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P. Mészáros37,38, T. Meures12, S. Miarecki8,7, E. Middell41, N. Milke19, J. Miller13, L. Mohrmann41,
T. Montaruli21,c, R. Morse27, R. Nahnhauer41, U. Naumann40, H. Niederhausen35, S. C. Nowicki20,
D. R. Nygren8, A. Obertacke40, S. Odrowski20, A. Olivas16, M. Olivo10, A. O’Murchadha12, L. Paul1,
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Abstract: The cubic-kilometer sized IceCube neutrino observatory, constructed in the glacial ice at the South
Pole, offers new opportunities for neutrino physics with its in-fill array “DeepCore”. In particular, the use of the
outer layers of the IceCube detector as a veto allows low-energy neutrino searches to be performed in the southern
sky. This makes the Galactic Center, an important target in searches for self-annihilating dark matter, reachable
for IceCube. In this contribution we present the results of the first Galactic Center analysis using more than 10
months of data taken with the 79-string configuration of IceCube-DeepCore, with a special focus on low WIMP
masses reaching a sensitivity as low as 30 GeV. We also present the status of an analysis extending the sensitivity
to WIMP masses up to the TeV scale.
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1 Introduction
Numerous observations imply the existence of non-baryonic
cold dark matter through its gravitational interaction [1].
However, the exact nature of dark matter is still unknown.
Many theories beyond the Standard Model predict stable or
extremely long-lived particles that are well-motivated dark
matter candidates. Weakly Interacting Massive Particles
(WIMPs) are one of the most promising and experimentally
accessible classes of dark matter. In super-symmetric ex-
tensions to the Standard Model, WIMPs may appear in the
form of neutralinos [2]. Predicted WIMP masses range from
a few GeV to a few tens of TeV. WIMP self-annihilation to
Standard Model particles may produce a flux of final-state
particles that include positrons, gammas, or neutrinos.

Regions of increased dark matter density are interesting
from an observational point of view since the ensuing higher
self-annihilation rate could result in a significant flux of
detectable particles. Galaxies are believed to be embedded
in halos of dark matter with a variety of models attempting
to describe the density distribution, based on e.g. N-body
simulations or observations of the motion of stars within
galaxies or individual galaxies within clusters of galaxies.
These models, usually assume a spherically symmetric halo
where the density decreases with the distance, r, from the
Galactic Center.

Observations of low surface brightness galaxies suggest
a flat distribution in the central region [3], while fits to
N-body simulations tend to show a divergent, or cusped
behavior towards the center [4]. However, at large distances
from the Galactic Center(' 8.5 kpc), the different models
converge. A broad family of dark matter density profiles
may be parametrized by [5]

rDM(r) =
r0

⇣
r
rs

⌘g
·
⇣

1+
⇣

r
rs

⌘a⌘(b�g)/a , (1)

where rs is the scale radius, a,b , and g are profile parame-
ters, and r0 is the normalization. For the analyses presented
here, the Navarro-Frenk-White (NFW) model [6] is used
as a benchmark. It is obtained from equation 1 with the pa-
rameters a = 1,b = 3,g = 1,rs = 20 kpc, and r0 chosen so
that the local dark matter density r(RSC) = 0.3 GeVcm�3,
where RSC = 8.5 kpc is the radius of the solar orbit.

Searching for dark matter self-annihilation in the Milky
Way probes the thermal average of the annihilation rate,
which is proportional to the product of the annihilation
cross section and the relative velocity of WIMPs, hsAvi.
This is complementary to indirect Solar and Earth WIMP
searches, and to direct searches, which probe the WIMP-
nucleon cross-section.

The expected flux of the annihilation products depends
on the integrated dark matter density squared along the line
of sight, given by [7]

Ja(Y) =

lmaxZ

0

dl
r2

DM(
p

R2
SC �2lRSC cosY+ l2)

RSCr2
SC

. (2)

Here Y is the half-cone opening angle with respect to
the Galactic Center, and rSC = r(RSC) and RSC are scaling
constants which make Ja(Y) a dimensionless quantity.
Figure 1 shows examples of Ja(Y) for different halo models.

The expected neutrino flux at Earth is given by

dfn

dE
=

hsAvi
2

Ja(Y)
RSCr2

SC

4pm2
c

dNn

dE
, (3)
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Figure 1: Top: Line-of-sight integral Ja(Y) for three differ-
ent models. The NFW [6] (solid) is the benchmark model for
the analyses presented in this paper, Kravtsov [9] (dashed)
and Moore [8] (dotted) represent more extremes cases of
a flat-cored and a peaked profile. Bottom: Dark matter an-
nihilation spectra generated with PYTHIA8 [10] for three
channels, bb̄ (solid), W+W� (dashed) and µ+µ� (dotted)
and a WIMP mass of mc = 500 GeV.

where dNn/dE is the energy dependent WIMP annihilation
spectrum, and rSC/mc , and RSC normalize Ja(Y) to the
number density. The resulting neutrino spectra from WIMP
annihilations for various signal models are simulated using
PYTHIA8 [10]. Figure 1 compares three such neutrino
spectra. In the case of neutrinos as final-state particles, the
flux from dark matter annihilations can be probed by large
neutrino telescopes such as IceCube.

IceCube is a cubic-kilometer-scale neutrino detector de-
ployed in the ice at the geographic South Pole [11] between
depths of 1450 m and 2450 m. In this work we use 320
live days of data taken from 2010 to 2011, during a period
when the detector was operated in its 79-string configura-
tion, including 6 densely instrumented strings optimized for
low energies in the center of the array. Together with the
7 adjacent standard IceCube strings, these form the Deep-
Core subarray [12]. Neutrino detection in IceCube relies
on the measurement of Cherenkov radiation produced by
secondary charged leptons in neutrino interactions in the
surrounding ice or the nearby bedrock.

2 Event Selection
Neutrinos from the direction of the Galactic Center, located
in the southern hemisphere, would be down-going events
within IceCube. Searches for such neutrinos must overcome
a background of down-going atmospheric muons penetrat-
ing the detector. This background is reduced by selecting
events with a reconstructed interaction vertex inside a fidu-
cial volume of the detector, where the outer parts of Ice-
Cube are used as a veto.

In order to be sensitive to a wide range of possible
WIMP masses, two independent analyses are performed.
The DC event selection (section 2.1) is optimized to search

Figure 2: Signal and background skymap PDFs in equa-
torial coordinates for the DeepCore analysis. The search
region around the Galactic Center at -29� dec. and 266� r.a.
is indicated by a black dashed box. The black and white
shading indicates the probability density. Top: Signal PDF
for a 130 GeV WIMP annihilating into µ+µ�, assuming
the NFW halo model. Bottom: Background PDF obtained
from scrambled data.

for low WIMP mass signals (30 GeV to 500 GeV) with
DeepCore. The second search uses larger parts of IceCube
as a fiducial volume to improve the sensitivity to WIMP
mass signals above 500 GeV, denoted by the IC event
selection (section 2.2). In order to avoid confirmation bias,
the right ascension in data has been scrambled during the
development of the analyses.

2.1 DC event selection
To optimize for low WIMP mass signals the bottom part
of the DeepCore subarray (see also [13]) is defined as the
fiducial volume. This definition includes a two-DOM thick
bottom veto layer, resulting in a total fiducial volume of
approximately 280 m height and 260 m width.

The event selection exclusively uses data from the Deep-
Core filter event stream [12]. Based on distributions of event
multiplicities and observables from signal simulations and
experimental data, cuts are placed to reduce the content of
atmospheric muon events. This is repeated for five succes-
sive linear and one multivariate cut level. The linear cuts
reduce the data rate from about 200 Hz to approximately
10 mHz. These cuts rely on the expertise from the IceCube-
79 Solar WIMP analysis [14], which used DeepCore for
the first time in low mass WIMP searches. In addition, they
incorporate newly developed muon veto methods [13].

The last cut level is implemented using a boosted deci-
sion tree (BDT). We use the TMVA software package [15]
to classify events as signal or background. Two separable
classes of neutrino-induced low energy signal events were
identified at the linear cut levels. The first class consists of
well contained starting events within the fiducial volume,

6
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while the second is dominated by partially contained events:
those that start within the fiducial volume and exit it. We
therefore trained two BDTs, one for the well contained (DC-
contained) and a second for partially contained (DC-partial)
signal events.

The cuts on the BDT scores have been optimized for each
category using the maximum likelihood method described
in [14]. For the optimization of the DC-contained and
DC-partial event selections the bb and W+W� WIMP
annihilation spectra have been considered, respectively.
The probability density functions (PDFs) for signal and
background are constructed using healpix [16].

A box of size �10� and +20� in declination and ±30� in
right ascension around the Galactic Center position has been
used as the search region. The search region is asymmetric
in declination to account for the increased background rate
towards lower declination angles. The final event selection
(BDT cut applied) has a data rate of approximately 1 mHz.
Figure 2 shows the expected signal and background PDFs
at final cut level. The background PDF is found by filling
a healpix map with reconstructed declination of recorded
events and scrambled right ascensions. The scrambled right
ascension is found by sampling fake event times from the
data-taking period. The time scramble is repeated to achieve
a smooth background distribution.

Sensitivities on hsAvi are derived for each signal model
for both event selections, DC-contained and DC-partial.
The event selection that results in a better sensitivity for a
particular signal model is used in the final analysis.

2.2 IC event selection
The search for WIMPs with masses above a few hundred
GeV benefits from the large volume of IceCube in addition
to DeepCore. This increase in fiducial volume comes at a
cost of a smaller veto region in addition to a higher data
rate.

For the IC event selection, a dedicated data pre-selection
filter has been developed, which reduces the event rate from
more than 2 kHz at trigger-level to about 52 Hz. Further,
this search relies on a combination of three dedicated veto
techniques against incoming atmospheric muon tracks.

The veto volume contains a top layer of the upper-most
200 m (equal to 12 DOM layers). In addition, a side veto
is defined, that follows the hexagonal IceCube geometry
and consists of two string layers. This definition of fiducial-
and veto-volumes is maintained for the following veto
mechanisms.

First, we demand no reconstructed interaction vertices
within the top or side veto. The vertex reconstruction is
based on the projection of the first hit optical modules on
the reconstructed track, taking into consideration the angle
of Cherenkov light emission.

The second veto does not rely on a track reconstruction,
but on the causality of hit DOMs. For each event the
distance in space and time is calculated for all hits in the
veto region with respect to the earliest hit inside the fiducial
volume, hereby omitting any coincidence cleaning for the
veto hits. Faint incoming tracks produce hits in veto DOMs
that are causally connected to the earliest fiducial hit. In
contrast, starting tracks (signal) produce no hits within the
veto region. PDFs are constructed from the number of hits,
the distance in space, and distance in time, which are used
for a likelihood-ratio test.

For the third veto the reconstructed arrival direction
is used to calculate the point of entry of the track into

Figure 3: Neutrino effective area at analysis level for the
IC event selection (dotted), the DC-contained (solid), and
the DC-partial event selection (dashed).

the detector volume. The distance in the xy-plane and the
signed distance along the z-axis to the earliest hit DOM
is calculated. Penetrating muon background produces a
distinct feature in this plane, while starting signal-like tracks
do not. A box cut around this feature is applied, removing
a further 50% of the background while keeping more than
99% of fiducial signal events. All three veto cuts reduce the
data rate from 52 Hz to 0.45 Hz.

The final IC event selection is also based on a BDT.
It is trained on the remaining background of atmospheric
showers and a starting signal event sample of 600 GeV
WIMPs annihilating to W+W�. The input variables used
in the BDT describe the likelihood of the event to be start-
ing within the fiducial volume, the event quality, the event
brightness, and the zenith distance to the Galactic Center.
The cut on the BDT score is optimized with respect to
Signal/

p
Background. This final acceptance criterion re-

duces the background by more than one order of magnitude,
retaining more than 50% of the signal.

The final event sample has a data rate of about 10 mHz
in the declination band ±15� around the Galactic Center.
The on-source region for a cut & count analysis is defined
as ±15� in right ascension with respect to the Galactic
Center. The sensitivity to the number of signal events in the
on-source region is calculated from expected background,
which is found by extrapolation from the number of off-
source background events in the burn sample.

3 Sensitivities
Figure 3 shows the effective area for the DC-contained
and DC-partial event selections, as well as for the IC event
selection described above. Even though the effective area
for the DC event selections is smaller when compared to
the IC event selection, the sensitivity to the number of
signal events is higher, and the adopted on-source region
is larger in the DC event selections. This is reflected in the
90% confidence level sensitivities on hsAvi, which were
computed using the Feldman-Cousins approach [17].

Sensitivities for the low and high WIMP mass regimes
resulting from the two independent analyses, are shown

7
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Figure 4: Sensitivities of the DeepCore low energy opti-
mized (solid) and IceCube high energy optimized (dashed)
independent analyses for different WIMP annihilation chan-
nels and WIMP masses.

in figure 4. Figure 5 shows the obtained sensitivities for
annihilation to t+t� in comparison to previous IceCube
analyses: the IceCube-59 dwarf spheroid galaxy stacking
and Virgo galaxy cluster search [18], the IceCube-40 Galac-
tic Center analysis [19], and the IceCube-22 galactic halo
analysis [20]. In addition, the preferred regions of the dark
matter interpretation of the Pamela-excess (gray shaded re-
gion) with constraints from Fermi data (green shaded re-
gions) [21] and the limits from Fermi [22] (green curve) are
shown. The light-grey shaded band represents the natural
scale at which WIMPs may appear as thermal relics.

For Galactic Center analyses, the largest model depen-
dence comes from the chosen dark matter density profile.
As described in section 1, the widely used NFW model has
been chosen as a benchmark for the analyses presented here.
Other models can be formulated based on the dark mat-
ter density profile kernel given by equation 1: the Moore
and the Kravtsov model, which exhibits a cusped behavior
in the central region, or has a flatter core region, respec-
tively. The top panel of figure 1 shows the line-of-sight in-
tegral for each of the three models. The magnitude of the
model-dependent variation of the presented sensitivities cor-
responds to the variation of the solid-angle-averaged value
of the line-of-sight integral. It can be as large as one order
of magnitude, compared to the NFW benchmark model.

4 Conclusions
Two approaches to search for annihilating dark matter
in the Galactic Center have been presented, focusing on
different WIMP mass regions. Both approaches use the
nearly complete 79-string configuration of IceCube and 320
live days of data taken from 2010 to 2011. The sensitivity
has been improved by up to 5 orders of magnitude for the
bb̄ channel of a 100 GeV WIMP mass when comparing
with the previous Galactic Center analysis of IceCube-
40 data [19]. Further, for the first time a Galactic Center
analysis from IceCube has been extended to 30 GeV WIMP
mass. The search for low-mass WIMPs benefits from the
veto capabilities of large parts of the IceCube detector, while
the intermediate mass range, between a few 100 GeV and a
few TeV, is assisted by a larger fiducial volume definition,
compared to DeepCore alone. At even higher WIMP masses,

Figure 5: Sensitivity of this work (thick solid and dashed
blue line) to the WIMP velocity-averaged self-annihilation
cross-section into t+t�, compared to other analyses (see
text).

and thus higher neutrino energies, the constraint of a starting
event selection as necessary veto against atmospheric muons
reduces the effective area (see also dotted compared to
solid and dashed lines in figure 3), which yields a weaker
sensitivity.
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Abstract: Stable magnetic monopoles as relics of the Big Bang are a generic prediction of Grand Unified Theories
(GUTs). Despite their large mass, galactic or cosmic magnetic fields may accelerate these particles to relativistic
velocities. Monopoles are predicted to emit several thousand times more Cherenkov light than electrically charged
particles. However, the expected flux is extremely small. Hence, large scale detectors like IceCube are required
to search for relativistic monopoles. Currently, there are two IceCube analyses concerning relativistic magnetic
monopoles. The first analysis covers highly relativistic velocities above the Cherenkov threshold and is based
on data taken with the half completed IceCube detector in 2008. The crucial challenge is to separate a possible
signal from the background of atmospheric muons which are at least six orders of magnitude more abundant. This
goal is achieved by utilizing observables such as the brightness, reconstructed direction and event topology. The
resulting limits are currently the best for monopole velocities between 0.76c and 0.995c. The second analysis
covers mildly relativistic velocities below the Cherenkov threshold with data from 2011. While traveling through
ice, the monopoles knock electrons off their atoms which produce Cherenkov light. Former analyses used the Mott
cross section for the reaction between monopoles and electrons. This analysis also uses the quantum-mechanically
more valid cross section by Kazama, Yang and Goldhaber and discusses the difference. The sensitivities for the
monopole velocities from 0.6 to 0.75c are better than recent limits from other detectors.
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1 Magnetic monopoles
No evidence for single magnetic poles has ever been found,
although already in ancient times people tried to separate
the two poles of magnetic rocks. A subtle hint on single
magnetic poles is the symmetric shape of the Maxwell
equations if magnetic sources were added.

The first consistent theory of magnetic monopoles was
formulated by Dirac in 1933 [1]. The existence of a mag-
netic charge g is directly related to the quantization of the
electric charge e

g = N
e

2a
where N is an integer and a is the fine structure constant.

Later, t’Hooft and Polyakov independently found mag-
netic monopoles as generic solutions of Grand Unified The-
ories [2]. In this context the mass of monopoles is calcula-
ble for various GUT models [3]

108GeV < M < 1017GeV

These high masses lead to the assumption that magnetic
monopoles must have been created right after the big bang
by the Kibble mechanism [4]. According to this, magnetic
monopoles are 1-dimensional, stable, topological defects.

An upper limit for the number of relic monopoles was
calculated by Parker which is based on the requirement
that the galactic magnetic field is not dissipated faster by
acceleration of monopoles than it is regenerated by the
dynamo action of the galactic disc [5]

FParker ⇡ 10�15cm�2sr�1s�1

However, various experiments have already reported lower
limits (see Fig. 4).

2 Detection using Cherenkov light
Similar to electrically charged particles in electric fields,
magnetic monopoles can be accelerated by magnetic fields
up to relativistic velocities, even with their high masses [6].

The phase velocity of light in a medium with refractive
index n is cP = c/n. A monopole traveling with a velocity
v > cP directly induces the emission of Cherenkov light. In
ice the threshold velocity is v ⇡ 0.76c.

The number of photons dN per path length dx and
wavelength interval dl can be calculated with a formula
derived by Tompkins [7]

d2N
dxdl

=
2pa
l 2

⇣gn
e

⌘2
✓

1� 1
b 2n2

◆

where b = v/c as shown in Fig. 1.
Monopoles with slightly lower velocities still have very

large kinetic energy, so they knock off d -electrons from
the surrounding atoms. These electrons may be energetic
enough to generate Cherenkov light.

For the cross section of monopoles and electrons, previ-
ous analyses in this velocity range [8] chose the Rutherford
cross section [9] with the Mott form factor [10]. This cross
section is calculated replacing the potential energy operator
of a heavy, electrically charge by the average potential of
a magnetic monopole acting on a stationary electron. This
leads to the differential cross section
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Figure 1: Number of photons per cm produced by a muon
(solid line), a monopole by direct Cherenkov light (dashed)
and monopoles by d -electrons with Mott (dotted) and KYG
cross section (dash-dotted).

✓
ds
dW

◆magn.

Mott
=

✓
gb ·Ze

4T0

◆2 1
sin4 q

2

FMott(b ,q)

FMott(b ,q) =

✓
1�b 2 sin2 q

2

◆

where q is the center-of-momentum scattering angle, T0 is
the initial energy of the projectile and Ze =�e is the charge
of the electron. This differs from the Mott cross section for
electric charges by replacing the charge of the target Z0e
with bg.

The study presented here uses the more accurate cross
section introduced by Kazama, Yang and Goldhaber (KYG
cross section) [11]. This cross section differs from the Mott
cross section by also taking into account the spin of the
target and the vector potential ~A.

Due to the interaction of the magnetic moment of the
electron and the monopole, the spin may flip. In contrast
to the Mott cross section scattering around 180 degree
is favored. The helicity-flip and -nonflip amplitudes are
calculated for this cross section.

By definition ~A has a singularity for monopoles. The
problem was solved by using line bundles to define over-
lapping and singularity-free regions around the monopole
[12]. Using that the authors of the KYG paper calculate a
different form factor for the Rutherford cross section

FKY G(b ,Tq) =

✓
gb
Ze

◆2
"

|Tq(q)|2
(Zeg)2 sin4 q

2
+2

✓
sin

q
2

◆4|Zeg|+2
#

where Tq(q) is a very difficult equation depending on the
scattering angle.

The difference between the cross sections is shown in
Fig. 2. The resulting number of photons for the Mott and
KYG cross sections are shown in Fig. 1. For comparison
both cross sections are considered in this analysis.

The simulation of magnetic monopole signals and back-
ground in IceCube is described in [13].

3 IceCube
IceCube is a cubic-kilometer neutrino detector installed
in the ice at the geographic South Pole between depths of

Figure 2: Ratio of differential cross sections to Rutherford
cross section for monopoles (this is independent of b ).

1450 m and 2450 m [14]. Detector construction started in
2005 and finished in 2010. It now comprises 86 strings with
60 Digital Optical Modules (DOMs) each.

In the presented analyses data from 2008 and 2011 – the
40 and 86 string configurations (IC40 and IC86) – are used.

Each DOM consists of a Photomultiplier Tube (PMT)
and electronics to digitize photon signals. When the PMT
signal exceeds a threshold set to 0.25 photoelectrons on
a DOM, it is called a hit. If also its two neighbor DOMs
up and down the string are hit, it is called a hard local
coincidence (HLC) hit.

The DeepCore subarray includes 8 densely instrumented
strings optimized for low energies plus 12 adjacent standard
strings. DeepCore is capable to detect much fainter signals
than IceCube.

4 IC40 analysis above the Cherenkov
threshold

A search for relativistic magnetic monopoles was performed
on the 2008 data run with the detector operating with 40
strings representing a volume of ⇠ 0.5 km3. The general
procedure used is that of a blind analysis. Hence the opti-
mization of the data selection is based on simulated data,
and only ⇠ 10% of the experimental data, referred to as the
Burn Sample, which is used for verification purposes.

Signal datasets were generated for four different speeds,
b = 0.995, b = 0.9, b = 0.8, and b = 0.76, taking only
direct Cherenkov light into account. The flux is assumed
to be isotropic at the detector with a normalization of 5 ·
10�17 cm�2 s�1 str�1, roughly representing the lowest
limits set by BAIKAL [15] and AMANDA [16]. The
principal background consists of down-going high energy
atmospheric muon bundles induced by cosmic rays. These
are simulated in the energy range from 104 GeV to 1011

GeV, using a 2-component model with only proton and iron
primaries [17].

The event selection is focused on the brightness of the
monopoles and the reconstructed zenith direction. The
brightness is measured as the ratio of the total number of
photo-electrons (NPE), estimated by unfolding the recorded
waveforms, and the number of hit DOMs (nCh). Since the
number of DOMs within a radius r around a particle track
is proportional to r2 and the photon density approximately
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Figure 3: Final cut for signal (top; b = 0.995,0.9,0.8) and
simulated background (bottom; atmospheric µ and nµ ).

scales as exp(�r/l ), where l is the effective absorption
length, bright monopoles may trigger more DOMs than
an atmospheric muon bundle. However, this increase is
not enough to counter the increase in the total amount of
detected light. Thus, on average NPE/nCh is expected to be
larger for a monopole signal than for background.

Before the final cut the data is split into a high and low
NPE/nCh branch at a threshold of 31.6. This split allows to
separately handle the poorly understood background near
the horizon, which is contained in the low NPE/nCh branch
together with the slowest considered monopoles (b = 0.76).
The final cut for this branch therefore accepts only events
that are clearly up-going (cosqz < �0.2), thus avoiding
the problematic horizontal region. For the high NPE/nCh
branch the final cut is in the plane of reconstructed zenith
direction and NPE/nCh. In the up-going region, that is
largely background free, NPE/nCh is only restricted by
the split condition and no further cut is applied. For down-
going directions, where muon bundles produced by high-
energy cosmic rays dominate, a cut increasing linearly in
strength as cosqz approaches the vertical is used (see Fig.
3). The cut is optimized on background and signal Monte
Carlo by considering the combination that minimizes the
model rejection factor (MRF) [18] for an isotropic and
monoenergetic monopole flux.

After unblinding, one event remains in the low NPE/nCh
branch, which is consistent with the expected background
of about two events for the considered time period. In the
high NPE/nCh branch two event are observed whereas the
expected background is only about 0.3 events. However,
visual inspection of these two events revealed characteristics
(mainly the time evolution), which are, in contradiction with
simulations, more likely explained with an atmospheric
muon than a magnetic monopole. In the absence of a better
model for the atmospheric background, the two events
are therefore treated as signal candidates. The resulting
(preliminary) flux limits at the detector are given in Tab.
1 and are also shown in Fig. 4. The limits also include
systematic uncertainties on parameters like the sensitivity of
the DOMs or the energy spectrum sampled in simulations by

Figure 4: Limit and sensitivity of the introduced analyses
in addition to previous analyses [8, 19, 20].

averaging the MRF with an appropriate probability density
function.

Ae f f nexp F90
b km2 a�1 cm�2 s�1 sr�1

0.995 0.51 101.9 2.97 ·10�18

0.9 0.49 96.5 3.14 ·10�18

0.8 0.38 76.1 4.00 ·10�18

0.76 0.09 18.0 1.73 ·10�17

Table 1: Effective area, expected signal and upper limit
(90% C.L.) [21] at the IC 40 detector for a full year of data.

5 IC86 study below the Cherenkov
threshold

The first IceCube study covering the velocity range below
0.76c used 10% of the experimental data of the season
2011/12 (the IC86 Burn Sample ) for the background study.

The monopole signal is simulated with an isotropic flux
of 10�16cm�2s�1sr�1 for the velocities 0.75c, 0.7c, 0.65c
and 0.6c. For these velocities the produced light exceeds
the light produced by a muon with v = c (compare Fig. 1).
For each velocity both introduced cross sections were used
for comparison reasons.

Many experimental events comprise more than one vis-
ible track when muons from different air showers pass
through the detector at almost the same time. These coinci-
dent events get split by a global causality based algorithm
into clusters of correlated hits.

For the track reconstruction a simple least-square fit
is used which is optimized by neglecting late hits and
weighting hits far-off the track less. Based on this track
reconstruction the most important cuts are a zenith and a
velocity cut:

Since the brightness of the simulated monopole events is
similar to that of a muon, down-going monopoles would be
very hard to separate from air shower muons. The number of
these muons decreases much at zenith angles of 86 degree.
So a cut on this value is chosen to reject this background.

The velocity cut rejects muons which travel with v = c
and mis-reconstructed coincident background signals with
very low reconstructed velocity (see Fig. 5). The cut is
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Figure 5: Cut on velocity and brightness (black/white line).

softened for fainter events by using a 2-dimensional cut
with NPE/nCh as a variable for event brightness.

After these cuts, the remaining background events from
the Burn Sample are coincident events. To reject those
events a series of geometric variables are used. For example,
the size of the maximum gap between hits which are
orthogonally projected on the track and the fraction of
DOMs with hits or no-hits in a radius of 50 respectively
100 meters around the track.

Every single cut is optimized so that at least 90% of the
simulated signal are kept (not taking the signal, simulated
with Mott cross section and v = 0.6c into account).

The difference between the Mott and KYG cross section
is observed for every cut variable (for example compare
the maxima in Fig. 5). Cuts optimized for simulations with
only one cross section remove events which are simulated
with the other cross section. Therefore it is not possible to
choose the Mott cross section as a conservative estimate for
the light production.

After the cuts all Burn Sample events are rejected. This
leads to the sensitivity given in Tab. 2 and Fig. 4.

The sensitivity using the Mott cross section is better than
the ANTARES limits which are produced with the same
cross section. The sensitivity using the KYG cross section
is more than one order of magnitude below the previous
best limits and extends to even lower velocities.

Mott KYG
nexp F̄90 nexp F̄90

b a�1 cm�2s�1sr�1 a�1 cm�2s�1sr�1

0.75 110 2.2 ·10�18 107 2.3 ·10�18

0.70 95 2.5 ·10�18 113 2.1 ·10�18

0.65 19 1.3 ·10�17 113 2.2 ·10�18

0.60 0.0004 5.4 ·10�13 100 2.4 ·10�18

Table 2: Expected signal and average upper limit (90%
C.L.) [18, 21] at the IC86 detector for a full year of data.
No Burn Sample event is left.

6 Conclusion and Outlook
The IC40 analysis with velocities above the Cherenkov
threshold produced the currently best limits in the range of
0.995 to 0.76c.

The IC86 study showed that IceCube is also sensitive to
faint monopoles with velocities down to 0.6c. Looking at
Fig. 1 it seems plausible that the same analysis works for
lower velocities around 0.55c.

Since magnetic monopoles below the Cherenkov thresh-
old give very faint light signals there is also a good chance
to reach even lower velocities using the DeepCore detector
or the proposed PINGU infill.

References
[1] P. A. M. Dirac, Proc. Roy. Soc. A133 (1931) 60-72.
[2] G. ’t Hooft, Nucl. Phys. B79 (1974) 276-284; A. M.

Polyakov, JETP Lett. 20 (1974) 194-195.
[3] T. W. Kephart and Q. Shafi, Phys. Lett. B520 (2001)

313-316.
[4] T. W. B. Kibble, J. Phys. A9 (1976) 1387-1389.
[5] E. Parker, Astrophys. J. 163 (1971) 255-278.
[6] S. D. Wick et al., Astropart. Phys. 18 (2003) 663-687.
[7] D. R. Tompkins, Phys. Rev. 138 (1964) B248-B250.
[8] S. Escoffier and N. Picot-Clémente, Astropart. Phys.
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Abstract: Self-annihilating or decaying dark matter in the Galactic Halo may contribute to the observed flux of
cosmic particles, e.g. gammas, positrons or neutrinos. High-energy neutrinos can be detected with the IceCube
Neutrino Observatory, a cubic-kilometer-sized Cherenkov detector at the geographical South Pole. The additional
flux from dark matter annihilation depends on the density of dark matter in the direction of sight and is expected to
be larger in the direction of the galactic center and smaller in the direction of the anti-center. Given the large field
of view of IceCube, such a large-scale anisotropy would leave a characteristic imprint on multipole expansion
coefficients of the observed set of arrival directions in a high-purity muon neutrino event sample that can be
obtained by selecting up-going muon events. This imprint can be interpreted in terms of the thermally averaged
self-annihilation cross-section of dark-matter particles. We discuss the analysis of IceCube data in the 79-string
configuration, using neutrinos from the Northern hemisphere. This analysis improves in sensitivity with respect to
previous IceCube analyses. Resulting exclusion limits on the velocity averaged annihilation cross-section are
presented.
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1 III. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany

Keywords: Dark Matter, Galactic Halo, IceCube

1 Introduction
A variety of astronomical observations imply the existence
of non-baryonic cold dark matter in the Universe. The ve-
locity distribution of galaxy clusters suggests a mass con-
tent significantly higher than what should be expected from
observations of the luminous mass [1]. Also the rotation
profiles of galaxies show discrepancies to the expectation
that hint at the existence of a dark matter halo reaching out
far beyond the baryonic disc and bulge [1]. Based on, e.g.,
the anisotropy in the cosmic microwave background ob-
served by the Wilkinson Microwave Anisotropy Probe [2]
or Planck [3], a determination of cosmological parameters
is possible, which yields the concordance model of cosmol-
ogy with a dark matter content of about 22%. Large-scale
structure formation and N-body simulations favor cold dark
matter that consists of massive and non-relativistic parti-
cles. Weakly Interacting Massive Particles (WIMPs) are
the generic candidates for cold dark matter in a mass range
from a few GeV up to several 100TeV [4, 5]. A promising
WIMP candidate is the lightest stable particle in minimal
super-symmetric extension to Standard Model.

If WIMPs are Majorana particles, they can self-annihilate
and produce Standard Model particles in the final state. Ob-
servable stable messenger particles (e.g. photons, neutri-
nos, charged cosmic rays), could be produced as annihila-
tion products, or in their decays. Since dark matter particles
may be bound in the Galactic Halo, we expect this excess
flux of neutral particles from self-annihilations to display
a large-scale anisotropy that should map the dark matter
density distribution in the galaxy. Due to the shape of the
halo, this flux should be stronger towards the central part of
our galaxy.

2 Neutrino flux from dark matter
annihilation in the Galactic Halo

Predicted dark matter density profiles are based on obser-
vations of dark-matter-dominated galaxies and simulations
of N-body systems [6]. An often used parametrization of a
spherically symmetric dark-matter density profile is

rDM(r) =
r0

⇣
r
rs

⌘g
·
h
1+

⇣
r
rs

⌘ai(b�g)/a , (1)

where r is the distance from the Galactic Center (GC) in
kpc and rs is a scaling radius [7]. Commonly, the Navarro-
Frenk-White (NFW) profile with the parameters rs = 20kpc
and (a,b ,g) = (1,3,1) [8] is used. r0 is chosen such that
the local dark-matter density at the radius of the solar circle
RSC is 0.3GeV/cm3. Other common models are e.g. the
Moore profile [9] or the Burkert profile [10].

The flux from self-annihilating dark matter depends on
the density squared along the line of sight

Ja(y) =

lmaxZ

0

dl
r2

DM

⇣q
R2

SC �2lRSC cosy + l2
⌘

RSCr2
SC

, (2)

where y is the opening angle between the line of sight and
the GC [11]. RSC and r2

SC are constants for scaling and lmax
is approximately the radius of the Milky Way. The line-of-
sight integral for the Northern hemisphere is shown in Fig.
1. The flux is large in the direction of the galactic center
and small in the direction of the anti-center. Because the
galactic center is located on the Southern hemisphere at
right ascension (RA) 266.3� and declination (Dec) �29.0�,
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the corresponding peak is not shown, but a large-scale
anisotropy is clearly visible.

The differential neutrino flux is given by [11]

dfn

dE
=

hsAvi
2

Ja(y)
RSCr2

SC
4pm2

c

dN

dE
. (3)

The factor 1/4p comes from isotropic emission of the
final-state products and mc is the mass of the WIMP. dN

dE
is the energy spectrum of final-state neutrinos, which is
obtained by DarkSUSY [12] for benchmark WIMP masses
and annihilation channels. hsAvi/2 is the velocity-averaged
self-annihilation cross-section per particle.

3 The IceCube Neutrino Observatory
IceCube is a Cherenkov neutrino detector located at the
geographic South Pole [13]. Neutrinos interact with the
clear Antarctic ice and produce secondary leptons and
hadrons. These relativistic secondary particles produce
Cherenkov light which is detected with Digital Optical
Modules (DOMs). IceCube consists of 86 strings each
instrumented with 60 DOMs, which are located at depths
from 1.45km to 2.45km below the surface. The strings are
arranged in a hexagonal pattern with an inter-string spacing
of 125m and a DOM-to-DOM distance of 17m. A more
densely instrumented sub-array called DeepCore, consisting
of eight densely-instrumented strings, has been embedded
to lowers the energy threshold from about 100GeV to about
10GeV [14]. The total instrumented volume is about one
km3. The detector construction was completed in December
2010.

4 Data Sample
This analysis uses data measured from June 2010 to May
2011, when IceCube was operating in its partial 79-string
configuration. Within the live-time Tlive of 316 days, 57281
up-going muon neutrinos from the Northern hemisphere
were detected. We use muon events with reconstructed de-
clinations of 0� to 90� to reduce the atmospheric muon
contamination of the sample. By means of a mixture of
straight cuts and a selection by a Boosted Decision Tree
(BDT) [15] the atmospheric muon contamination was re-
duced to < 3% [16, 17]. The resulting sample consists
mostly of atmospheric neutrinos, which are background for
the search of neutrinos from self-annihilating dark matter in
the galactic halo. Unlike signal, the integrated atmospheric
neutrino flux is nearly constant as function of RA [18].

5 Analysis Method
To search for the anisotropy caused by an additional flux
from WIMP annihilations in the Galactic Halo, we perform
a multipole expansion of the neutrino arrival directions in
equatorial coordinates. This is based on spherical harmonics

Y m
` (q ,f) =

s
(2`+1)(`�m)!

4p (`+m)!
Pm
` (cos(q))exp(imf)

(4)
where q is the declination and f is the right ascension. Pm

`
are the associated Legendre polynomials and build up the
canonical solution of the Legendre equation with �` 

Figure 1: The dimensionless line-of-sight integral for the
NFW model is shown for the northern hemisphere in equa-
torial coordinates. The anisotropy in the line-of-sight inte-
gral causes the anisotropy in the flux from self-annihilation
of dark matter in the galactic halo. The position of the galac-
tic center is indicated by the cross.

m  `, where `, m are separation constants [19]. Because
spherical harmonics build a complete set of orthonormal
functions on the full sphere W, all integrable functions
f (q ,f) in the range �p

2  q  p
2 and 0  f  2p can be

expanded in terms of spherical harmonics with the complex
expansion coefficients

am
` =

Z

W
dW f (q ,f)Y m⇤

` (q ,f). (5)

The expansion coefficients are calculated up to a maximal `
of `max = 100 using the software package HEALPix1 [20].
The skymap is described by

f (q ,f) =
Nn

Â
i=1

d (cos(q)� cos(qi)) ·d (f �fi), (6)

where (qi,fi) is the measured arrival direction of each neu-
trino, Nn is the total number of neutrinos on the skymap and
d (x) is the Dirac delta distribution. To generate skymaps
of arrival directions, atmospheric neutrinos and missrecon-
structed muons are simulated as background, where decli-
nations are taken from experimental data and right ascen-
sions are uniformly randomized. Neutrinos from WIMP
annihilation in the Galactic Halo are generated taking into
account the line-of-sight integral, the angular resolution and
the detector acceptance. The number of events from WIMP
annihilation is varied in simulation. The number of events
per skymap is fixed to the total number of measured events
in the experimental sample by adding the remaining num-
ber of events from the background simulation. In Fig. 2 and
Fig. 3 the mean absolute value, also called power, of pure
background and signal skymaps is shown. For background,
nearly all power is contained in a0

` -coefficients, but for sig-
nal there is also power in coefficients with small m. The
absolute value of the expansion coefficient is proportional
to the signal strength, which can be found by simulation.
In coefficients with large power there is also a preferred di-
rection, indicated by the phase of the expansion coefficient.
We combine phase and absolute value of the coefficient
by projecting the complex expansion coefficient am

` on the
expected phase of the coefficient am

`,halo from pure signal
skymaps. The resulting projection is given by

A m
` = kam

` kcos
�
arg(am

` )�
⌦
arg

�
am
`,halo

�↵�
, (7)

1. http://healpix.jpl.nasa.gov
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Figure 2: Shown is the logarithm of the absolute value for
all coefficients in the `-m-plane. The absolute value was
averaged over 1000 pure background skymaps.

Figure 3: Shown is the logarithm of the absolute value for
all coefficients in the `-m-plane. The absolute value was
averaged over 1000 pure signal skymaps.

where arg
�
am
`

�
gives the phase of the complex number

am
` . To separate signal from background, we define a test

statistic based on the difference of A m
` to the background

estimation from atmospheric neutrinos A m
`,atm. The test

statistic is motivated by a weighted c2-function and is given
by

D2 =
1

Âwm
`

`max

Ầ
=1

`

Â
m=1

sign(A m
` )wm

`

0
@

A m
` �

D
A m

`,atm

E

s
⇣
A m

`,atm

⌘

1
A

2

,

(8)
where hxi describes the mean and s (x) the standard devia-
tion of the coefficients calculated from 1000 skymap simu-
lations. The weights

wm
` =

������

D
A m

`,halo

E
�
D
A m

`,atm

E

s
⇣
A m

`,atm

⌘

������
, (9)

are determined from pure halo signal skymaps. As can be
seen from equation (4), spherical harmonics with m = 0 are
independent of RA and just depend on declination. In the
test statistic, the coefficients with m = 0 are excluded to
reduce systematic uncertainties, which are dominated by
uncertainties in the zenith dependent detector acceptance.

Figure 4: Test statistic D2 for pure background simulation
(solid) and simulations with small signal contributions. Nhalo
is the number of simulated neutrino arrival directions from
WIMP annihilation in the Galactic Halo.

Figure 5: D2-distribution for background expectation
(solid) and the experimental observed value D2

exp (dashed).
The error of the background distribution reflects the simula-
tion statistics.

The test statistic D2 is plotted for pure background simula-
tion and simulation with small signal contribution in Fig. 4.
For each configuration 1000 skymaps were analyzed.

6 Results
The experimental value of the test statistic is D2

exp = 0.23.
This corresponds to an overfluctuation of 0.79s . The prob-
ability to observe this value or higher from background-
only case is 22%. The background D2-distribution and the
measured D2

exp value are shown in Fig. 5.
Based on the Feldman-Cousins approach [21], the 90%

C.L. upper limit on the number of signal events has been
calculated to N90 = 1061. This number can be converted
to a limit on the velocity-averaged self-annihilation cross-
section by

hsAvi90 =
8pm2

c

RSCr2
SC

1
Tlive

1
R R

J(y)Aeff
dNn
dE dEdW

N90, (10)

where Tlive is the live-time and Aeff is the effective area of

15

15



The IceCube Collaboration – Searches for Dark Matter with IceCube
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Figure 6: Upper limits on velocity-averaged WIMP self-
annihilation cross-section from this analysis (IC79) and
limits from halo analyses of IceCube-22 [18] (both 90%
C.L.) and from the Fermi collaboration [22] (3s C.L.). The
limits from Fermi-LAT [22] are scaled by a factor of 2,
to account for the different assumption on the local DM
density of 0.43GeV/cm3. The Fermi analysis region is
±15� in Galactic latitude, excluding the central ±5�. The
baseline limit curves are calculated for the NFW profile.
The model-dependence (bands) has been estimated from
two more extreme cases of a cusped, and a flat-cored halo
model. The gray band describes the natural scale if all dark
matter consists of WIMPs.

uncertainty effect on hsAvi
zenith acceptance < 1%
sky direction exposure ±1%
cosmic ray anisotropy ±3%
efficiency ±15%

Table 1: Systematic uncertainties

the detector, which includes the detection efficiency. The
resulting limits for the benchmark annihilation channels bb̄,
W+W�, µ+µ� and nn̄ are shown in Fig. 6. For comparison
the limits of halo analyses from IceCube-22 [18] and
Fermi [22] are also shown.

7 Systematic Uncertainties
The presented limits depend on the assumed halo density
model. We used the NFW halo model as a benchmark and
compare to the profiles by Moore [9] and Burkert [10]
(bands in Fig. 6). The model dependency of +12%/�1%
on hsAvi is much smaller than for galactic center searches,
because typical differences in the halo models are smaller
for the outer halo. Also the uncertainty is reduced with
respect to the previous IceCube analyses.

Systematic uncertainties resulting from the analysis
method itself are listed in Table 1. For a 5% flatter or

steeper zenith acceptance spectrum the value of N90, and
therefore of hsAvi, increases by less than 1%. This small
dependency is a result of omitting coefficients which depend
on declination. A systematic uncertainty of the order of
3% on N90 arises from a potential anisotropy of cosmic
rays and the time-dependent exposure of the detector. A
further systematic uncertainty is the effective area of the
experiment. Our preliminary estimate based on the energy
range of this analysis is ±15%.

8 Conclusion
We present a search for self-annihilation of dark matter
with the partially instrumented IceCube detector in its
79-string configuration based on a multipole expansion
of the measured neutrino arrival directions. We search
for a large-scale anisotropy in neutrino arrival directions
from the Northern hemisphere, which corresponds to the
outer Galactic Halo. The observed test statistic value is
compatible with the null-hypothesis resulting in a limit
on the velocity averaged self-annihilation cross-section for
cc ! bb̄,W+W�,µ+µ�,nn̄ of the order of 10�18 cm3/s
to 10�22 cm3/s, assuming the NFW profile. Uncertainties
in the detector acceptance have been largely reduced by
obmitting expansion coefficients that depend on the zenith
angle. Due to these smaller systematic uncertainties, as well
as a larger detection efficiency the resulting sensitivity is
stronger with respect to previous studies [18], especially
in the low-mass region. However, due to the measured
overfluctuation in this analysis the limits are about a factor
two less constrained compared to the sensitivity.
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Abstract: Many particle physics models predict massive and stable new particles that can solve the dark matter
problem. If these particles are Weakly Interacting Massive Particles (WIMPs), they can be trapped in massive
celestial bodies such as the Earth, where they may self-annihilate. The annihilation of these WIMPs into standard
model particles can create neutrinos. To search for such neutrino fluxes, large scale neutrino telescopes, such as
the cubic kilometre IceCube Neutrino Observatory located at the South Pole, can be used. Recent calculations
indicate that the dark matter annihilation rate in the centre of the Earth, and thus the resulting neutrino flux could
be within reach of a large neutrino detector. We will present the current status of the first search for neutrinos from
WIMP annihilations in the centre of the Earth with the IceCube neutrino detector.
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1 Introduction
Some of the most promising dark matter candidates are
Weakly Interacting Massive Particles (WIMPs). In the
Minimally Supersymmetric Standard Model (MSSM), the
WIMP can take the form of the lightest neutralino. Dark
matter particles from the galactic halo become bound in
the gravitational potential of the solar system as it passes
through the galaxy. These particles may then scatter weakly
on nuclei in the Earth and lose energy, becoming trapped by
the Earth. Over time, this leads to an accumulation of dark
matter in the centre of the Earth. If the accumulated dark
matter density reaches a high enough value, it may then self
annihilate, generating a flux of neutrinos which is spectrally
dependent on the annihilation channel and neutralino mass.

Expected neutrino event rates and energies depend on
the specific model and distribution of dark matter under
consideration and the chemical composition of the Earth.
Taking these variables into consideration leads to a neutrino-
induced muon flux from the centre of the Earth varying be-
tween 10�8�105 per km2 per year for WIMPs with masses
in the GeV�TeV range [1] (Fig. 2), as will be discussed
in Section 3. AMANDA [2] and Super-K [3] already ruled
out muon fluxes above ⇠ 103 per km2 per year. Still, the
possibility of setting even more restrictive limits due to
the increased size of the IceCube neutrino observatory (de-
scribed in Section 2) with respect to previous detectors, mo-
tivates the continuation of searches for neutrinos coming
from WIMP annihilations in the centre of the Earth. The
analysis method is presented in Section 4.

2 The IceCube Neutrino Telescope
IceCube is located in the glacial ice at the geographic South
Pole. It consists of an array of digital optical modules
(DOMs), designed to collect the Cherenkov radiation pro-
duced by high energy, neutrino-induced charged leptons
traveling through the detector volume. By recording the
number of Cherenkov photons and their arrival times, the di-

rection and energy of the charged lepton, and consequently
that of the parent neutrino, may be reconstructed.

IceCube consists of 86 strings, each containing 60 DOMs,
deployed between 1450 m and 2450 m in the ice [4]. Of
these 86, 8 strings at the centre of IceCube comprise the
DeepCore subarray, consisting of more densely instru-
mented strings and DOMs with higher light collection effi-
ciency. This configuration lowers the energy threshold of
IceCube from 100 GeV to 10 GeV. In total, approximately
1 km3 is instrumented.

While the large ice overburden provides a shield against
downward going, cosmic ray induced muons with ener-
gies . 500 GeV at the surface, most analyses also use the
Earth as a filter and focus on upward going neutrinos. Addi-
tionally, low energy analyses mainly focus on DeepCore as
a fiducial volume and use the surrounding IceCube strings
as an active veto to reduce penetrating muon backgrounds.
Further background reduction is achieved by cuts based on
topological signatures that differentiate well-reconstructed
upgoing neutrino-induced muons from misreconstructed
downgoing background muons.

3 Dark Matter from the centre of the Earth
WIMPs accumulated in the centre of the Earth will produce
a unique signature in IceCube as vertically upgoing muons.
The number of detected neutrino-induced muons depends
on the neutralino annihilation rate GA. If the capture rate C
is constant in time t, GA is given by [1]

GA =
C
2

tanh2
⇣ t

t

⌘
, t = (CCA)�1/2 . (1)

So the equilibrium time t is defined by the time it
takes for the annihilation rate and the capture rate to be in
equilibrium, where CA is a constant depending on the WIMP
number density. For the Earth, this equilibrium time is of the
order of 1011 years if the spin-independent WIMP-proton
cross section is sSI

p ⇠ 10�43 cm2 [5]. Since the age of the
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solar system is t� ⇡ 4.5 Gyr, t�/t ⌧ 1, such that G µ C2,
i.e. the higher the capture rate, the higher the annihilation
rate and thus the muon flux.

The rate at which WIMPs are captured in the Earth
depends on the mass and the velocity of the WIMPs. If
the WIMP mass is nearly identical to that of one of the
nuclear species in the Earth, the capture rate will increase
considerably, as is shown in Fig. 1. It should be noted that
recent direct detection limits [7] exclude cross sections
smaller than sSI

p = 10�43 cm2 over a wide range of WIMP
masses. This implies that the normalization in Fig. 1 will
be about an order of magnitude lower, as the cross section
that is assumed in the calculation for the capture rate is
s = 10�42 cm2 [6].

Figure 1: This figure shows the rate at which dark matter
particles are captured to the interior of the Earth, for a scat-
tering cross section of s = 10�42 cm2. The peaks corre-
spond to resonant capture on the most abundant elements
considered in the Earth model, 16O, 24Mg, 28Si and 56Fe.
A dark matter halo density of rX = 0.3 GeV cm�3 is as-
sumed [6].

The capture rate could be higher if the WIMPs have a
low velocity with respect to the Earth. This is because the
escape velocity vesc of WIMPs inside the Earth is low. It
varies from vesc ⇠ 11 km/s at the mantle to vesc ⇠ 15 km/s
at the centre. Thus, the higher speed WIMPs will only
be captured at the centre where the escape velocity is the
highest, whereas the lowest speed WIMPs may be captured
anywhere in the Earth.

The WIMP speed distribution is very sensitive to theo-
retical assumptions, as different models for the halo lead
to different WIMP speed distributions. The most popular
halo model is the Standard Halo Model (SHM), which is
modelled as a smooth, spherically symmetric density com-
ponent with a non-rotating Gaussian velocity distribution.
Galaxy formation simulations including baryons indicate
that there is at least one local macrostructural component
beyond the SHM. These simulations show that a thick disc
of dark matter, with the kinematics similar to the thick disc
of stars and a mid-plane density of 0.25�1.5 times the lo-
cal dark halo density [8, 9], is formed as the baryonic disc
of the Milky Way draws satellites closer to the disc plane by
dynamical friction, where they are disrupted by tides [10].
The particles in this dark disc have a lower relative velocity
to the Earth compared to the SHM. Therefore, less scatter-
ing is needed for the particles in the dark disc to become

gravitationally captured. So the dark disk leads to a higher
capture rate and thus a higher neutrino-induced muon flux
at detectors such as the IceCube neutrino telescope.

Fig. 2 shows the expected [1] muon flux (Fµ ) for Eµ >
1 GeV at the Earth’s surface as a function of the WIMP mass
(Mc ) from neutrinos originating in the Earth. Compared to
the flux from the SHM given in the left panel, the flux from
the dark disc (right panel) is boosted by two to three orders
of magnitude, depending on the specific model.

Figure 2: Expected muon flux at the surface of the Earth as
a function of the WIMP mass for the SHM (left) and a dark
disc model (right) [1].

4 Analysis
The last published Earth WIMP search was performed with
the neutrino data recorded by the AMANDA detector over
the three year period 1997�99 [2]. No excess above the
expected atmospheric neutrino background was found in
this search, so an upper limit could be set on the muon flux
(dashed-dotted line in Fig. 2).

A preliminary estimation of the sensitivity of the full
IceCube detector was presented in [11] and is shown in
Fig. 2 as the solid line. However, this estimation was
performed before the construction of IceCube was started.
It does not include the DeepCore array and, lacking a
precise simulation of the hardware, is based on a simplified
simulation of the detector response. The analysis outlined
in this paper corrects all these shortcomings by using data
taken with the full detector and the current state of the art
IceCube simulation and data analysis techniques.

As model predictions for WIMP capture in the Earth
favour low masses, the analysis will be optimised for low
mass WIMPs (mc = 50 GeV, see Fig. 1) that annihilate
into t+t�. In this annihilation channel, a hard neutrino en-
ergy spectrum is produced. The expected neutrino spec-
trum (solid line) and the neutrino-induced muon spectrum
(dashed line) for 50 GeV WIMPs annihilating into t+t�
are shown in Fig. 3. As the expected muon energy for this
channel is lower than 50 GeV, the DeepCore detector will
be crucial in a search for such a signal.

The signal simulations that are used in the analysis are
performed using WimpSim [12]. WimpSim is a code that
calculates the annihilation of WIMPs inside the Sun or the
Earth, collects all the neutrinos that emerge and let these
propagate out of the Sun/Earth to the detector. The code
includes neutrino interactions and neutrino oscillations in a
fully consistent three-flavour treatment.

The neutrino-induced muon flux in IceCube, coming
from WIMPs in the centre of the Earth can not be higher
than ⇠103 muons per year. This is a very low rate, compared
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Figure 3: The normalized energy distributions for signal
neutrinos and signal neutrino-induced muons, for a WIMP
mass of 50 GeV.

to the 2.5 kHz rate at which IceCube is taking data. The data
is dominated by atmospheric muons, which are background
events, so selection cuts have to be developed to remove
these events. To get to neutrino level (mHz rate), the data
rate has to be lowered by ⇠6 orders of magnitude.

IceCube has several online filters, that are used to tag
different types of events. In a first step, we only select
events that are tagged by online filters that look for upgoing
tracks (one of the online filters that is running mainly for
this analysis, optimised to tag low energy, upgoing events).
After this online filter selection, the event rate is reduced
to 100 Hz, while almost 100% of the signal events that
triggered the detector are kept.

In a next step, linear cuts are placed to reduce the content
of atmospheric muon events to ⇠1 Hz. These cuts are based
on distributions of event multiplicities and observables from
signal and background simulations.

One very straightforward selection to make is a cut on
the reconstructed zenith angle. Fig. 4 shows the simulated
reconstructed zenith angle distributions for signal (dashed
line), atmospheric muons (dashed-dotted line) and atmo-
spheric neutrino-induced muons (dotted line). The solid
line shows the true zenith angle distribution for the signal.
As the detector acceptance is zenith dependent it is not pos-
sible to define an off-source region in this analysis. We thus
need to rely on simulations to understand the background,
requiring a detailed understanding of systematic uncertain-
ties. A control region has to be defined in which we can
compare the background simulation with the data. There-
fore the zenith angle cut can not be too strict, as we aim to
retain a signal free control region. Based on these consid-
erations, the zenith angle cut is chosen such that all events
with a reconstructed zenith angle < 120� are removed.

Signal neutrino-induced muons and atmospheric muons
do not only differ in direction, but also the visible starting
point of the muon tracks are expected to be different. The
atmospheric muons always start outside the detector (in
the atmosphere) whereas muons from neutrinos can start
in the detector. The positions of the starting point of the
muon tracks may thus be used as a cut variable. The starting
points are reconstructed using an algorithm that tries to find
the range of the muon assuming no secondary processes
along its path such that we only consider Cherenkov light
emitted by the muon. The first step of the algorithm is
to look for start and stop points by projecting all the hits

Figure 4: The normalized zenith angle distributions for
signal (calculated with WimpSim for a 50 GeV Earth
WIMP), background muons (simulated with CORSIKA)
and neutrinos (simulated with NuGeN). The vertical line
shows the cut value used in this analysis and the arrow
indicates the parameter region that is retained.

(after suspected noise hits have been removed) in the event
onto a given seed track. Then it calculates the probability
that a DOM in the direction of this seed track is not hit
by taking all non-hit DOMs within a certain radius and
calculating the probability of having such an amount of
non-hit DOMs in the assumption of an infinite track. The
next step is to recalculate this probability, but this time with
the assumption that the track has a start and/or stop point
within the detector volume. The starting point of the muon
is then calculated by minimizing the likelihood ratio of the
two calculated probabilities.

From Fig. 5, it is clear that this reconstructed starting
point is mainly concentrated in the lower central part
(DeepCore) for signal events (left panel), while atmospheric
muons (right panel) mainly have a reconstructed starting
point at the top and side of the detector. This is because
the signal is low energetic (see Fig. 3) and will thus mainly
be detected by the DeepCore detector. Events with a track
that has a reconstructed starting point inside the IceCube
volume but well outside the DeepCore volume, either to
the side (rvertex > 490 m) or above (zvertex > 180 m), are
removed.

Another variable that is used for cutting is the num-
ber of direct hits in the event divided by the direct length
(NDir/LDir, see Fig. 6). Direct hits are hits that are within
a time residual tres of (-15,+25) ns according to the recon-
structed track. tres is defined by the difference between the
measured time and the expected time of the hit, where the
expected time of the hit is the time it takes for a Cherenkov
photon to travel the same distance without being scattered.
So photons with a small tres have not scattered much.

Since the signal consists of vertical tracks parallel to
the strings, these events should have more direct hits NDir
than background events traversing the detector in any other
direction. Also, the direct length LDir, i.e. the distance
between the first and the last direct hit, of a signal event
should be small, as the signal muons have a low energy. For
atmospheric muons, NDir and LDir have a broad distribution,
depending on the energy and the direction of the incoming
muon. Only events with 0.03 m�1 < NDir/LDir < 0.09 m�1

are kept.
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Figure 5: The reconstructed starting point projected in the
r � z plane of the detector, with r =

p
x2 + y2, i.e. the

distance to the central axis of the detector in the x� y plane.
The point density indicates the event rate. The vertical and
horizontal lines show the cut values used in this analysis and
the arrows indicate the parameter regions that are retained.

Figure 6: The normalized distributions for NDir/LDir. The
vertical lines show the cut values used in this analysis and
the arrows indicate the parameter region that is retained.

The last variable that is used at this level is ztravel. This is
the average drift of hits in the vertical (z) direction

ztravel =
n

Â
i=1

zi �
⌦
zquartile,1

↵

n
, (2)

where n is the number of fired DOMs, zi is the z position
of the ith DOM and

⌦
zquartile,1

↵
is the mean z position of

the first quartile of hits in time. This should be negative for
downgoing tracks, i.e. background, and positive for upgoing
tracks, i.e. signal (see Fig. 7). Events with ztravel < 10 m are
removed.

The cut values (except the cut on the zenith angle) are
chosen by looping over all possible combinations of cut
values and checking which combination brings down the
background rate below 1 Hz, while removing as little signal
as possible. After this first cut level, the data rate goes down
to ⇠0.8 Hz, while 20-40% of the signal (depending on
WIMP mass and channel) is kept. The data is still dominated
by atmospheric muons at this level.

Now that the data rate is below 1 Hz, we can reprocess
the data using more precise (and more time-consuming)

Figure 7: The normalized distributions for ztravel. The ver-
tical line shows the cut value used in this analysis and the
arrow indicates the parameter region that is retained.

reconstructions. This is important as a good angular resolu-
tion is needed to identify tracks that come from the centre
of the Earth. These reconstructions will be used to classify
events as signal or background like with a boosted decision
tree (BDT) from the TMVA software package [13]. We ex-
pect to reach the neutrino level (⇠mHz) after this BDT cut.

Once the atmospheric muon background has been re-
moved, we will search for signal events in the final data set
which is dominated by atmospheric neutrinos. These neutri-
nos come from all over the sky, while the expected signal
neutrinos come from the direction of the centre of the Earth.
We will use the space angle y between the source direction
(i.e. the centre of the Earth) and that of the reconstructed
track to evaluate the number of signal events µs (similar
to the method used in the search for dark matter annihila-
tions in the Sun with the 79-string IceCube detector [14]).
For signal, this space angle is expected to be close to zero,
while for background, this space angle will be evenly dis-
tributed over the sky. By doing a statistical analysis on the
space angle distribution, one can either detect the presence
of signal neutrinos (a peak from the centre of the Earth), or
set an upper limit on the dark matter induced neutrino flux.

References
[1] T. Bruch et al., Phys. Lett. B 675 (2009) 250.
[2] A. Achterberg et al., Astropart. Phys. 26 (2006)

129-139.
[3] S. Desai et al., Phys. Rev. D70 (2004) 083523.
[4] A. Achterberg et al., Astropart. Phys. 26 (2006) 155.
[5] G. Jungman et al., Phys. Rep. 267 (1996) 195.
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Abstract: The cubic-kilometer sized IceCube neutrino observatory in the glacial ice at the South Pole offers new
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volume and the surrounding IceCube detector as an active muon veto. We present newly developed veto techniques
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discussed, drawing on the example of two recent IceCube indirect dark matter searches for signals from the Sun
and the Galactic Center, respectively.
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1 Introduction
A flux of neutrinos from Weakly Interacting Massive Par-
ticle (WIMP) [1] annihilations may be detected in large
neutrino telescopes such as IceCube [2]. IceCube searches
for WIMP signals from self-annihilating or decaying dark
matter in the galactic halo [3] and Galactic Center [4], as
well as for signals from neutrino annihilation from large
celestial bodies, such as the Sun [5]. IceCube’s in-fill array
“DeepCore” [6] increases the low-mass WIMP sensitivity
and allows the search for low-energy neutrino source candi-
dates in the southern equatorial sky. These promising analy-
sis prospects present new challenges to reduce the down-
going atmospheric muon background. Here we report on
the technical details of new analysis and muon-veto tech-
niques that have been developed for dark matter analyses
using DeepCore data.

IceCube is a cubic-kilometer neutrino detector installed
in the ice at the geographic South Pole between depths of
1450 m and 2450 m. Detector construction started in 2005
and finished in 2010. Neutrino reconstruction relies on the
optical detection of Cherenkov radiation, via digital optical
modules (DOMs), emitted by secondary particles produced
in neutrino interactions in the surrounding ice or the nearby
bedrock. The completed IceCube detector consists of 86
strings with 60 DOMs each. 78 strings have a horizontal
spacing of 125 m and a vertical spacing between DOMs of
17 m. In addition, the detector contains 8 strings optimized
for low energies that are clustered around the center most
string of IceCube. These strings feature DOMs with higher
quantum efficiency photo multiplier tubes and have reduced
vertical DOM spacing. The spacings are 10 m for the upper-
most 10 DOMs (DC-veto region) and 7 m for the remaining
50 DOMs (DC-fiducial region). Both regions are separated
by the main dust layer, which is located at a depth of about
2050 m. The horizontal distance between DeepCore strings
is less than 75 m. Together with the 12 adjacent IceCube

strings they form the DeepCore subarray that is optimized
for neutrino energies below 100 GeV.

The work described here uses the 79-string configuration
of IceCube (see figure 1). During this data taking period,
DeepCore consisted of 6 densely instrumented strings
together with 7 surrounding standard IceCube strings.

2 Methods for Efficient Event Selections
IceCube is optimized for the detection of high energy
neutrinos from a few hundred GeV up to several PeV.
DeepCore increases IceCube’s sensitivity for neutrinos
below 100 GeV and allows the detection of neutrinos with
energies down to the order of 10 GeV. Newly developed veto
methods against atmospheric muons, that are described here,
significantly improve the sensitivities of analyses focused
on low-energy events in the Southern Hemisphere. This
turns IceCube into an efficient 4p detector for indirect dark
matter searches.

Several methods for efficient background rejection and
signal selection have been developed in order to achieve
this goal. These methods include energy dependent event
selection splitting, veto techniques against atmospheric
muon background, and the selection of neutrino induced
muon tracks starting inside a fiducial volume. In order to
apply these techniques, the detector volume is divided into
a fiducial and a veto volume. For the 79-string configuration
of IceCube the fiducial region is chosen as the DC-fiducial
volume, as shown in figure 1.

2.1 Event Selection Splitting
Indirect dark matter analyses with IceCube search for
neutrinos originating from WIMPs with masses ranging
from ⇠ 10 GeV to ⇠ 10 TeV. Within this mass range, signal
events can have very different event topologies in the
detector. To accommodate all expected event topologies in
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Figure 1: Top and side view of the IceCube detector (black)
and its DeepCore subarray (blue). Strings constituting
the IceCube 79-string configuration (solid) and the last
deployed strings completing the IceCube detector (circles)
are indicated. Also shown is the main dust layer within the
detector and a dust concentration profile as measured with
a dust logger [7].

a single analysis, the full dataset may be split into multiple
event selections.

Signal-efficient event selection for low-mass WIMP sig-
nals and high-mass WIMP signals is only feasible by impos-
ing different selection criteria. This motivates splitting the
event selection into a Low Energy (LE) and a High Energy
(HE) event sample, which are treated independently to get
the best signal sensitivity for each of the samples. Using
DeepCore, the split into a LE and HE event selection can
be realized in the following way: events with a larger num-
ber of hits inside the DC-fiducial region than outside are
assigned to selection LE. Additionally, the number of out-
side hits must be less than seven. This ensures that events
with a long lever arm and therefore good angular resolu-
tion are assigned to the HE selection. The step is well moti-
vated by looking at the event topology of the two classes of
muon events that are selected for each event sample. The
HE selection, defined as the complement of LE, contains
high energy events with no containment requirement. As-
sociated muon tracks have accurate track reconstructions
and good quality parameters. This is used to separate true
up-going muon-like events from mis-reconstructed atmo-
spheric muons, which will exhibit lower quality parame-
ter values. The LE selection consists of shorter track-like
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Figure 2: True neutrino energy (En ) distributions from
simulation for the atmospheric neutrino event rate at cut
level 4 of [5]. The low-energy event selection (LE) and
high-energy event selection (HE) show a clear separation in
En around 100 GeV.

events with, in general, lower track reconstruction quality,
but good containment. In this context, creating two inde-
pendent data samples by splitting the original data set is an
obvious choice for a hybrid detector. Figure 2 shows the
clear separation into a low and high energy event sample
around 100 GeV for atmospheric neutrinos after applying
the split criteria.

2.2 Atmospheric Muon Vetos
IceCube observes a continuos stream of atmospheric muon,
which are observed as down-going events and are the main
background for low energy neutrino full-sky IceCube analy-
ses. A good way to veto down-going atmospheric muons is
to search for neutrino induced muon tracks starting within
a fiducial volume. In this section, we discuss several such
veto methods that have been developed and applied in re-
cent dark matter searches with the IceCube-79 string config-
uration, detailed in Refs. [4, 5]. Events detected in IceCube
consist of recorded photo multiplier tube responses from
DOMs that triggered - hit DOMs. In the context of this arti-
cle a hit DOM is denoted simply as a hit. Most reconstruc-
tions and variables used for analyses are computed using
a subset of hits that has undergone cleaning to reduce the
number of random hits. These subsets are defined by differ-
ent cleaning algorithms based on time windows within the
event and requirements on the topology of the hits. Among
all veto methods to be described below, only the first uses a
subset of hits, while later described veto methods consider
all hits in an event.

Veto I: First, an attempt is made to classify an event
as starting track inside the fiducial volume, based on the
hit times only. This simple veto does not rely on a track
reconstruction and is defined in the following way: the first
n hits of an event are required to occur inside the fiducial
volume. By adapting n to the chosen fiducial volume,
backscattering from a starting event into the veto volume is
accounted for. For the DC-fiducial region, defined above,
n = 4 is found to be optimal.

Veto II: A second veto method, RTVeto, aims to tag
atmospheric muons within the veto region. Faint muon
tracks penetrating the detector may be identified by the
sporadic clusters of hits they leave when traversing the
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Figure 3: The size of the RT clusters found by RTVeto for
atmospheric muon background simulation (solid line) and
signal simulation (dashed line). Data is show in black dots.

veto region. These clusters of hits are likely to be causally
connected. For a given DOM, the algorithm checks whether
there are other hits within a specific time and distance in
space (RT-condition). If a hit is found that fulfills the RT-
condition1, it is added to the kept set of DOMs (cluster).
Furthermore, each added DOM in the cluster is also checked
for additional hits that fulfill the RT-condition. We test each
hit DOM in the veto region, which has a hit prior to the time
of the first fiducial hit, against this condition. If a cluster of
at least three hits is found that fulfill the RT-condition (an
RT-cluster), the event is rejected. This cut rejects more than
80% of atmospheric muons while keeping 90% of signal
neutrino events starting within the fiducial region. This is
illustrated in figure 3, which shows the distribution of RT-
cluster sizes for data, muon background, and signal.

Veto III: The third veto method is based on the vertical
position z of the first hit and the radial distance in the xy-
plane of the reconstructed vertex position2. The vertex is
determined by a reconstruction that uses the likelihood of
a muon to produce or not produce hits in the DOMs along
the reconstructed track up-stream of an assumed starting
point. Maximizing this likelihood gives the location of the
interaction vertex. A cut can then be applied to reject back-
ground events with high z positions and a reconstructed
vertex at the periphery of the fiducial region. This veto, ap-
plied in sequence after the previously described veto meth-
ods, removes more than 70% background while retaining
90% signal. Figure 4 shows the fraction of signal per bin
as a function of radial distance and z. The signal fraction is
calculated as fs/( fs + fb), where fs and fb are the two di-
mensional probability density functions of signal and back-
ground in this plane, respectively.

Veto IV: Like the previous veto method, the Cone-
HitsVeto relies on a reconstructed track hypothesis and ver-
tex. In this algorithm, a cone is defined around the recon-
structed track direction beginning at the reconstructed star-
ing point of the track. The cone is searched for the pres-
ence of hits at times earlier with respect to the reconstructed
starting time of the track. The presence of too many hits,
ncone, inside the cone is evidence of a faint muon, and these
events are rejected. To avoid events rejected due to random
hits, ncone is optimized with respect to the opening angle,
time-window and the veto region. Since the optimal open-
ing angle is in most cases found to be rather small (typically
20� - 30�), this veto method relies to a high degree on an
accurate track reconstruction to be efficient.
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Figure 4: Fraction of signal per bin as a function of radial
distance and z, defined as fs/( fs + fb). fs is the two dimen-
sional probability density function of signal in this plane. fb
is the corresponding probability density function for back-
ground, determined from data.

Veto V: There are two classes of faint incoming muon
tracks that, while still producing hits in the veto region,
are extremely hard to identify with the veto techniques
discussed above. Either the incoming muon produces fewer
hits along its path in the veto region than the threshold value
of the veto or the hits are too far apart and at some distance
from the muon track. To examine suspect hits in the veto
region the likelihood for the reconstructed track hypothesis
is computed given the hits in the veto region as input. The
value of the likelihood indicates how likely the veto hits
are compatible with the reconstructed track hypothesis and
thus how likely the hits are associated with an incoming
muon track. If the likelihood is normalized correctly by
taking into account the number of hits considered for the
likelihood calculation a threshold value on the normalized
likelihood, independent of the number of hits, can be found
to reject incoming muon tracks.

3 Application to DM Searches
The veto methods described in the previous sections have
been applied by two analyses searching for Dark Matter
with WIMP masses in the range of 20 GeV and 10 TeV,
using the 79-string configuration of IceCube.

During a recent analysis searching for dark matter in
the Galactic Center [4] several of these veto methods were
developed. Since the Galactic Center is above the horizon
at the South Pole, a big effort was made to reject the down-
going muon background. For this purpose the RTVeto (Veto
II), the RZVeto (Veto III), and the LHVeto (Veto V) were
developed. Vetos I and IV, which have been used in earlier
analyses, were also used. The order in which the vetos are
presented in section 2.2 is also the order in which they
were applied in the analysis. Inspired by the event selection
splitting described in section 2.1, two different multivariate
cuts were made to define two final event selections. The two
event selections result in flatter sensitivity in energy. With
these methods sensitivities on the velocity averaged self-
annihilation cross-section, hsAvi, down to 3 ·10�23 cm3s�1

for a 65 GeV WIMP mass were achieved.

1. For the RT condition a radius of 250 m and a time window of
1 µs between hits were applied in this work.

2. The vertex reconstruction is described in Ref. [8].
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Figure 5: Sensitivities on sSI,p from [5]. Hard channels
are shown dashed and soft channels are shown dotted. The
winter selection HE has empty square markers, the winter
LE is shown with filled square markers, and the summer LE
has filled triangle markers. The shaded region represents an
allowed Minimal Supersymmetric Standard Model (MSSM)
parameter space [9].

An earlier analysis searching for Dark Matter in the
Sun [5] was able to set the most stringent limits to date
on the spin-dependent WIMP proton cross-section for
WIMPs annihilating into W+W� or t+t� with masses
above 35 GeV. It was also the first low energy analysis in
IceCube that managed to expand the search to the southern
sky and set limits on WIMPs with masses as low as 20 GeV.
This was possible due to the development of the Hit-Time
veto (Veto I) described above, an early version of the
RZVeto (Veto III) and split datasets. For this particular
analysis the data was divided into a down-going and an
up-going dataset corresponding in time to the summer and
winter dataset, respectively, depending on the position of
the Sun in the sky at the South Pole. Furthermore, the winter
dataset was divided into a HE selection and a LE selection
as described in section 2.1 (see also figure 2). Figure 5
illustrates how the different selections compare to each
other and also how they contribute to the final limit.

4 Conclusions
Introducing veto methods in analyses have been crucial to
transform IceCube to a 4p detector and thus extending the
field of view to the southern sky. We have presented veto
methods intended for rejecting muon background while re-
taining low energy starting events inside a fiducial region.
The methods have been developed for IceCube and espe-
cially to utilize the DeepCore subarray to detect low energy
events. Furthermore, the importance of differentiating be-
tween different event topologies when developing an anal-
ysis has been discussed. Using the mentioned techniques
together with DeepCore, two analyses [5, 4] have been able
to set limits or computed sensitivities for WIMP masses
which would have been beyond reach for IceCube without
DeepCore.

Since the two mentioned analyses, using the IceCube-79
string configuration, are the first to apply these techniques,
there is room for improvement. In future analyses using

IceCube-86 string configuration fine-tuning the veto meth-
ods might be necessary due to slight changes in detector
geometry.

Neutrino oscillation analyses have successfully used
vetos [10] to reject down-going muon background. With
efficient veto methods it is also possible to create down-
going control regions which are not affected by neutrino
oscillations. The veto methods developed for dark matter
searches, presented here, might make it possible to create
such control regions with an adequate neutrino purity.
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Abstract: The IceCube Neutrino Observatory is a large Cherenkov detector integrated into 1km3 of Antarctic ice.
Besides the detection of highly energetic astrophysical neutrinos, the detector can be used to search for signatures
of exotic physics. This work is the search for subrelativistic, magnetic monopoles as remnants of the GUT era
(Grand Unified Theory) shortly after the Big Bang. These monopoles can be detected by the Cherenkov light from
nucleon decays, which are catalyzed via the Rubakov-Callan effect along the trajectory of the monopole. In this
paper the results of the analysis of first data taken from May 2011 until May 2012 with a dedicated slow-particle
trigger for DeepCore, a subdetector of IceCube, are presented. For the brightest monopoles a different analysis
technique is applied. We present the results of a corresponding analysis applied to data taken from May 2009 until
May 2010 with the 59-string configuration. In both analyses no monopole signal has been observed and their
flux can be constrained to a level three orders of magnitude below the Parker bound. These results improve the
current best experimental limits by more than one order of magnitude for a wide parameter space of monopole
velocity and catalysis cross section. Since May 2012 a dedicated trigger is running on the full IceCube detector
and multiple improvements for future searches for subrelativistic magnetic monopoles have been developed.
Based on this the sensitivities of a future analysis are presented.
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1 Introduction
Magnetic Monopoles were first postulated by Paul Dirac
in 1931 [1]. By introducing a magnetic source term the
Maxwell Equations could be symmetrized. As a direct
consequence, Dirac’s theory would give an explanation for
the quantization of the electric charge.

Grand Unified Theories (GUT) lead to predictions of
magnetic monopoles once more. Since a unified theory
must include the electroweak theory, a U(1) factor for
the electroweak theory must be left over when the unified
symmetry was broken. Based upon this fact t’Hooft and
Polyakov [2, 3] predicted independently of each other the
existence of magnetic monopoles. Those monopoles could
have been created as topological defects during the phase
transition 10�36 s after the big bang.

Until now the existence of magnetic monopoles has not
been proven experimentally. In the last thirty years many
different experiments have been performed in order to detect
magnetic monopoles. So far only upper limits on the flux
could be set. The best direct flux limit on subrelativistic
magnetic monopoles has been published by the MACRO
collaboration [4] after 10 years of measurement.

Following the hypothesis of Rubakov [5] and Callan [6]
monopoles should catalyse proton decays. This process pro-
vides a promising detection channel, especially for subrela-
tivistic monopoles. Water Cherenkov Neutrino Detectors
are sensitive to such a signal.

2 IceCube detector
With an instrumented volume of about 1km3 the IceCube
Neutrino Observatory is well suited to search for rare parti-
cles, such as magnetic monopoles. The IceCube detector
consists of 5160 digital optical modules (DOMs), deployed
on 86 strings in the clear Antarctic ice at the geographi-
cal South Pole at depths between 1500m and 2500m. Each
DOM consists of a photomultiplier tube, a high voltage gen-
erator and signal digitization hardware packed into a pres-
sure glass vessel. The average horizontal spacing between
two strings is about 125m, the vertical spacing of DOMs
along a string is 17m.

Eight strings in the center of the detector have been
deployed with a denser spacing of about 75m between
the strings and 7m DOM spacing along one string. This
infill array is the low energy extension of IceCube, named
DeepCore.

2.1 Signature of subrelativistic magnetic
monopoles

The key mechanism to detect subrelativistic, magnetic
monopoles in IceCube is the Rubakov-Callan effect.
Monopoles themselves, but also secondary particles pro-
duced in ionization processes of the surrounding matter,
are too slow to emit Cherenkov light while propagating
through the detector. The signature of these monopoles
are electromagnetic or hadronic cascades from catalyzed
nucleon decays along the monopole track. The energy of
each cascade, and therefore the number of Cherenkov pho-
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tons, depends on the decay channel. For the most promising
channel p ! e+p0 an electromagnetic cascade with almost
the full proton’s rest energy is produced, which results in
about 104 optical Cherenkov photons [7]. Therefore, the
signature searched for is the Cherenkov light of consecu-
tive cascades with mean distances lcat along the track of a
slowly moving particle. The characterizing properties of
such subrelativistic, magnetic monopoles are the velocity b
and the mean free path lcat. The corresponding catalysis
cross section can be calculated with scat = 1

lcat·n , where n
is the particle density of the material.

2.2 Trigger
The triggers in IceCube were optimized for relativistic
particles. Bright monopoles with a cross section above
s = 1.7 · 10�23 cm2 can still trigger the standard triggers,
but the monopole signature may be split into subsequent
events.

Since May 2011 a dedicated trigger – called Slow-
Particle-Trigger (SLOP trigger) – for the search for subrel-
ativistic magnetic monopoles is part of the IceCube Data
Acquisition [8]. In the first year the trigger has been active
only on the subdetector DeepCore. Since May 2012 a modi-
fied version of the trigger is running on the full 86-string
detector.

The purpose of the SLOP trigger is the identification
of temporarily isolated local coincidences caused by con-
secutive nucleon decays along the monopole track, which
have to be consistent with a track from a particle moving
at constant velocity b ⌧ 1. The trigger is based on local
coincidences between two neighbouring DOMs (Fig. 1a).
Using only temporary isolated coincident pairs will reject
muon hits (Fig. 1b) since muons pass the detector within
microseconds and therefore will produce several coincident
hit pairs within a short time. The remaining pairs that fall
into a given time-window are combined into groups of three
(triplets) (Fig. 1c). From all possible combinations, only
those triplets are kept, which fulfill two criteria that ensure
their consistency with a track-like signature: (1) the time
difference between the hit pairs has to be consistent with a
constant velocity, (2) the hit pairs from the triplets have to
be ordered along a straight line (Fig. 1d). Due to different
geometries of DeepCore and the full 86-string detector, the
implementation of the latter parameter differs between the
trigger of the 2011 season and the 2012 season.

Finally, if the number of triplets overlapping in time,
ntriplet, is greater than three (2011) or five (2012) the trigger
launches and the complete detector data is read out. The
trigger rate is about 2Hz for the 2011 configuration and
13Hz for the 2012 configuration.

3 Searches for bright monopole signal
The first analysis presented here uses the data from the
59 string configuration of IceCube, which was active in
2009. At this time the detector did not have any dedicated
slow particle trigger. The data set has a live time of 311.25
days. The simulated signal is divided into two parts, the
first one corresponds to bright monopoles with scat = 1.7 ·
10�22 cm2 (i.e. lcat = 1mm) and the second corresponds
to a dimmer signal with scat = 1.7 ·10�23 cm2 (i.e. lcat =
10mm). Simulations cover monopoles with velocities b =
10�2 and b = 10�3. The 2009 data set contained 2.3 ·109

events, vastly dominated by events due to the background of
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Figure 1: Illustration of a trigger process. The times and
positions are arbitrary, the x- and y-axis correspond to
spatial axes and the colorbar corresponds to a time scale
[8].

atmospheric muons. Therefore the first step of the analysis
consists of a background reduction. The cut parameters
are based on the time the monopole track takes to cross
the whole detector and its reconstructed velocity [9]. The
former parameter is calculated from the time difference of
the last registered hit and the first one by a DOM. Two sets
of selection criteria were optimized for the two simulated
catalysis cross sections. The applied cuts on those variables
reduce the data rate by a factor close to 10�4, while the
signal efficiency is kept above 34% for lcat = 1mm and
14% for lcat = 10mm. To reduce the data rate further
a MultiVariate Analysis is adopted, which uses Boosted
Decision Trees (BDTs). For each (b ,lcat) set we train BDTs
using 5% of the experimental data set. The input variables
used to train the BDTs, are based on the time, position and
charge of hits and their correlations. The final selection
criteria, cuts on the BDT score, are optimized for every
combination of (b ,lcat) in order to minimize the Model
Rejection Factor (MRF) [10]. The number of expected
background events in the full data set is determined by
extrapolating the tails of the BDT-score distributions with
an exponential.

After unblinding, one event is observed, surviving the
cuts for (b = 10�3,lcat = 1mm). This event consists of two
highly energetic vertical muons close in space (firing neigh-
bouring strings) and in time. Figure 2 shows the BDT distri-
bution of the corresponding parameter set after unblinding.
The remaining event is compatible with background, more-
over the estimated number of expected events from the fit
is 4.79+0.65

�0.57. The flux limits obtained from this analysis are
shown in Figure 6.

4 Search with DeepCore triggered data
The experimental data set recorded between May 2011 and
May 2012 with the SLOP trigger applied on DeepCore has
a live time of 351.04 days with a total number of about 50
million triggered SLOP events.
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Figure 2: Distribution of the BDT scores, after unblinding,
for data and signal with lcat = 1mm and b = 10�3. The
dot-dashed line shows the optimized cut on the BDT score
obtained from the Model Rejection Factor method. One
event survived the BDT cut, this event is compatible with
background.

For the analysis of this data set a robust approach is cho-
sen, which uses a two-dimensional final selection criterion
based on the number ntriplet and the reconstructed veloc-
ity. While the background distribution decreases rapidly
for high ntriplet, the signal distribution is almost flat (Fig.
4). The background for this analysis mainly consists of un-
correlated random noise. Since the analysis takes into ac-
count only coincident hit pairs selected by the SLOP trig-
ger, which has an integrated muon veto, the influence of
atmospheric muons can be neglected. The cuts on ntriplet
are optimized and defined before unblinding the full experi-
mental data [10].

Figure 3: ntriplet-linefit-velocity distribution of one year
experimental data. Additionally, the final cuts on ntriplet
(dashed red) and the two velocity regions (dashed black)
are shown.

Using the linefit [9] to estimate the velocity of a particle,
the data can be separated into two velocity regions. Since

the reconstructed velocity of most of the background events
is slower than b = 10�3 (Fig. 3) a lower ntriplet cut for
b = 10�2 monopoles can be chosen. Therefore, the sensitiv-
ity for faster monopoles has been increased. Figure 3 shows
the ntriplet-linefit-velocity distribution of one year experi-
mental data including the final cuts. After those cuts only
one experimental event with ntriplet = 34 and vlinefit = 1.15 ·
10�3 m/ns remains. Thus, upper limits on the flux of subrel-
ativistic magnetic monopoles can be derived. For the back-
ground estimation a model based on a generic ansatz [11]
has been fitted to the ntriplet distributions (Fig. 4) of both
velocity regions. The deviations at small ntriplet could be ex-
plained by not taking into account the correlated noise. Us-
ing this fit the total expected number of background events
can be estimated by nmedian

b = 3.18+1.74
�1.09, which is consis-

tent with the one observed event.

Figure 4: ntriplet distribution for events with a slower recon-
structed velocity. The black data points show the distribu-
tion of one year experimental data. The signal distributions
are shown with decreasing lcat in blue, red and green. Also
the fitted background model P(n |µ, p) is shown (purple)
[11]. Additionally, the final cut on ntriplet is shown (dashed
black).

5 Search with the full detector
The data set from the 2012 season, taken from May 2012
until May 2013 with a live time of 352 days, consists of
about 400 million triggered SLOP events. The analysis of
this data is currently ongoing. By using the full 86-string
configuration of IceCube instead of the DeepCore sub-
detector only, the effective area of the trigger increased by
one order of magnitude.

With an average event length of 1.3ms SLOP data are
dominated by uncorrelated noise. At the first step a hit
cleaning is performed, where only hits are chosen which
are accompanied by another hit in the same DOM within a
given time. Contrary to relativistic particles, slowly moving
particles will create subsequent hits in the same DOM,
because they remain in the DOM’s vicinity long enough.

In the next step a common object tracking algorithm,
the Kalman Filter [12], is applied to the cleaned hits. The
algorithm is seeded with a linefit along the triplets from
the trigger. In three iterations, track-like hits are selected.
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Figure 5: ntriplet - Kalman Linefit velocity distribution of
2.8 days experimental data. The data is split at b = 10�3.1.

A new linefit along the Kalman-selected hits provides an
improved direction and velocity reconstruction [13].

To demonstrate the potential of the new trigger configu-
ration and the Kalman Filter, a sensitivity has been derived
using a similar approach as in the analysis of the DeepCore
data. The reconstructed velocity can be separated into two
regions of equal number of events, a slow region with veloc-
ities of b < 10�3.1 and a fast region with b � 10�3.1 (Fig.
5).

The bigger size of the full detector leads to an increase of
the number of triplets due to combinatorics. For velocities
in the slow region a cut on ntriplet is not efficient anymore. A
new analysis technique is currently being developed, using
improved cleaning and a multi-variate approach.

The tail of the ntriplet distribution is fitted with an ex-
ponential function with c2/ndof = 1.57. The final cut on
ntriplet for the fast and the slow samples are optimized using
the Model Rejection Factor (MRF).

6 Results
The flux limits on subrelativistic magnetic monopoles de-
pend on the monopole velocity b and the catalysis cross-
section scat. They are based on the Rubakov-Callan effect
and the assumed proton decay channel. Also an isotropic
monopole flux is assumed.

The limits are calculated by the Feldman and Cousins ap-
proach [14] and take into account all uncertainties in back-
ground and signal prediction. The sensitivity is derived us-
ing the same method, but does not take systematic uncer-
tainties into account.

Figure 6 shows the flux limits of the IC59 and the Deep-
Core analysis, together with the sensitivity of the analysis
of the 2012 data and the MACRO limits as comparison.
Except for lcat = 3m (scat = 5.5 ·10�26 cm2) the flux lim-
its are improved by an order of magnitude or more (Fig. 6).
Moreover, the monopole flux can be constrained to a level
up to three orders of magnitude below the Parker bound
[15]. The ongoing analysis is expected to be sensitive to
monopole fluxes one order of magnitude below the flux lim-
its presented here.

Figure 6: Limits and sensitivity of the IceCube slow
monopole analyses in comparison with MACRO [4].
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Abstract: Cosmic rays reach the atmosphere with energies up to 1011 GeV and high energy neutrinos are expected
to reach similar energy regions. The incident particle may interact with a nucleon within the atmosphere or
inside the Earth to produce exotic particles, thereby probing physics beyond the Standard Model (SM). Attractive
scenarios are, for example, supersymmetric extensions of the SM (SUSY) or Kaluza-Klein models. Under favorable
conditions meta-stable, charged SUSY or Kaluza-Klein particles give rise to well-separated, parallel, minimum
ionizing tracks in IceCube. Since background events from charm and bottom decays and Drell-Yan processes inside
the air shower as well as coincident neutrino events could lead to similar signatures, these events are expected to
form a relevant background. As the production of exotic particles is highly suppressed, the understanding of this
di-muon background seems to be crucial for an analysis in IceCube.

Corresponding authors: D. Soldin1, L. Gerhardt2,3, K. Helbing1, S. Klein 2,3, S. Kopper1, D. van der Drift2,3

1 Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany
2 Dept. of Physics, University of California, Berkeley, CA 94720, USA
3 Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Keywords: IceCube, Physics beyond the Standard Model, Supersymmetry, Simulation

1 Introduction
The cosmic ray spectrum is known up to energies of 1011

GeV [1] and recently IceCube reported the first observa-
tion of high-energy neutrinos in the PeV range [2]. These
high-energy particles may interact with a nucleon within
the atmosphere or inside the Earth to produce exotic parti-
cles, thereby probing physics beyond the Standard Model.
Although large neutrino-telescopes like IceCube [3] are fo-
cused on the detection of single neutrino events, they are
able to look for more exotic event signatures. One signature
of great interest consists of two parallel tracks going up-
ward through the detector, that could be produced by new
physics.

Attractive scenarios are, for example, supersymmetric
extensions of the SM where R-parity is conserved. Under
favorable conditions parallel double-tracks can be produced
when a neutrino interacts inside the Earth [4, 5] or cosmic
rays interact in the atmosphere [6, 7], generating a pair of
supersymmetric particles. These SUSY particles may then
decay immediately into a pair of charged next-to-lightest
SUSY particles (NLSPs), typically long-lived staus1. If
these particles have a lifetime ⇠ µs, they can live long
enough to travel large distances (⇠ 1000 km) and enter the
IceCube detector with track separations of several hundred
meters. Other theories beyond the SM, e.g. Kaluza-Klein
models (KK), could lead to similar predictions [8].

We expect a very low event rate of these particles, thus
the understanding of background events is crucial. Previ-
ous studies have considered SM backgrounds from pro-
cesses producing di-muons directly that can cause paral-
lel double-tracks in the detector [4, 9, 10]. The decay of
charmed/bottom hadrons, for example, as well as muons
from Drell-Yan processes inside an air shower or coincident

neutrino interactions could lead to similar signatures.

In this paper we show the signature of exotic double-
track events in IceCube as well as the expected event
rates for different benchmark SUSY ’toy-models’ based
on Monte Carlo simulations. We also discuss relevant
background events and show their expected signatures based
on simulations as well as recent results from our analysis
of laterally separated muons in IceCube cosmic ray events
[11].

2 Exotic signatures in IceCube
The spatial distribution of exotic double-track events de-
pends on the underlying theory. In Supersymmetry, for ex-
ample, the distributions depend on the given particle spec-
trum and SUSY breaking mechanism. To simulate exotic
event signatures in IceCube we consider different SUSY
models and use Monte Carlo simulations for the production,
decay, propagation and detector simulation of supersym-
metric particles.

We consider minimal supersymmetric models (MSSM)
and use the benchmark models from [12] shown in Table 1,
assuming different SUSY breaking mechanisms: Minimal
supergravity (mSUGRA) and gauge-mediated symmetry
breaking (GMSB). These mechanisms can be characterized
by the sign of the SUSY Higgs mass parameter µ and four
parameters: The scalar mass parameter m0, the gauging
mass parameter m1/2, trillinear coupling A0 and the ratio
of the Higgs vacuum expectation values tanb in mSUGRA
scenarios and the messenger mass MMess, messenger index

1. The stau is the superpartner of the SM tau.
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mSUGRA M1/2 m0 tanb A0

I 280 GeV 10 GeV 11 0 GeV
e 440 GeV 20 GeV 15 -25 GeV
GMSB MMess L tanb NMess

II 70 TeV 35 TeV 15 3
SPS 7 80 TeV 40 TeV 15 3

Table 1: SUSY models used for simulation [12].
sgn(µ) = + for all models.

NMess, the universal soft SUSY breaking mass scale L as
well as tanb and sgn(µ) in GMSB scenarios respectively
[13]. Although these models seem to be disfavoured with
respect to the squark mass limits of the LHC data and due to
implications of the Higgs mass on supersymmetry breaking
scenarios [14], we use these benchmark points to develop
SUSY simulations, since inserting different models beyond
the SM is straight forward.

In order to estimate the rate of production of SUSY
particles due to high-energy neutrino interactions with a
nucleon N inside the Earth, we assume an E�2 primary
neutrino flux normalized to current experimental limits [2]:

dFn

dE
⇡ 10�8 E�2 GeV

cm2 s sr
(1)

To generate the event and handle fragmentation and
decay of the involved particles into the NLSP we use
PYTHIA [15] in connection with Madgraph [16].

To simulate SUSY events from cosmic ray interactions
(hadronic interactions) the flux of primary nucleons can be
approximated by

dFN

dE
⇡ 1.8 E�g nucleons

cm2 s sr GeV
, (2)

where E is given in GeV. At E ⇡ 106 GeV the spectral
index changes from g = 2.7 to g = 3 [1]. We assume that the
interaction typically takes place at a height H ⇡ 25 km. The
production of SUSY particles is simulated using PYTHIA
and the further shower development of the SM particles is
simulated with CORSIKA [17]. We assume energy losses
in the atmosphere to be negligible for SUSY particles.

Figure 1: Simulated SUSY (SPS 7) double-track event
and reconstructed tracks in the IceCube. The colored dots
indicate hits in the detector, where the hits are time-ordered
from red to blue.

Figure 2: Distribution of track separation at the detector
obtained from simulations of double-tracks for all MSSM
models shown in Table 1.

The propagation of SUSY particles in the antarctic ice
is done using the Muon Monte Carlo simulation package
[18], where we treat staus like SM taus, but replacing the
masses accordingly and switching off the decay. The light
propagation, detector response, and trigger are simulated
with IceCube software in both cases.

Figure 1 shows the distinctive double-track signature of
a simulated SUSY event (SPS 7) from a nN interaction in
the IceCube. As expected, we observe two well-separated,
parallel, minimum ionizing tracks. The track separation dis-
tributions from nN interactions for different SUSY mod-
els are shown in Figure 2. We expect track separations of
roughly 150 m < d < 1000 m to be resolvable in IceCube2,
thus making a direct detection of supersymmetric double-
tracks feasible.

3 SUSY event rates
Using cross sections obtained from PYTHIA and the incom-
ing fluxes mentioned in section 2 we estimate the SUSY
event rates at the detector. We assume that every event trig-
gers, which corresponds to an effective area of ⇡ 1 km2.
We also assume that every SUSY particle decays into the
NLSP, which does not decay on the way to the detector.
Thereby we over-estimate the SUSY rates in IceCube. For
the hadronic case we assume a uniformly distributed stau
flux up to zenith angles of 115� [7]. The expected event
rates under these assumptions are shown in Table 2.

Since in several cases these rates are below the order of
1 event/year, consistent with [12], finding a signal will be
- at best - very challenging. Current LHC data shows that
the simplest SUSY models are disfavored. As one moves
away from minimal SUSY models (e.g. MSSM), the phase
space expands and there may be many more models that
produce exotic double-track signatures in IceCube. Thus an
excess of double-tracks would however be a clear signature
of new physics. To detect such an excess independently of
the assumed exotic physics model, the understanding of the
relevant SM background is essential.

2. Due to the cubic detector volume of ⇠ 1 km3 and the horizontal
string spacing of 125 m.
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Model nN interactions hadronic interactions
I 1.7 1.5 ·10�3

e 0.5 1.1 ·10�4

II 0.82 6.3 ·10�4

SPS 7 0.5 2.9 ·10�4

Table 2: Estimated SUSY event rates in IceCube given in
events/year.

4 Backgrounds
Previous studies have considered charm production in SM
processes as a major background in exotic double-track
searches [5]. In [9] it was shown that other SM processes
could produce double-track signatures as well. We consider
the following SM background processes.

4.1 Charm/Bottom hadrons
If a neutrino interacts with a nucleon inside the Earth, a
charmed hadron may be produced, which can produce di-
muons via

nN ! µ�Hc ! µ�µ+Hxn , (3)

where Hc is the charmed hadron that decays to another
hadron Hx [5]. These background events are simulated us-
ing the same method as described in section 2, with pro-
cesses that produce charmed hadrons, instead of SUSY
particles. In our simulations, we do not observe double-
tracks from neutrino interactions with separations above
100 m; this is different from [4] and [8]. Since we are able
to resolve track separations above ⇠ 150 m, these events
would be reconstructed as single tracks and therefore do
not form a relevant background in double-track analyses.

The decay of heavy hadrons, mostly from charmed de-
cays, in air showers can also produce laterally separated,
high-energy muons (LS muons) with high transversal mo-
mentum pT . These muons, together with the associated
muon bundle traveling along the core direction, may pro-
duce a double-track signature in IceCube. The muon pT is
related to the muon separation from the shower core by

pT ' d ·H
Eµ cos(q)

, (4)

where d is the perpendicular separation of the muon from
the shower core, Eµ its energy at generation, H the interac-
tion height, and q the zenith angle of the shower direction.
The transition from soft interactions with pT < 2 GeV, that
are not describable in pQCD (perturbative Quantum Chro-
modynamics), to hard interactions is visible as a spectral
change in the pT spectrum. This spectral change should be
visible in lateral separation distributions [11].

In [11] we obtained the lateral distribution of muons
produced in cosmic ray events from data taken with IceCube
in its 59-string configuration. Figure 3 shows the separation
distribution of LS muons where, after applying all selection
criteria, 34,754 events remain in the data. The expectation
from simulated data, as well as coincident double showers
estimated from off-time data are also shown.

The simulated di-muons seem to be in good agreement
with the data and a linear fit to the ratios of simulation to

Figure 3: Lateral separation of muons after applying all
selection criteria for data and simulation, as well as double
showers estimated from off-time data [11]. Three different
interaction models, Sibyll, DPMJET, and QGSJET, were
used in the background simulations.

data did not show any statistically significant difference
in the slopes. But we have also shown that the zenith an-
gle distributions are in significant disagreement between
simulation and data. We observe that QGSJET [21] and
Sibyll [19] overpredict the event rate at high zenith angles
and underpredict the rate for more vertical events, while
DPMJET [20] shows a better match to data, but underpre-
dicts the rate for more vertical showers. Note that none
of these interaction models include bottom quark produc-
tion and DPMJET is the only model that includes a hard
component of charmed particles. It was previously shown
that the hard components of charm and bottom quarks,
as well as hard muons from Drell-Yan processes become
relevant in double-track searches in neutrino telescopes,
especially when including events from horizontal directions
[9]. Therefore future simulations with more sophisticated
pT modeling, such as a modified ’heavy-quark’ CORSIKA
version proposed in [22], may reduce the disagreement in
simulations.

4.2 Drell-Yan processes in air showers
In [10] it was shown that Drell-Yan processes in air showers
could contribute to the background in double-track searches.
As far as we know there is no interaction model available
including Drell-Yan processes in air showers. We simulate
these processes using the method shown in section 2. Unfor-
tunately, PYTHIA does not produce Drell-Yan pairs below
2 GeV invariant mass, since this region can not be described
in pQCD. The obtained lateral separation of muons in air
showers including Drell-Yan processes is shown in Figure 4,
where we assumed a cosmic ray spectrum from Eq. 2 with
primary energies in the range of 105 GeV < EPrim < 109

GeV up to zenith angles of 89.99�. Although rate calcula-
tions are not representative of the actual physics, the events
with track separations up to ⇠ 400 m and above could form
a relevant background. Moreover we think that these pro-
cesses are an interesting topic by itself and may be consid-
ered in future analyses.
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Figure 4: Lateral separation of muons from air showers
including Drell-Yan processes obtained from simulations.

4.3 Double-neutrino events
Another possible source of background events arises from
two muons from a pair of neutrino interactions, produced in
the same cosmic ray air shower. These muons will be nearly
parallel and thus mimic a double-track signature in IceCube.
In [23] we estimate the event rates using CORSIKA simula-
tions where DPMJET and QGSJET interaction models and
the cosmic ray spectrum in Eq. 2 are used. All the neutrinos
in each event are paired with all of the other neutrinos in
each event and the separation distance is computed. The
neutrino detection probability P(En) depends on the neu-
trino interaction probability and the probability of observ-
ing the produced muon, and is given by [24]

P(En) =

8
<
:

1.3 ·10�6E2.2
n if En  1 TeV

1.3 ·10�6E0.8
n if En > 1 TeV

0 if d > dmax

(5)

where d is the track separation and dmax ⇡ 1 km the maximal
resolvable track distance in IceCube and En in units of TeV.
Table 3 shows the overall atmospheric neutrino rates from
cosmic ray interactions in events/year under two extreme
assumptions of the cosmic ray composition, for all-proton
and all-iron. The expected event rate to observe two upward-
going neutrinos from the same air shower is about one in
14 years, thus being a highly suppressed background and
negligible in IceCube SUSY analyses.

5 Conclusions
We studied signatures from supersymmetric models in
IceCube proposed in [5, 6] using the simulation methods
shown in section 2. The simulated MSSM track separations
are in agreement with those obtained in [4]. The expected
event rates are of the order of less than 1 event/year for

QGSJET DPMJET
Protons 0.068 0.070
Iron 0.065 0.056

Table 3: Calculated double atmospheric neutrino event rates
in IceCube given in events/year.

currently allowed SUSY. By moving away from minimal
SUSY models the phase space expands and there may
be many more models that produce exotic signatures in
IceCube. Other theories beyond the SM (e.g. Kaluza-Klein
models) can lead to double-track signatures in IceCube
that may produce more events per year [8]. Hence, this
could be a signal of new physics. Therefore we studied
any possible SM background events. Decays from heavy
quarks produced in neutrino interactions or air showers,
as well as muons produced in Drell-Yan processes inside
the shower can produce double-tracks in IceCube with
similar track separation distributions. Comparison between
experimental data and simulations of laterally separated
muons from cosmic rays shows a disagreement in the zenith
angle distributions. When improved simulations become
available future analyses could improve the understanding
of these events and estimate the muon ratios, as well as
measure the transverse momentum spectrum in air showers.
Furthermore the understanding of background events may
make it possible to find an excess of double-tracks which
would be a signature of physics beyond the Standard Model.
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