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Search for dark matter from the Galactic halo with the IceCube Neutrino Telescope
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Self-annihilating or decaying dark matter in the Galactic halo might produce high energy neutrinos
detectable with neutrino telescopes. We have conducted a search for such a signal using 276 days of data
from the IceCube 22-string configuration detector acquired during 2007 and 2008. The effect of halo
model choice in the extracted limit is reduced by performing a search that considers the outer halo region
and not the Galactic Center. We constrain any large-scale neutrino anisotropy and are able to set a limit on
the dark matter self-annihilation cross section of (o 4v) = 102> cm?®s™! for weakly interacting massive

particle masses above 1 TeV, assuming a monochromatic neutrino line spectrum.

DOI: 10.1103/PhysRevD.84.022004

L. INTRODUCTION

There is compelling observational evidence for the ex-
istence of dark matter. Although knowledge of its under-
lying nature remains elusive, a variety of theories provide
candidate particles [1]. Among those are supersymmetry
[2] and universal extra dimensions [3], both of which
predict new physics at the electro-weak scale and, in
most scenarios, introduce a light, and stable (or long lived)
particle that exhibits the properties of a weakly interacting
massive particle (WIMP) [4]. WIMPs are an ideal dark
matter candidate, predicted to have masses ranging from a
few tens of GeV to several TeV. High energy neutrinos are
expected to be produced as a result of the self-annihilation
or decay of WIMPs. These neutrinos are detectable by high
energy neutrino telescopes, making them powerful tools
in the search for WIMPs and the investigation of their
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properties. In particular, they can be used to probe the
self-annihilation cross section of dark matter candidates
by looking for anomalous neutrino signals from the
Galactic halo. Additionally, WIMPs could also be gravita-
tionally captured by massive bodies like the Sun. If the
annihilation rate of these captured WIMPs is regulated by
the capture rate, then neutrino telescopes can be used to
probe the WIMP-nucleon scattering cross section [5].
Recent observations of a GeV positron excess by
PAMELA [6], and the energy spectra of electrons and
positrons above 300 GeV measured by Fermi [7],
H.E.S.S. [8], and ATIC [9] might hint at a dark matter
annihilation signal. The observed lepton signals deviate
from standard electron-positron production models [10],
which could be due to limitations in the modeling, unac-
counted nearby astrophysical sources (e.g. pulsars [11],
supernova remnants [12,13]), or indicate a dark matter
signal. To positively identify or reject a dark matter signal
requires consistent results in multimessenger observations
with y-rays, electrons, and neutrinos. If the observed elec-
tron signals are interpreted as originating from dark matter
annihilations, it would suggest the existence of a leptophilic
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dark matter particle in the TeV mass range [14,15]. Such a
model would also result in significant high energy neutrino
fluxes, through the decay of muons and 7-leptons, and
shows the importance of observations in the neutrino
channel. A significant fraction of neutrinos could also be
produced directly as part of the annihilation [16], producing
a line feature in the resulting neutrino spectrum. Such a
monoenergetic neutrino flux is also of specific interest since
it can be used to set a model-independent limit on the total
dark matter self-annihilation cross section [17] for the
region of parameter space where gamma-ray signals would
dominate.

In this paper we discuss a search for neutrino signals
produced by annihilating or decaying dark matter in the
Galactic halo. The search is used to test the self-
annihilation cross section by constraining the product of
cross section and velocity averaged over the dark matter
velocity distribution, (o 4v), and to probe the lifetime, 7.

The search focuses on the outer Milky Way halo, where
the dark matter density distributions are relatively well
modeled. We do not include the Galactic Center region
and thus remove any strong dependence on the choice of
the halo profile. We quantify the residual weak dependence
and present constraints on the dark matter self-annihilation
cross section and lifetime in a model-independent way for
a set of selected benchmark annihilation and decay chan-
nels, respectively.

The paper is organized as follows: in the next section
we describe the detector used for the data taken during
2007-2008 which is the base for our analysis. Sec. III
discusses how we obtain an expected neutrino flux at
Earth using different dark matter distributions and annihi-
lation channels. In Sec. IV we describe our data selection
criteria and analysis strategy, which is followed by a dis-
cussion of the associated systematic uncertainties in Sec. V.
Section VI presents the result of the search, and Sec. VII
puts it in context with other experiments. Section VIII
concludes by summarizing the results and giving an out-
look for related searches.

II. THE ICECUBE NEUTRINO OBSERVATORY
AND EVENT SELECTION

The IceCube Neutrino Observatory, located at the geo-
graphic South Pole, consists of the IceCube neutrino tele-
scope and the IceTop air shower array [18]. IceTop covers a
surface area of one square-kilometer above the IceCube
“in-ice” detector, and is designed to measure cosmic ray
air showers with energies between approximately 300 TeV
to 1 EeV. The in-ice detector instruments a volume of one
cubic kilometer of Antarctic ice [19] with 5160 digital
optical modules (DOMs) [20] deployed at depths between
1450 m and 2450 m (see Fig. 1). The DOMS are distributed
over 86 electrical cable bundles (strings) that handle power
transmission and communication with electronics located
on the surface. Each DOM consists of a 25 cm Hamamatsu

PHYSICAL REVIEW D 84, 022004 (2011)

° b @ IceCube Strings
> DeepCore Strings

DOM-to-DOM spacing

DeepCore strings have
10 DOMs with a
of 10 meters

60 DOMs over 1000 meters
Strings are at a depth of 1%\50m - 2450m below the surface

50 HQE DOMs with an
DOM-to-DOM spacing

> of 7 meters
21 Normal DOMs with a
DOM-to-DOM spacing
of 17 meters

FIG. 1 (color online). Schematic view of the IceCube Neutrino
Observatory including the low energy extension DeepCore. The
shaded region labeled "IceCube 22-strings" is the partially
instrumented detector, active in the 2007-2008 season, which
was the only portion used for this analysis.

R7081-02 photomultiplier tube [21] connected to a wave-
form recording data acquisition circuit. The data acquis-
ition is capable of resolving pulses with nanosecond
precision and has an effective dynamic range of 200 photo-
electrons per 15 ns.

IceCube detects all flavors of active neutrinos through
Cherenkov light emission from secondary particles created
when a neutrino interacts in the ice. Muon neutrinos are of
particular interest since their extended tracklike topology
makes them relatively simple to identify. Furthermore, the
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elongated tracks of the muons permit a relatively accurate
reconstruction of the neutrino direction with approxi-
mately a few degrees precision at the detection threshold
of 100 GeV. Neutrinos with energies down to about
10 GeV can be identified in a densely instrumented sub-
detector, DeepCore [22], which has been operating since
early 2010 (see Fig. 1). In this analysis, we use data taken
with an intermediate construction stage of the in-ice
detector, comprising 22 strings.

The primary background in the search for neutrinos
originates from cosmic ray air showers. When high energy
cosmic rays enter the Earth’s upper atmosphere they pro-
duce extended air showers, a part of which includes high
energy pions and kaons. The decay of these mesons results
in a continuous stream of neutrinos and muons. These are
known as atmospheric muons and neutrinos, and their flux
is regulated by the path length and time the parent particles
had in the atmosphere to lose energy or decay. The result-
ing neutrino spectrum obeys a power law with a spectral
index of y = 3.7 [23,24]. High energy muons are capable
of travelling long distances through matter before they
eventually decay, resulting in a down-going muon flux at
the IceCube detector. In contrast, neutrinos below 100 TeV
can traverse the Earth without significant absorption losses.
To distinguish between a muon produced from a charged
current interaction of a muon neutrino from those produced
in the atmosphere, we select only tracks that enter the
detector from below the horizon. Given the 22-string de-
tector configuration (see Fig. 1) for the analysis presented
here, the total trigger rate was approximately 550 Hz,
dominated by down-going atmospheric muons. A prese-
lection at the South Pole for up-going reconstructed tracks
reduces the data rate to 20 Hz, which is sent by satellite to
be processed offline.

III. HALO PROFILES AND SIGNAL
EXPECTATIONS

Recent advances in N-body simulations [25] and gravi-
tational lensing observations [26] have provided reliable
predictions of the dark matter density distribution in the
Milky Way (MW). While the outer regions of the dark
matter halo of the Milky Way (several kpc away from the
Galactic Center) are relatively well modeled, the structure
of its central region is still a matter of debate since it can
neither be resolved in simulations, nor directly measured.
Not surprisingly, halo models generally show very similar
behavior at large distances from the Galactic Center, but
differ significantly in their predictions near it. This effect is
shown in Fig. 2, where the dark matter density, p(r),
predictions from several spherically symmetric halo pro-
files obtained from N-body simulations are compared. We
show four different distribution functions which are used in
our analysis. Since we only use neutrinos from the northern
sky, the effective dark matter densities which dominate the
analysis are those between a distance from roughly 4 kpc to
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FIG. 2 (color online). Comparison of the dark matter density
distribution, p(r), as a function of distance from the Galactic
Center as described by the Einasto, NFW, Kravtsov, and Moore
halo profiles. The hatched pattern indicates the region where the
presented analysis is sensitive.

20 kpc from the Galactic Center. In this range the various
halo profiles are relatively consistent in their description of
the dark matter density. This agreement allows us to con-
strain the dark matter self-annihilation cross section with
minimal halo profile dependence.

We use the Einasto [27,28] and Navarro-Frenk-White
(NFW) [29] profiles as benchmark models, while the
Moore [30], and Kravtsov [31] profiles were applied as
extreme cases to estimate the impact of halo model choice
on the result. The Einasto profile is given by:

p(r) = p_, X el=@/aN/r2)=1] (1)

with @ = 0.16 [32], r_, = 20 kpc, and p _, normalized to

a dark matter density 0.3 % at the solar system’s orbit in

the Galaxy (R,. = 8.5 kpc). The remaining three profiles

can be described by the following function:
Po

)1+ (f)a](ﬁ—y)/a’

p(r) = C (2)
where the variables («, B, v, r,) [33] take different numeri-
cal values (listed in Table I) for the three models. The
normalizations are chosen such that the mass contained
within the orbit of the Solar System in the Galaxy provides
the appropriate dark matter contribution to the local
rotational curves, and yields a local dark matter density
psc = prrw(Ry) = 0.35 for the NFW profile.

The expected neutrino flux, ¢,, from dark matter self-
annihilations is proportional to the square of the dark
matter density integrated along the line of sight J(¢):

lnax p>(W/RZ, — 2[R, + 2
P (o e P
0 scPsc

SN E)

where ¢ is the angular distance from the Galactic Center
and [, is the upper limit of the integral, defined as
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TABLE I. Summary of the parameters of Eq. (2) used in this
analysis.

Halo Model a B v re/kpc p(Ry)/ %
NFW 1 3 1 20 0.3
Moore 1.5 3 1.5 28 0.27
Kravtsov 3 0.4 10 0.37

lnon = (R — iy R2) + R cosp. (4)

We adopt a halo size of Ryw = 40 kpc. Contributions to
the expected neutrino flux from beyond this range are
small, and are discussed as part of our systematic studies
of the result in Sec. VL.

The annihilation products are highly model dependent
and we thus study extremes of the possible annihilation
channels assuming a branching ratio of 100% for each of
them in turn. We consider soft neutrino spectra produced
from the annihilation into quarks (bb), and hard spectra as
produced by annihilation into W W~ and u" . In ad-
dition, we consider a neutrino line spectrum (yy — v7).

Neutrinos will have undergone extensive mixing
through vacuum oscillations over the distances travelled
across the Galaxy. We determine neutrino flavor oscilla-
tions in the long baseline limit [34,35], adopting values of
Sin22®12 = (.86, @23 maximal (@23 = 77'/4), and ®l3 =~ (.
The neutrino fluxes at Earth are then given by:

1
¢, =P — % &)

and

1 1
¢I/T = QSV# = E(d)(’)’n + (13,.) + gSZ: (6)
where ¢9j is the flux at injection and s, is defined as
sin?20,(2¢9 — d)?,# — ¢9). Note that the expected
fluxes for muon and tau neutrinos are equal.

The neutrino energy spectra were produced using
DarkSUSY [36], an advanced numerical software package
for supersymmetric dark matter calculations, and are
shown in Fig. 3.

The differential neutrino flux from the annihilations of
neutralinos of mass m, in the Galactic halo is given by
[33]:

d(,{) <UAU> Rscpgc dNV
v = J , 7
dE 2 W) 47Tmf( dE ™
where g%” is the differential neutrino multiplicity per anni-

hilation. Similar to the annihilation cross section, one can
search for signals from decaying dark matter [37,38] and
constrain the lifetime, 7. For decaying dark matter, the
expected neutrino flux is proportional to the dark matter
density along the line of sight, given by:

PHYSICAL REVIEW D 84, 022004 (2011)
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FIG. 3 (color online). Differential muon neutrino energy spec-
trum per annihilation, taking neutrino oscillations into account.
In this example we assume a WIMP mass of 300 GeV and 100%
branching fraction into the corresponding annihilation channel.

7 2
J00) = flmax p(WR% — 2IR. cosyy + [ )dl. ®)

0 Ry.pye
The expected neutrino flux from the dark matter decay is
then:

de, _ 1, () RscPse ANy
dE TJd(lp) 4am, dE’ ©)

We use identical halo model parameters in both the dark
matter annihilation and decay analyses. We assume a
smooth halo profile and discuss the effect of substructure
separately.

IV. DATA SELECTION

The search for a clustering of neutrinos to indicate an
astrophysical neutrino source is one of the benchmark
analyses performed by the IceCube collaboration. Such a
“point source” search relies on muon neutrinos since the
elongated tracks of the muons permit an accurate recon-
struction of the neutrino direction. The 22-string detector
configuration has produced a well understood neutrino
candidate sample [39], extracted using likelihood-based
track reconstructions and selecting tracks from —5° to
85° in declination. The shape of the likelihood function
around the best-fit value is used to estimate the angular
uncertainty of the reconstructed track [40], while the num-
ber of optical modules in the event which record minimally
scattered Cherenkov photons gives an additional handle on
the quality of the reconstruction. Such ““direct”” photons are
isolated via a time difference selection window between the
expected arrival time of an unscattered photon, given the
reconstructed track, and the registered DOM hit time. Near
the horizon, the background from poorly reconstructed
atmospheric muons is further reduced by an additional
cut on the likelihood ratio of the best-fit track to the
best-fit track constrained to be down-going. These applied
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selection criteria remove the largest fraction of misrecon-
structed down-going events, maintaining a neutrino candi-
date sample with about 90% purity [39]. The final northern
sky dataset consists of 5114 neutrino candidate events
acquired in 275.7 days of livetime. Figure 4 shows the
neutrino energy distribution of simulated events that pass
all the selection criteria that are applied to the data events.

Assuming a given annihilation channel and dark matter
halo profile, one can determine the expected neutrino flux
(proportional to the dark matter annihilation cross section)
for any given location on the sky. The flux is peaked in the
direction of the Galactic Center, which is a prominent
target for searches. However, the Galactic Center is located
in the southern hemisphere at 266° right ascension (RA)
and —29° declination and therefore outside the field of
view of IceCube for the selection criteria applied here.

In the northern hemisphere, regardless of the choice of
halo model, dark matter annihilations would produce a
large-scale neutrino anisotropy. The search for such an
anisotropy affords distinct advantages for discovery. An
observation of a flux from the Galactic Center would be
more difficult to distinguish from other astrophysical
sources or cosmic ray interaction with the interstellar
medium. However, the Galactic Center is an excellent
target to constrain the dark matter self-annihilation cross
section for a given halo model and is the subject of a
separate analysis.

To test for an excess flux of neutrinos, we define two
regions on the northern sky. The first region will serve as our
signal region (on-source) and is defined by a half-opening
angle, ry, around the Galactic Center. An equally sized
region, offset by 180° in RA, serves an off-source region
(see Fig. 5). This choice is motivated by the robustness and

107 F

Probability

107 F

1 15 2 25 3 35 4 45 5
Neutrino Energy log(E /GeV)

FIG. 4 (color online). Muon neutrino energy distribution ob-
tained from atmospheric neutrino simulations after applying all
selection criteria used for the analysis.
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90°

4o

FIG. 5 (color online). The relative expected neutrino flux from
dark matter self-annihilation in the northern celestial hemisphere
of the Milky Way Galaxy halo is shown. The largest flux is
expected at a RA closest to the Galactic Center (ARA = 0).
Dashed lines indicate circles around the Galactic Center (GC)
with a half-opening angle, ¢, that increases in 10° steps. The
solid lines show the definition of on- and off-source regions in
the northern hemisphere. The on-source region is centered
around ARA = 0, while the off-source region is shifted by
180° in RA.

simplicity of the ensuing analysis and minimizes systematic
uncertainties due to azimuth angle dependent reconstruction
efficiencies. For spherical halo profiles, the expected flux is
a function of the angular distance from the Galactic Center,
¢, and we count the total number of neutrino candidate
events in each region. This makes the analysis maximally
independent of halo profiles and provides sensitivity to both
hard and soft neutrino spectra.

The difference in the expected number of neutrino
events between the on-source and off-source region is
given by:

AN = (NOXE + N3E) — (NDRE + N58), (10)

where bkg/sig stand for background and signal, respec-
tively. Background events are expected to be equally dis-
tributed in the on- and off-source regions, simplifying the
prediction to AN®¢ = Ng¥ — N.§. The signal expectation
in both regions, and hence AN, is directly proportional to
the dark matter self-annihilation cross section (o 4v).
To optimize the size of the on- and off-source region, we
chose an example cross section (o 4v), and predict the
expected number of signal events S = AN® from simula-
tions for different choices of r, [41]. For r, = 80°, the
ratio of S/ \/E, where B is the expected number of back-
ground events, is close to maximal for all considered halo
profiles, while the on- and off-source regions remain well
separated and do not overlap.

V. SYSTEMATIC UNCERTAINTIES

We first discuss the systematic uncertainty associated
with the background estimation. By design, the background
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can be determined from the data by comparing events in the
on- and off-source regions, eliminating most detector re-
lated effects. Thus, only preexisting anisotropy in the data
must be considered. The two dominant effects giving rise to
an anisotropy are (1) an anisotropy in the cosmic ray
flux producing the atmospheric muon neutrino flux and
(2) variations in exposure for different RA.

A large-scale anisotropy in the cosmic ray flux has been
observed both on the northern hemisphere by the TIBET air
shower array [42] and the southern hemisphere by an
IceCube measurement of the down-going muon flux [43].
The northern hemisphere anisotropy for cosmic ray ener-
gies around 50 TeV is relevant to this analysis. This energy
range of cosmic ray showers contributes most in creating
this analysis’ background up-going atmospheric muon neu-
trino flux. The overall scale of the measured cosmic ray
anisotropy is about 0.2%, with peak values at RA = 60°
and a minimum at RA = 180°. This is not aligned with an
expected signal anisotropy from the Milky Way dark matter
halo. To provide a conservative systematic uncertainty
estimate, we assume the worst case of an aligned anisot-
ropy, which peaks in one region and is minimal in the other.
In such a scenario a difference of three events between on-
and off-source regions would be observed, corresponding
to a 0.2% systematic uncertainty on the number of back-
ground events.

The muon track reconstruction efficiency varies as a
function of the zenith angle and azimuth angle [39,44].
Although the azimuth dependence is relatively uniform for
the axially symmetric full IceCube detector, it is particu-
larly pronounced in the partially instrumented 22-string
detector configuration used for this analysis. As the Earth
rotates, each detector alignment in RA gets equal exposure
within one sidereal day. A small fraction of detector op-
erations is dedicated towards scheduled detector mainte-
nance, which is performed at times when communication
with the South Pole can be established. The use of geo-
synchronous satellites introduces a bias in sidereal time,
which means that fewer physics data runs are available for
particular alignments of the detector in RA. The track
reconstruction efficiency for a muon with azimuth angle
¢ compared to one with the opposite direction ¢ + 180° is
almost identical. Hence, selecting symmetric on- and off-
source regions shifted by 180° in RA reduces the effect due
to azimuth angle dependent reconstruction efficiency sig-
nificantly, as the chance of observing an event in the on-
source region is almost identical to that of observing one in
the off-source each time the detector is active. The total
expected variation in the number of events due to exposure
is approximately 0.1% (see Fig. 6).

It is possible, in principle, to correct for both the cosmic
ray anisotropy and detector uptime effects. Because of
their negligibly small impact compared to the background
statistical uncertainty, such a correction has not been ap-
plied. The contribution from the cosmic ray anisotropy
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FIG. 6 (color online). The relative exposure variation as func-
tion of RA and shifted by 180° is shown. The absolute variation
defines the signal acceptance uncertainty due to exposure
(~1%), while the difference between the normal and rotated
exposure defines the corresponding systematic uncertainty on the
background estimate (~0.1%).

(0.2%) and the uneven exposure (0.1%) are uncorrelated.
We use 0.3% as a conservative estimate on the total system-
atic uncertainty on the number of background events in the
on-source region (see Table II).

The signal acceptance uncertainty is dominated by un-
certainties in the ice properties and limitations in the
detector simulation, which is uncorrelated with a number
of theoretical uncertainties such as muon propagation,
neutrino cross section, and bedrock uncertainty, each of
which have been studied in previous analyses [39]. In
addition, we consider the uncertainty due to Monte Carlo
simulation statistics and detector exposure. The individual
track pointing uncertainty (point spread function), on the
order of 1°, is negligible in this analysis, which targets a
large-scale anisotropy.

Our dominant systematic uncertainty, the limited knowl-
edge of ice properties as a function of depth and limitations
in the detector simulation, is expected to produce an ob-
served discrepancy between data and simulation for events
near the horizon [39]. For nearly horizontal tracks the
disagreement is maximal, with 30% more events observed
in data compared to simulation predictions. Since we use
the data itself to predict the number of background events
in the on-source region, this discrepancy does not affect the
background estimate. However, the signal acceptance can

TABLE II. Summary of systematic uncertainties on the back-
ground estimate.

Effect Sys. Uncertainty
Cosmic ray anisotropy 0.2%
Exposure 0.1%
Total Background 0.3%
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only be obtained from simulations. Hence, we must take
this discrepancy into consideration for the signal accep-
tance uncertainty. The higher than expected observed data
rate, when compared to simulation expectations, may in-
dicate a contribution from misreconstructed down-going
events, or a higher signal acceptance than expected. Both
would cause the constraints presented later to be more
conservative. The estimate for this systematic uncertainty
in signal acceptance is 25%—-30%.

The track reconstruction efficiency coupled with detec-
tor uptime (see Fig. 6) results in a systematic uncertainty
on the signal acceptance of 1%. This uncertainty, com-
bined with the theoretical uncertainties, results in a negli-
gible contribution compared to the uncertainties in the
optical properties of the ice. We therefore assume a 30%
systematic signal acceptance uncertainty, primarily asso-
ciated with that from the ice properties and limitations in
the detector simulation.

An additional systematic uncertainty to consider in sig-
nal acceptance is related to the photon detection efficiency
of the DOMs, measured to be 8% in the laboratory [21].
The effect of this uncertainty on the passing rate of recon-
structed tracks is found to range from about 1% for ener-
getic events (=1 TeV), increasing to as much as 20% for
lower energy events ( = 200 GeV), as expected from anni-
hilations assuming WIMPs of mass 200 GeV. We calculate
this uncertainty for each of the considered WIMP masses
and annihilation channels, then we add it in quadrature to
the ice properties uncertainty discussed above.

To derive the total uncertainty on the signal acceptance,
we have added the systematic signal acceptance uncer-
tainty in quadrature to the statistical uncertainty
(Monte Carlo statistics). The Monte Carlo statistics uncer-
tainty ranges from 3%—-6% (hard channels) and 4%—16%
(soft channels) in the TeV mass range dark matter, and
increases to 50% (hard channels) and 90% (soft channel) at
m, = 200 GeV.

VI. RESULTS

Except for examination of the data for quality assurance,
the optimization of the size of the on-source region was
performed entirely with simulated events, ensuring a blind
analysis. In the final dataset we observed 1389 events in the
off-source region and 1367 events in the on-source region,
consistent with the null hypothesis. Figure 7 shows the
distribution of these neutrino candidate events in declina-
tion and right ascension. To study the possibility of an
anisotropy in an adjacent bin, we shift the on- and off-
source regions in 60° steps. For each of the step bins, the
ratio of N,,/N.g is consistent with one (see Fig. 8).

We compute constraints on the neutrino flux from dark
matter annihilation from the Galactic halo. Given a specific
(o 4v)y in signal simulations, the number of expected
events for an arbitrary cross section (o 4v) is
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FIG. 7 (color online). The location of the neutrino candidate
events in declination (DEC) versus RA for the on- (right) and
off-source (left) region.
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On-source location ARA + 9

FIG. 8 (color online). Relative difference in number of events
in the on/off-source region as a function of offset from the
nominal position. The regions are shifted by 60° steps to be
centered at ARA + &. Error bars represent the statistical uncer-
tainty in the bin. Adjacent bins are correlated, as regions par-
tially overlap. Note the first bin corresponds to the result
obtained by this analysis. The three bins between 150° and
330° are closely related to the three bins between —30° and
150°, as N,, and N are swapped in them.

<0'AU>
<0'AU>0

ANY2((opv)) = (ANSe(oav)o)).  (11)

The cross-section limit at 90% C.L. is

(oav)

= ANgy X ———F——"———,
(T4v)90 90 ANYE((0yv))

(12)
where ANy, is the limit at 90% C.L. for the number of
signal events.

To determine AN, we construct a Neyman confidence
belt. The one-sided 90% C.L. acceptance intervals are
determined by a simple Monte Carlo, in which the numbers
of events in the on- and off-source regions are assumed to
be Poisson distributed over repeated measurements, with an
average contribution of Ny, = Nog = 1389 * 4(sys) =
37(stat). The 90% C.L. event upper limit A Ny, is calculated
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for various WIMP masses and annihilation channels using
the appropriate signal expectation. Statistical and system-
atic uncertainties in the signal expectations are represented
by log-normal distributions. For a 30% signal acceptance
uncertainty, for example, the upper limit was found to be
ANgg = 49 for AN = —22 events. For small signal accep-
tance uncertainties, where the log-normal distribution can
be approximated by a Gaussian, results are consistent with
the confidence interval constructed using the method by
Lundberg et al. [45,46]. Our limit calculation of the on-
source region also resembles a commonly used procedure
by Li and Ma to compute the significance of an on-source
observation [47]. The significance ¢ is defined as

Non — Nt ~ AN
NVNon + Nogt /2 X Noge

Here 7 is the ratio in exposure, or ratio of the size of the two
regions. For our case of an equally sized on- and off-source
region, n = 1.

Figure 9 shows the obtained exclusion limit compared to
the “‘natural scale”, for which dark matter candidates are
consistent with being a thermal relic [48,49]. Larger cross
sections are possible if, for example, dark matter is pro-
duced nonthermally or acquires mass only in the late
universe [50].

Applying the same procedure as that above for the
annihilation cross section, we compute a 90% C.L. lower
limit on the WIMP lifetime, 7, as function of the WIMP
mass, as shown in Fig. 10. We assume a line spectrum,

é‘::

(13)

- E}ﬁasto P}ofilé
Halo Uncertainy

10718

- -20 |
i, 10
[sp]
£
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o]
\Y
10—24 | _
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—26 A N |
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FIG. 9 (color online). 90% C.L. upper limit on the dark matter
self-annihilation cross section for five different annihilation
channels. Also shown are the natural scale (dotted line), for
which the WIMP is a thermal relic [48,49], and unitarity bound
(solid line) [61,62]. For the limit curves, the central line is for the
Einasto and NFW profiles, while the shaded width identifies the
extrema results from the Moore and Kravtsov profiles. We
consider only smooth halo profiles. The limits for 777~ and
utu overlay, due to their very similar high energy neutrino
spectra.

PHYSICAL REVIEW D 84, 022004 (2011)

1028 T
Halo Uncertainty
x — vv Einasto ——
@ . 26 | i
= 10
(0]
£
2
=
1024 L -
| Ll Lol

10° 10* 10°
m, [GeV]

FIG. 10 (color online). Lower limit on WIMP lifetime 7 as-
suming y — v7 at 90% C.L..

x — vv and apply Eq. (9) for the expected neutrino flux.
If dark matter is a thermal relic and unstable, the only
requirement in order for it to be present today is that it
has a lifetime much longer than the age of the Universe
Ty =~4X10"7s.

Our limit calculation assumes smooth, spherically sym-
metric halo models. However, N-body simulations indicate
that dark matter in the halo should have some substructure
[51,52]. While this will have negligible effects on the
expected neutrino flux from dark matter decay, the pres-
ence of substructure will enhance the self-annihilation rate
since it is proportional to the square of the dark matter
density. To quantify the average expected enhancement in
the annihilation rate compared to a smooth dark matter
distribution, one can define a boost factor as a function of
the distance from the Galactic Center [53,54]:

[ p*av

B0 = fiorav

(14)

10* 3 10°

—— Boost Factor B(r)
------ NFW Smooth Halo p(r) (GeV/cm®)

110
S 1 <
@ ‘1 L
8 3 >
& ] 1)
[T ] =
3 1=
2 1107 =
o ]

m 4

1102

............ ‘1_3

Distance from Galactic Center r (kpc)

FIG. 11 (color online). Boost factor as function of the distance
from the Galactic Center for the simplest model of [54] and a
dark matter density using the NFW halo profile.
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FIG. 12 (color online). The ratio between the limit obtained
with our default and modified halo models are shown. The
scaling due to a boost factor and the adopted size of the
Galactic dark matter halo Ry are given separately.

where we defined p as the mean density of the smooth halo
component. To determine the impact of a boosted neutrino
flux on the expected neutrino signal in the on- and off-
source regions we use the signal enhancement resulting
from substructure in the halo following the simplest model
of reference [54], as shown in Fig. 11.

We investigate the scaling of the limit due to a boost
factor and adopted size of the Galactic dark matter halo,
Ryw, which sets the upper integration limit in the dark
matter density line of sight integral given by Eq. (3). The
ratio between the limit for the default value (smooth halo,

10718
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90% C.L. Upper Limit |

10720
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FIG. 13 (color online).
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and Ryw = 40 kpc) and the modified halo model is shown
in Fig. 12. An increase in the halo size Rypy from 40 kpc to
100 kpc has no impact. Boosting the flux due to substruc-
ture results in a better limit and therefore assuming no
substructure yields a more conservative result.

Another possible contribution to the neutrino flux from
dark matter self-annihilations originates outside our
Galaxy. This extragalactic flux[17] is expected to be iso-
tropic and, hence, contributes equally to the on- and off-
source regions. That is, any such additional flux would
equally contribute to the number of events observed in
the on- and off-source regions and hence make a flux limit
based on the difference more conservative. Note also that
the contribution from the extragalactic component is much
smaller than the flux from within our Galaxy [33].

VII. COMPARISON TO
PHENOMENOLOGICAL MODELS

There has been considerable debate about the nature of
lepton signals observed by several instruments: a peak in
the electron spectrum observed by ATIC [9], a GeV posi-
tron excess seen by PAMELA [6], and electron spectra
measured by Fermi [7] and H.E.S.S. [8]. Observations
could be interpreted as originating from dark matter self-
annihilations, which would then be indicative of leptophilic
dark matter candidates [14,15]. Alternatively, observations
could also be explained through nearby astrophysical
sources such as pulsars [11] or supernova remnants [12,13].

Since electrons lose significant energy during propaga-
tion, signals must originate within a distance of about 1 kpc
from the Sun. While electron signals could only probe
the local dark matter density, the presented large-scale

10—18

IceCube
90% C.L. Upper Limit |

1 0—20

N\ [cm33‘1]
o
o
N

10—24 PAMELA Data i
..... Naturalscale o
—26 R N | R R i
10
10° 104
m, [GeV]

90% C.L. upper limit on the dark matter self-annihilation cross section assuming the Einasto profile and

annihilation into ™ u~ (left panel) and 77 7~ (right panel). Limits are compared to a phenomenological model [14] that assumes dark
matter annihilations to explain the PAMELA excess (shaded region). Using the same model in each panel the oval regions are defined
by the 3 and 5 standard deviation contours from the best-fit location to the Fermi, H.E.S.S. and PAMELA data [14]. The natural scale
(dotted line), for which the WIMP is a thermal relic, and unitarity bound [61,62] are shown. Constraints on the dark matter
self-annihilation cross section from gamma-ray observations are discussed in the text.
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anisotropy search probes a wider range of the Milky Way
halo. Figure 13 compares the IceCube exclusion limit
with a phenomenological interpretation [14] of electron
measurements for two example annihilation channels
(u" = ,7"77) and our chosen benchmark profile of
Einasto. Even the small dataset used here allows this
analysis to constrain models motivated by the anomalous
lepton signals. Comparable results have been derived from
gamma-ray observations of dwarf spheroidal galaxies,
which have high light to mass ratios and are expected to
be dark matter dominated. Fermi-LAT observations of
various dwarf spheroidal galaxies have constrained the
dark matter self-annihilation cross section and obtained
limits below 1072* cm®s™! for Draco and Ursa Minor
for m, = 10 GeV. For a WIMP mass of 1 TeV, the limits
range between 10720 cm?®s™! and 10722 cm?s™! [55] for
various dwarf spheroidal galaxies. MAGIC has investi-
gated Willman 1 [56] and Segue 1 and obtained limits
around 10722 cm?®s™! and 1072 cm?s™! for annihilation
in u*u~ and 777, respectively, for WIMP masses be-
tween 200 GeV and 1.2 TeV [57]. VERITAS observed no
significant gamma-ray excess from four dwarf spheroidals
and derived an upper limit on the gamma-ray flux to
constrain the self-annihilation cross section as a function
of WIMP mass. The limit reduces to 10722 cm?®s™! for a
WIMP mass of 300 GeV [58]. H.E.S.S. reported con-
straints on dark matter annihilation from the Sculptor and
Carina dwarf galaxies and found that cross-section con-
straints range from 1072! cm?®s™! to 10722 cm?s™! de-
pending on the assumed dark matter halo model [59].
Limits can also be obtained from observations of y-rays,
produced via final state radiation, inverse Compton scat-
tering, or synchrotron radiation, of the Galactic Center and
Galactic ridge regions, as well as radio observation of the
Galactic Center that constrain synchrotron radiation
produced by e~ in the local magnetic fields [14].

VIII. SUMMARY AND OUTLOOK

The IceCube candidate neutrino sample, collected dur-
ing 2007-2008 in the 22-string configuration, has been
used to search for a neutrino anisotropy as expected from
dark matter self-annihilation in the Milky Way halo. Such
an anisotropy was not observed and we have determined
limits on the dark matter self-annihilation cross section
(o4v) at 90% C.L. for WIMPs in the mass range from

PHYSICAL REVIEW D 84, 022004 (2011)

200 eV to 10 TeV. The IceCube detector sensitivity can be
significantly improved by investigating the Galactic Center
as a potential source. Such a search could be performed
with the IceCube detector at a later construction stage and
rely on selecting neutrinos interacting inside the detector
volume [60]. It would be able to significantly improve the
constraints on the dark matter self-annihilation cross sec-
tion given a particular choice of halo model in the case of a
non observation. A large-scale anisotropy study as per-
formed here, however, might provide a more distinct dis-
covery signal. In the case of the Galactic Center, a dark
matter signal would be more difficult to distinguish from
other astrophysical neutrino sources, such as point sources
(source contamination) or cosmic ray interaction with the
interstellar medium.

ACKNOWLEDGMENTS

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-Office of Polar
Programs, U.S. National Science Foundation-Physics
Division, University of Wisconsin Alumni Research
Foundation, the Grid Laboratory Of Wisconsin (GLOW)
grid infrastructure at the University of Wisconsin—
Madison, the Open Science Grid (OSG) grid infrastructure;
U.S. Department of Energy, and National Energy Research
Scientific Computing Center, the Louisiana Optical
Network Initiative (LONI) grid computing resources;
National Science and Engineering Research Council of
Canada; Swedish Research Council, Swedish Polar
Research Secretariat, Swedish National Infrastructure for
Computing (SNIC), and Knut and Alice Wallenberg
Foundation, Sweden; German Ministry for Education and
Research (BMBF), Deutsche Forschungsgemeinschaft
(DFG), Research Department of Plasmas with Complex
Interactions (Bochum), Germany; Fund for Scientific
Research (FNRS-FWO), FWO Odysseus programme,
Flanders Institute to encourage scientific and technological
research in industry (IWT), Belgian Federal Science Policy
Office (Belspo); University of Oxford, United Kingdom;
Marsden Fund, New Zealand; Japan Society for Promotion
of Science (JSPS); the Swiss National Science Foundation
(SNSF), Switzerland; A. Grof acknowledges support by
the EU Marie Curie OIF Program; J. P. Rodrigues acknowl-
edges support by the Capes Foundation, Ministry of
Education of Brazil.

[1] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2009).

[2] S.P. Martin, arXiv:hep-ph/9709356.

[3] T. Appelquist, H.-C. Cheng, and B. A. Dobrescu, Phys.
Rev. D 64, 035002 (2001).

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

[5] R. Abbasi et al. (IceCube), Phys. Rev. Lett. 102, 201302
(2009).

[6] O. Adriani er al. (PAMELA), Nature (London) 458, 607
(2009).

022004-11


http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://arXiv.org/abs/hep-ph/9709356
http://dx.doi.org/10.1103/PhysRevD.64.035002
http://dx.doi.org/10.1103/PhysRevD.64.035002
http://dx.doi.org/10.1016/0550-3213(85)90537-1
http://dx.doi.org/10.1103/PhysRevLett.102.201302
http://dx.doi.org/10.1103/PhysRevLett.102.201302
http://dx.doi.org/10.1038/nature07942
http://dx.doi.org/10.1038/nature07942

R. ABBASI et al.

(7]
(8]

(91
[10]

A.A. Abdo et al. (Fermi-LAT), Phys. Rev. Lett. 102,
181101 (2009).

F. Aharonian et al. (H.E.S.S.), Astron. Astrophys. 508, 561
(2009).

J. Chang et al., Nature (London) 456, 362 (2008).

I. V. Moskalenko and A. W. Strong, Astrophys. J. 493, 694
(1998).

H. Yuksel, M. D. Kistler, and T. Stanev, Phys. Rev. Lett.
103, 051101 (2009).

M. Ahlers, P. Mertsch, and S. Sarkar, Phys. Rev. D 80,
123017 (2009).

P. Blasi, Phys. Rev. Lett. 103, 051104 (2009).

P. Meade, M. Papucci, A. Strumia, and T. Volansky, Nucl.
Phys. B831, 178 (2010).

M. Cirelli, M. Kadastik, M. Raidal, and A. Strumia, Nucl.
Phys. B813, 1 (2009).

M. Lindner, A. Merle, and V. Niro, Phys. Rev. D 82,
123529 (2010).

J.F. Beacom, N.F. Bell, and G. D. Mack, Phys. Rev. Lett.
99, 231301 (2007).

A. Achterberg et al. (IceCube), Astropart. Phys. 26, 155
(2006).

M. Ackermann et al. (AMANDA), J. Geophys. Res. 111,
D13203 (2006).

R. Abbasi et al. (IceCube), Nucl. Instrum. Methods Phys.
Res., Sect. A 601, 294 (2009).

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

C. Wiebusch (IceCube), arXiv:0907.2263.

M. Honda, T. Kajita, K. Kasahara, and S. Midorikawa,
Phys. Rev. D 52, 4985 (1995).

V. Agrawal, T. K. Gaisser, P. Lipari, and T. Stanev, Phys.
Rev. D 53, 1314 (1996).

J. Diemand, M. Kuhlen, and P. Madau, Astrophys. J. 667,
859 (2007).

B. Menard, R. Scranton, M. Fukugita, and G. Richards,
Mon. Not. R. Astron. Soc. 405, 1025 (2010).

J. Einasto, Trudy Inst. Astroz. Alma-AtaS1, 87 (1965).

J. Einasto, Astron. Nachr.291, 97 (1968).

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

B. Moore, T.R. Quinn, F. Governato, J. Stadel,
and G. Lake, Mon. Not. R. Astron. Soc. 310, 1147 (1999).
A.V. Kravtsov, A.A. Klypin, J.S. Bullock, and J.R.
Primack, Astrophys. J. 502, 48 (1998).

J.FE. Navarro et al., Mon. Not. R. Astron. Soc. 349, 1039
(2004).

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

022004-12

PHYSICAL REVIEW D 84, 022004 (2011)

G. Barenboim and C. Quigg, Phys. Rev. D 67, 073024
(2003).

K. Murase, Phys. Rev. D 76, 123001 (2007).

P. Gondolo et al., J. Cosmol. Astropart. Phys. 07 (2004)
008.

S. Palomares-Ruiz, Phys. Lett. B 665, 50 (2008).

S. Palomares-Ruiz and J. M. Siegal-Gaskins, J. Cosmol.
Astropart. Phys. 07 (2010) 023.

R. Abbasi et al. (IceCube), Astrophys. J. 701, L47 (2009).
T. Neunhoffer, Astropart. Phys. 25, 220 (2006).

C. Rott (IceCube), arXiv:0912.5183.

M. Amenomori (Tibet AS-gamma), Science 314, 439
(20006).

R. Abbasi et al. (IceCube), Astrophys. J. Lett. 718, 1194
(2010).

A. Achterberg et al. (IceCube), Phys. Rev. D 76, 027101
(2007).

J. Lundberg, J. Conrad, W. Rolke, and A. Lopez, Comput.
Phys. Commun. 181, 683 (2010).

J. Conrad, O. Botner, A. Hallgren, and C. Perez de los
Heros, Phys. Rev. D 67, 012002 (2003).

T.P. Li and Y. Q. Ma, Astrophys. J. 272, 317 (1983).

G. Steigman, Annu. Rev. Nucl. Part. Sci. 29, 313 (1979).
G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996).

M. Kaplinghat, L. Knox, and M.S. Turner, Phys. Rev.
Lett. 85, 3335 (2000).

B. Moore et al., Astrophys. J. 524, .19 (1999).

J. Diemand, M. Kuhlen, and P. Madau, Astrophys. J. 657,
262 (2007).

M. D. Kistler and J. M. Siegal-Gaskins, Phys. Rev. D 81,
103521 (2010).

M. Kamionkowski, S. M. Koushiappas, and M. Kuhlen,
Phys. Rev. D 81, 043532 (2010).

A.A. Abdo et al. (Fermi-LAT), Astrophys. J. 712, 147
(2010).

E. Aliu et al. (MAGIC), Astrophys. J. 697, 1299 (2009).
J. Aleksic et al. (MAGIC), J. Cosmol. Astropart. Phys. 06
(2011) 035.

V. A. Acciari et al. (VERITAS), Astrophys. J. 720, 1174
(2010).

A. Abramowski ef al. (H.E.S.S.), Astropart. Phys. 34, 608
(2011).

J.-P. Hil, Ph.D. thesis, RWTH Aachen University,
2010, http://darwin.bth.rwth-aachen.de/opus3/volltexte/
2011/3573/.

K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64, 615
(1990).

L. Hui, Phys. Rev. Lett. 86, 3467 (2001).


http://dx.doi.org/10.1103/PhysRevLett.102.181101
http://dx.doi.org/10.1103/PhysRevLett.102.181101
http://dx.doi.org/10.1051/0004-6361/200913323
http://dx.doi.org/10.1051/0004-6361/200913323
http://dx.doi.org/10.1038/nature07477
http://dx.doi.org/10.1086/305152
http://dx.doi.org/10.1086/305152
http://dx.doi.org/10.1103/PhysRevLett.103.051101
http://dx.doi.org/10.1103/PhysRevLett.103.051101
http://dx.doi.org/10.1103/PhysRevD.80.123017
http://dx.doi.org/10.1103/PhysRevD.80.123017
http://dx.doi.org/10.1103/PhysRevLett.103.051104
http://dx.doi.org/10.1016/j.nuclphysb.2010.01.012
http://dx.doi.org/10.1016/j.nuclphysb.2010.01.012
http://dx.doi.org/10.1016/j.nuclphysb.2008.11.031
http://dx.doi.org/10.1016/j.nuclphysb.2008.11.031
http://dx.doi.org/10.1103/PhysRevD.82.123529
http://dx.doi.org/10.1103/PhysRevD.82.123529
http://dx.doi.org/10.1103/PhysRevLett.99.231301
http://dx.doi.org/10.1103/PhysRevLett.99.231301
http://dx.doi.org/10.1016/j.astropartphys.2006.06.007
http://dx.doi.org/10.1016/j.astropartphys.2006.06.007
http://dx.doi.org/10.1029/2005JD006687
http://dx.doi.org/10.1029/2005JD006687
http://dx.doi.org/10.1016/j.nima.2009.01.001
http://dx.doi.org/10.1016/j.nima.2009.01.001
http://dx.doi.org/10.1016/j.nima.2010.03.102
http://dx.doi.org/10.1016/j.nima.2010.03.102
http://arXiv.org/abs/0907.2263
http://dx.doi.org/10.1103/PhysRevD.52.4985
http://dx.doi.org/10.1103/PhysRevD.53.1314
http://dx.doi.org/10.1103/PhysRevD.53.1314
http://dx.doi.org/10.1086/520573
http://dx.doi.org/10.1086/520573
http://dx.doi.org/10.1111/j.1365-2966.2010.16486.x
http://dx.doi.org/10.1002/asna.19682910303
http://dx.doi.org/10.1086/177173
http://dx.doi.org/10.1086/177173
http://dx.doi.org/10.1046/j.1365-8711.1999.03039.x
http://dx.doi.org/10.1086/305884
http://dx.doi.org/10.1111/j.1365-2966.2004.07586.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07586.x
http://dx.doi.org/10.1103/PhysRevD.76.123506
http://dx.doi.org/10.1103/PhysRevD.76.123506
http://dx.doi.org/10.1103/PhysRevD.67.073024
http://dx.doi.org/10.1103/PhysRevD.67.073024
http://dx.doi.org/10.1103/PhysRevD.76.123001
http://dx.doi.org/10.1088/1475-7516/2004/07/008
http://dx.doi.org/10.1088/1475-7516/2004/07/008
http://dx.doi.org/10.1016/j.physletb.2008.05.040
http://dx.doi.org/10.1088/1475-7516/2010/07/023
http://dx.doi.org/10.1088/1475-7516/2010/07/023
http://dx.doi.org/10.1088/0004-637X/701/1/L47
http://dx.doi.org/10.1016/j.astropartphys.2006.01.002
http://arXiv.org/abs/0912.5183
http://dx.doi.org/10.1126/science.1131702
http://dx.doi.org/10.1126/science.1131702
http://dx.doi.org/10.1088/2041-8205/718/2/L194
http://dx.doi.org/10.1088/2041-8205/718/2/L194
http://dx.doi.org/10.1103/PhysRevD.76.027101
http://dx.doi.org/10.1103/PhysRevD.76.027101
http://dx.doi.org/10.1016/j.cpc.2009.11.001
http://dx.doi.org/10.1016/j.cpc.2009.11.001
http://dx.doi.org/10.1103/PhysRevD.67.012002
http://dx.doi.org/10.1086/161295
http://dx.doi.org/10.1146/annurev.ns.29.120179.001525
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1103/PhysRevLett.85.3335
http://dx.doi.org/10.1103/PhysRevLett.85.3335
http://dx.doi.org/10.1086/312287
http://dx.doi.org/10.1086/510736
http://dx.doi.org/10.1086/510736
http://dx.doi.org/10.1103/PhysRevD.81.103521
http://dx.doi.org/10.1103/PhysRevD.81.103521
http://dx.doi.org/10.1103/PhysRevD.81.043532
http://dx.doi.org/10.1088/0004-637X/712/1/147
http://dx.doi.org/10.1088/0004-637X/712/1/147
http://dx.doi.org/10.1088/0004-637X/697/2/1299
http://dx.doi.org/10.1088/1475-7516/2011/06/035
http://dx.doi.org/10.1088/1475-7516/2011/06/035
http://dx.doi.org/10.1088/0004-637X/720/2/1174
http://dx.doi.org/10.1088/0004-637X/720/2/1174
http://dx.doi.org/10.1016/j.astropartphys.2010.12.006
http://dx.doi.org/10.1016/j.astropartphys.2010.12.006
http://darwin.bth.rwth-aachen.de/opus3/volltexte/2011/3573/
http://darwin.bth.rwth-aachen.de/opus3/volltexte/2011/3573/
http://dx.doi.org/10.1103/PhysRevLett.64.615
http://dx.doi.org/10.1103/PhysRevLett.64.615
http://dx.doi.org/10.1103/PhysRevLett.86.3467

