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(a) Expected (A) and observed (B)
star velocities as a function of dis-
tance from the galactic center[1].

(b) Composit image
of the Bullet Cluster
(source: NASA).

Figure 1: Galaxies rotate faster than expected from the visible
amount of matter (a). The dark matter hypothesis is sup-
ported by the Bullet Cluster (b). Superimposed on an optical
image are the densities of luminous matter (obtained from X-
ray observations) and dark matter (inferred from weak gravi-
tational lensing) indicated in red and blue, respectively.

Dark Matter

Over the past century physicists have developed – based on
data from cosmic rays, nuclear reactors and particle accelera-
tor experiments – a model of elementary particles (quarks and
leptons) and forces (electromagnetism, the weak and strong
nuclear force). This is modestly called the “Standard Model”.
The physical properties of all “ordinary matter” around us
can be described surprisingly well in terms of these Standard
Model particles and forces, plus gravity as described by Ein-
stein’s General Theory of Relativity. Even stars and their evo-
lution can be adequately described using just these ingredients.
Due to these successes, scientists have long thought that the
Standard Model could account for practically all matter in the
observable universe.

However, things do not seem to add up so nicely when stud-
ied on galactic scales, and larger. Most galaxies seem to be
rotating so fast that we would expect them to disintegrate (see
figure 1(a)). But they don’t. The currently prevailing expla-
nation is that a large fraction of the actual mass of galaxies
is hidden in so-called “dark matter”, matter that manifests
itself gravitationally through its mass but does not take part
in ’normal’ interactions such as electromagnetism. Over the
past decade this explanation has gained more support (see e.g.
figure 1(b)).

The nature of this dark matter is unknown, but there are
good reasons to assume that it consists of so-called Weakly
Interacting Massive Particles (WIMPs). These hypothetical
particles are also predicted by the theory of Supersymmetry
and might be produced in proton-proton collisions at the Large
Hadron Collider. Being massive and only weakly interacting,
WIMPs do not stick together like ordinary matter particles
do, but are thought to form vast gas-cloud-like accumulations,
held together by gravity. WIMPs may annihilate with each
other when they collide, which should then mostly happen in
regions where the dark matter density is high, for instance in
the center of our Milky Way. From the energy released in the

annihilation, observable Standard Model particles can emerge,
in particular gamma rays and neutrinos.

Currently there are various efforts underway to detect dark
matter. As the dark matter is assumed also to permeate Earth,
detectors have been developed and installed in deep under-
ground laboratories to witness rare events of WIMPs gently
scatter off ordinary atomic nucleus. The observation of such a
nuclear recoil event would constitute direct detection of dark
matter, as opposed to the indirect detection method, in which
we search for the high energy gamma rays and neutrinos from
dark matter annihilation.

The IceCube Neutrino Observatory

Neutrinos have almost no mass and they rarely interact; neu-
trinos can travel through Earth without being absorbed and
are not deflected by magnetic fields. On the one hand this
makes them the ideal “cosmic messenger” particles to use in
astronomy, as they do not get lost underway from a celestial
source to us. On the other hand it makes it challenging to
actually detect them. Neutrino detectors need to be very large
in order to capture enough neutrinos within a reasonable time.
The IceCube Observatory is currently the largest neutrino ob-
servatory with an instrumented volume of one cubic kilometer.
It consists of an array of 86 strings reaching to 2.5 km depth
in the 2.8 km thick glacier covering the geographic South Pole.
On the lower half of each string, 60 digital optical sensors are
installed, each about the size of a basketball and capable of
detecting single photons. The construction of this array lasted
from December 2004 till December 2010. During the construc-
tion phase the partially installed array already took data.

High energy neutrinos that happen to interact in the excep-
tionally clear Antarctic ice cause a very brief flash of Cherenkov
light. The light is recorded by several optical sensors (we
call this an “event”) and elaborate computer algorithms recon-
struct from these data the direction from which the neutrino
originated.

Not only neutrinos can cause light in the ice. Several thou-
sand times per second a cosmic ray particle crashes into the
South Pole atmosphere and produces one or more muons that
reach all the way down in the ice and cause enough light to
be recorded as an event in IceCube. The neutrino events are a
million times less frequent than such cosmic ray events, but by
applying sophisticated selection algorithms these needles can
still be found in the haystack of data. For instance, cosmic
rays propagate downwards while neutrinos can pass through
the Earth, so an event that looks convincingly like an upgoing
track was very likely caused by a neutrino interaction.

Hunting Dark Matter in the Milky
Way with Neutrinos

The distribution of dark matter in our own galaxy has been
estimated by various researchers, as illustrated in figure 2. The
estimations agree on the dark matter densities that we should
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“see” when we look “away” from the Galactic Center, at what
we call the “dark matter halo”. The estimates disagree on
exactly how much larger the dark matter density is towards
the Galactic Center, but it should be definitely larger by orders
of magnitude.

The number of neutrino events which we may detect in Ice-
Cube as result of dark matter annihilations in the galaxy is
closely related to the dark matter density profile in the direc-
tion of view. A measured neutrino excess from the direction
of the Galactic center or the absence thereof can be translated
into a constraint on the dark matter density in combination
with the annihilation probability.

A search for a signal from the galactic halo has been per-
formed previously with IceCube [5], by studying the distribu-
tion of arrival directions of neutrinos in the Northern Sky. The
neutrinos from the dark matter halo should slightly skew this
distribution. No significant deviation was found, so this put a
constraint on the models.

In our work we “look” directly towards the Galactic Center.
The expected dark matter density (and hence the annihilation
rate into neutrinos) should be much higher than for the halo.
However, for an observer at the South Pole the Galactic Center
is always at about 29 degrees above the horizon. Hence, any
neutrino event in IceCube originating from the Galactic Cen-
ter region would be accompanied by a large number of cosmic
ray events coming from the same direction. Fortunately the
majority of cosmic rays betray themselves in IceCube by leav-
ing light in the top or side layers of the array, while neutrinos
can sneak inside and then interact in the interior, producing a
“starting” track instead of a “through-going” track.

Over the past three years, within the GC4ICE3 project, our
group at RWTH Aachen University has developed event se-
lection algorithms based on this idea and we have collected a
large data sample of events. The optimizaton of these selection
algorithms depends on our expectations of the energy distri-
bution the neutrinos. Since we test several different WIMP
models, each predicting different WIMP masses and hence dif-
ferent neutrino energy spectra, we have optimized the criteria
for each of these models individually.

During this project we have defined appropriate selection
algorithms and have estimated and optimized the sensitivity
for the search for a Dark Matter signal. Mainly, two analyses
have been performed.

As a first step the data from the partially completed Ice-
Cube detector in its 40-string configuration has been analyzed
[7] and published [6]. With this smaller detector the veto ca-
pabilities of a full detector could not be fully exploited and the
sensitivity of this analysis is limited by remaining background
of atmospheric muon events. Therefore the resulting limits are
competitive to other neutrino observations but not competi-
tive to gamma ray observations. However, this analysis can
be considered as a first proof of concept for the possibility to
identify neutrinos from the galactic center as starting events
in IceCube.

As a second analysis performed within this project, we an-
alyze the data from the almost completed detector in its 79-
string configuration. Here, the selection criteria have been re-
fined and a strongly improved dataset has been accomplished.
A completion of this analysis is expected in early 2013 with
the PhD thesis of Martin Bissok in Aachen [8]. Triggered by
this project, the search for signatures from dark matter anni-
hilations from the direction of the galactic center has become
a standard analysis within IceCube and is pursued by several
institutions, in particular the RWTH Aachen and University
Uppsala. The data from the first year of the fully completed
IceCube detector is currently being analyzed by Rickard Ström

(a) Our Galaxy “seen from
above” [2]. While the ordinary
matter has a dense core plus spi-
ral arms, the dark matter distri-
bution (not drawn) is assumed
to be just a spherically symmet-
ric cloud centered around the
center of the Galaxy, its halo ex-
tending to beyond the Sun.

(b) Three different estimates for the
dark matter density of the Galaxy,
depending on the distance from the
Galactic Center. The diameter of
the Galaxy is about 30-37 kpc (about
100,000 light years), the Solar system
is a about 8.3 kpc from the Galactic
Center (indicated by the grey line) [3].

Figure 2: Estimated distributions dark matter.

[9] at the University of Uppsala. As result of these analyses we
expect a significant contribution to the discovery or exclusion
of WIMP dark matter by IceCube neutrino data. The impli-
cations of the neutrino data on global fits, including new data
from the Large Hadron Collider is currently evaluated in the
PhD thesis by Jan Blumenthal [10] at Aachen.

Also initiated by this project, the IceCube collaboration has
realized the high potential of starting events and reconsidered
the concept of data selection at the South Pole. Since the year
2011, every triggered event from the full Southern hemisphere
is transmitted North in a condensed format. This will allow
for similar future analyses of interesting astronomical objects
in the Southern sky.
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