10.1103/PhysRevD.76.123506
https://doi.org/10.1103/PhysRevD.76.123506
https://doi.org/10.1093/mnras/sts175
https://doi.org/10.1093/mnras/sts175
https://doi.org/10.1088/1475-7516/2013/07/016
https://doi.org/10.1088/1475-7516/2013/07/016
https://doi.org/10.1086/177173
https://doi.org/10.1086/177173
https://doi.org/10.1086/309560
https://doi.org/10.1017/S0074180900232324
https://doi.org/10.1017/S0074180900232324
https://doi.org/10.1088/1475-7516/2019/03/033
https://doi.org/10.1088/1475-7516/2019/03/033
https://doi.org/10.1088/1475-7516/2011/03/051
https://doi.org/10.1088/1475-7516/2011/03/051
https://doi.org/10.1088/1475-7516/2012/10/E01
https://doi.org/10.1016/S0010-4655(00)00236-8
https://doi.org/10.1016/S0010-4655(00)00236-8
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1016/j.nima.2011.06.103
https://doi.org/10.1016/j.nima.2011.06.103
https://doi.org/10.1088/1748-0221/12/03/P03012
https://doi.org/10.1088/1748-0221/12/03/P03012
https://doi.org/10.1016/j.nima.2010.03.102
https://doi.org/10.1016/j.nima.2010.03.102


[33] R. Abbasi et al. (IceCube Collaboration), Astropart. Phys.
35, 615 (2012).

[34] J. Aguilar et al. (ANTARES Collaboration), Astropart.
Phys. 34, 652 (2011).

[35] S. Adrian-Martinez et al. (ANTARES Collaboration),
Astrophys. J. 760, 53 (2012).

[36] G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873
(1998).

[37] P. J. McMillan, Mon. Not. R. Astron. Soc. 465, 76
(2017).

[38] J. Neyman, Phil. Trans. R. Soc. A 236, 333 (1937).

COMBINED SEARCH FOR NEUTRINOS FROM DARK MATTER … PHYS. REV. D 102, 082002 (2020)

082002-13

https://doi.org/10.1016/j.astropartphys.2012.01.004
https://doi.org/10.1016/j.astropartphys.2012.01.004
https://doi.org/10.1016/j.astropartphys.2011.01.003
https://doi.org/10.1016/j.astropartphys.2011.01.003
https://doi.org/10.1088/0004-637X/760/1/53
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1093/mnras/stw2759
https://doi.org/10.1093/mnras/stw2759
https://doi.org/10.1098/rsta.1937.0005

