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T. DeYoung,39 J. C. Dı́az-Vélez,27 M. Dunkman,39 R. Eagan,39 B. Eberhardt,28 J. Eisch,27 R.W. Ellsworth,16 S. Euler,1

P.A. Evenson,31 O. Fadiran,27 A.R. Fazely,6 A. Fedynitch,10 J. Feintzeig,27 T. Feusels,22 K. Filimonov,7 C. Finley,34

T. Fischer-Wasels,41 S. Flis,34 A. Franckowiak,11 K. Frantzen,19 T. Fuchs,19 T.K. Gaisser,31 J. Gallagher,26 L. Gerhardt,8,7
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We present the results of a first search for self-annihilating dark matter in nearby galaxies and galaxy

clusters using a sample of high-energy neutrinos acquired in 339.8 days of live time during 2009/10 with

the IceCube neutrino observatory in its 59-string configuration. The targets of interest include the Virgo

and Coma galaxy clusters, the Andromeda galaxy, and several dwarf galaxies. We obtain upper limits on

the cross section as a function of the weakly interacting massive particle mass between 300 GeV and

100 TeV for the annihilation into b �b,WþW�, �þ��,�þ��, and � ��. A limit derived for the Virgo cluster,

when assuming a large effect from subhalos, challenges the weakly interacting massive particle

interpretation of a recently observed GeV positron excess in cosmic rays.

DOI: 10.1103/PhysRevD.88.122001 PACS numbers: 95.35.+d, 95.85.Ry

I. INTRODUCTION

There is compelling astronomical evidence for the ex-

istence of dark matter, although its nature remains un-

known. Among the theories providing suitable particulate

candidates [1], those that consider weakly interacting mas-

sive particles (WIMPs) are favored [2]. If stable particles

exist with a mass between 10 GeV and multi-TeV that

interact via the electroweak force, they would be produced

and annihilate in thermal equilibrium in the early Universe.

The cooling of the Universe would then naturally lead to a

freeze-out with a relic density consistent with the measured

dark matter abundance. This annihilation process, produc-

ing Standard Model particles including neutrinos, is ex-

pected to take place in dark matter dense regions of the

present Universe. Promising sites for the observation of

neutrinos from dark matter annihilation [3] include the

cores of the Sun [4] and Earth [5], as well as our

Galactic halo [6,7] and center [8]. Here we extend previous

IceCube searches for self-annihilating Galactic dark matter

to extra-Galactic sources. Potentially attractive targets
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are low surface brightness galaxies (also called dwarf

spheroidals), clusters of galaxies, and large galaxies.

Such searches have been proposed [9–11] and are also

motivated by recent observations of a GeV positron excess

seen by PAMELA [12] and confirmed by FERMI [13] and

recently by AMS-02 [14]. These positrons may originate

from nearby astrophysical sources such as pulsars [15],

but they could also be a hint for a leptophilic dark matter

particle in the TeVmass range [16–18]. The annihilation of

such particles is expected to provide a flux of high-energy

neutrinos that can be tested by neutrino experiments.

The dark matter searches presented in this paper con-

sider three types of astrophysical target objects: dwarf

galaxies, the Andromeda spiral galaxy, and galaxy clusters.

Dwarf spheroidal galaxies are promising targets for indi-

rect dark matter searches due to their estimated large dark

matter densities, astrophysical simplicity, low luminosity,

and absence of known background processes that could

produce high-energy neutrinos. For a recent review, see

Ref. [19]. The detection sensitivity may be increased by

stacking several target objects. The dark matter halo of

Andromeda (M31), the nearest spiral galaxy, is relatively

well understood [20], with small uncertainties on the dark

matter density profile. Galaxy clusters (see, e.g., Ref. [21])

are the largest virialized objects observed in the Universe

with � 85%, 12%, and 3% of the total mass provided by

dark matter, intracluster gas, and baryonic matter in gal-

axies [22], respectively. Their dark matter halo distribution

appears to be well reproduced by N-body simulations for

the gravitational structure formation.

N-body simulations of gravitational dark matter inter-

actions [23–25] provide dark matter density distributions,

�ð~rÞ, that suggest self-bound overdensities. The minimal

observed sizes are limited by the simulation resolution of

about 105M�. However, it has been suggested that much

smaller protohalos may form. The minimal mass depends

on the assumed decoupling temperature and may be in

the range of 10�11 to almost 10�3M� [26]. In leptophilic

models, the range may be extended to higher cutoff

masses; see, e.g., Ref. [27]. In this analysis, we refer to a

specific model assuming a cutoff mass of 10�6M� [28].

These dense substructures would increase annihilation

rates in galaxy clusters by several orders of magnitude.

The results presented in this paper are used to constrain

h�Avi, the product of the self-annihilation cross section�A

and dark matter velocity v, averaged over the dark matter

velocity distribution, as function of the dark matter particle

mass m�.

II. PRINCIPLE OF DETECTION AND

THE ICECUBE TELESCOPE

IceCube was designed to detect neutrinos of all flavors

through Cherenkov light emission of secondary particles

created in the interaction of a neutrino of energies above

Oð100Þ GeV with the surrounding ice or the nearby

bedrock.

A major challenge is the suppression of the cosmic

ray background. When high-energy cosmic rays hit air

molecules in the upper Earth atmosphere, they initiate

extended air showers that produce highly energetic pions

and kaons and subsequently muons and neutrinos.

Muons with energies exceeding 500 GeV reach the

IceCube detector from above and dominate the detector

event rate. Muons that would arrive from below are

absorbed in the Earth. Muon neutrinos with energies

less than 100 TeV, however, traverse the Earth with

negligible absorption losses. Selecting tracks that enter

from below the horizon therefore strongly suppresses

cosmic ray muons, with the exception of tracks recon-

structed in the wrong hemisphere. With tight cuts

on the reconstruction quality, misreconstructed tracks

are rejected, and the final data sample is dominated by

the irreducible background of atmospheric neutrinos.

The construction of the IceCube neutrino observatory at

the geographic South Pole was completed in December

2010. The detector instruments a volume of roughly one

cubic kilometer of clear Antarctic ice [29] with 5160

digital optical modules (DOMs) [30] at depths between

1450 and 2450 m. Each DOM contains a 25.3 cm diameter

Hamamatsu R7081-02 photomultiplier tube [31] con-

nected to a waveform recording data acquisition circuit

capable of resolving pulses with nanosecond precision and

having a dynamic range reaching at least 250 photoelec-

trons per 10 ns. The observatory, depicted in Fig. 1 for the

2009/10 configuration, also includes the densely instru-

mented DeepCore subdetector [32] and the surface air

shower array IceTop [33]. At that time, the detector was

FIG. 1. Schematic top view of the IceCube detector. The

circles represent the positions of the 86 strings with 60 DOMs

positioned at depths between 1450 and 2450 m; filled circles

indicate the 59 strings with which the data for the analysis

presented was obtained.
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partially instrumented with 3540 DOMs, attached to 59

electrical cable bundles (strings) in the ice. Each string

carries power and communication between each of the 60

DOMs and the surface data acquisition building.

To reduce the contribution from random noise hits, a

local coincidence condition was enforced that requires the

vertical neighbors of the triggered DOMs to register hits

within 1 �s of each other. A multiplicity condition, requir-

ing 8 DOMs to exceed their discriminator threshold within

a 5 �s time window, served as the primary trigger for this

analysis. The trigger rate in the 59-string configuration

ranged from 1200 to 1500 Hz. The increased rate occurs

during the austral summer as the probability of pions gen-

erated in cosmic ray air showers to decay rather than interact

increases in the warmer and thinner atmosphere [34].

III. SIGNAL EXPECTATIONS

The energy distribution of the expected neutrino flux

depends on the branching ratio of the dark matter annihi-

lation channels. This quantity is highly model dependent,

and we therefore study different extremes of the possible

annihilation channels and assume a branching ratio of

100% for each of them in turn. We consider soft neutrino

spectra produced by the annihilation into quarks (b �b),
harder spectra as produced by WþW�, �þ��, and

�þ��, and line spectra by annihilation into the � �� final

state.

The expected neutrino flux is given by

d��

dE
¼

h�Avi

4� � 2m2
�

dN�

dE
� Jð��Þ; (1)

where h�Avi is the velocity averaged annihilation cross

section, m� is the mass of the dark matter particle, and

dN�=dE is the corresponding differential muon neutrino

yield per annihilation. We include neutrino flavor oscilla-

tions in the long baseline limit [35], since the neutrino

flavor distribution at Earth will be mixed through vacuum

oscillations. The expected spectra at Earth were deter-

mined as described in Ref. [6].

The flux is proportional to the integral over the square of

the dark matter density,

Jð��Þ ¼
Z

��
d�

Z

l:o:s:
�ðlÞ2dl; (2)

where l is the coordinate along the line of sight of the

observer toward the object.

For a smooth parametrization of the dark matter halo,

we refer to the Navarro-Frenk-White (NFW) profile [36],

where

�ðrÞ ¼
�0

r
Rs
ð1þ r

Rs
Þ2
: (3)

Here �0 and Rs are the characteristic density and radius.

If the field of view, ��, is large enough to cover the

complete dark matter halo, then the resulting J factor is

JNFW ¼ 4��2
0R

3
s=3D

2, where D is the distance to the

object (see Table I). To facilitate the comparison with the

Fermi result for dwarf galaxies [40], we used the same J

factor values. The J factor for Draco in Ref. [39] is smaller

but consistent within 2 sigma of the quoted uncertainties.

Part of this difference is due to the choice of dark matter

profile, which continues to be debated [42].

Taking dark matter substructures in the halo into ac-

count, a stronger signal is expected, even at larger distances

from the center (see Fig. 3). We use the following proposed

parametrization of this effect (Refs. [28,41]) for the boost

factor b and the profile j:

bðMVÞ ¼
Jsub-cluster
JNFW

¼ 1:6� 10�3

�
MV

M�

�
0:39

jðrÞ

¼
16bðMVÞJNFW

� ln ð17Þ

1

r2V þ 16r2
for

r < rV ¼ jðrVÞe
�2:377ðr=rV�1Þ for r > rV :

(4)

Here j is the line of sight integral over the squared density,
and J is the total integral, given by J ¼

R

�� jd�.MV and

rV denote the virial mass and radius of the halo. For

this optimistic parametrization, which allows for subhalo

TABLE I. A list of potential astrophysical dark matter targets, their locations [37], distances, and masses [38], as well as JNFW
factors (see Sec. III) considered in this paper. Boost factors for Andromeda, Coma, and Virgo are applied, when subclusters are taken

into account. According to Ref. [39], subclusters in dwarf galaxies do not usefully boost the signal. For the extended Virgo cluster,

M87 was used as the central position.

Source Right ascension Declination Distance [kpc] Mass [M�] log 10JNFW [GeV2 cm�5] Boost factor

Segue 1 10 h 07 m 04 s þ16�0405500 23 1:58� 107 19:6� 0:5 [40] Not considered

Ursa Major II 08 h 51 m 30 s þ63�0704800 32 1:09� 107 19:6� 0:4 [40] Not considered

Coma Berenices 12 h 26 m 59 s þ23�5401500 44 0:72� 107 19:0� 0:4 [40] Not considered

Draco 17 h 20 m 12 s þ57�5405500 80 1:87� 107 18:8� 0:1 [40] Not considered

Andromeda 00 h 42 m 44 s þ41�1600900 778 6:9� 1011 19.2 [20]a 66

Virgo cluster 12 h 30 m 49 s þ12�2302800 22300 6:9� 1014 18.2 [41]a 980

Coma cluster 12 h 59 m 49 s þ27�5805000 95000 1:3� 1015 17.1 [41]a 1300

aFor Andromeda and the galaxy clusters, no uncertainties are available.
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masses down to 10�6M�, the effect of subhalos is largest

for galaxy clusters, with boost factors of 1300 and 980 for

the Coma and Virgo clusters, respectively, followed by

Andromeda with a boost factor of 66 (see also Fig. 3)

and a boost factor close to 1 for dwarf galaxies [39].

The subclustering and corresponding boost factors is an

active area of research, and our results with and without

subclusters likely bracket the probable range.

IV. DATA SELECTION

Downward-going cosmic ray muons, which are detected

Oð106Þ times more frequently than atmospheric neutrinos,

constitute the primary background for this analysis, even if

only a small fraction of the events is misreconstructed as

upward going. A series of event selections and higher-level

event reconstructions were applied to remove these back-

ground events, while retaining upward-going tracks from

muons induced by Earth-crossing neutrinos. By this online

filter, the rate was reduced to� 35 Hz, and the events were
transmitted via satellite to the Northern Hemisphere where

additional fits were applied offline. Below we describe

the reconstruction algorithms for the muon direction

from the pattern of registered Cherenkov light as well

as quality parameters used in this analysis. Toward the

end of the section, we summarize the precuts and the

final data selection.

First, reconstructions [43] were performed using a single

photoelectron (SPE) likelihood, which uses the arrival time

of the first Cherenkov photon hitting each DOM. The

likelihood fit, initialized with a line-fit seed (LF), was later

iterated eight times with random starting values to find the

global optimum (SPE8). A multiple photoelectron (MPE)

fit, which uses the likelihood description of the arrival time

of the first least scattered Cherenkov photon in each DOM,

given N measured photons in that DOM, was then applied.

Note that the MPE fit provides improved directional reso-

lution for neutrinos at higher energies, while the SPE fit

reconstruction is more efficient at rejecting events caused

by bundles of cosmic ray muons. As a measure of the

quality of the fit, the so-called reduced log likelihood

RLogL ¼ � lnLMPE=ðNCH � aÞ was calculated, where

NCH is the number of DOMs that registered a hit. This

test variable is motivated by the relation�lnL¼�2=2�c
for normal distributions. The constant a was chosen

(a ¼ 2:5 for RLogLMPE and a ¼ 2:0 for RLogLSPE) such

that hRLogLi was approximately independendent of NCH.

A substantial fraction of the atmospheric muon back-

ground results from two or more muons being produced in

uncorrelated cosmic ray showers that enter the IceCube

detector in one trigger window. To reduce this background,

two muon tracks were reconstructed for each event after

splitting the triggered DOMs, either in geometry or in time,

into two groups. Each group of DOMs is used to recon-

struct a track assuming a single muon hypothesis, resulting

in two reconstructed muon tracks. Multiple muon tracks

can alternatively be identified by grouping topologically

connected hits both in time and in space. A Bayesian

likelihood ratio, RBayes, compares the hypothesis of the

upward-going muon track (SPE8) with the alternative hy-

pothesis of a down-going muon track, employing a likelihood

that strongly suppresses upward-going directions.

Minimally scattered Cherenkov photons were selected

by defining a time window ranging from �15 to 75 ns

between the expected arrival time from the reconstructed

muon track and the first registered hit. The number of

DOMs with such a direct hit, Ndirect, and the largest dis-

tance between them along the track, Ldirect, are measures of

the track accuracy. The zenith and azimuth resolution

�crð	Þ and �crð�Þ were determined from the Fisher infor-

mation matrix, exploiting the Cramer Rao inequality, by

using the set of hit DOMs and the corresponding average

time delays due to light scattering.

A set of precuts was introduced to reduce the data

sample for the analysis. Only upward-going events, defined

in the online filter to have fulfilled the requirements

NCH � 10 and for the line fit zenith angle 	LF > 70�,
followed by a successful SPE likelihood reconstruction

with the zenith angle of the SPE fit 	SPE > 80� and

RLogLSPE < 8:2, were considered. The zenith angles of

the tracks, reconstructed from the temporally and geomet-

rically split subevents, were not permitted to be <57:3�.
The zenith angle of the largest topological trigger split

subevent was required to be larger than 80�. All unsplit

events were kept. To reduce the fraction of events with

poorly reconstructed direction, only events with hit DOMs

in more than one string were kept, and initial loose cuts,

ðLdirect=60 mÞ2 þ ðNdirect=15Þ
2 > 1 and �crð	Þ< 57:3�,

were imposed.

Events surviving the precuts described above, predo-

minantly misreconstructed atmospheric muons, were ana-

lyzed with a boosted decision tree (BDT) [44], a multi-

variate machine learning algorithm that was optimized to

discriminate the neutrino signal and the atmospheric muon

background. The BDTwas trained on a background domi-

nated data set at a low cut level and on a simulated signal

from WIMPs annihilating into the �þ�� final state. The

energy spectra for the simulation were obtained with

DarkSUSY [45]. To accommodate a broad range of

WIMP masses, an average of the neutrino spectra between

300 GeV and 100 TeV was used.

The following five event observables were found to offer

the highest discriminating power between signal and back-

ground and were subsequently used as input to the BDT:

log 10ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�crð	Þ � �crð�Þ
p

Þ; the spatial angle between the

MPE; and line fits, RLogLMPE, RBayes and Ldirect. As an

example, Fig. 2 presents a comparison of the data with

simulated atmospheric neutrinos events as a function of

the BDT output variable. Table II shows the correspond-

ing data rates. The final data sample is dominated by

atmospheric neutrinos.
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V. DATA ANALYSIS

After applying the cut on the BDT output variable, the

background was estimated from the data in a 5 deg wide

zenith band centered around the nominal zenith positions

of the sources. The statistical uncertainty primarily de-

pends on the zenith position and ranges from 2.2% for

the Virgo Cluster to 4.2% at the zenith position of Ursa

Major II (for the WþW� channel and 5 TeV WIMP mass

assuming the NFW profile, see also Table I). To define the

selection criteria before analyzing the complete data set,

both the cut value on the BDT and the search radius,

defined as the maximal space angle between the nominal

source position and the measured direction (using

MPEFit), were simultaneously optimized. This was done

by minimizing the quantity �90=
 / ��, the average ex-

pected upper limit divided by the signal efficiency 
.
Typical cuts for the BDT output value ranged between

0.08 for very soft spectra and 0.3 for very hard spectra.

This optimization was performed for a WIMP mass of

5 TeV and was subsequently used for all assumed masses

between 0.3 TeV and 100 TeV. Note that the selected mass

values are indicated as dots in Fig. 8. As a cross-check,

individual optimizations for all mass values were tested.

This procedure was not followed because it would have

increased the number of trials, and the cut criteria turned

out to be rather similar.

The angular resolution of the IceCube detector for ��

charged current events depends on the energy spectrum and

thus on the WIMP mass and annihilation channel and is on

the order of a few degrees. The corresponding point spread

function was determined from simulated events for every

assumed signal spectrum. Convolving the point spread func-

tion with the much narrower assumed NFW profile for

the source did not change the functional shape significantly.

As discussed above, subclustering is important for the

Andromeda galaxy and the Virgo and Coma galaxy clusters,

leading to extended signal regions, as seen in Fig. 3. In this

case it is important to convolve the signal profile with the

point spread function to estimate the signal efficiency.

To enhance the sensitivity, we investigated the stacking

of several dwarf galaxies by probing the corresponding

signal regions simultaneously. For each combination, the

search radius and the BDT cut value were optimized as

discussed above. To determine the combined flux, the J
factors of Table I were assumed. The best sensitivity was

found by stacking Segue 1 and Ursa Major II, the sources

with the strongest expected signal. A stacking of galaxy

clusters has not yet been attempted.

VI. SYSTEMATIC UNCERTAINTIES

AND DISCUSSION OF

ASTROPHYSICAL UNCERTAINTIES

By design, the comparison of events in the on- and off-

source regions enables one to determine the background

BDT value
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FIG. 2 (color online). Comparison of the BDT value for all

events passing the precuts compared to results from an atmos-

pheric neutrino Monte Carlo. To illustrate the seperation power,

the spectrum for 2 TeV WIMPs annihilating into �þ�� with

arbitrary normalization is also shown. The vertical line repre-

sents a typical cut value. In Table II the corresponding data rates

are shown.
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FIG. 3 (color online). Cumulative distributions for the J factors

calculated assuming subhalos, for Andromeda and the Coma

and Virgo galaxy clusters. For comparison, the distribution for

Andromeda assuming an NFW profile is also shown. The effects

of both boosting and the widening of the distribution due to dark

matter accumulations far from the center of the galaxies and galaxy

clusters are visible. The search angle cuts for the WþW� annihi-

lation channel and 5 TeVWIMP mass are indicated by arrows.

TABLE II. Data, atmospheric muon, and neutrino expected

background rates before and after a typical cut on the BDT

output value. The online filter rate is � 35 Hz. The Monte Carlo

rates for atmospheric neutrinos and muons are meant to illustrate

the background sources and are not used in the analysis.

Cut level Data rate [Hz]

Atmospheric �

rate [Hz]

Atmospheric �

rate [Hz]

Before BDT 1.4 0.92 4:9� 10�3

After BDT 1:4� 10�3 2:6� 10�4 1:1� 10�3
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directly from the data. This eliminates most detector

related systematic effects for the background estimation.

The primary systematic uncertainties on the analysis are

due to signal acceptance. In addition we discuss the impact

of astrophysical uncertainties on our result.

The astrophysical uncertainties mainly arise from the

assumed dark matter densities and profiles, entering the

calculation as Jð��Þ, as well as from the scale of the dark

matter substructures. While the uncertainties of the latter

are difficult to assess, we list the uncertainties of log 10ðJÞ
[40] in Table I.

The signal acceptance uncertainty is dominated by un-

certainties in the ice properties and limitations in the detec-

tor simulation. Theoretical uncertainties, including muon

propagation, the neutrino cross section, and the presence of

the bedrock, each of which have been studied in previous

analyses (see, e.g., Ref. [46]) add approximately 6% to

the total uncertainty. The uncertainty due to Monte Carlo

simulation statistics and detector exposure as well as the

individual track pointing uncertainty is much smaller.

To assess the uncertainties on the ice properties, two ice

models tuned to in situ measurements with artificial light

sources were compared [47], and the ratio of the calculated

sensitivities in both models was investigated as a function

of WIMP mass and source direction. The observed

discrepancy between the models, also seen in the data/

Monte Carlo comparison, ranges between 10% for tracks

traversing the detector parallel to the strings and 20% for

larger zenith angles.

To assess the DOM sensitivity uncertainties, three

Monte Carlo samples, with 90%, 100%, and 110% of the

nominal DOM sensitivity, were investigated as a function

of WIMP mass and source direction. The observed

discrepancy between the models is largest for low-energy

events; see Table III. The estimate for this systematic

uncertainty in signal acceptance ranges between 15% for

WIMP masses of 1 TeV and 5% above 10 TeV.

VII. RESULTS

With the exception of cross-checks on small subsets of

the data, the analysis was performed in a blind way: the

signal optimization was done entirely on simulations, and

the whole data set with full directional information was

examined only after the selection criteria were finalized.

No significant excess beyond the background expecta-

tion was found. Upper limits at the 90% confidence level

were calculated from the event and background numbers,

shown in Table IV, using the Feldman–Cousins approach

[48], incorporating detector related signal uncertainties in a

semi-Bayesian approach [49]. Astrophysical uncertainties

are not included to simplify the inclusion of better esti-

mates of the J factors in the future. As an illustration of

present uncertainties, in Fig. 4 we show the impact of

including the astrophysical uncertainty on the J factor

into the limit calculation for Segue 1.

We present the upper limits for various objects and

annihilation channels in the following plots. The sensitivity

curves are the result of two competing effects. One finds

TABLE III. Relative uncertainties of the dominating experi-

mental systematics affecting the flux determination. The uncer-

tainties were added in quadrature.

WIMP masses (TeV)

Source <1 1–10 >10

Photon propagation in ice 20% 20% 15%

Absolute DOM efficiency 15% 10% 5%

Total uncertainty 25% 22% 16%

TABLE IV. Number of events as estimated from background and as observed in the data, for dwarf galaxies, galaxy clusters, and

Andromeda. In some cases the same cut values and bin sizes were used for different annihilation channels, leading to the same number

of events.

�þ�� b �b WþW� �þ�� � ��

Source

estimated

background observed

events

estimated

background observed

events

estimated

background observed

events

estimated

background observed

events

estimated

background observed

events

Segue 1 8.7 10 13.3 18 8.2 12 8.7 10 4.3 6

Ursa Major II 7.4 8 5.2 1 7.4 8 4.6 1 3.5 1

Coma Berenices 4.7 1 11.6 4 4.7 1 8.3 3 4.7 1

Draco 5.6 8 13.4 15 5.6 8 5.6 8 4.5 8

Stacking (Seg1þ UMa II) 9.5 8 20.0 23 12.8 13 9.5 8 5.3 4

Virgo (subhalos) 92.1 89 322 325 103 102 92.1 89 94.7 92

Virgo (NFW) 9.6 9 23.9 19 9.6 9 9.6 9 5.9 5

Coma (subhalos) 17.5 17 35.8 40 14.0 15 14.0 15 13.5 15

Coma (NFW) 5.9 6 13.7 13 5.9 6 5.9 6 4.8 5

Andromeda (subhalos) 201 194 413 418 201 194 201 194 201 194

Andromeda (NFW) 6.4 2 6.7 1 6.4 2 6.4 2 4.3 0
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the effective area improves with increasing neutrino

energies at higher WIMP masses, while the background

decreases. At the same high masses, the WIMP number

density decreases, which ultimately reduces the WIMP

annihilation rate.

Figure 5 compares the extracted upper limits for the dwarf

galaxies assuming WIMP annihilation to the WþW� chan-

nel. The best sensitivity is achieved for the stacked result of

Segue 1 and UrsaMajor II. However, due to an underfluctua-

tion of events, the most constraining limit for a single dwarf

galaxy is obtained for Coma Berenices for WIMP masses

above 20 TeV. Figure 6 shows the effect of including boost

factors due to subhalos. In this scenario the most stringent

limit is achieved for the Virgo galaxy cluster, followed

by Andromeda. Figure 7 compares the limits for the

Virgo galaxy cluster (including subhalos) for each studied

annihilation channel. Because of the larger effective area of

IceCube for higher energies, the most stringent limits are

achieved for� �� followedby the limits for�þ��,�þ��, and

WþW� channels.

Finally, in Fig. 8, the limits for the �þ�� and �þ��

annihilation channels are compared to the preferred re-

gions obtained by interpreting the PAMELA positron ex-

cess and electron data from Fermi and High Energy

Stereoscopic System (H.E.S.S). as being due to dark matter

annihilation [18]. The recent AMS-02 results will further

tighten these regions. Included are results from �-ray
experiments and the ‘‘natural cross section’’ expected
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from the freeze-out of dark matter following production in

the big bang [50,51]. The Fermi results strongly constrain

the mass region below 1 TeV, while the results of IceCube

provide valuable information for masses above. The limit

from the Virgo galaxy cluster challenges the interpretation

of the positron excess as being due to dark matter, if the

boost factor is as large as predicted. The most stringent

limits are achieved for annihilation channels providing

hard neutrino spectra, which is complementary to searches

by gamma telescopes.

VIII. SUMMARY

Using a sample of high-energy neutrinos collected

during 2009–2010 with IceCube in its 59-string

configuration, we have searched for a neutrino excess

in the direction of the Virgo and Coma galaxy clusters,

Andromeda (M31) as well as the Segue 1, Ursa Major

II, Coma Berenices, and Draco dwarf galaxies. Finding

no significant excess, we placed constraints on the dark

matter velocity averaged self-annihilation cross section,

h�Avi, at the 90% C.L. for WIMP masses between

300 GeV and 100 TeV for a range of assumed WIMP

annihilation channels. While �-ray experimental obser-

vations provide significantly stronger limits below

1 TeV, our measurements competitively probe the cross

section above 5 TeV in the �� ! �þ�� channel, par-

ticularly when incorporating the large effect of dark

matter subhalos. Note that the tested cross sections are

roughly a factor of 5000 above the natural scale, which

can be accomplished by a substantial Sommerfeld en-

hancement [52,53]. The results will improve in the

future by incorporating more data from the fully instru-

mented IceCube detector and by employing a likelihood

method for the stacking of potential sources.
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interpreting the PAMELA and Fermi excesses as due to dark

matter annihilation [18]. Also shown are limits from VERITAS

for Segue 1 [54], from H.E.S.S. for the Fornax galaxy cluster

[55], from Fermi for stacked dwarf galaxies [40] and the Fornax
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[6]. Also shown is the ‘‘natural scale,’’ for which the WIMP is a
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