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Abstract
The presence of dark matter is inferred at scales ranging from rotations of

galaxies to imprints in the CMB – the Big Bang after-glow. The nature of dark
matter is, however, still unknown as no detection other than the gravitational
one has been made. This thesis presents two analyses searching for a neutrino
signal from dark matter annihilations in the Milky Way.

The first analysis searched for an excess of νµ charged current events with
directions from the central region of the dark matter halo and, was focused
on low energy events, thus probing low dark matter particle masses. Ap-
proximately 319 days of data collected with the 79-string configuration of the
IceCube detector was used in the analysis. Despite a large deficit in the num-
ber of observed events the data were found to be consistent with background
and upper limits were set on 〈σv〉. At the time of the analysis these limits
were the strongest set by a neutrino experiment below 100 GeV.

The second analysis was performed on a data sample originally used in
an unfolding analysis of the atmospheric and astrophysical neutrino spectra.
The data consisted of contained cascade events above 1 TeV collected with the
79-string configuration and the completed detector in the 86-string configu-
ration during two years of data-taking. The limits set by this analysis were
more constraining by up to a factor of 10 compared to previous IceCube anal-
yses, and the most competitive limits are set assuming a Burkert halo profile.
These two analyses prompted the development of a signal subtraction likeli-
hood method to address the problem of signal contamination in background
estimates based on scrambled data.

Additionally a study concerning future extensions of IceCube in the Gen2
project is presented. The cascade reconstruction performance was examined
and compared for different proposed detector extensions.
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Preface

Observations of the Universe at scales ranging from rotations of galaxies to
the structure of the CMB, all imply the presence of dark matter. Since the first
observations dating back to the early 20th century the nature of dark matter
has been speculated upon. To this day dark matter has only revealed its pres-
ence through the gravity it exerts on ordinary matter. This thesis presents
two analyses searching for weakly interacting dark matter in the Milky Way.
Each chapter of this thesis is accompanied with a quote of some piece of mu-
sic which accompanied the author while writing this thesis.

About this thesis

This thesis is divided into three parts. The first part is an introduction to the
field of neutrino astronomy. Part II introduces the field of dark matter and
presents two analyses performed by the author which search for dark matter
in the Milky Way using IceCube data. In part III a study concerning cascade
reconstruction performance connected to the IceCube upgrade project called
Gen2 is presented.

In this thesis natural units are used, i.e c = ~ = 1, where c is the speed
of light in vacuum and ~ is the reduced Planck constant. In natural units
masses, momenta and energies are conveniently given in eV.

Since my Licentiate degree thesis presented the IceCube experiment in
general and one of the analyses I have been involved in, several sections from
my Licentiate Thesis have been reused and modified for this thesis. The fol-
lowing chapters and sections have been reused and adapted from my Licen-
tiate Thesis: Chapter 1, Chapter 2, Chapter 3 and section 4.2.

Author’s contribution

Below, I summarize my work contributions to the IceCube collaboration dur-
ing my time as a PhD student. My contribution consists of software develop-
ment used by the IceCube collaboration and various service work in addition
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to physics analysis. I also list the papers in which I have been involved.

DMHaloModels

The art of weighting and re-weighting simulated events is delicate. During
the development of the Galactic Center analysis, described in chapter 5 in this
thesis, we were reminded of this. I and my analysis collaborator M. Wolf de-
cided to write a piece of software for our analysis, called DMHaloModels, to
generate correct event weights given an annihilation channel and a dark mat-
ter halo model. I was responsible to implement a framework for the J-factor
calculation which gives the contribution from the dark matter halo given an
opening angle with respect to the center of the halo. The framework can sup-
port any spherically symmetric halo model and tabulates the J-factor (line
of sight integral) for fast evaluation. Dark matter density profiles and the
J-factor are discussed in section 3.4. Newer analyses now use the DMHalo-
Models software to calculate event weights for their simulation.

Signal subtraction in likelihood

During the work on the Galactic Center analysis, mentioned earlier, I imple-
mented a software package to perform maximum likelihood analyses. Work-
ing on this software and the problems with bias in the Maximum Likelihood
estimators which were appearing in the Galactic Center analysis lead to the
development of the signal subtraction likelihood. The method of signal sub-
traction is described in more detail in section 4.1. Several later analyses in
IceCube have used this software or implemented their on version of this
method.

Gen2

During the last two years of my PhD studies I have been involved in stud-
ies of future IceCube detector expansions, in particular the high energy Gen2
expansion project. My involvement started with fitting smoothing splines
to 6-dimensional photon tables which could be used for pdf lookups in like-
lihood reconstructions. The challenge with this project was that the tables
for Gen2 were extended in depth into a region where the ice properties are
known to lesser accuracy. A small framework had to be developed to book-
keep the fitting and vetting of the splines as the photon tables consisted of
around 2000 parts. To vet each table part one had to check each table part
in four dimensions. Later I conducted a study of the performance of cascade



ix

reconstruction in a few proposed detector expansions. To perform this study
the simulation chain had to be modified and partly rewritten. The work on
cascade reconstruction resolutions is described in chapter 7.

Other

As part of my master project and the beginning of my PhD studies I wrote a
replacement for the DOM electronics simulation software. During my time
as a PhD student I have been one of the maintainers of this project

I have also performed service work in the form of detector run monitoring
at two separate occasions which covered a total data taking period of three
weeks. The main task was to inspect low level monitoring data of recently fin-
ished runs. Deviations and errors in individual detectors were investigated
and reported.

In January 2017 I had the pleasure to perform service work for the Ice-
Cube experiment at the South Pole. My main assignment was to perform
so-called flasher calibration runs were LEDs on board some specific DOMs
are flashed while the surrounding DOMs record. Apart from the calibration
runs I was also involved with field work which included uncovering old test
holes buried under drifting snow for testing prototype antennas for ARA [1]
and preparations for the deployment of three new ARA stations the follow-
ing season.

IceCube offers so called bootcamps for new students to acquaint them
with the software tools used in the collaboration. I have given presentations
and helped out as an assistant at these bootcamps.

IceCube has a system of internal reviews were an analysis has to be ap-
proved in order to unblind or compute results. Each analysis is assigned re-
viewers which scrutinize the analysis, give feedback and make sure that the
analysis is in a good state when the unblinding is approved. I was assigned
to review the three year Galactic Center annihilating dark matter analysis [2]
as well as the corresponding publication which is still under internal review.

Papers

During my time as a PhD student in the IceCube collaboration I have been
listed as author on around 100 publications. I would like to highlight four
publications to which I have contributed substantially. A brief description of
my contribution follows each listed publication.
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1

Neutrino Astrophysics

– Franz Schubert, Fantasia in F minor

The neutrino is an elementary particle with no electrical charge and hav-
ing an intrinsic spin of one half, hence obeying Fermi statistics. It was pos-
tulated by Pauli in 1930 to explain the energy distribution of the electron
emitted in a β-decay. It would, however, take more than 25 years until the
neutrino was detected for the first time, which was made possible by nuclear
reactors generating enormous neutrino fluxes [7]. The neutrino is a lepton,
which means that it carries a quantum number called the lepton number.
This makes the neutrino have a special relation to the charged leptons, like
electrons, muons and tauons, which also carry lepton numbers. Table 1.1
shows the relation between charged leptons and neutrinos for the three lep-
ton generations, also called lepton flavors. For each new generation(flavor)
the mass of the charged leptons increases while for the neutrinos the mass
is somewhat ill-defined since the neutrino mass-eigenstates do not coincide
with the flavor eigenstates. Since neutrinos are neutral they do not inter-
act through the electromagnetic force like their charged cousins, but they do,
however, interact via the weak force. The fact that the neutrino flavor eigen-
states do not coincide with the mass eigenstate give rise to another peculiar
property neutrino property – namely neutrino oscillations. Neutrinos will
oscillate between different flavor states while traveling and the probability of
detecting a neutrino of a certain flavor depends on the distance traveled, the
initial neutrino flavor, neutrino energy and the mass density the neutrino has
passed through.

As a scientific field, neutrino astronomy, is relatively young, but in the
last decades it has received a lot of attention since it has in many respects
advantages and drawbacks that are complementary with respect to classical
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TABLE 1.1: Flavor eigenstates for three generations of leptons.

type\generation 1st 2nd 3rd
neutral νe νµ ντ
charged e µ τ

astronomy using photons. The weak interaction of neutrinos is one of the key
features that makes the neutrino interesting for astronomy. In conventional
astronomy where photons are the messenger particles (be it radio, infrared,
optical, x-ray or gamma-ray astronomy), gas and dust particles in the line
of sight of the object being observed can absorb or distort the signal. When
observing neutrinos, absorption and distortion of the signal is much less of
an issue. In fact neutrinos are able to escape the most violent events known
such as supernovae, largely unaffected. The main challenge which has been
facing neutrino astronomy is, of course, the extreme difficulty of detecting
neutrinos. Concerning neutrino detection in general this has been solved
either by immense neutrino fluxes or very large target masses. Since we do
not have any control of astronomical neutrino fluxes the only way to increase
the detection rate is by increasing the instrumented volume.

1.1 Neutrino detection

Neutrinos are difficult to detect since they can only be detected by the re-
sults of their weak interactions with other particles. Through the weak force,
neutrinos can interact with matter either by participating in a neutral current
interaction (NC) by exchanging a Z0, boson or through a charged current in-
teraction (CC) where a W boson is exchanged. At neutrino energies relevant
for the analyses presented in this thesis, neutrino interactions with other par-
ticles are dominated by deep inelastic scattering, which means that the target
breaks up in the process. These interactions can be written as:

νl(ν̄l) +N → l−(l+) +X CC (1.1)
νl(ν̄l) +N → νl(ν̄l) +X NC (1.2)

where l denotes a lepton flavor (i.e. e, µ, τ ), N is the target nucleon and
X is the hadronic product of the interaction. The neutrino-nucleon cross-
section increases linearly with neutrino energy above 10 GeV. At about 1 PeV
the neutrino-nucleon cross-section yields a mean free path in matter that is
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comparable to the Earth’s diameter, hence Earth becomes opaque even for
neutrinos at these high energies.

In addition to the neutrino-nucleon interactions mentioned above, the ν̄e
can also participate in a resonant interaction with the abundant electrons in
ordinary matter and therefore creating a W− through ν̄e + e → W−. This
resonance was suggested by Glashow [8], and the interaction is predicted to
be enhanced at 6.3 PeV neutrino energy.

Since the target matter of IceCube is ice, the behavior of neutrino inter-
actions with matter will be described with this medium in mind. Neutrino
interactions in ice generally give rise to two distinguishable topologies which
we here denote as track-like interactions or cascade-like interactions. The
track-like topology describes a neutrino interaction which results in an en-
ergy deposition along a track, while a cascade-like topology describes an en-
ergy deposition which is very localized in space.

Track-like interaction

In a CC interaction (see Eq. 1.1) the outgoing lepton will have the same lepton
flavor as the incoming neutrino. In the case of an interacting muon neutrino,
νµ, a muon and a hadronic cascade will be created. The muon leaving the
interaction will be able to traverse a vast distance in the ice, in comparison to
an electron or a tauon because of the interplay of a long lifetime and a con-
siderably larger mass than the electron. The muon will lose energy mainly
through four different processes while passing through matter: (i) ionization
losses, (ii) bremsstrahlung, (iii) pair production and (iv) photo-nuclear in-
teraction. Figure 1.1 shows how these energy loss processes depend on the
energy of the muon. The muon will also emit Cherenkov radiation while it
passes through the ice. Although the energy loss from Cherenkov radiation is
negligible, it is the light which is in the end detected. Most of the Cherenkov
light, however, does not originate from the muon itself but from the secon-
daries produced in the previously mentioned energy losses.

Cascade-like interaction

All neutrino interactions will have a cascade-like part where a large energy
loss is localized in a small region. The only neutrino interaction where the
cascade-like part is not dominating is the CC interaction of a νµ, which has
been discussed in the previous section (1.1). In a NC interaction the neu-
trino scatters off a nucleon which breaks apart from the momentum transfer.
A hadronic cascade is formed from the momentum transfer to the shattered
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FIGURE 1.1: Average energy loss due to different processes for muons in ice as a
function of energy. The figure is adapted from [9].

nucleon. The length of detectable cascades (in IceCube) ranges from tens of
centimeters to tens of meters. Even though the cascade and thus the light
emitted from the cascade is strongly forward boosted, at range the light dif-
fuses and spreads almost spherically from the cascade origin. The reason
that the light diffuses and thus cascades appear spherical is connected with
the optical properties of the ice in which they are observed which will be
described in section 2.6.

A CC interaction involving a νe will have two cascade components: one
coming from the hadronic cascade and the other being an electromagnetic
cascade. The electromagnetic cascade is initialized by the outgoing electron
which has a very short mean free path. A ντ CC interaction would have a
similar topology as a νe considering the energies relevant for the two analy-
ses presented in this thesis. The difference is that it would be in most events
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dominated by a hadronic component instead of an electromagnetic compo-
nent. At higher energies the separation between the initial CC ντ interaction
and the decay of the τ becomes large enough so that the two cascades these
two events yield become distinguishable.

1.2 Cosmic ray background

The background of most analyses in IceCube is dominated by secondaries
from cosmic ray showers. There are two main air shower components that
trigger the detector – atmospheric muons and atmospheric neutrinos. These
two components have very different characteristics which are described later
in this chapter.

1.2.1 Cosmic rays

Cosmic rays have baffled physicists since the beginning of the 20th century
when they were discovered by Victor Hess in his now famous balloon ex-
periments [10]. Today we know that cosmic rays consist of stable charged
particles such as ionized nuclei and electrons, which traverse the Universe at
speeds close to the speed of light. The composition of the cosmic rays is dom-
inated by protons constituting about 79% of the particles while about 6% are
helium nuclei [11]. The remaining part of the cosmic rays are electrons and
heavier nuclei produced in stellar nucleosynthesis and supernova explosions.

A remarkable feature of cosmic rays is that over many orders of magni-
tude the energy spectrum follows a simple power law of the form dN

dE ∝ E
−γ ,

where γ denotes the cosmic ray slope index which for most of the energy
decades is γ = 2.7. Figure 1.2 shows the observed energy spectrum of cosmic
rays. There are however some features in the spectrum. Around a few PeV
in primary particle energy the spectral index becomes softer and obtains a
value of 3̃.0 which is referred as the ’knee’. Around a few EeV the spectral
index changes again and the spectrum becomes significantly harder, which is
referred as the ’ankle’.

Being charged particles, cosmic rays are continuously deflected by inter-
stellar and galactic magnetic fields while traversing the galaxy. When they
eventually reach Earth they will not point back to their sources. Cosmic rays
detected at Earth with energies of a few GeV and lower originate within our
solar system and are associated with the solar wind or solar flares. Above this
energy and up to the previously mentioned ’knee’, cosmic rays of galactic ori-
gin dominate. Charged particles with energies below the knee are practically
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FIGURE 1.2: Cosmic ray energy spectrum measurements from several different
experiments covering 10 orders of magnitude in GeV. (Credit Tom Gaisser)

confined in the galaxy as their magnetic gyroradii are smaller than the size of
the galaxy. The sources of these cosmic rays are not known other than that
they lay within the galaxy. There are several proposed sources and mecha-
nisms to accelerate particles to the observed energies. It is thought that Fermi
acceleration around supernovae is responsible for the production of cosmic
rays. Shocks from the exploding supernova would collide with debris and
stellar winds of the progenitor star. Charged particles would then gain en-
ergy by repeated scattering on the shock fronts [12]. The resulting spectrum
of such acceleration would be a power law with a similar spectral index to
what is observed.

The hope is that neutral particles, such as gamma rays and neutrinos,
that can be associated with cosmic ray particle production will reveal some
sources and shed light on the origin of cosmic rays. The role of neutrinos in
the search of cosmic ray sources is discussed in section 1.3.
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Cosmic rays with energies above the knee are probably dominated by
particles of extra-galactic origin. Particles with these energies would escape
the galaxy easily as their magnetic gyroradii due to the galactic magnetic
fields would exceed the size of the galaxy. The change in spectral index likely
reflects the change in source population and acceleration mechanism.

When cosmic ray particles enter Earth’s atmosphere, they will at some
point collide with air nuclei to produce showers of particles which propagate
through the atmosphere. If the particle has high enough energy the shower
might reach the surface of Earth.

1.2.2 Atmospheric muons and neutrinos

A cosmic ray airshower is created by a single cosmic ray particle colliding
with a nucleus in an air molecule. In the collision the nucleus would disinte-
grate together with the incoming cosmic ray to create a shower of secondary
particles in the general direction of the incoming cosmic ray. The shower of
secondary particles would in turn also interact with air molecules produc-
ing a chain of secondaries, and thus forming a cosmic ray air shower. At
the Earth surface neutrinos and muons are dominating the shower [11] and
below the surface all other remaining components will be quickly absorbed.
Figure 1.3 shows the flux of different particles in cosmic ray airshowers at
different atmospheric depths.

Muons and neutrinos in air showers are predominantly produced through
the decay of charged pions and kaons. The process of pion and kaon decay
can be written as:

π+(π−)→ µ+(µ−) + νµ(ν̄µ)

µ+(µ−)→ e+(e−) + νe(ν̄e) + ν̄µ(νµ)
(1.3)

K+(K−)→ µ+(µ−) + νµ(ν̄µ)

µ+(µ−)→ e+(e−) + νe(ν̄e) + ν̄µ(νµ)
(1.4)

Atmospheric muons

At Earth’s surface the muon flux is around 20 m−2s−1sr−1 or about 120 muons
per second on a surface of one square meter. In cosmic ray air showers muons
that are produced through the decay of charged pions and kaons as described
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FIGURE 1.3: Vertical flux of cosmic rays as a function of atmospheric depth and
primary energies > 1 GeV. Data points show measurements of negative atmo-

spheric muons from different balloon experiments. Figure taken from [11].

in Eq. 1.3 and Eq. 1.4 are called conventional. This conventional component
is dominating the atmospheric muon flux up to around 10 TeV energy [13].
Pion decay dominates the atmospheric muon flux up to TeV energies after
which kaon contribution becomes significant [14]. The spectral slope of the
atmospheric muon spectrum can be related to the primary cosmic ray spec-
trum. On their way through the atmosphere pions and kaons may interact
before they decay. The probability to interact and the decay length are both
energy dependent. Therefore a critical energy can be defined as the energy
where the decay length is equal to the interaction length. For pions and kaons
this energy is 115 GeV and 855 GeV, respectively. This means that pions with
an energy above 115 GeV are more likely to interact with air than to decay and
similarly for kaons, which causes a reduction in muon production which is
energy dependent. The result is a muon spectrum that approaches one power
steeper than the primary cosmic ray spectrum at energies above 1 TeV [11].
However, the effect is smaller at incidence angles close to the horizon, as the
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pions and kaons will travel a longer distance through the low density upper
atmosphere, which will reduce the probability to interact and thus enhance
the decay probability.

Atmospheric muons are also produced in decays of charmed hadrons
such as D-mesons and Λc hyperons in the following decay modes

D → K + µ+ ν (1.5)
Λc → Λ + µ+ ν. (1.6)

The lifetime of these charmed hadrons is very short and since they almost
immediately decay they suffer no energy loss before decaying. Essentially all
the initial energy of the particle is transfered to the decay product. This cos-
mic ray component is therefore referred to as ’prompt’ or ’charmed’. Due to
the prompt decay of the charmed hadrons the resulting muon spectrum will
follow the primary cosmic ray spectrum. The onset of the prompt component
is at roughly 10 TeV due to the high energy threshold to produce charmed
hadrons.

The muon flux quickly decreases with depth because of energy losses (de-
scribed in section 1.1). However at a few kilometers of ice depth (relevant
for IceCube) muons are still dominating the detectable flux of particles even
though the actual flux of particles is dominated by neutrinos. The flux at
depth will of course be downwards going since Earth is effectively absorbing
all muons.

Atmospheric neutrinos

When cosmic ray air showers reach the surface the neutrinos are the most
abundant particles in the shower. In a similar manner as the atmospheric
muons, the neutrino flux produced through the meson decays and the subse-
quent muon decays described in Eq. 1.3 and Eq. 1.4, is called the conventional
atmospheric neutrino flux and is dominating the flux. From these equations
we also see that νµ will outnumber νe by roughly 2:1 at low energies. At
higher energies muons will not have time to decay and νe production from
the conventional component will cease. The spectral slope of atmospheric
neutrinos can also be related to the spectral slope of the cosmic ray spectrum
in a similar fashion as the atmospheric muon spectrum.

Prompt decays of charmed hadrons produce a flux component of neutri-
nos which similarly to the prompt atmospheric muons is harder than the con-
ventional flux, approaching the primary cosmic ray spectrum slope. Equal
numbers of νµ and νe are produced in charmed hadron decays. The onset
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FIGURE 1.4: Passing fraction of atmospheric neutrinos assuming veto muons only
from the same decay as the νµ (solid) and muons from other branches of the
shower (dashed) [15]. The colors and numbers indicate cos θzenith of the neutrino.

energy for prompt neutrinos is rather high. The transition from the conven-
tional to the prompt flux might for νµ be at around 300 TeV. For νe, however
the cross-over may be already around 10 TeV due to the low νe flux from the
conventional component.

1.2.3 General ways of reducing background in neutrino experi-
ments

The traditional way of reducing background when searching for extraterres-
trial neutrinos has been to use Earth as a filter to suppress the muon back-
ground, which outnumbers a typical signal with several orders of magni-
tude. The drawbacks are that one can only observe the northern hemisphere
with a detector like IceCube, which is situated at the South Pole, and the ir-
reducible atmospheric neutrino background is still present. The only way of
distinguishing a signal from the atmospheric neutrino background is by dif-
ferent statistical behavior, which is usually exploited in the final stage of an
analysis, e.g by using likelihoods.

However, the nature of cosmic ray airshowers provides means of distin-
guishing neutrinos coming from space from muons and atmospheric neu-
trinos as long as the muons from the shower are able to reach the detector.
Atmospheric neutrinos are initially embedded in the showers that created
them. The muons accompanying atmospheric neutrinos from the southern
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hemisphere are able to reach the detector if they have enough energy. For
sufficiently high neutrino energies the probability for a muon from the same
shower to reach the detector is essentially 1. Figure 1.4 shows the fraction
of neutrinos that arrive with no accompanying muons with energies above
1 TeV at a depth of 1950m in ice for different neutrino incidence angles [15].
In principle, if one can distinguish a muon or a bundle of muons originating
in a cosmic ray shower from a neutrino induced muon it is possible to reduce
the atmospheric muon and neutrino background simultaneously. For high
enough neutrino energies the reduction would be essentially complete. In
practice the most successful method of distinguishing between astrophysical
neutrinos and the atmospheric background has been to select events start-
ing inside the detector volume as these have to be neutrino induced. If these
events are downwards going, there are no signs of entering muons and the
energy of the event is high enough, the likelihood of that this event is as-
trophysical is high. To ensure that the assumed starting events are actually
starting inside the detector volume a variety of veto methods are used to re-
ject events where incoming muons are detected.

1.3 Astrophysical neutrinos

It is believed that astrophysical neutrino production is connected to cosmic
ray production. Around cosmic ray acceleration sites the accelerated particles
may interact with matter and radiation, producing pions and kaons. These
pions and kaons would decay into neutrinos according to Eq. (1.3) and Eq.
(1.4), respectively. The astrophysical neutrino production at these sites will be
proportional to the cosmic ray production. In contrast to the cosmic rays the
neutrinos would point back to the source. Moreover associated gamma ray
production at cosmic ray acceleration sites may be suppressed or obscured
by dense objects or large dust clouds, meaning that some cosmic ray sources
might only be detectable by neutrinos. The astrophysical neutrino flux at
the surface of Earth is in general several orders of magnitude smaller than
both the muon and atmospheric neutrino flux, which makes it challenging to
observe an astrophysical neutrino flux.

The IceCube Neutrino Observatory has performed analyses that either
directly search for neutrino sources or try to observe a diffuse flux of astro-
physical neutrinos combined from all sources. In 2013 a paper was published
where evidence of astrophysical neutrino observation was presented [16].
The analysis only used high energy events that started inside the detector,
which significantly reduces the background of muons as well as atmospheric
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neutrinos as previously explained in section 1.2.3. By only considering start-
ing events this analysis was approximately equally sensitive to all neutrino
flavors. In total 28 events were observed and the background hypothesis
(only atmospheric neutrinos) was rejected with a significance of 4.1σ.

A later analysis using through- and up-going track events, which provide
significantly larger statistics compared to starting events, has also been able
to measure an astrophysical neutrino flux above the atmospheric neutrino
flux [17]. The background in this type of analysis is reduced to only consist
of atmospheric neutrinos by only considering up-going events implying that
the detected particles must have passed through Earth. At around 100 TeV
in neutrino energy the astrophysical neutrino flux becomes significant com-
pared to the atmospheric neutrino flux due to the fast falling slope of latter.
The astrophysical neutrino flux is therefore measured by observing a change
in the spectrum at high energies. Several of these analyses have been com-
bined into a global fit of the astrophysical neutrino flux [18].

Even though we are now confident that we have observed astrophysi-
cal neutrinos analyses searching for neutrino sources have unfortunately not
given any significant excesses. The latest results concern point sources where
7 years of IceCube data were used with no significant point source found [19].
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IceCube

– Felix Mendelssohn, Piano Trio C minor

In this chapter the IceCube detector will be described beginning with an
overview of the detector layout. A more detailed description of the instru-
ments deployed in the deep ice which detect the faint Cherenkov light fol-
lows. Later the data acquisition system and the data processing are discussed
where the most fundamental IceCube observable is presented – the recon-
structed pulse. Finally the properties of the glacial ice are discussed which
constitute the target mass and the dielectric medium of the detector.

2.1 IceCube neutrino observatory

The IceCube Neutrino Observatory is situated at the geographic South Pole
and consists of several detectors dedicated to neutrino and cosmic ray re-
search. The main detector, mostly referred to simply as IceCube, is installed
in the deep glacial ice to detect the faint Cherenkov light emitted from pass-
ing charged particles. The instrumented volume is one cubic kilometer mak-
ing the IceCube detector the largest neutrino detector in the world. In the
early Austral summer of 2004 construction of the detector started and it fin-
ished in December 2010. Figure 2.1 shows an artist’s 3-dimensional view of
the IceCube detector in the deep glacial ice together with the other detector
systems that constitute the IceCube Neutrino Observatory. The detector con-
sists of 86 strings, each with 60 optical detectors called Digital Optical Mod-
ules (DOMs). Each DOM is equipped with a photomultiplier tube (PMT) to
detect the Cherenkov photons. The strings are submerged into 2.5 km deep
holes in the ice, which were drilled by a hot water drill. With the topmost
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FIGURE 2.1: An overview of the IceCube Neutrino Observatory. Credit: Ice-
Cube/NSF

DOM of a string being deployed at around 1450 m depth and a vertical spac-
ing of 17 m between the DOMs, the bottom DOM is deployed 1 km deeper at
around 2450 m depth. Out of the 86 strings, 78 are arranged in an hexagonal
grid with an average distance between two neighboring strings being around
125 m, making the detector cover an area of one square kilometer.

The remaining 8 strings are placed around the most central string in the
detector and together with the neighboring strings in the hexagonal grid they
constitute the inner detector called DeepCore, here denoted DC. The DOMs
on 6 of the 8 DC strings are equipped with PMTs that have a 30% higher
quantum efficiency. The inter-DOM spacing on these strings is 7 m, for the 50
first DOMs from the bottom which is followed by a several hundred meter
gap in the instrumentation starting at 2100 m depth which coincides with
the main dust layer in the ice (will be described further in 2.6). The inter-
DOM spacing for the ten upper-most DOMs is 10 m with a deployment depth
centered at around 1800 m. DeepCore therefore constitutes a more densely
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instrumented volume, which lowers the detection threshold with respect to
energy. In total 5160 DOMs are deployed in the ice.

On the surface above IceCube an air shower array detector, named IceTop,
is placed. IceTop consists of 81 IceTop stations which mostly are placed near
the horizontal positions of IceCube strings. Each station has two tanks with
two DOMs per tank. IceTop is used to study cosmic ray air showers with
primary energies above 105 TeV and may as well be used as a surface veto to
reject incoming cosmic ray showers.

2.2 Digital optical module

The most fundamental part of the IceCube detector is the digital optical mod-
ule (DOM) which holds the equipment needed to detect single photons from
the faint Cherenkov light emitted by charged particles as they traverse the
ice.

The DOM consist of a 13 mm thick protective glass sphere to withstand
the pressure at the deployment depth, a 25 cm diameter Hamamutsu pho-
tomultiplier tube (PMT) and the electronics needed to operate the PMT and
communicate with the surface. The electronics in a DOM include a mainboard
(MB), a 2 kV power supply for the PMT, a flasher board and a delay board. Fig-
ure 2.2 shows the layout of the DOM.

FIGURE 2.2: A schematic view of the DOM from Ref. [20].

To prevent corrosion of the electronics the assembled DOM is filled with
dry nitrogen gas. The gas pressure inside the DOM is approximately half an
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atmosphere to keep a strong compressive force on the sphere, thereby keep-
ing the seal between the two glass hemispheres tight even in the high altitude
at South Pole. A layer of optical silicone gel between the PMT and the glass
sphere ensures that the two components are optically coupled [20]. With 10
dynodes the PMT is able to amplify the signal from a photoelectron (PE) by
a factor of 107 enabling the PMT to detect single photons. The PMT effi-
ciently detects photons of wavelengths between 300 nm and 650 nm with a
peak quantum efficiency of 25% at a wavelength of 390 nm [21]. However,
the glass and the optical gel between the PMT and the glass sphere cuts off
wavelengths shorter than 350 nm.

The DOMs operate in a detector environment where the temperature
ranges from –20 C◦ to –40 C◦. The dark noise of the PMT at these temper-
atures is measured to be around 300 Hz [21]. It is believed that a major
component of dark noise at low temperatures is originating from radioactive
decays in the PMT glass. The protecting glass sphere also has a contribution
to the dark noise rate from radioactive decays, resulting in a total dark noise
rate of 650 Hz for a DOM.

A penetrator links the interior of the DOM with a cable that runs to the
surface. Communications with the surface are modulated on the voltage in
wires that supply the DOM with power. The DOM MB hosts a Field Pro-
grammable Gate Array (FPGA) containing an ARM1 CPU for processing the
digitized PMT signal and handling the communications, the analog front-end
of the PMT, and two digitizer systems.

When the PMT signal crosses a programmable discriminator threshold,
in IceCube set to 0.25 PE, a signal is sent to the FPGA which in turn starts the
digitizers to record the PMT signal. A 20 MHz quartz oscillator on the MB,
which is doubled to 40 MHz, controls local timing and sets the clock cycle
for the FPGA [20]. The trigger is given a local timestamp. At the same time
digitization of the PMT signal is initiated.

There are two digitization systems on board the DOM, which consist of
two Analog Transient Waveform Digitizer (ATWD) chips and one fast Analog
Digital Converter (fADC) chip. The ATWD collects 128 samples at a sampling
rate of 300 MHz giving a bin width of 3.3 ns and a sample length of 422 ns.
However, before the PMT signal reaches the ATWD digitizers it goes through
an 11.2 m long strip on the delay board, which delays the signal by 75 ns. This
gives enough time for the FPGA to start the ATWD digitizers without missing
the pulse from the photon that triggered the DOM [20].

1ARM is a low power processor architecture which today mostly is associated with ’smart
phone’ CPUs.
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Each ATWD chip has four channels of which three are used for PMT sig-
nal capturing. The three channels record the waveform with different ampli-
fications applied (16, 2, 0.25) in order to capture the full dynamic range of the
PMT. The fourth channel measures sources in the DOM which are used for
calibration and monitoring. It takes 29µs to digitize the 128 samples for a sin-
gle ATWD channel. Therefore the amplitude of the waveform decides how
many channels will be digitized, starting with the highest amplification chan-
nel. Due to the long dead times associated with digitization of the recorded
waveform the MB was equipped with two ATWD chips. With two ATWDs,
the second can record while the first is digitizing.

The fADC, on the other hand, continually operates at a sampling rate of
40 MHz, tied to the FPGA clock cycle, on a ring buffer which is five samples
long. When the FPGA receives a signal from the discriminator it starts to
read from the fADC, with a normal readout of 256 samples. The waveform
recorded by the fADC is therefore 6.4µs having 25 ns bins. In front of the
fADC shaping amplifiers broaden the typically 2 ns wide pulse in order to
make it possible to capture the pulse with the coarse 25 ns binning. Due to the
ring buffer and the effect of shaping amplifiers delaying the pulses, the first
bins of the fADC readout corresponds to readout times before the beginning
of the launch.

In order to reduce noise in the recorded data the DOMs run in a mode
where coincident conditions between two neighboring DOMs define the type
of readout. Whenever a DOM receives a discriminator crossing signal, i.e a
potential photon hit, besides starting the PMT signal readout, it sends a Local
Coincidence (LC) signal to its neighboring DOMs on the string. If a DOM re-
ceives such a signal within 1µs of starting a readout the DOM is considered
to be in coincidence with the other DOM sending the signal. In the case of LC
the DOM is said to be in Hard Local Coincidence (HLC) and a full readout of
the PMT signal is made and sent up to the surface as described above; con-
taining 256 fADC samples and 128 ATWD samples for each digitized ATWD
channel. If the DOM instead does not receive an LC signal within 1µs of the
readout start time the full readout will be aborted and the DOM is said to be
in Soft Local Coincidence (SLC). The data for an SLC readout is reduced to a
so called coarse charge stamp of the 16 first fADC samples (400 ns), which is
the highest bin and its two neighbors.

Each DOM is also equipped with a flasher board which contains LED (light
emitting diodes) to stimulate neighboring DOMs for calibration purposes.
There is also a LED in the DOM which directly stimulates the on-board PMT.
The flasher board LEDs are used to calibrate the positions of the DOMs and
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measure ice properties. The LED flasher that emits light to the on-board PMT
is used to calibrate the PMT transit time (the time it takes from a photon hit
to readout) and to assess the PMT response function for a single photoelec-
tron [20].

2.3 Data acquisition and triggering

The data packages sent to the surface by a DOM containing the digitized
waveforms are referred to as DOM launches. A DOM launch consists of a
locally generated timestamp, a coarse charge stamp and, in the case of a ful-
filled LC, a full fADC waveform and at least one ATWD waveform.

Data are collected in a counting house at the surface in the center of the
array called the IceCube Lab (ICL) (see figure 2.1) where the IceCube data
acquisition (DAQ) system is located. Each string cable is connected to a
DOMHub computer, which is a computer that communicates with all the
DOMs on the string. Each DOMHub communicates with the DOMs on the
string through eight DOM readout (DOR) cards where each DOR card is ca-
pable of connecting to eight DOMs. Software in the DOMHubs converts the
DOM launch time stamp from local DOM time to ICL time and time orders
the stream of launches from the string.

Later a global time ordered stream of DOM launches is formed from all
the string streams and sent to different triggers. The most basic trigger al-
gorithm used in IceCube is the simple multiplicity trigger (SMT) where the
trigger condition is based on the number of DOM launches during a time
window. One usual configuration of the trigger condition is having eight
HLC launches during a 5µs window, then denoting the trigger as SMT8. The
individual triggers report to the Global Trigger which builds a trigger hier-
archy which describes the time overlaps of the different triggers. The trigger
hierarchy is in turn sent to an event builder which defines the end and start
time of the event and requests all DOM launches within this time window
from the DOM hubs. From the launches it builds an event which is stored in
an IceCube specific format called i3 that can later be read by the data Process-
ing and Filtering (PnF) framework.
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2.4 Processing and filtering (PnF)

When an event has been constructed by the event builder it is sent to the
PnF, which runs on a small computational cluster in the ICL. The PnF is re-
sponsible for processing and filtering the events as the name suggests. The
processing consists mainly of calibrating waveforms from DOM launches,
extracting pulses from these waveforms and applying different pulse clean-
ings (described in more detail below), but some simple event reconstructions
required by filters are also performed.

Using the information from extracted pulses and the available event re-
constructions the filters decide if the event has met the passing requirements
and stores the decision together with the event. Each filter is applied to the
event and events which do not pass any filter are rejected and are, thus, not
sent to the north to be analyzed.

Both the triggering and the PnF is referred to as ’online’ treatment of data
as the data is in the form of a continuous stream of events coming from the
detector. The triggering is an intrinsic part of the data acquisition system
and therefore there are strict requirements on the stability of the trigger al-
gorithms. The PnF, however, resembles the software used to process and
analyze IceCube data in general, but still with some restrictions to make it
more robust and stable.

2.4.1 Pulse extraction and cleaning

The DOM launch (described in section 2.2) stores the raw digitized wave-
forms in the form of ADC counts. Calibration software is used to subtract
the waveform baseline and convert the waveform ADC counts to voltage.
Each DOM has unique calibration which is acquired by measuring the wave-
form baseline extracted from forced launches (i.e. without any discriminator
condition) which have no photon hits present. The inductance of the trans-
former between the PMT and the readout electronics causes the tails of the
waveforms to undershoot, which is called droop. Therefore a ’droop’ cor-
rection is also performed on the waveform. The droop correction and the
ADC-to-voltage conversion depend on the PMT HV.

Through an iterative unfolding algorithm pulses are extracted from the
waveform. For each digitizer and digitizer channel in each DOM, templates
for single photo electron pulses are defined. These are used as basis functions
when deconvoluting the waveform using the method of non-negative-least-
squares. Each pulse has a fitted time and charge. The stream of extracted
pulses in an event is called a pulse-series.
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Most event observables and reconstructions will be distorted by noise
pulses in the detector. It is therefore important to perform the reconstruc-
tions and calculations of event observables on pulse-series that contain as
few noise pulses as possible. By applying noise-pulse cleaning algorithms
to the main pulse-series containing all pulses from an event, subsets of the
main pulse-series are defined which have a significantly reduced noise con-
tent. The noise cleaning algorithms exploit the fact that pulses along a track
will often be connected by the speed of light in vacuum and pulses in a cas-
cade will be connected by the speed of light in ice. By connecting pulses using
these two criteria the majority of noise pulses can be rejected.

2.5 Reconstructions

Reconstructions are essential in analyzing the IceCube data. Almost all high
level IceCube analyses, be it searching for point sources, a diffuse astrophys-
ical flux or neutrino oscillations, use either directional observables, energy
observables or a combination of them. The following sections present two
reconstructions that were used in the analyses presented in this thesis.

2.5.1 SPE-Likelihood

The single photo-electron (SPE) track reconstruction [22] uses the timing
information from the first pulse in each DOM launch of an event. A log-
likelihood function for observing pulses at residual times, tres,i, and dis-
tances, di, given a hypothetical track described by the parameters a, can be
constructed as

logL(tres,d|a) =

Npulse∑
i=1

log p(tres,i, di|a), (2.1)

where tres is the time difference between the recorded pulse and an unscat-
tered photon originating from the hypothetical track. A generic time residual
pdf called the Pandel function [22] parametrizes the distribution of photon
arrival times:

p(tres, d) =
1

N (d)

τ−d/λ · t(d/λ−1)
res

Γ(d/λ)
e−(tres/τ+ctres/(niceλa)+d/λa) (2.2)
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with the normalization

N (d) = e−d/λa
(

1 +
τ

niceλa

)
, (2.3)

where the parameters τ (time) and λ (length) are unspecified functions of d
and the scattering length while λa is the absorption length. Studies done by
the AMANDA (Antarctic Muon And Neutrino Detector Array) collaboration,
the predecessor of IceCube, showed that approximating these functions with
constants yielded good agreement in Monte Carlo studies of the Pandel func-
tion with the following values: τ = 557 ns, λ = 33.3 m and λa = 98 m [22].
A shortcoming of this parametrization is that it treats the ice as a homoge-
neous medium with the same properties in the whole volume. In reality the
ice properties change quite drastically with depth as the glacial ice tends to
be layered (see section 2.6). By adding a constant term p0 to eq. 2.1 the prob-
ability for random noise to occur is taken into account.

2.5.2 Monopod

The Monopod cascade reconstruction is more sophisticated compared to the
SPE reconstruction as it uses all pulses in an event to infer the deposited en-
ergy and the direction of the event. The name Monopod is a wordplay on the
millipede track reconstruction from which Monopod is derived. Millipede
uses the same likelihood construction but divides the event into small bins or
legs along a track seed to reconstruct the energy losses along the track, hence
the name millipede, whereas Monopod is a cascade reconstruction which
only has to reconstruct one such energy loss.

The light yield of a cascade is directly proportional to its energy, therefore
it is expected that the number of detected photons will follow a Poisson dis-
tribution with a mean λ = ΛE. The likelihood for an energy E from an event
producing Λ photons per unit energy with k photons detected by a DOM can
be formulated as [23]:

L =
(EΛ)k

k!
e−EΛ (2.4)

One can generalize eq. 2.4 to allow additional contributions, e.g from PMT
noise, by the substitution ΛE → ΛE + ρ. The log likelihood then becomes:

lnL = k ln(EΛ + ρ)− (EΛ + ρ)− ln(k!) (2.5)
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The performance of the Monopod reconstruction relies on the correct com-
putation of the light-yield scaling function Λ. This function depends on the
position of the event vertex, the orientation of the event, the positions of the
active DOMs, and, if timing information is used, the time the particle was at
the event vertex and the time of observation. The complex wavelength de-
pendence of light propagation together with the optically inhomogeneous ice
makes it impossible to find a precise analytic form of Λ. Monopod and sim-
ilar reconstructions therefore depend on tabulated results from Monte Carlo
simulations of light propagation in models of the IceCube ice. These tables
are usually smoothed with multi-dimensional splines [24].

2.6 The South Pole ice

To detect the faint Cherenkov light from charged particles, the medium in
which the light is emitted must be highly transparent and the surroundings
as dark as possible. The glacial South Pole ice meets these requirements and
was therefore chosen as the detector medium for the IceCube experiment.

The glacial ice at the South Pole has a thickness of 2820 m and has been
created over a period of 165,000 years. The ice has a layered structure with
varying concentrations of dust which can be related to climate changes and
volcanic activity.

In order to accurately reconstruct neutrino interactions from the light
emitted by associated secondary particles it is vital to have a good under-
standing of the medium in which the light propagates. Photon propagation
in a medium is governed by the scattering and absorption properties of the
medium. The absorption length λa is defined as the distance at which the
photon survival probability is 1/e or, for N0 initial photons, the path length
at which the number of photons has dropped to N0/e. The scattering length
λs is defined as the average distance a photon travels before it scatters. For
the South Pole ice the absorption and scattering are to first order functions
of depth. With increasing depth the pressure increases, which compresses
the air bubbles present in the glacial ice. At depths below 1400 m air bubbles
have gone through a phase change making them solid non-scattering air hy-
drates [25]. Scattering at the depth of the IceCube detector is therefore purely
determined by dust impurities.

The ice properties of the South Pole ice can be parametrized using a six
parameter ice model. The current model of the South Pole Ice (SPICE) in use
is the SPICE-Mie model [26]. It uses IceCube data where the LEDs of some
of the DOMs on a string are flashed while DOMs on other strings measured
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the light, to perform a global fit of the South Pole ice. This model has also
been cross-checked with data taken by a so called dust-logger taken during
the construction of IceCube [27]. While deploying some of the strings a dust
logger was attached at the bottom of the string. As it descended down the
hole it scanned the ice in different wavelengths to measure the absorption
properties of the ice.

One of the striking features found by the dust-logger was a major dust
layer that dramatically decreases light transmission at depths between
1950 m and 2150 m. In this ice layer, referred to as the main dust layer,
the absorption and scattering lengths can be as small as 18 m and 5 m respec-
tively. However below the dust layer the clearest ice in the IceCube detector
volume can be found. In this region the average scattering and absorption
length is 53 m and 172 m respectively.
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Part II

Indirect searches for dark matter
in the Milky Way
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3

Dark Matter

– Johannes Brahms, Piano Quartet G-minor

Dark matter is a hypothetical type of matter that we have not been able to
detect in any other way than through gravitational effects postulated to try
to explain a class of astronomical and cosmological observations at different
scales. Without dark matter these observations seem to show a violation of
fundamental physical laws, such as that of gravity, or be in great tension with
other observations. The idea of dark matter is simple and has been quite
effective in explaining a wide variety of observations. However, we still do
not know what dark matter is.

The term "dark matter" is unfortunate since one naturally comes to think
of something that is dark – meaning black. A better suited name for dark
matter would have been invisible matter, as many scientist have pointed out,
since one of the crucial features of dark matter is that it neither emits nor
absorbs electromagnetic radiation. Historically, especially in the early 20th
century, dark matter was used to describe any object in space that appeared to
be dark. This included objects that were too dim to be seen by the telescopes
of that time (i.e brown dwarfs and dim red stars), dust and gas clouds which
are not illuminated by any nearby stars or truly dark objects like black holes
from which no light can ever escape.
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3.1 Observational inference of dark matter

Almost all information about astronomical bodies comes to us via photons –
in classical astronomy in the form of light while modern astronomy is per-
formed in the spectral range from microwaves to gamma rays. Objects can
be observed both by the light it emits and the light it absorbs. Hence both
light emission and light absorption is important in tracing the matter content
of our Universe. However, different astronomical objects emit or absorb light
very differently and with different efficiencies. Supernova explosions, where
a star emits more light than all the stars in a galaxy, is one of the most illu-
minating events we know of, while planetary bodies will have an extremely
low light emission per mass unit. The light emissivity of a body is described
by the mass-to-light ratio denoted M/L. In astronomy, masses of objects are
frequently determined by studying the light emission. However, one can also
estimate the mass of the objects by measuring the motions of other objects act-
ing as test particles in the gravitational field of the first object. By comparing
the mass inferred from gravitation and light emission it is possible estimate
the contribution of dark matter to the total mass of an object.

3.1.1 First hints

J. Jeans’s analysis in 1922 of vertical motions of stars near the plane of the
Galaxy indicated that there was about two ’dark stars’ for every bright
star [28]. Eleven years later, in 1933, another hint of dark matter was ob-
served by F. Zwicky. He measured radial velocities of galaxies in the Coma
cluster which he found were a factor of ten larger than expected from the
observed mass in the cluster, i.e. it had a larger M/L than expected. The
conclusion was that the cluster must contain a huge amount of dark mat-
ter to hold the galaxies together at the speeds they are moving [29]. In the
following years more measurements were made of the motions of galaxies
and local stars, but it was not possible to determine conclusively whether the
observations implied the presence of dark matter.

3.1.2 Galaxy rotation curves

One of the first measurements of rotational velocities of stars in a galaxy was
made by Babcock already in 1939 when he measured the red shift of absorp-
tion lines from stars in the Andromeda Galaxy [30]. He found that the ro-
tation curve for Andromeda, which relates the rotational velocity of stars to
the radial distance to the center of the galaxy, had an unexpected shape. In
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the outer parts of the galaxy stars were moving far faster than was expected
from Newtonian dynamics. The result was interpreted either as a high M/L
in the periphery of the galaxy or the result of strong dust absorption which
would skew the M/L. More detailed studies were made of the Andromeda
galaxy rotation curve using both optical [31] and radio [32] measurements
which both indicated a flat rotation curve. A good example of a measured
flat rotation curve can be seen in figure 3.1.

However, these results were still no clear indication of dark matter but
rather a measurement of a highM/L. In such complicated objects as galaxies,
with a lot of different star populations and gas clouds, the M/L at different
radii can be difficult to predict. In the second half of the 1970’s new mea-
surements [33–35] of the rotation velocities of different galaxies were made
at much greater distances to the center of the galaxy which all continued to
show a flat rotation curve. Especially the measurements done by Rubin. et
al. [34, 35], which reached beyond the optical disks of the galaxies studied
showed a flat or even a slowly increasing rotation velocity until the furthest
measured point.

From Newtonian dynamics we know that the rotation velocity around a
body goes as v(r) ∝

√
1/r. A flat rotation curve beyond the optical disk,

indicates the existence of a dark matter halo.

FIGURE 3.1: Measured rotation curve for NGC 6503 [36, 37], a dwarf spiral galaxy,
and the fit (solid line). Rotation curves for different mass components of the galaxy

are also shown.
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3.1.3 Motions of galaxies and gravitational lensing

Isolated galaxy pairs were studied by Einasto et al. [38], were the secondary
galaxy acted as a test particle to determine the mass of the primary galaxy.
They found that masses of these galaxies had been underestimated by an
order of magnitude and most of this mass was in the halo as dark matter.

Clusters of galaxies can be so massive that they will focus light from dis-
tant galaxies far behind them by the gravity they exert. This is know as grav-
itational lensing. Gravitational lensing has proved quite useful as a method
to determine masses of galaxy clusters, which also show a larger discrepancy
between visible and gravitationally inferred mass [39].

3.1.4 Structure formation and ΛCDM

Constraints on the total matter density of the Universe are provided by large-
scale structure surveys such as measurements of the baryonic acoustic oscilla-
tions (BAO). In the early Universe pressure waves were created in the dense
plasma of electrons, baryons and photons which initially moved together.
When the Universe had cooled down enough to form hydrogen (recombina-
tion epoch) the photons, decoupled from the protons and electrons, would
quickly diffuse away leaving the baryonic wave crest to stall. The over-dense
shells of baryonic matter still remain as BAOs with a predicted co-moving
separation scale of 150 Mpc. The large-scale galaxy survey Sloan Digital Sky
Survey observed this peak [40] and estimated the total matter content in the
Universe to be Ωm ≈ 0.29, the rest being so called ’dark energy’.

On the other hand, measurements of light isotopes produced in the Big
Bang nucleosynthesis (BBN) [41] constrains the baryonic matter density to be
Ωb ≈ 0.04. Combined with the independent large scale structure surveys this
gives Ωb < Ωm, implying a non-baryonic dark matter content of ΩDM ≈ 0.25.

The presence of dark matter is also implied by measurements of the tem-
perature variations of the cosmic microwave (CMB) background. Shortly
after recombination the CMB radiation decoupled from matter. Inhomo-
geneities in the mass distribution were, however, imprinted in the CMB
as temperature inhomogeneities, giving us a picture of the Universe at that
time [43]. Figure 3.2 shows the temperature power spectrum of the CMB mea-
sured by Planck. The positions and sizes of the first peaks of the spectrum
depend on the composition of baryonic matter and dark matter content in the
Universe. The best description of cosmological data is given by the ΛCDM
model – the standard model of cosmology – which is considered one of the
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FIGURE 3.2: CMB temperature power spectrum measured by Planck [42]. Upper
panel: A measurement of seven acoustic peaks. The blue dots to the left of the
dotted vertical line are the individual measurements of multipole moments with
their 1σ uncertainties while on the right side they show the average values over 31
consecutive l-values together. The (red) solid line shows the fit of ΛCDM-model.
Lower panel: Power spectrum residuals. The green lines show the ±σ uncertain-
ties on the individual power spectrum estimates for high multipole values. Figure

taken from [42].

biggest successes of dark matter. The model describes the universe in terms
of Λ – the repulsive force, called ’vacuum’ or dark energy which contributes
to the gravitation even in the absence of matter and cold, i.e. non-relativistic,
dark matter (CDM). The best fit of the ΛCDM model to CMB data shows
an expanding, flat Universe which is isotropic and with an energy matter
content of Ωb = 0.049± 0.00073, Ωm = 0.314± 0.020 and ΩΛ = 0.686± 0.020
resulting in a dark matter content of ΩDM = 0.265± 0.020 [44].
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3.2 Dark matter particle

Many candidates for dark matter have been put forward. Based on the obser-
vations presented in section 3.1 and interpreting them as evidence for dark
matter it is possible to draw some conclusions and summarize what dark
matter cannot be.

A number of the observations that implied the existence of dark matter
based on high M/L values, i.e a discrepancy between gravitationally mea-
sured and visible mass, led to dark matter candidates generally known as
MaCHOs (Massive Compact Halo Objects). MaCHOs cover a range of ob-
jects such as brown dwarves, stellar remnants, small black holes and other
low luminous objects. However, the combined measurements of large scale
structures and the abundances of light isotopes in BBN as well as the CMB
measurement, puts severe constraints on how much of the dark matter can
be baryonic (see section 3.1.4).

Furthermore, dark matter cannot consist of very light particles with
masses below a few keV since light particles, which would be relativistic
at early times, would diffuse out of small-scale density perturbations. The
smallest distance scale at which one sees clumpy structure puts a lower
limit on the dark matter particle mass. Current estimations of the small-
scale structures in the universe set the limit on the dark matter particle mass
to m & 2 keV [45, 46], which excludes neutrinos as the sole dark matter
explanation as their masses are constrained to . 0.2 eV [47].

3.2.1 Weakly Interacting Massive Particles (WIMPs)

One of the reasons for the popularity of the Weakly Interacting Massive Par-
ticle (WIMP) models resides in the fact that WIMPs appear in several exten-
sions of the SM which try to solve unrelated problems. The two most notable
candidates are the neutralino, introduced in e.g. minimal supersymmetric stan-
dard models (MSSM) and the lightest Kaluza-Klein particle (LKP) predicted in
universal extra dimension theories.

WIMPs are postulated to be electromagnetically neutral particles which
only interact weakly with SM particles. They are presumed to be produced
in the Big Bang. In the early hot Universe all particles were in thermody-
namic equilibrium with each other, which means that the production and
annihilation rates cancel. As the Universe expands it also cools down. If
the expansion rate of the Universe exceeds the interaction rate for a specific
particle species, it falls out of chemical equilibrium, which is referred to as a
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freeze-out. The kinetic energy of the WIMPs is therefore set by the tempera-
ture of the Universe at the the time of the WIMP freeze-out. The co-moving
density will also remain constant if the particle does not decay. Detailed cal-
culations show [37] that the relic density of any particle species with a mass
in the weak-scale mass range can be approximated by

Ωχh
2 ≈ 3 · 10−27cm3s−1

〈σv〉
(3.1)

where h = H0/(100km s−1Mpc−1) is the dimensionless Hubble parameter
and 〈σv〉 is the average of the annihilation cross-section times the relative
velocity. Using eq. 3.1 and the measurements of the dark matter density,
ΩDM presented in section 3.1.4, 〈σv〉 is calculated to be in the size of weak
scale interaction (≈ 10−26cm3s−1). Looking at eq. 3.1 from the the right to
left, by assuming dark matter to be a stable weakly interacting particle we
predict the observed relic dark matter density. This coincidence is usually
referred to as the ’WIMP miracle’ and is one of the strongest motivations of
cold dark matter being WIMPs. From an experimental point of view WIMPs
are particularly interesting since they by definition interact weakly with SM
particles. Through the weak interaction with SM particles various detection
channels are possible (described in section 3.3).

3.2.2 Additional dark matter candidates and other explanations

Besides the WIMP family of particles, there are other candidates to explain
the dark matter. We will briefly present a few of them.

Sterile neutrinos

Sterile neutrinos were proposed as dark matter candidates by Dodelson and
Widrow in 1993 [48]. This hypothetical flavor of neutrinos are quite similar
to SM neutrinos while lacking SM weak interactions they mix with the other
neutrino flavors. Light mass neutrinos are ruled out by structure formation
measurements as mentioned earlier in this section. However sterile neutrinos
could also be cold dark matter if a very small lepton asymmetry is present
and they are thus produced resonantly with a non-thermal spectrum [49].

Axions

In an attempt to solve the problem of CP-violation (charge-parity-violation) [50]
in strong interactions the axion particle was introduced [51]. The axion, or
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axion like particles, have been proposed as dark matter candidates. Axions
suffer from the same problems as sterile neutrinos since measurements of
stellar cooling, laboratory searches and the dynamics of supernova 1987a
constrain the axion mass to be very small (≤ 0.01 eV). However, it is possible
to make axions satisfy the present day dark matter constraints as cold dark
matter [52].

Modified Gravity

Even though the model of cold dark matter (CDM) has been very success-
ful in explaining the movements of galaxies in clusters up to the structure
of the whole Universe, the biggest struggle of the CDM model has been to
consistently model and predict dark matter haloes around galaxies which
agree with observations. The framework of MOND (MOdified Newtonian
Dynamics), instead approaches the problem by changing the effect of grav-
ity on matter rather than changing the matter content itself. In MOND this
is done by modifying the Newtonian dynamics at very small accelerations
which are present at galaxy length scales [53]. The modification is such that
there is a smooth transition to Newtonian dynamics at stellar acceleration
scales.

The MOND theory has been successful in predicting galaxy rotation
curves based on the baryonic mass distribution. However, MOND has prob-
lems explaining observations of other gravitational systems such as global
clusters or the bullet cluster [54] for example. Incorporating general relativity
in MOND has also proved to be hard, which together with the above men-
tioned problems has disfavored the MOND theory in comparison to the dark
matter explanation. Furthermore, MOND is also not considered to be a real
theory in the sense that the modifications of gravity emerges naturally from
first principles in the theory, but rather an ad-hoc modification of Newtonian
dynamics.

There are, however, reformulations of gravity which manages to derive
some features of MOND. In the theory of emergent gravity, gravity does
not exist but the effect of gravity rather emerges from thermodynamics [55].
The author of the theory claims that MOND can be reproduced in emergent
gravity, however, the physics behind it is very different. Furthermore, it is
said that the theory manages to predict strong gravitational lensing correctly
which MOND has failed to do [55]. As emergent gravity is quite new there
are still many parts of the theory which are not well understood.
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FIGURE 3.3: An interaction diagram of SM particles and dark matter particles
(here denoted with χ). The three strategies (direct, indirect through annihilation

and production) to detect dark matter particles are shown in the diagram.

In the general scientific community cold dark matter is still considered
to be the simpler and more plausible explanation, especially considering the
wide range of successful and consistent explanations of observations in the
Universe.

3.3 Dark matter particle detection

To answer what dark matter is, we need observations of other dark matter
interactions than the purely gravitational one which has been made to this
day. If dark matter is weakly coupled to the Standard Model there are three
main strategies to detect dark matter, as illustrated by figure 3.3. Looking at
the diagram from the top to the bottom dark matter particles annihilate into
SM particles illustrating the indirect search channel. Indirect searches usually
focus on objects were the dark matter content is supposedly high such as dark
matter haloes. The flux of SM particles from annihilating dark matter would
yield a specific spectrum which would differ from the expected background.

Production of dark matter is illustrated by looking from the bottom up at
the diagram. In accelerator searches dark matter particles can be produced
by colliding SM particles. Reading the diagram sideways instead illustrates
direct searches. These include the numerous experiments that try to detect
scattering of dark matter particles on SM particles.

The experiments presented below will focus on WIMP searches since
WIMPs are the most experimentally accessible of the dark matter particle
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classes and therefore also is the most popular candidate particle to search for
among experiments.

3.3.1 Direct detection experiments

As the Earth orbits the Sun and the Sun in turn moves on an orbit around the
Milky Way, Earth will plow through the halo of dark matter WIMPs in which
the Milky Way is embedded. Occasionally these WIMPs might collide with
nuclei, depositing kinetic energy in the order 10 keV to 100 keV. Direct detec-
tion experiments aim to measure the WIMP-nucleon cross-section, σNχ, by
observing these collisions on some appropriately chosen target matter. When
a WIMP collides and scatters off a nucleus, the nucleus will recoil and thus
dissipate the energy gained in the collision. The nucleus recoil energy can be
measured by its heat deposition (phonons), its scintillation light (photons),
or its ionization of the target mass (electrons). Many direct detection exper-
iments try to measure two of these recoil signatures as it provides a good
discrimination against background events. Due to the weak-scale of σNχ, the
rate of WIMP-matter collisions would be far below the ambient rate of cos-
mic rays. The challenge for direct detection experiments is therefore to keep
the background from thermal noise and cosmic ray muons low. These exper-
iments are usually located in deep underground mines or other places with
large overburdens to suppress the muon background. Additionally many
experiments are surrounded with muon detectors to veto incoming muons.
To keep the thermal noise low the experiments often operate at temperatures
requiring cryogenic equipment.

If WIMPs have spin, the nucleon cross-section, σNχ, will be composed
out of a spin-dependent (axial-vector) and spin-independent (scalar) cross-
section. High atomic target materials are usually chosen among direct de-
tection experiments since the spin-independent cross-section scales with the
square of the atomic number of the target material.

Despite the challenges mentioned earlier there is a wide range of experi-
ments trying to detect dark matter through its collisions with nuclei. Exper-
iments such as Xenon100 [56], LUX [57], DarkSide [58] and DEAP [59] use
liquid noble gases to measure ionization and scintillation from recoil. Semi-
conductor materials in cryostats are used to measure recoil phonons together
with either ionization or scintillation (SuperCDMS [60], CoGeNT [61], EDEL-
WEISS [62] and CRESST [63] experiments).

Some experiments instead look for annual modulations of the recoil rate
which is supposed to change because of the change in the relative velocity
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between the dark matter in the galactic halo and Earth due to its orbit around
the Sun. Such an approach requires slightly less background reduction and
relies on the statistical nature of the signal. DAMA/LIBRA [64] being one
experiment that utilizes this approach has claimed to found a modulation
which is consistent with a 60 GeV WIMP present in the galactic halo at more
than 8σ significance. Results from CoGeNT also show an annual modula-
tion, though with a smaller significance of 2.8σ [65]. These claims persists
even though the previously mentioned experiments (Xenon100,CDMS-II and
COUPP) exclude the parameter space where DAMA/LIBRA claims a detec-
tion. The DAMA/LIBRA result, therefore remains controversial. A DAMA-
like experiment called DM-Ice is under development and a prototype is de-
ployed at the South Pole [66]. The experiment is located in the deep glacial
ice at the bottom of one the IceCube detector strings. Being in the opposite
hemisphere and thus being able to rule out seasonal effects, DM-Ice aims to
clarify the DAMA claims.

3.3.2 Indirect detection experiments

Indirect WIMP searches are looking for an excess flux of SM particles due
to WIMP annihilation. Since the rate of WIMP annihilations is proportional
to the dark matter mass density squared, the most experimentally promising
targets are regions of expected high dark matter density, but low and well
understood backgrounds. These regions are usually found at an astronomical
scale, being satellite dwarf galaxies, celestial bodies in particular the Sun [67]
and to some extent the center of our galaxy (GC). A close target is the center
of Earth.

Indirect WIMP detection offers many search channels to probe and the
most sensitive is the gamma ray channel. Annihilating WIMPs are predicted
to produce high energy gamma-rays in decays of secondaries, by internal
bremsstrahlung or directly in the annihilation. A number of experiments
search for high energy gamma-rays such as the Fermi Gamma-ray Space Tele-
scope [68], and the ground based imaging air Cherenkov telescopes such as
H.E.S.S [69], VERITAS [70], and the future CTA [71]. The Fermi Collaboration
has set strong constraints on dark matter models from gamma-ray searches
probing dwarf-galaxies [72]. For gamma-ray experiments dwarf-galaxies are
excellent targets due to their high mass-to-light ratio. The strength of gamma-
rays based experiments is that photons point back to their source and are easy
to detect. On the other hand the foregrounds and backgrounds can be com-
plicated to model (this applies especially to the galactic plane and center)
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and the gamma-rays can be absorbed by dust and gas which lie between the
source and the observer.

An excess of antimatter in the cosmic ray flux might be an indication of
WIMP annihilation. The AMS-2 detector [73] on the International Space Sta-
tion, and the satellite based PAMELA [74] and Fermi experiments have been
searching for antimatter excesses. PAMELA and Fermi discovered an anti-
matter excess when they measured an increased positron/electron ratio at
high energies [75, 76]. The observation was consistent with WIMP annihi-
lation. However it could also be explained by other astrophysical phenom-
ena, such as pulsars or supernova remnants. Later results from AMS-2 have
confirmed the increased positron flux [77] observed by PAMELA and Fermi
without providing any more information about the nature of the source. The
origin of the positron excess is still debated.

Large neutrino telescopes such as Super-Kamiokande [78], ANTARES [79]
and IceCube may also search for neutrino excesses from astrophysical sources
due to dark matter annihilations. The sensitivity for neutrino searches is of-
ten weaker due to the intrinsic weak interaction of neutrinos. However, the
neutrino detection channel offers some advantages. In contrast to gamma-
rays, neutrinos are able to escape the interior of dense objects like stars and
galactic interiors obstructed by gas and dust clouds. Interesting dark matter
targets such as Earth and Sun, as well as the Galactic Center to a degree are all
impossible or difficult to observe in gamma rays. In the case of dark matter
annihilation in the Sun neutrino experiments are actually probing σχN , since
the capture and annihilation inside the Sun are assumed to be in equilib-
rium. IceCube has been able to set competitive spin-dependent limits on σχN
compared to direct detection experiments [80]. Additionally, in the case that
dark matter interactions with SM particles is leptophilic, dark matter might
annihilate or decay predominantly into leptons, hence generating a strong
neutrino signal.

3.3.3 Collider searches

Colliders might produce WIMPs, if the WIMP mass and production cross-
section lay within the energy and luminosity range of the accelerator. WIMPs
cannot be directly seen in collider experiments since they are neutral and
weakly interacting. However, as with other neutral particles, it is possible to
infer their existence. This is done typically by determining the missing trans-
verse momentum in an event. A considerable amount of analyses have been
made at different colliders searching for new physics which includes searches
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for dark matter particles. At the moment the best collider limits come from
the two multi-purpose experiments ATLAS [81, 82] and CMS [83, 84] at the
LHC (Large Hadron Collider) which both use pp collisions at

√
s = 13 TeV.

However no physics beyond the Standard Model has been seen yet at collid-
ers. While dark matter searches at colliders are not completely model inde-
pendent, as assumptions on the production channels have to be made, they
have the advantage of being independent of any astrophysical uncertainties.

3.4 Dark matter in The Milky Way

Numerous observations, as measurements of rotation curves (see section 3.1),
imply that galaxies are embedded in dark matter haloes. A considerable ef-
fort has been put into understanding and modeling the mass distribution of
dark matter haloes. It is important to understand possible dark matter mass
distributions since they might tell us something about cosmological param-
eters and the conditions in the early Universe [85]. Concerning dark matter
searches, it is also very important to model the dark matter density distribu-
tion well as the implications of any such search are considerably dependent
on what dark matter halo models is assumed.

From section 3.1.2 we know that observations of galaxies imply a flat ro-
tation curve. In Newtonian dynamics the rotational velocity, v, has the fol-
lowing dependency:

v(r) =

√
GM(r)

r
, (3.2)

where G is the universal gravitational constant, r is the distance to the center
of mass and M(r) is the mass within the radius r – i.e the cumulative mass.
The cumulative mass, M(r), for a spherically symmetric mass density distri-
bution, ρ(r), is given by

M(r) = 4π

∫ r

0
ρ(r′)r′2 dr′. (3.3)

From equation 3.2 we see that a flat rotation curve, i.e the rotation velocity
v(r) = constant, implies that M(r) ∝ r thus ρ(r) ∝ 1/r2. This is called
an isothermal mass distribution since the temperature of a self gravitating
gas cloud with such a distribution does not depend on r. The isothermal
mass distribution has been popular in astronomy and cosmology since it is
one of the simpler mass distributions that can be derived from first princi-
ples and solutions to various velocity distribution and potentials can often
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FIGURE 3.4: Left panel: Dark matter mass density distributions in the Milky Way
as a function of the distance, r, to the Galactic Center for three different halo pro-
files.Right panel: the line of sight integral as a function of the angle, Ψ, towards
the Galactic Center. Parameter values used for each profile can be found in table

3.1. The shaded areas illustrate the uncertainty in the halo parameters [92].

TABLE 3.1: Halo parameters for the NFW and Burkert profiles taken of the Milky
Way from [92]. The isothermal here refers to the psuedo Isothermal profile which
has been given a credible local dark matter density matching the Burkert profile

and a core that extends to 3.5 kpc.

Parameter NFW Burkert Isothermal
(α, β, γ, δ) (1, 3, 1, 0) (2, 3, 1, 1) (2, 2, 0, 0)

ρ0 [107M�/kpc3] 1.40+2.9
−0.93 4.13+6.2

−1.6 3.0
rs [kpc] 16.1+17

−7.8 9.26+5.6
−4.2 3.5

ρlocal [GeV/cm3] 0.471+0.048
−0.061 0.487+0.075

−0.088 0.487

be solved analytically. In modeling dark matter haloes the isothermal mass
distribution initially also saw some interest from astronomers and physicists
when it was shown that gravitational collapse could lead to almost isother-
mal systems [86, 87]. However, it was soon realized that the isothermal mass
distributions poorly matched observations [88, 89], which indicated that the
density is constant in the central region in haloes – so called cores. To incorpo-
rate a central core one can adopt a so called ’pseudo-isothermal’ distribution:
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ρ(r) =
ρ0

1 +
(
r
rs

)2 , (3.4)

where the divergence at r = 0 has been removed, rs determines the radius of
the core and ρ0 is the mass density of the core.

Numerical n-body simulations, have instead suggested a third type of
behavior of the central halo region. A study by Navarro, Frenk and White
showed no indication of a core [85], but the gently changing logarithmic
slopes of the simulated dark matter distribution also did not agree with an
isothermal distribution. A broad family of mass distribution profiles can be
parametrized as

ρ(r) =
ρ0(

δ + r
rs

)γ
·
(

1 +
(
r
rs

)α)(β−γ)/α
(3.5)

where α, β, γ, δ are dimensionless parameters defining the shape of the pro-
file, rs is the so called scale parameter with units of length, and ρ0 normalizes
the distribution. Equation 3.5 is adopted from [90] with the modification of
adding the parameter δ. In this work only the Burkert [91] and the NFW [85]
halo profiles are considered. The Burkert profile is a purely phenomenologi-
cal mass density distribution which features a core. Based on measurements
of terminal velocities, maser velocities and stellar halo velocity dispersion in
the Milky Way the parameters of the NFW and the Burkert profiles have be
fitted to model the dark matter density distribution in the Milky Way [92].
Table 3.1 shows the fitted parameters for the NFW and Burkert profiles and
figure 3.4 illustrates the profiles as a function of the radial distance r.

3.4.1 Neutrino signal from dark matter annihilations

Dark matter particles distributed in the halo might annihilate with each other
to produce SM particles. The intensity of annihilations, for a given dark mat-
ter mass density profile ρ(r), at r would be proportional to ρ2(r). For an
observer the intensity of annihilations products from a particular direction
is determined by integrating the annihilation intensity along the line of sight
(los). The los integral, J , will for a spherically symmetric profile only depend
on the angle Ψ to the origin. Thus, for an observer in the Milky Way at the
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Sun orbit, RSC ≈ 8 kpc, the los integral reads

J(Ψ) =

lmax∫
0

dl ρ2(
√
R2

SC − 2lRSC cos Ψ + l2). (3.6)

The integration limit, lmax, is given by

lmax =
√
R2

MW − sin ΨR2
SC +RSC cos Ψ, (3.7)

where RMW is the assumed radius of the Milky Way halo. The left panel of
figure 3.4 shows los integrals for the three halo profiles presented in table 3.1.

The differential annihilation flux for a particular dark matter model with
WIMP mass mχ and los integral J(Ψ) can be written as

dφν
dE

=
1

4π

〈σv〉
2m2

χ

dNν

dE
J(Ψ), (3.8)

where the factor 1/4π accounts for isotropic emission and the factor 1/2 is
to account for two particles that annihilate. The thermally averaged cross-
section times the relative velocity between the WIMP particles, 〈σv〉, is as-
sumed to be constant since σ is velocity dependent. For a particular WIMP
model the neutrino energy spectrum from WIMP annihilation is in general
the sum over all possible annihilation spectra channels, dNi

dE , multiplied with
the associated branching fraction bi:

dNν

dE
=

∑
ann. channels

bi
dNi

dE
, i = {νν̄, bb̄,W−W+, ...} (3.9)

In this work, however, no particular WIMP model will be tested, instead lim-
its will be given assuming 100% branching into each tested annihilation chan-
nel.
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4

Analysis Method

– Franz Schubert, String Quintet in C

During my PhD in the IceCube experiment I performed two analyses, one
searching for dark matter in the Galactic Center (chapter 5) and the second
searching for dark matter in the Galactic Halo (chapter 6). The two anal-
yses probe different mass ranges and also use different detection channels
therefore the event selections for the analyses are different. The method for
analyzing the final sample is the same for the two analyses with some mi-
nor differences in execution. This chapter will explain the general analysis
method and highlight differences between the two analyses.

4.1 The likelihood

Both analyses were performed using a binned two-component likelihood
where the expectation was composed of background and signal and the like-
lihood was maximized with respect to the signal fraction ξ. The general form
of the likelihood as a function of ξ can be written down as

L(ξ) =

(
N

nobs

)
pnobs

w (1− pw)N−nobsnobs!

Nbins∏
i=0

pni
i

ni!
, (4.1)

where ni is the number of observed events per bin and the bin probabilities
are given by pi(ξ), which obey 1 =

∑
pi and will be explained in the follow-

ing section. The factors in front of the product, excluding nobs!, constitute the
binomial probability of observing nobs events in a defined search window of
a total number of N events in the entire sample, given a probability pw for
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an event to fall in the search window. The signal fraction, ξ, is defined as
ξ = ns/N where ns is the expectation value for the number of signal events.

4.1.1 Signal subtraction

When the background expectation in an analysis is based on scrambled data
at the same time as the potential signal is present in large regions or even the
whole domain of the data, of which the latter is the case with a dark mat-
ter halo, it is important to account for signal contamination in the estimated
background expectation. It is important to account for this signal contami-
nation in the likelihood formulation itself, as the likelihood estimator would
otherwise be biased, but also when generating pseudo experiments while
constructing the confidence intervals. We will here derive the forms of pw

and pi(ξ) in eq. 4.1 which account for signal contamination assuming that
pi(ξ) are describing the event probabilities limited in a search region which is
a subset of the complete analysis sample.

We let πs and πbg denote the probabilities for a signal and background
event to fall in the search window, respectively. Then the probability for any
event to fall in the search window is

pw = ξπs + (1− ξ)πbg. (4.2)

We note that p depends on the signal fraction, ξ, and that the fraction ξ
refers to the total number of events N in eq. 4.1. The expectations, pi, inside
the search region are given by

pi = wSi + (1− w)Bi, (4.3)

where Si andBi are the signal and background bin probabilities, respectively.
The signal fraction inside the search region is denoted by w and is given by
w = ξπs/pw or fully written out as:

w =
ξπs

ξπs + (1− ξ)πbg
. (4.4)

The bin probabilities Si and Bi are given by probability density functions
(pdf) S(x) and B(x) by the relation Xi =

∫ ∆x
−∆xX(xi + x)dx, where X is any

pdf, ∆x is half the bin width and xi is the observable value for the center of
the i:th bin.

To estimate the background pdf, B, scrambled data, D̃, are used, where
the tilde denotes a scrambled pdf. If signal is present in the data it will
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be scrambled in the same way as the data. The scrambled data will there-
fore consist of two components: the actual background (without signal) and
scrambled signal, S̃. This relation can be written down as:

D̃ = (1− ξ)B + ξS̃, (4.5)

which can be solved for the background expectation B, yielding

B =
D̃ − ξS̃
1− ξ

, (4.6)

where we note that ξ refers to the total signal fraction. From eq. 4.3 and 4.6
we se that the bin probabilities, pi, are therefore given by

pi = wSi +
1− w
1− ξ

(
D̃i − ξS̃i

)
, (4.7)

where the i indexes the bin as usual and w is given by eq. 4.4.

No search window

When there is no search window, i.e the search window covers the whole
sample so that the pi are defined for the whole region, as is the case with the
all sky Galactic Halo analysis, the above equations can be simplified. The
binomial probability in front of the product in eq. 4.1 will equal 1 as πs =
πbg = 1 and thus pw = 1 as well as nobs = N if the whole sky is considered.
The likelihood can therefore be written as

L(ξ) = nobs!

Nbins∏
i=0

pni
i

ni!
. (4.8)

Further more the probabilities in eq. 4.7 also simplify as πs = πbg = 1 lead to
w = ξ (see eq. 4.4). The bin probabilities can therefore be written down as

pi = ξSi + D̃i − ξS̃i. (4.9)

Form of pi used in Galactic Center analysis

The signal subtraction likelihood was originally formulated for the Galac-
tic Center dark matter analysis (see chapter 5). During the development of
the mentioned analysis it became apparent that extended sources such as the
galactic halo would contribute to a substantial signal contamination when
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FIGURE 4.1: Comparison of bias of three different likelihood formulations. No
bias is indicated by the solid black line. The bias seen for all three likelihoods at

small signal fractions is due to the restriction imposed on the fit to be ≥ 0.

using scrambled data to estimate the background. It was also seen that the
signal contamination led to quite severe biases in the fitted value of the signal
fraction. The likelihood needed to be corrected in a way that would account
for the potential signal contribution in the scrambled data. The following
form was proposed which clearly differs from eq. 4.7:

pi = wSi + (1− w)
[
(1 + w)D̃i − wS̃i

]
, (4.10)

however, it turned out to be a good approximation of eq. 4.7 since the bias
was reduced significantly enough that it was not considered a problem any
more. Figure 4.1 shows a comparison of the bias in the likelihood estimate
for the signal subtraction used in the Galactic Center analysis and the correct
formulation as well as no signal subtraction at all. For a small injected signal
there is a bias for all likelihoods due to restricting the fit to positive values.
The likelihood used in the Galactic Center analysis shows the largest bias at
small signal fractions. However at larger signal fractions the bias decreases
while the uncorrected likelihood shows an increasing bias. Furthermore, a
cross-check was performed on the data used in the Galactic Center analysis
which showed that the effect on the sensitivity and limit was around 4% and
10%, respectively. To compare, the systematic uncertainties of the Galactic
Center analysis generally ranged between 10% and 20% peaking at up to 70%
for the lowes WIMP masses.
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4.2 Calculating limits

The likelihood analysis will primarily return a fitted value of the parame-
ter of interest, which in our case is the signal fraction, ξ, given the data and
our signal and background estimates. However, if an analysis is supposed
to measure a phenomenon which has not been observed before it is likely
that the measured result is 0 or considered insignificant. In such a cases it is
preferable to set an upper limit on the parameter.

4.2.1 Constructing frequentist confidence intervals

To construct confidence intervals for the limit and sensitivity calculation we
use the likelihood ratio proposed by Feldman and Cousins [93] as a test statis-
tic:

R(µ) =
L(µ)

L(µ̂)
. (4.11)

Here µ is a parameter of signal hypotheses, e.g number of signal events and
µ̂ is the signal hypothesis that maximizes the likelihood. By construction
R(µ) ≤ 1 since L(µ) ≤ L(µ̂) for all µ. It is also suggested in [93] to restrict the
fit values in the likelihood to physical values, i.e in our case for µ = ξ we have
µ ∈ [0, 1]. Frequentist confidence intervals, [µlow, µup], with confidence 1 − α
and significance α, will for repeated statistically independent experiments
cover the true value of µ, 1− α fraction of the time. The confidence intervals
are inferred by first constructing acceptance intervals in the test statisticR for
all possible values of µ. For confidence intervals at 1−α confidence, the accep-
tance interval [Rlow, Rup] must enclose the fraction 1− α of the experimental
outcomes. In the case of a discovery, a two sided limit is preferable, but if the
result is a non-observation, an upper limit (one sided) is better since it gives
a stronger constraint. When constructing classical frequentist confidence in-
tervals this choice has to be made before the experiment is performed.

The likelihood ratio, R, introduced by Feldman and Cousins (FC), how-
ever, ranks the experimental outcomes in order of inclusion, hence starting at
high values. The acceptance interval in the FC-approach at 1 − α confidence
level for a signal hypothesis µ are therefore defined as [R1−α

crit (µ), 1], where
P(R(µ) < R1−α

crit (µ)) = α defines R1−α
crit (µ). The upper limit is computed by

finding the µ that satisfy R(µ) ≤ R1−α
crit (µ) for µ > µ̂. The lower limit is found

similarly by inverting the condition on µ to µ < µ̂.
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4.2.2 Using a Test Statistic as observable

The numerator in the likelihood ratio in eq. 4.11 is unfortunately not always
defined The signal subtracted likelihood is defined for ξ ∈ [0, ξmax] where
ξmax is the smallest ξ for which at least one pni

i < 0 in eq. 4.1. In general this
is not a problem if the signal is very small compared to the background. If the
sample is small, however, fluctuations in data can result in the true ξ being
larger than ξmax.

One solution is to construct a new likelihood, L(µ|θ), which is is always
well defined, using some observable, θ, based on the original likelihood func-
tion. For the analysis presented in chapter 6 the Neyman likelihood ratio test
statistic,

TS =
L(µ̂)

L(µ = 0)
, (4.12)

was chosen as an observable. It is then possible to construct a likelihood
ratio from the test statistic distributions, P (TS|µ), on the form of eq. 4.11:

R(µ) =
L(µ|TS)

L(µ̃|TS)
. (4.13)

The likelihood L(µ|TS) for a given TS is maximized by µ̃. The acceptance
intervals are defined as usual by [R1−α

crit (µ), 1]. This approach was used in the
Galactic Halo analysis described in chapter 6.

4.2.3 Analysis sensitivity and relating measurement to 〈σv〉

Conducting the analysis on the experimental data will provide a measure-
ment of the number of signal events in our experiment or in the case of zero
observed signal events an upper limit can be set, both of which we here refer
to as µ. By also considering the live time, Tlive, of the collected data we can
also interpret the measurement as a rate, µ/Tlive. From Eq. 3.8, which de-
scribes the differential neutrino flux from annihilating dark matter in a halo,
we have the following relation between the rate and 〈σv〉:

µ

Tlive
=

1

4π

〈σv〉
2m2

χ

∫
Aeff

dNν

dE
J(Ψ) dE dΩ (4.14)

where Aeff is the neutrino effective area depending on the neutrino energy
and declination and representing the detection efficiency of the signal. In
practice, the integral in Eq. 4.14 becomes a sum over simulated signal events.
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5

Searching for dark matter in the
Galactic Center using muon
tracks in DeepCore

– Robert Schumann, Piano Concerto A minor

In this Chapter a search for a muon neutrino excess from dark matter an-
nihilations in the Galactic Center is presented. The results of this search have
been published in Ref. 3. The analysis presented there was a combination of
two IceCube analyses searching for dark matter in the Galactic Center prob-
ing different WIMP masses. One of the analyses, optimized for small WIMP
masses in the range 30 GeV to 1 TeV was performed at Stockholm Univer-
sity by the author and Martin Wolf. It was initially driven by the excitement
of a reported line feature seen towards the Galactic Center in the Fermi-LAT
data [94]. The main goal was to search for similar line features in the neutrino
spectrum in the direction of the Galactic Center. However, as the line and,
hence the excitement, faded away the focus of the analysis changed towards
a broader mass range. The other analysis, optimized for larger WIMP masses
ranging from 300 GeV to 10 TeV, was performed at Rheinisch-Westfälische
Technische Hochschule Aachen (RWTH Aachen), Germany, by Martin Bis-
sok. Because of the energy ranges the analyses were optimized for, the for-
mer analysis will be referred to as low energy (LE) while the latter will be
referred to as high energy (HE). For Ref. 3 the two analyses were combined
based on sensitivity. Results were presented for the one analysis which had



52 5. Searching for dark matter in the Galactic Center

the better sensitivity for a particular signal hypothesis. The crosspoint be-
tween the analyses in terms of neutrino energy is around 100 GeV, which
corresponds to a range of 100 GeV–300 GeV in WIMP mass since the emit-
ted neutrino spectrum will depend on the annihilation products. Figure 5.1
shows the combined sensitivities and limits for three annihilation channels
assuming an NFW halo profile. The transition between the two analyses is
most clearly seen in the limit. Both analyses observed an under-fluctuation,
however, the under-fluctuation seen by the low energy analysis was stronger,
resulting in substantially lower limits than expected from only background.

In this chapter the combined analysis will be summarized with an em-
phasis on the low energy part. More details about the event selection devel-
opment can be found in Ref:s 3, 95 and 96.
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FIGURE 5.1: Limits and sensitivites for three different annihilation channels. The
transition between the low energy analysis and the high energy analysis is clearly
seen in the limits because of the larger observed under-fluctuation in the low en-

ergy analysis.
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5.1 Event Samples

The Galactic Center is located at −29◦ dec, which at the South Pole corre-
sponds to 29◦ above the horizon. The neutrino signal which is being sought
for at this declination will be embedded in an atmospheric muon background
which is about five to six orders of magnitude larger than the atmospheric
neutrino background. To reduce the amount of data and background a series
of new vetoes were applied in both analyses.

Atmospheric muons give rise to two general event topologies by either
entering and stopping in the detector or passing through the detector. Muon
neutrinos, on the other hand, can interact inside the detector creating start-
ing tracks, as well as interacting somewhere outside the detector creating a
signature similar that of an atmospheric muon. Therefore the atmospheric
muon background is in principle reducible by exclusively accepting starting
tracks at the expense of only using the detector volume as target volume. In
practice, however, it turns out to be a challenge to efficiently identify starting
tracks and reject incoming muons. In the end the final event samples were
still dominated by atmospheric muons. Figure 5.2 shows a schematic view of
the detector and the fiducial regions (where events are allowed to start) used
by the two analyses.

Additionally a lot of effort in development of the low energy event sample
was put into utilizing the densely instrumented DeepCore sub-detector. The
energy threshold was lowered to 10 GeV which made it possible to probe
WIMP masses as low as 30 GeV.

5.1.1 Vetoes

At the time of the development of the two analyses, reducing background
by means of vetoes was still a relatively new and largely untested concept
within IceCube. A couple of the veto methods developed for the low energy
analysis will be briefly described here, while Ref:s 95,6 and 5 contains more
detailed descriptions of all the vetoes.

The most important veto, called RT-veto, that was developed for the low
energy analysis, was based on the same algorithm used for standard noise
pulse cleaning, described in section 2.4.1. The noise pulse cleaning removes
noise by building clusters of DOMs that recorded pulses which satisfy a cer-
tain time and distance condition relative to other pulses and rejects pulses
that are not part of any cluster. To perform the veto, the cluster algorithm
is applied on a subset of the pulses of an event, which are located in the
veto region and recorded before the first pulse in the fiducial region. Each
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FIGURE 5.2: A schematic layout of the IceCube detector in seen from two perspec-
tives.Top: A top-down view showing the string positions. The fiducial regions are
indicated by different shades. The innermost shaded region (purple) shows the
fiducial volume for the LE analysis while next region (red) illustrates the fiducial
volume for the HE analysis. The strings added in the last season are indicated by
black squares and while the DeepCore strings deployed with high quantum effi-
ciency PMTs are shown as gray diamonds. Bottom: A side view of the IceCube

detector showing a selection of strings as well as the fiducial regions.
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pulse in this subset is considered as a starting seed for a cluster and in this
application of the algorithm more relaxed settings are used compared to the
standard settings. The size of the biggest cluster found in the veto region
is reported. Figure 5.3 shows distributions of cluster sizes for a typical sig-
nal, muon background and data. Dominated by small cluster sizes in the
veto region, the signal clearly shows a different behavior from data, which is
dominated by muon background, and the simulated muon background. In
the application of this veto, events which had a cluster of at least three DOMs
were rejected. More than 80% of atmospheric muons were removed while
90% of the starting signal events were retained using this veto.

Two classes of penetrating muons were still hard to identify and thus ne-
cessitated another veto. Some muons are so faint that the light they would
deposit in the veto region would not reach the rejection threshold of the RT-
veto or the recorded pulses from the muon are too far apart to fit the distance
and time requirement of the RT-veto. The few pulses that are recorded of such
muons will, however, be associated with the muon track. One can therefore
study how the pulses in the veto region are associated to the track hypothesis
of the default event reconstruction. The track likelihood is calculated using
all pulses in the veto region that were recorded before the start time of the
event inside the fiducial volume and within a cylinder around the track hy-
pothesis. The value of the likelihood indicates how likely the pulses in the
veto region can be associated with the track hypothesis. The likelihood used
only considers the first of many pulses in a DOM, therefore the likelihood can
be normalized by the number of DOMs that recorded pulses. A threshold for
rejecting muons, which is independent of the number of DOMs, can therefore
be found for the normalized likelihood.

5.1.2 Data and selection

The data used by the two analyses consists of 319.7 days of live-time data
collected with the IceCube 79-string configuration between May 31, 2010, and
May 13, 2011. At final level the low energy and high energy sample contained
25,299 and 293,043 events, respectively.

The low energy sample used events that passed the DeepCore filter [97].
This filter is optimized for analyses searching for low mass WIMPS below
100 GeV using the DeepCore sub-array as a fiducial volume. The neutrino
detection energy threshold for the DeepCore filter is about 10 GeV. The low
energy sample used the same fiducial volume as the DeepCore filter with the
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FIGURE 5.3: Distribution of cluster sizes for the RT-veto. Signal (dashed) tends to
have much smaller cluster sizes in the veto region compared to background (solid)

and data (points), which are still dominated by background at this level.

rest of the instrumented volume used as a veto region for the applied veto-
methods. A series of straight cuts and vetoes (discussed in section 5.1.1) were
applied to reduce the amount of data while retaining signal and good qual-
ity events. At the end a BDT was trained using data as background and a
monochromatic neutrino simulation at 65 GeV as signal1. A cut on the BDT
score defined the final sample. The BDT score cut was optimized by running
a maximum likelihood analysis on the sample and computing the sensitivity
for a series of BDT score cuts assuming WIMPs with 65 GeV mass annihilat-
ing to bb̄. The analysis of the final sample is described in the next section and
chapter 4.

5.2 Analysis

A maximum likelihood analysis was performed for a series of signal hy-
potheses independently on each event sample. WIMP annihilation into νν̄,

1The monochromatic neutrino signal is a remnant from the initial phase of the analysis
when line features in the spectrum were highly interesting.
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bb̄, W+W−,µ+µ− and τ+τ− were assumed. WIMP masses in a range from
30 GeV to 10 TeV were tested for each annihilation channel assuming 100%
branching ratio. Both the NFW and Burkert halo model (see section 3.4) were
tested for each combination of annihilation channel and WIMP mass.

The LE and HE final samples differed in both size and spatial definition.
The LE event selection consisted of around 25,000 events in an asymmetrical
declination band between −10◦ and +20◦ around the Galactic Center decli-
nation. The HE event selection consisted in total of about 300,000 events dis-
tributed between an on source region±15◦ around the Galactic Center in both
right ascension and declination, and an off source region extending ±15◦ in
dec around the Galactic Center and excluding events which are within ±30◦

in ra of the Galactic Center. The exact formulation of the likelihood analysis
therefore differed for the LE sample and the HE sample.

5.2.1 LE analysis

The analysis on the LE sample was performed in a search window defined
by the width of the declination band and ±30◦ in right ascension around
the Galactic Center. The background in the search window was determined
from scrambled data in the whole declination band under the assumption
that background is uniform in right ascension. The form of the likelihood
used for the LE sample is given by eq. 4.1 and eq. 4.10.

Signal pdfs were constructed by sampling simulation which was weighted
according to eq. 3.8. Pdfs for a variety of WIMP masses, annihilation spectra
and halo models were generated. The angular resolution was taken into
account in the pdfs by using the reconstructed direction to determine the co-
ordinate of contribution of each event, while the weight itself was computed
with the true direction. Figure 5.4 shows the background and a signal pdf
for the LE analysis. Also shown in the figure are the two search windows
in which the likelihood analysis was performed. The LE analysis used the
broad window while the HE used the narrow window.

5.2.2 HE analysis

The HE sample had designated off-source regions, separated from the on-
source search window, to estimate the background. The signal contamination
in the off source regions was assumed to be negligible due to a very high
event count and a better angular resolution. Therefore, a simpler likelihood
analysis was performed using an extended likelihood. Being a function of the
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Poisson mean of the number of signal events, ns the likelihood can be written
down as

L(ns) =
(ns + nbg)nobse−(ns+nbg)

nobs!

∏
pi (5.1)

where ns + nbg is the number of observed events in the signal region.
The expected background, nbg, is determined by multiplying the number of
events in the off-source region by the ratio of the on-source and off-source
region sizes. No signal subtraction correction of the signal shape in the search
window was applied, meaning that

pi =
ns

ns + nbg
Si +

nbg

ns + nbg
D̃i. (5.2)

The signal pdfs were constructed in a similar manner as for the LE analysis
and D̃ is constructed from scrambled data in the off-source regions.

4h 8h 12h16h 20h 0 ◦

−30 ◦

−60 ◦

4h 8h 12h16h 20h 0 ◦

−30 ◦

−60 ◦

10-1 100

p.d.f. value per sr

FIGURE 5.4: Top: Background pdf for the LE analysis spanning the whole right
ascension range. Bottom: An example of a signal pdf for the LE analysis. Ad-
ditionally the search windows for the LE (dashed) and HE (dashed-dotted) are
marked for both pdfs. The spatial part of the analysis is only carried out within

this window.
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5.3 Results

After unblinding the event directions the likelihood analyses were performed
on the two event selections. Since the two samples were overlapping, there
was no simple way of combining the two analyses. Limits were only com-
puted for the sample that yielded the best sensitivity for a given combination
of WIMP mass, annihilation channel and halo model. Table 5.1 summarizes
the number of events in the two samples. A deficit of about 2σ was observed
in the number of events in the search window for the LE sample while the HE
sample had a slight excess in its search window compared to the expected
background, nbg.

TABLE 5.1: Results in terms of number of events for the two event selections. The
differences of observed and expected events in the on-source region are given by
∆n = nobs − nbg. The total number of events (on-source+ off-source) is given by

Ntot.

Event selection Ntot nobs nbg ∆n

LE 25,299 4,098 4,217 −119
HE 293,043 36,969 36,806 +162

The likelihood analyses yielded deficits for both samples. The significance
of the deficit of LE analysis was almost 2σ for all tested combinations of anni-
hilation channel, WIMP mass and halo model. Figure 5.5 shows sensitivities
and the associated statistical spread as well as the observed upper limits on
〈σv〉 for annihilation directly into neutrinos. The two samples can be easily
distinguished by the considerably lower observed limits for the LE analysis.
The deficit in the LE analysis, which was primarily driven by the deficit in
number of observed event in the search window, was found to be most prob-
ably of statistical nature. The seemingly non-uniform event distribution in
right ascension was found to compatible with a uniform distribution after
performing a Kuiper’s test [95]. Furthermore, a systematic contribution due
to an uneven exposore in right ascension could be excluded as well [95].

5.3.1 Treatment of systematic uncertainties

Systematic uncertainties in the analysis will impact the signal directly while
the background estimate, which is constructed from scrambled data and
scrambled signal, will only be indirectly affected through the uncertainties
in the scrambled signal. Two classes of systematic uncertainties are relevant
for this analysis: uncertainties affecting signal strength and uncertainties
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FIGURE 5.5: Limit and sensitivity for WIMPs annihilating to neutrinos assuming
the NFW (top) and the Burkert (bottom) model and no assumed systematic uncer-
tainty. Furthermore, the 1σ and 2σ statistical uncertainties are shown as green and

yellow bands, respectively.

affecting the signal detection efficiency. Uncertainties in the signal strength
arise, for this analysis, predominantly from astrophysics such as the uncer-
tainties in the distribution of the dark matter in the halo. There is no general
agreement within the scientific community regarding the distribution of
dark matter in the Milky Way halo. Hence, two models are tested. The NFW
model having a cuspy profile is favored by simulations and is also considered
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FIGURE 5.6: Comparison of limits on 〈σv〉 assuming annihilation to τ+τ− and a
NFW halo. Various experiments are shown, such as the gamma ray experiments
Fermi [72], MAGIC [98] and VERITAS [99]. Additionally IceCube limits from halo
searches [100, 101] and dwarf galaxies are shown [102]. The limits from other

experiments are scaled to match the halo parameters used in this analysis.

to be one of the standard models. The Burkert model, on the other hand, has
a core and is more compatible with observations. Additionally uncertainties
in the parameters of eq. 3.5 which represent the amount of dark matter in
the halo (ρ0) and the size of the inner region (rs), are studied. Uncertainties
in hadronic interactions affecting the neutrino yield in WIMP annihilations
as well as long baseline neutrino oscillations can also be added to this class
of uncertainties. However, the impact of these uncertainties on the limit on
〈σv〉 is small and therefore they are not considered when estimating the sys-
tematic uncertainties. The change in the limit on 〈σv〉 due to varying ρ and
rs was between ≈ 50% and ≈ 100%.

Detection uncertainties are primarily related to uncertainties in ice prop-
erties and the absolute light detection efficiency. Regarding the ice properties,
the absorption and scattering lengths of the ice model were increased by 10%
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separately to study the effect on the limit on 〈σv〉. The optical detection effi-
ciency was varied by ±10%.

These systematic uncertainties were then treated as random uncorrelated
errors and the total detection systematic error was determined simply by the
square-root of the square sum of the uncertainties. The final limit was scaled
up by the total relative uncertainty [3]. This was a rather conservative ap-
proach as any considerable correlations between the uncertainties were in
fact negative. The total uncertainty is dominated by the absorption length
uncertainty ranging from about 50% for the lowest WIMP masses to around
10% to 15% for the highest masses.

5.3.2 Conclusions

This was the first IceCube analysis searching for dark matter in the Galac-
tic Center probing WIMP masses below 100 GeV. Data from the DeepCore
sub-array together with new event selection techniques including new veto
methods made it possible to reach the low neutrino energies needed to effec-
tively probe the small WIMP masses. Limits on 〈σv〉, assuming annihilation
to τ+τ− for a NFW halo are shown in figure 5.6 comparing earlier IceCube
analyses as well as other gamma ray experiments which were already pub-
lished at the time of the publication of [3]. Compared to earlier IceCube anal-
yses the analysis presented here has the strongest limits up to 1 TeV at which
point the IC79 Halo analysis takes over. However, studies of dwarf galaxies
by gamma-ray observatories such as the Fermi-LAT [72] or MAGIC [98] yield
much more competitive limits especially at low WIMP masses. IceCube lim-
its probing the Galatic Center or the Halo are still complementary as they are
influenced by other astrophysical uncertainties as well as setting competitive
limits on direct annihilation to neutrinos.
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6

Search for TeV mass dark matter
in the Galactic Halo using
Cascades

– Felix Mendelssohn, The Hebrides

The Galactic Center analysis presented in the previous chapter focused
on the inner regions of the halo where the dark matter density is the greatest
and thus also the annihilation rate. A substantial part of the dark matter
is situated outside the central region and thus the intensity of dark matter
annihilations will be significant over a large portion of the sky, reaching a
minimum in the anti Galactic Center direction.

There have been three previous IceCube analyses searching for dark mat-
ter in the Galactic halo. The first analysis used data taken with the 22-string
detector configuration (IC22) and performed a so-called cut and count analy-
sis where the number of events in a signal region are compared to the number
of events in a designated background region [100]. Later, a multipole analysis
was performed on data taken with the 79-string detector configuration [101].
Both analyses used samples with track events dedicated to neutrino point
source searches which tend to have poor performance in the southern sky,
where the Galactic Center is located, because of the overwhelming muon
background. In the case of the IC22 analysis the sample was only defined
between −5◦ and 85◦ in declination, having no data in most of the south-
ern sky. Both analyses set limits in the GeV and TeV mass range. Recently
a third halo analysis has been published [103], with its own sample using
data taken with the IC86 detector. The sample contained starting events in
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FIGURE 6.1: An illustration of the fiducial volume and how it grows with observed
charge. Figure taken from [104].

general and cascade events in particular. An advantage of cascade events
is that most neutrino interactions will produce a cascade. Considering that
neutrinos from each of the three flavors can undergo either a CC or an NC
interaction, there are six possible interactions of which five would produce
a cascade event. Only the CC interaction of a νµ produces a track. Neglect-
ing differences between neutrinos and anti-neutrinos and between NC and
CC interactions the chance of a starting event being a cascade is roughly five
times higher than being a track event. The analysis is, therefore, sensitive to
all neutrino flavors and thus also to a larger portion of the potential signal.

On the other hand cascades have a worse angular resolution compared
to tracks. However, the impact on the analysis sensitivity from the angu-
lar resolution also depends on the extension of the source. The sensitivity
will not continue to improve with the angular resolution once the majority of
the source emission happens at a similar scale or larger than the resolution.
Among the halo models there is a substantial spread in the extension, e.g the
majority of the dark matter annihilation intensity is seen within 1◦ for a NFW
halo while for a Burkert halo it is spread out to around 16◦ to 20◦.

At the time of this writing a likelihood analysis has been performed, but
not yet published, using several years of point source samples searching for
Galactic dark matter [96]. Both directional and energy observables were used
in the analysis which resulted in greatly improved limits above 1 TeV WIMP
mass. Even with the addition of starting track events, which improve the
sensitivity in the southern sky, most of the sensitivity is in the northern sky.
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6.1 Event Sample

The event sample used in this analysis was originally developed for an un-
folding of the atmospheric neutrino spectral components as well as the dif-
fuse astrophysical component [104]. It consists of data gathered between 2010
and 2012 with the 79-string detector configuration and the first year of the full
86-string detector configuration. The events in the sample were required to
start inside a defined fiducial volume within the detector and the outer de-
tector volume was used as a veto to reject incoming atmospheric muons. The
fiducial volume was scaled with respect to the deposited charge with a larger
veto region for smaller and less bright events. Figure 6.1 illustrates how the
fiducial volume grows with observed charge. The veto region also serve to
distinguish cascade- and outgoing track events. An outgoing track event is
required to have at least 10 PE of deposited charge in the veto. Details of how
the event sample was defined can be found in Ref:s 104, 105.

The detector geometry as well as calibration and selection filters changed
between the 79-string detector and the first year of data from the completed
86-string detector. The data from the two different configurations were, there-
fore, treated separately as two independent samples throughout the analysis.
They will be referred as the IC79 and IC86 samples, respectively.

Only events which did not qualify as tracks, i.e are identified as cascades,
were considered for the analysis presented here. The IC79 sample contains
133 cascade events and the IC86 sample contains with a total of 278 events.

6.1.1 Sample performance

The contained event sample used for the analysis presented here was orig-
inally developed to study atmospheric neutrino and astrophysical diffuse
neutrino fluxes. It was optimized to have a high neutrino purity which was
achieved through the containment condition and the charge scaled fiducial
volume. The high fraction of cascades, which were contained, together with
the Monopod reconstruction resulted in a good energy resolution for the sam-
ple. The energy resolution and bias of the L4 Monopod reconstruction, which
is used in the final analysis, is shown in figure 6.2 for the two samples. The L4
label refers to the selection level at which the Monopod reconstruction was
performed. Figure 6.2 shows the resolution and bias of two reconstructions
at an earlier selection level as well.

Additionally, for the analysis presented in this thesis, the angular resolu-
tion is important in characterizing the halo shape. The angular resolution is
presented in figure 6.3 as a function of neutrino energy. The median opening
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FIGURE 6.2: Energy resolution for the two samples , IC79 (left) and IC86 (right).
In addition to the L4 Monopod reconstruction used in the analysis presented in
this thesis, two reconstructions from an earlier selection level are shown. (credit:

J.v.Santen)

angles between the reconstructed direction and the true neutrino direction
defines the angular resolution. Furthermore a comparison of data and MC
is presented in figure 6.4 for the local coordinate system observables, zenith
and azimuth.

6.2 Analysis

The measurement of 〈σv〉 is performed with a maximum likelihood fit, as
has been described in chapter 4. Since the analysis probes the whole sky the
likelihood function Lj for the j:th dataset is given by Eq. 4.8, with the bin
expectations defined by Eq. 4.9. The combined likelihood function for all
datasets is simply

L(ξ) =
∏
j

Lj(ξj), (6.1)

where ξ = ns/N is the signal fraction with respect to the fixed total number
of events, N , in all samples and ns is the expected number of signal events.
Similarly ξj = ns,j/Nj is the signal fraction of the j:th data sample with re-
spect to the fixed number of events, Nj , in that data sample and the expected
number of signal events ns,j . To determine the individual signal fraction ξj
of data sample j one can consider the relative signal fraction

Wj =
ns,j∑
j′ ns,j′

(6.2)
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FIGURE 6.3: The angular resolution as a function of neutrino energy. The angular
resolution is defined as the median opening angle between the reconstructed and
true neutrino directions. The data points are the computed resolutions while the

line lines are smoothed splines.

FIGURE 6.4: Distributions of the local directional coordinates shown for data and
MC including both the IC79 and IC86 sample.
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which is determined from simulation through Eq. 4.14 for the particular dark
matter hypothesis. The signal fraction ξj for the j:th data sample is therefore
given by

ξj =
ns,j

Nj
=
Wj

Nj
ξN. (6.3)

In the analysis directional and energy observables are considered. The
pdfs S, S̃ and D̃ in eq. 4.9 which depend on right ascension φ, declination δ
and energy E can be factorized into a spatial part and an energy part:

X(φ, δ, E) = Xspatial(φ, δ) ·Xenergy(E, δ) (6.4)

where X denotes some pdf. Energy information in combination with spa-
tial information is helpful as in the presence of a signal the combined energy
spectrum of signal and background will have a spatial dependence. There-
fore including energy in the analysis improves the sensitivity of the analysis.
We note that the energy pdf depends on the declination. The selection ef-
ficiency varies over energy and declination. The spectrum will, therefore,
also change with declination. To reduce the number of spatial bins near the
poles and in the end the total number of bins the HEALPix [106] software
package was used which provides equal size bins for all declination angles.
The following sections describe how the signal and background pdfs were
constructed.

6.2.1 Scrambled data pdf

From Eq. 4.6 we see that our background pdf depends on scrambled data
D̃ as well as scrambled signal S̃ of the particular dark matter model we are
testing. Since the signal pdfs will be described in the next section we will
focus here on how the data are scrambled and treated to form D̃. From a
technical standpoint the data are time scrambled to remove signal features.
For small signals compared to the total amount of data the scrambled data
will be an approximate realization of the background. In practice, because of
the detector location at the South Pole, scrambling the time of an event will
only change the right ascension while the declination will stay the same. The
scrambling therefore only affects D̃spatial. The background being a mixture
of astrophysical neutrinos and cosmic ray induced muons and neutrinos, is
assumed to be uniform in general, except for a zenith dependence due to se-
lection effects and different path lengths in Earth and (or) the atmosphere.
Since declination and zenith in local coordinates are aligned at the poles the



6.2. Analysis 69

0 20 40 60 80 100 120 140 160 180
Zenith ( ◦ )

0

2

4

6

8

10

N
u
m

b
e
r 

o
f 

e
v
e
n
ts

raw IC86 sample

smooth IC86 sample

raw IC79 sample

smooth IC79 sample

102 103 104 105 106 107

Reconstructed energy (GeV)

0

20

40

60

80

100

120

140

160

180

 Z
e
n
it

h
 (
◦
)

0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

0.200

p
ro

b
a
b
ili

ty

FIGURE 6.5: Left: Distributions of data in declination (solid) for the IC79 and IC86
sample as well as the smoothed pdfs (dashed). Right: Background energy pdfs for
different zenith bands smoothed in energy with kernel density estimators. Black

circles show data.

zenith can be mapped to the declination by a constant shift of −π/2. It is
then easy to see that the time scrambled data will only depend on the decli-
nation. Therefore all distributions that do not have an explicit right ascension
dependence will be shown in declination only.

The limited statistics of the data made it difficult to use the data directly to
determine D̃spatial. Smoothing was therefore applied to the declination distri-
bution of the data. A one-dimensional fisher distribution in the θ-dimension
(see Appendix A) was used as a smoothing kernel with a 12◦ angular uncer-
tainty. Figure 6.5 shows, in the left panel, both the raw declination distribu-
tions of the two data samples and the smoothed ones.

To construct D̃energy kernel density estimators were used on each zenith
band to achieve a smooth distribution in energy. In the right side of figure 6.5
energy pdfs at different zenith angles are shown for the IC86 sample.

6.2.2 Signal pdf

The spatial part, Sspatial, of the signal pdfs are composed out of three parts:
a halo model, J (see eq. 3.6), that is multiplied with a detection acceptance,
A, and convoluted with an angular resolution function, V . The procedure to
construct the signal pdf can be summarized with the following equation

Sspatial(φ, δ) = (J ·A) ∗ V, (6.5)

where J , A are functions of declination and right ascension while V only
depends on the declination. Figure 6.6 shows J for the NFW halo model.
The detection acceptance contains the particle physics describing the signal
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FIGURE 6.6: The line of sight integral, J , for an NFW profile, defined in Eq. 3.6. It
is shown in equatorial coordinates with the binning used in the analysis.

as well as detector physics. The detection acceptance as a function of dec-
lination is shown in figure 6.7 (left), assuming a WIMP mass of 100 TeV in
the W+W− annihilation channel. The angular uncertainty as a function of
declination is shown in figure 6.7 (right). Figure 6.8 shows Sspatial for a NFW
halo assuming a 100 TeV WIMP annihilating into W+W−. The signal energy
pdfs, Senergy, are constructed similarly as was done for the scrambled data.
The same binning in zenith is used as well as kernel distribution estimators
to smooth in energy. The pdf of the scrambled signal S̃spatial is acquired by
projecting the signal pdf, Sspatial, in the right ascension dimension leaving a
distribution in the declination dimension.

6.3 Sensitivity

Confidence intervals are constructed as is prescribed by Feldman and
Cousins [93] and described in section 4.2.1. The sensitivity is calculated as
the median upper limit, at 90% confidence level, using 10000 trials with only
background events. Figure 6.9 shows the NFW sensitivities in the top panel
and the Burkert sensitivities in the bottom panel.
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FIGURE 6.8: Spatial part of the signal probability density function given by eq. 6.5.
Here shown assuming χχ → W+W− at 100 TeV with a NFW profile for the IC86

sample.

6.4 Systematic uncertainties

The same general types of systematic uncertainties were considered for this
analysis as for the Galactic Center analysis described in section 5.3.1. System-
atic uncertainties affecting signal strength, described in section 6.4.1 for this
analysis, are dominated by astrophysical uncertainties concerning the shape
of the halo and the amount of dark matter in the Milky Way.
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FIGURE 6.9: Sensitivity for the tested annihilation channels and WIMP masses
assuming the NFW model (top) and the Bukert model (bottom). Also shown is the

sensitivity from a comparable analysis using four years of point source data.
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FIGURE 6.10: Systematic uncertainty bands due to uncertainties in the halo pa-
rameters shown for the tested annihilation channels. Solid lines show the baseline

sensitivities for the two haloes.

Uncertainties in detection efficiency mainly concern the instrumentation
and the detector medium itself, and are discussed in section 6.4.2. However,
uncertainties connected to ice properties could not be studied directly unfor-
tunately. The provided ice systematic datasets for the analysis sample did not
contain all the necessary information to determine the impact on the angu-
lar resolution which is the dominating uncertainty associated with ice prop-
erties. Since the impact of ice systematic uncertainties, which give a major
contribution to the overall signal efficiency uncertainty, could not be accu-
rately determined it was decided to not fold in the signal efficiency detection
systematic uncertainties in the result. Instead an estimation of the signal effi-
ciency systematic uncertainties is reported.

6.4.1 Astrophysical uncertainties

As with the Galactic Center analysis described in the previous chapter (5),
the astrophysical uncertainties are the dominating systematics uncertainties
of the Galactic Halo analysis. The same halo models were tested, namely the
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NFW and Burkert profiles, using the same parameters presented in section
3.4. Sensitivities were computed for two variations of the halo parameters
to study the effect on the sensitivity due to uncertainties in the parameters.
The parameters were varied such that the extremes of the anti-correlation of
the halo normalization, ρ0, and scale radius, rs, was explored. In figure 6.10
the error bands around the baseline sensitivity illustrate the effect of the halo
parameter uncertainties for each annihilation channel separately. Generally
the relative uncertainty is around 80% to 100% being slightly smaller for the
Burkert model than the NFW model.

6.4.2 Detection uncertainties

Similarly as was studied for the Galactic Center analysis (chapter 5) both the
absolute light detection efficiency and the ice properties were considered.
The light detection efficiency was varied by ±10% to study the effects on
the sensitivity. The sensitivity improved with the light detection efficiency as
anticipated. At lower WIMP masses, thus lower neutrino energies, the selec-
tion threshold yields an uncertainty around 40% which decreases to less than
10% for the highest WIMP masses. The halo profile has negligible impact on
the uncertainty related to light detection efficiency.

As mentioned earlier, the simulation datasets which were processed
through the event selection and where the ice properties were varied, did
not contain the necessary information to determine the angular uncertainty
of the reconstruction. Changes in the ice properties would mainly affect the
angular resolution. Therefore the effect of angular resolution on the sensitiv-
ity was studied. The resolution was varied from 110% to 150% of the baseline
resolution. Because of the more extended nature of the Burkert halo, even
a 50% increase in the angular uncertainty did not decrease the sensitivity
noticeably. For the more concentrated NFW profile the sensitivity becomes
about 20%-25% worse across all masses and annihilation channels for a 50%
increase in the angular uncertainty. Such a large angular uncertainty is,
however, unlikely.

To summarize we conclude that the total uncertainties due to detector ef-
fects such as the ice properties and the efficiency of the light detectors them-
selves probably range between 10% and 40%.
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6.5 Results

The likelihood analysis described in section 4.1 and section 6.2 was per-
formed on the 278 unblinded cascade events testing 60 signal hypotheses in
total. No significant excess was observed. Using the procedure described in
section 4.2, limits were calculated at a confidence level of 90%. A summary
of the unblinding results is presented in table 6.1 and 6.2, for the NFW and
Burkert models, respectively. The most significant excess observed with a
p-value of 3.9%, was for a dark matter particle with 100 TeV mass, annihi-
lating to µ+µ−. However, after correcting for the ’look elsewhere effect’ the
p-value increased to 34%. Figures 6.11 and 6.12 show the observed upper
limits (solid lines) for the NFW and Burkert halo model, respectively. The
expected upper limit is shown as the median upper limit with dashed lines
while the expected statistical±1σ and±2σ ranges are presented as green and
yellow bands, respectively.

Figure 6.13 shows a comparison of limits on 〈σv〉 assuming annihila-
tion to τ+τ− and an NFW halo from different IceCube analyses as well as
other experiments. The galactic halo analysis presented in this thesis sets the
strongest IceCube limits above 1 TeV WIMP mass. Compared to the previous
limits set by the halo analysis using 4 years of point source data and 3 years
of starting tracks data [96] the current analysis has improved the limits by up
to one order of magnitude. At low WIMP masses the most stringent IceCube
limit is set by the Galactic Center analysis using 3 years of IC86 data [2]. How-
ever, the most competitive limits by a neutrino experiment above 200 GeV
are set by ANTARES [107] using 9 years of data. An advantage ANTARES
has is that the Galactic Center appears below the horizon during about 50%
of data taking. Additionally the νµ events used in the mentioned analysis
have excellent pointing since water has much less scattering compared to ice.
Gamma-ray experiments, such as MAGIC, Fermi and H.E.S.S also obtain lim-
its on 〈σv〉 which are shown in figure 6.13. Usually gamma-ray experiments
search for dark matter in spheroidal dwarf galaxies because the gamma-ray
background from such galaxies is very small compared to the amount of
gravitationally inferred dark matter. However, comparisons between limits
obtained from extra-galactic and galactic targets involve large uncertainties
due to the large errors associated with measuring J-factors of spheroidal
dwarf galaxies. H.E.S.S has been able to set strong limits by observing the
gamma-ray emission around the Galactic Center.
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FIGURE 6.11: Expected (dashed) and observed (solid) upper limits on 〈σv〉 at 90%
confidence level assuming the NFW profile. The green and yellow bands show the

±1σ and ±2σ statistical spread, respectively.
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Additionally figure 6.14 shows a comparison of IceCube analyses and
ANTARES assuming a Burkert halo which is considered a more realistic
model for the Milky Way dark matter halo. The difference between the anal-
yses and experiments is much smaller due to the extension of the Burkert
halo being much larger compared to the NFW halo. The advantage of good
angular resolution and good signal sensitivity at the Galactic Center decli-
nation is lost for extended models such as the Burkert halo. Neutrino limits
on 〈σv〉, though being less competitive than gamma-ray limits, are still inter-
esting as they give an upper bound on the total annihilation cross-section of
dark matter [108].
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TABLE 6.1: Results for the NFW halo model for all tested annihilation channels
and dark matter masses. Median upper limits, 〈σ̃v〉↓, upper limits, 〈σv〉↓, lower
limits, 〈σv〉↑ at 90% confidence level, as well as pre- and post-trial p-values are

shown.

mχ 〈σ̃v〉↓ 〈σv〉↓ 〈σv〉↑ p-value p-value
(TeV) (cm3 s−1) (cm3 s−1) (cm3 s−1) pre-trial post-trial

χχ→W+W−

3 1.71 · 10−23 2.55 · 10−23 0 0.14 0.737
10 7.98 · 10−24 7.05 · 10−24 0 0.56 0.996
30 1.03 · 10−23 1.34 · 10−23 0 0.18 0.813
100 1.84 · 10−23 3.55 · 10−23 2.05 · 10−24 0.064 0.476
300 3.71 · 10−23 6.92 · 10−23 8.05 · 10−25 0.098 0.611

χχ→ 2µ+2µ−

3 3.48 · 10−23 4.36 · 10−23 0 0.22 0.863
10 7.36 · 10−24 7.84 · 10−24 0 0.41 0.977
30 5.57 · 10−24 5.19 · 10−24 0 0.64 0.999
100 9.83 · 10−24 1.95 · 10−23 1.6 · 10−24 0.049 0.398
300 1.78 · 10−23 3.26 · 10−23 0 0.093 0.593

χχ→ νν
3 1.32 · 10−24 1.61 · 10−24 0 0.31 0.94
10 8.19 · 10−25 6.86 · 10−25 0 0.7 0.999
30 1.67 · 10−24 2.78 · 10−24 6.25 · 10−26 0.085 0.567
100 3.01 · 10−24 4.44 · 10−24 0 0.23 0.873
300 1.53 · 10−23 2.97 · 10−23 0 0.19 0.822

χχ→ µ+µ−

3 1.04 · 10−23 1.5 · 10−23 0 0.15 0.755
10 3.55 · 10−24 3.6 · 10−24 0 0.5 0.992
30 3.93 · 10−24 4.12 · 10−24 0 0.46 0.986
100 7.19 · 10−24 1.61 · 10−23 1.24 · 10−24 0.039 0.341
300 1.57 · 10−23 2.79 · 10−23 0 0.15 0.756

χχ→ bb
3 1.31 · 10−21 1.57 · 10−21 0 0.29 0.929
10 1.79 · 10−22 2.27 · 10−22 0 0.22 0.863
30 9.02 · 10−23 9.13 · 10−23 0 0.48 0.989
100 8.63 · 10−23 1.12 · 10−22 0 0.21 0.853
300 1.23 · 10−22 2.02 · 10−22 0 0.097 0.608

χχ→ τ+τ−

3 1.52 · 10−23 2.28 · 10−23 0 0.14 0.731
10 4.89 · 10−24 4.92 · 10−24 0 0.49 0.991
30 4.87 · 10−24 4.92 · 10−24 0 0.49 0.99
100 8.84 · 10−24 1.84 · 10−23 1.38 · 10−24 0.046 0.382
300 1.89 · 10−23 3.34 · 10−23 0 0.1 0.63
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TABLE 6.2: Results for the Burkert halo model for all tested annihilation channels
and dark matter masses. Median upper limits, 〈σ̃v〉↓, upper limits, 〈σv〉↓, lower
limits, 〈σv〉↑ at 90% confidence level, as well as pre- and post-trial p-values are

shown.

mχ 〈σ̃v〉↓ 〈σv〉↓ 〈σv〉↑ p-value p-value
(TeV) (cm3 s−1) (cm3 s−1) (cm3 s−1) pre-trial post-trial

χχ→W+W−

3 6.93 · 10−23 1 · 10−22 0 0.17 0.789
10 3.1 · 10−23 3.72 · 10−23 0 0.34 0.957
30 3.87 · 10−23 5.64 · 10−23 0 0.17 0.787
100 7.11 · 10−23 1.11 · 10−22 0 0.13 0.692
300 1.53 · 10−22 2.67 · 10−22 0 0.14 0.724

χχ→ 2µ+2µ−

3 1.25 · 10−22 1.65 · 10−22 0 0.25 0.893
10 3.06 · 10−23 3.7 · 10−23 0 0.27 0.913
30 2.41 · 10−23 2.54 · 10−23 0 0.42 0.978
100 3.67 · 10−23 6.99 · 10−23 4.33 · 10−24 0.064 0.476
300 7.25 · 10−23 1.05 · 10−22 0 0.19 0.825

χχ→ νν
3 5.33 · 10−24 7.6 · 10−24 0 0.19 0.82
10 3.43 · 10−24 3.78 · 10−24 0 0.42 0.977
30 6.13 · 10−24 9.77 · 10−24 0 0.11 0.647
100 1.33 · 10−23 1.29 · 10−23 0 0.5 0.991
300 6.67 · 10−23 1.15 · 10−22 0 0.31 0.94

χχ→ µ+µ−

3 4 · 10−23 5.64 · 10−23 0 0.2 0.838
10 1.46 · 10−23 1.68 · 10−23 0 0.35 0.958
30 1.53 · 10−23 1.84 · 10−23 0 0.34 0.956
100 2.87 · 10−23 5.24 · 10−23 5.86 · 10−25 0.077 0.533
300 9.01 · 10−23 1.58 · 10−22 0 0.24 0.886

χχ→ bb
3 4.11 · 10−21 5.33 · 10−21 0 0.25 0.895
10 7.44 · 10−22 1.02 · 10−21 0 0.18 0.811
30 3.54 · 10−22 4.59 · 10−22 0 0.29 0.925
100 3.53 · 10−22 5.11 · 10−22 0 0.15 0.746
300 4.8 · 10−22 7.3 · 10−22 3.41 · 10−24 0.099 0.613

χχ→ τ+τ−

3 6.07 · 10−23 8.61 · 10−23 0 0.17 0.793
10 2.03 · 10−23 2.39 · 10−23 0 0.33 0.951
30 2.03 · 10−23 2.36 · 10−23 0 0.34 0.952
100 3.58 · 10−23 6.41 · 10−23 2.6 · 10−24 0.074 0.52
300 7.24 · 10−23 1.06 · 10−22 0 0.18 0.814
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FIGURE 6.13: Limits on 〈σv〉 assuming a NFW halo and annihilation into τ+τ−.
This work is shown with a black solid line and round markers. Limits from other
IceCube analyses are shown as well. IceCube-86 using three years of cascade
data [103] (blue solid line with square markers), IceCube-86 using tracks collected
in three years of data (red dashed with circle markings) [2] and the halo analysis
using 4 years of point source data and 3 years of medium energy starting events
data (orange solid with down pointing triangles) [96]. An ANTARES limit using
9 years of data is shown with a dashed green line [107]. The combined analysis
of Fermi and MAGIC data from spheroidal dwarf galaxies [109] is shown as well
as the H.E.S.S limit from around the Galactic Center [110]. The natural scale indi-
cates the values of 〈σv〉 corresponding for which WIMPs are considered thermal
relics from Big Bang[111]. The black dotted line illustrates the WIMP unitarity

bound[112].
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FIGURE 6.14: Limits on 〈σv〉 assuming a Burkert halo and annihilation into τ+τ−.
This work is shown with a black solid line and round markers. Fewer experi-
ments report limits on the Burkert halo. Several previous IceCube analyses have
reported Burkert limits: IceCube-86 using three years of cascade data [103] (blue
solid line with square markers), IceCube-86 using tracks collected in three years of
data (red dashed with circle markings) [2] and the halo analysis using 4 years of
point source data and 3 years of medium energy starting events data (orange solid
with down pointing triangles) [96]. Additionally ANTARES have publicated lim-
its [107]. The natural scale indicates the values of 〈σv〉 corresponding for which
WIMPs are considered thermal relics from Big Bang[111]. The black dotted line

illustrates the WIMP unitarity bound[112].
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Part III

Gen2: Studies of future IceCube
extensions
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7

Cascade reconstruction
resolutions

– Wolfgang Amadeus Mozart, Divertimento in D

In the IceCube collaboration there is currently an ongoing effort to study
possible upgrades of the detectors and facilities which are part of the Ice-
Cube Neutrino Observatory under the IceCube-Gen2 project. The aim is to
increase the sensitivity of current analyses but also reach for science which
is outside the scope of the current detector. There are two main directions of
this effort, of which, one is exploring the possibility to lower the threshold
and increase efficiency for low energy neutrino events with energies around
sub GeV to about 10 GeV under a project called PINGU (Precision IceCube
Next Generation Upgrade) [113]. This is an ideal energy range to study neu-
trino oscillations and the neutrino mass ordering (also known as the neutrino
mass hierarchy). To achieve a lower energy threshold an infill of strings is
proposed to increase the density of detectors. In the high energy array project
possible high energy extensions of IceCube are studied which are motivated
by the search for neutrino point sources, transients and the study of cosmic
neutrinos in general. These analysis topics would all gain by a bigger detec-
tor volume to either increase the sensitivity at high energies, by enlarging the
effective area, or improve the angular resolution.

When future detector proposals are assessed, usually the low level perfor-
mance (e.g new hardware, reconstruction algorithms) is studied in detail as
well as the sensitivity to high level scientific goals. In this chapter a study of
cascade reconstruction resolutions for future Gen2 detector extensions is pre-
sented. The aim of this study was to deliver inputs, concerning the cascade
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FIGURE 7.1: String layouts for the current IceCube detector and proposed exten-
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sector, operational zone, downwind sector, dark sector, clean air sector. The small
area inside the dark sector is the location of the old station and is considered a

hazardous area.

detection channel for different realizations of a future expansion of IceCube,
to sensitivity estimation studies.

Five different proposed Gen2 expansions were studied which mainly dif-
fered in the string spacing and the geometrical layout of the string positions.
The range at which the DOMs would be deployed on the new strings would
extend both deeper and shallower than in IceCube. The general character-
istics of the DOMs would be similar to the current DOMs. However, up-
graded on-board electronics would allow continuous readout at a high rate
and dynamic range using fADCs. Additionally new and faster CPUs would
make it possible to perform pulse extraction on the fly in situ, which would
make local coincidence (LC) superfluous since pulses as a data format is ex-
tremely compressed compared to waveforms. The five different geometrical
layouts of the strings are shown in figure 7.1 together with the current ge-
ometry denoted IceCube or IC86. Three of the proposed geometries have
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the same layout but differ in scale, these are denoted Sunflower200, Sun-
flower240, Sunflower300, where the number corresponds to the string dis-
tance in meters. The string layout, which is a regular pattern, but irregular
along straight lines, resembles the pattern of a sunflower thereby the name.
The EdgeWeighted240 is characterized by an outer layer which has the same
string spacing of 125 m as the current detector working as a veto layer. How-
ever, within the outer layer the extansion nearly has double the string spac-
ing, namely 240 m, using the same hexagonal pattern as the current detec-
tor. Lastly the Banana270 uses the sunflower pattern which has an elongated
shape reminiscent of a banana. Such a layout benefits reconstruction of tracks
passing along the elongated direction while loosing volume compared to a
more compact layout.

7.1 Simulation and processing

To study the cascade reconstruction dedicated simulation was generated
where electromagnetic cascades were injected with a E−1 spectrum, isotropi-
cally and uniformly within a volume that closely enveloped the instrumented
detector volume. Cascades between 1 TeV and 1 EeV were simulated cover-
ing six orders of magnitude in energy. The simulated detector consisted
of the current IceCube in-ice detector extended with different geometrical
layouts of 80 strings hosting upgraded versions of the current DOM. To sim-
ulate the extension properly, the simulation and processing was split into two
streams which were later joined. One stream simulated the current detector
using the standard simulation chain, while the other stream simulated the
extension with a custom detector simulation. The simulation was split up
after simulating the output of the PMT, which means that generation, photon
propagation, noise generation and PMT effects were treated the same way
for the extension as for the current detector.

In the previous section it was mentioned that the upgraded DOMs would
have continuous readout and operate without LC. Details about the future
DOM electric systems are still unknown. However, based on our current
knowledge, assuming a readout rate similar to the ATWD in IceCube DOMs,
pulse extraction will not be limited by the readout electronics in general. The
simulation of the extension omits the DOM electronics simulation by con-
verting the PMT readout, which is in form of pulses, directly to extracted
pulses effectively simulating ideal DOM electronics. Some additional pro-
cessing of the converted pulses is needed in order to conform to actual ex-
tracted pulses, which is required by some reconstructions (see section 2.4.1).
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Extracted pulses have a minimum time separation determined by the sepa-
ration of basis functions in the pulse extraction, which is not present in the
simulated PMT readout since pulses can occur at any time (including simul-
taneous pulses). The converted pulses were therefore coalesced to the same
time separation which is standard for our pulse extraction.

The detector triggers had to be simulated with an augmented version of
the standard trigger simulation which could handle pulses since triggers nor-
mally operate on DOM launches which are in LC – none of which is present
for the extension. A standard SMT8 trigger (see 2.3) was simulated only using
DOM launches from IceCube. A second trigger was set up running only on
pulses from the extension with a multiplicity requirement of 20 pulses within
500 ns. The constrained trigger requirements of the extension trigger com-
pared to the SMT8 trigger are motivated by the higher rate of single pulses
due to noise compared to launches in LC, while the events we aim to trig-
ger on should be quite luminous to begin with. From these two triggers two
data streams were defined. The main stream called Gen2 consisted of events
where both or one of the triggers had fired and the extracted pulses from
IceCube would be combined with the converted pulses from the extension
to one pulse series. In order to make relevant comparisons to IceCube, an
IceCube only stream was defined consisting of events were the SMT8 trigger
fired and pulses were only included from IceCube.

From this point on a standard level21 processing was applied to both
streams. The only deviation from the standard processing was to adapt the
pulse cleaning to each extension, which was done by scaling the settings to
the new string distance. After the level2 processing a series of standard cas-
cade reconstructions were performed, where each reconstruction was seed-
ing the next one. The last reconstruction in this chain was Monopod, the
most advanced cascade reconstruction used in IceCube.

7.2 Selection

The goal with this study was to determine the efficiency as well as the angular
and energy resolutions for a realistic cascade event selection for the five pro-
posed extensions. To accomplish such an event selection, a series of straight
cuts were performed, and to simplify the study, most of the cuts were inde-
pendent of extension and mainly optimized on the largest extension – the
Sunflower300 geometry.

1Level2 refers to the reprocessing of the data after it has been transfered to the north. It
mainly consist of pulse cleaning and simple reconstructions.
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FIGURE 7.2: Projection of the fiducial volume in the xy-plane for the Sunflower240
extension. Outer-strings are marked red, while strings within the fiducial volumes
are marked blue. Points within the shaded area are closer to a fiducial string than

an outer string. The shaded area is used to define the side fiducial cut.

The cuts in this study can be categorized as quality or fiducial volume
cuts. The fiducial cuts were designed to mimic the effects of a reduced fidu-
cial volume needed by a properly working muon rejection veto. Typical cas-
cade event selections in IceCube tend to focus on contained events that with
a high certainty start within a defined fiducial volume. For such event selec-
tions the background is low and well understood which makes it simple to
generate background expectations with small uncertainties. The main fidu-
cial cut consists of rejecting events which had a reconstructed cascade vertex
which was closer to an outer lying string than any other string and is referred
as the side fiducial cut. Figure 7.2 illustrates the fiducial volume projected
in the xy-plane for the Sunflower240 geometry. This cut is the only cut that
depends on the geometry of the string layout. The other fiducial cut rejects
events depending on the reconstructed vertex depth and functions also as a
quality cut. To efficiently reject incoming muons a quite large portion of the
top of the detector has to be used as a veto region. Furthermore the dustlayer
at z ≈ −150 m to z ≈ 0 m effectively creates a hole in the side veto which can
be countered by making the dustlayer, together with some height above and
below, a veto region. Similarly down going muons with catastrophic energy
losses can appear as an up going cascade hence the necessity of a bottom veto
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FIGURE 7.3: Distributions of four observables used in the event selection shown
for Sunflower300. The blue lines shows the observable for triggered events while
the green lines show the observable distribution after all cuts have been applied.
The red lines show the distribution of events, at trigger level, that have an energy
reconstruction that is wrong by more than a factor of two compared to the true
cascade energy. The cuts are indicated by the black vertical lines with the arrows

showing the accepted side.

layer.
The implementation of the three veto regions in z rejects mostly badly re-

constructed events, as shown in figure 7.3. Poorly reconstructed events are
defined as where the reconstructed energy is wrong by more than a factor
of two. The dustlayer can be clearly seen as a dip in effective volume be-
low z = 0. Figure 7.3, furthermore, shows three other quality cuts. The
top left panel shows the eigenvalue ratio of the tensor of inertia calculated
on the charge distribution for the event. A sphere corresponds to a value of
1/3 while a line would have value of 0. The top right panel shows the dis-
tribution of the distance between the Center of Gravity (COG) determined
by the charge distribution in the detector and the reconstructed vertex. The
COG is a rough but robust estimate of the cascade location, while the cas-
cade reconstructions for some events have problems locating the vertex. If a
vertex is more than 100 m away from the COG the reconstruction is probably
poor. While not the most efficient cut the charge cut shown in the bottom
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FIGURE 7.4: Distribution of charge and reconstructed vertex z position. Left: all
triggered events. Right: events with an energy reconstruction which is wrong by

more than a factor of two. Events which lay within the red triangle are rejected.

right panel in figure 7.3 removes low charge events which would have recon-
structed poorly nonetheless.

After applying the above described cuts there was still a class of events
that mis-reconstructed severely. The events were identified by high charge
and being close to the dustlayer. Figure 7.4 shows the distribution of events
in the charge-z plane. The left panel shows all triggered events while the
right shows poorly reconstructed events. Events within the red triangle were
rejected.

7.3 Performance

To assess the performance of the cascade samples the energy resolution, the
angular resolution and the effective volume of the samples were studied.
The selection was mainly optimized to get a good relative energy resolution
which is uniform for a large energy range. The energy resolution was de-
fined as the square root of the variance, σEreco , of the reconstructed energy
for a particular true cascade energy. The variance was determined by fitting
a lognormal distribution to the true cascade energy distribution. Figure 7.5
shows how the relative resolution depends on the true cascade energy. It is
hard to distinguish the different geometries in energy resolution considering
the relative uncertainties are between 8% and 12%. However, one can see a
general ordering where the energy resolution becomes worse with a larger
string spacing.
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FIGURE 7.5: Relative cascade energy resolutions for different Gen2 detector exten-
sions. The lines are smoothed spline fits to guide the eye.

The angular resolution was determined by finding the median of the mis-
reconstruction angle distribution, which is the angle between the true cascade
direction and the reconstructed direction. Figure 7.6 shows the angular res-
olution dependence on true cascade energy for the tested geometries. The
angular resolution clearly shows an energy dependence as well as a differ-
ence between the geometries where a smaller string spacing is beneficial for
the resolution. Cascade energies around 20 PeV to 30 PeV seem to be opti-
mal for angular reconstruction. The rapid deterioration of the angular res-
olution for all geometries at even higher energies is caused by a number of
effects of which the most significant is the elongation of the cascade, which is
not accounted for in the reconstruction which assumes a point-like emission.
Additionally these extremely bright events will be subject to PMT saturation,
which will also influence the angular resolution.

The last question to be answered is how efficient the event selections for
the different geometries are. Figure 7.7 shows how the effective volume de-
pends on the energy. A striking feature is that the proposed extensions would
increase the effective volume with 6-12 times the current effective volume.
For IceCube the effective volume reaches it maximum at around 50 TeV while
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FIGURE 7.6: Comparision of cascade angular resolution (median misreconstruc-
tion angle) of different Gen2 extensions.

this happens only at energies above 200 TeV to 1 PeV for the extensions. At
the highest energies (reaching 1 EeV) there is a tendency of a decrease in the
effective volume which probably is due to the previously mentioned diffi-
culties in reconstructing heavily saturated events with elongated cascades.
Figure 7.8 shows a comparison of volumes between the extensions and the
current IceCube detector. The instrumented volume is defined by the con-
cave polygon outlined by the outer strings and the length of the instrumenta-
tion on a Gen2 string. The fiducial volume is determined similarly, were the
polygon is a top-down projection of the fiducial volume (see figure 7.2).

7.4 Conclusions

This study is one of many being conducted to assess the different detector
expansion possibilities. The results of this and other reconstruction perfor-
mance studies have been used to predict sensitivities of future analyses and
assessing the analysis prospects for different detector designs.

However, from the results presented here it is possible to draw some di-
rect conclusions. To summarize: For the tested string layouts, which had a
string spacing ranging from 200 m to 300 m the energy resolution only de-
creased slightly with larger string spacing. The angular resolution, however,
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FIGURE 7.7: Cascade effective volumes for different extensions including the cur-
rent icecube detector.

was clearly affected by an increased string spacing. If the goal is to use cas-
cade events in point source analyses a smaller volume expansion would prob-
ably be more beneficial compared to a larger but less dense detector, at the ex-
pense of effective volume. If the goal is instead to measure the astrophysical
neutrino flux the angular uncertainty is less important whereas the sensitiv-
ity of such an analysis is usual determined by the effective volume, which
suggests that a larger detector is better.

In the discussion above, an important aspect has not been considered,
namely how the veto efficiency depends on the detector geometry. The veto
efficiency for the given fiducial volumes in the argument above was assumed
to be the same for all the geometries. This is probably not true. The veto
performance of the suggested string layouts is currently under study in the
collaboration. It is a challenging task, however, since it requires a substantial
amount of simulation in order to cover as much as possible of the parameter
space of incoming muons.

Additionally progress has been made in the IceCube simulation software
to study radical detector designs, such as multi PMT DOMs where the PMTs
are pointed in different directions or so called WOMs (Wavelength-shifting
Optical Module) which could potentially have a much larger collection area
compared to using PMTs directly.
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8

Conclusions and Outlook

– Johann Sebastian Bach, Partita in C minor

This thesis has presented two indirect dark matter searches in the Milky
Way with IceCube, which involved the development of new veto methods
and analysis techniques. A study concerning cascade reconstruction perfor-
mance in future detector extensions was presented as well. Summaries of
these analyses and the study are presented in the following sections accom-
panied with an outlook of each topic.

8.1 Dark matter

The first dark matter analysis, presented in chapter 5, used one year of data
from the nearly finished IceCube detector, IceCube-79 string configuration,
taken between 2010 and 2011. The analysis itself was performed between
2012 and 2014 and at the time of its publication 2015 it set the most stringent
limits on 〈σv〉 by a neutrino experiment for WIMP masses below 200 GeV. It
extended the mass range below 100 GeV down to 30 GeV compared to previ-
ous IceCube analyses. The development of the analysis also lead to new veto
methods (described in section 5.1.1) used in later low energy analyses, as well
as the signal subtracted likelihood (see chapter 4), which is being adapted in
most IceCube analyses which uses background estimations from scrambled
data.

Two major shortcomings of the Galactic Center analysis was to only con-
sider the νµ detection channel and not using energy information in the like-
lihood analysis. The original intent with the analysis was to use one year of
data to deliver a fairly fast response to the 130 GeV line claim. However, a
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lot of time and effort was spent on the challenges of the event selection and
later on developing the signal subtracted likelihood, which prevented the
analyzers to explore more detection channels as well as adding energy into
the analysis. Subsequent analyses addressed at least one of the mentioned
shortcomings. The three year Galactic Center analysis [2] demonstrated the
advantage of accounting for all three neutrino flavors even though the selec-
tion focus in that particular analysis was on track events. The three year full
sky Galactic Center cascade analysis [103] showed that cascades events were
viable even at low energies, despite their worse angular resolution compared
to tracks. The first IceCube analysis searching for dark matter in the Milky
Way and using energy as one of the observables used 4 years of point source
data and 3 years of starting track data [96].

Lastly, there is no reason to restrict the analysis in a particular spatial re-
gion1 when the background can be assumed uniform, as was done in the
Galactic Center analysis presented in this thesis. In fact, two of the mentioned
analyses succeeding the Galactic Center analysis were full sky analyses prob-
ing the whole halo.

In the second analysis presented in this thesis, the Galactic Halo analysis
(chapter 6), these above mentioned issues were addressed. Cascades were
used in favor of tracks with all neutrino flavors accounted for. An energy
proxy was added as an observable to the analysis. However, instead of de-
veloping a new event selection, an already defined sample was used which
made it possible to finish the analysis within one year. The limits assuming a
NFW halo were substantially improved compared to earlier IceCube analy-
ses. Concerning the Burkert halo, figure 6.14 shows only minor improvement
of the limit compared to earlier analyses. It is worth noting, however, that
the ANTARES used 9 years of data and the IceCube halo analysis used four
years compared to the two years of IceCube data used in this analysis. Limits
on 〈σv〉 set by neutrino experiments are through most of the mass range still
above limits set by gamma ray experiments2. However, neutrino experiments
are still more sensitive to annihilation into neutrinos and neutrino limits on
〈σv〉 can be interpreted as an upper bound on the total 〈σv〉 [108].

A future analysis could primarily improve the sensitivity by increasing
the amount of data used in the analysis. At the time of finishing the Galactic
halo analysis in early 2017 the IceCube detector had been collecting data for

1Except if computational speed is concerned, which was the original motivation in the case
of the Galactic Center analysis presented here.

2This is in regard to limits assuming a NFW halo. Assuming a Burkert halo might be less
favorable for gamma-ray experiments.
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six years in its full configuration. A future analysis could in principle use
seven years of data if one would include the IC79 sample as well. An update
of the contained sample is being worked on using data from the IceCube-
79 string configuration and onwards for a new diffuse analysis probing the
atmospheric and astrophysical components. One conclusion during the de-
velopment of this sample is that it is possible to relax the cuts in order to
retain more signal without affecting the background level substantially. A
future dark matter halo analysis would therefore be able to use more data
with a higher signal efficiency. Moreover a new event sample is under de-
velopment which focuses on tracks and advanced vetoes. The expectation is
that it is possible to obtain an almost background free down-going neutrino
sample down to 30 TeV in deposited muon energy. If the sensitivity of this
sample is comparable to the contained cascades the overall sensitivity can be
additionally improved by up to a factor of two.

The likelihood analysis could also be improved. Considering the small
number of events in the samples, an unbinned likelihood analysis would be
feasible. The treatment of systematic uncertainties could also be improved
by adapting the profile likelihood method and adding nuisance parameters
describing systematic uncertainties. With such a procedure systematic uncer-
tainties would automatically be folded into the limit correctly accounting for
the correlations between uncertainties.

8.2 Gen2: Cascade reconstruction performance

The results of this study were used in to assess different analysis scenarios
covering different physics topics. The study tested 5 different geometries as-
suming that the detectors deployed on the strings would be similar to the
current IceCube DOMs.The reconstruction performance was found to mostly
depend on the string spacing and less on the string layout. The angular res-
olution showed a strong correlation with the string spacing by worsening
as the inter string spacing grew. The energy resolution, however, showed
very little dependence on the distance between strings in the geometry. This
study assumed a light detector comparable to the current DOMs which is
the baseline proposal for the extensions, applying proven technology and a
proven design. It was also fairly easy to adapt the simulation chain to a DOM
that resembled the current IceCube DOMs. Other detector types are, how-
ever, also studied. The software has now been adapted to support DOMs
that house multiple PMTs pointed in different directions and also so called
WOMs (wavelength shifting optical modules) which in one adaption consist
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of a long wavelength shifting tube with small PMTs at the ends. It is not yet
clear which type of detector is the most cost effective compared to the scien-
tific goals that are set as the simulation of the more complex detectors has just
begun. There are many challenges ahead such as understanding the ice prop-
erties better which will ultimately determine the angular resolution since the
current reconstructions are already limited by ice systematic uncertainties.
The ambition is to have the extension completed before 2030.
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Appendix A

Gaussian on a sphere

A.1 Fisher distribution

Sky coordinates as they are based on spherical coordinates are by nature
cyclic while the angular uncertainty modeled by a Gaussian distribution has
an infinite domain. The normalization and ambiguity of the Gaussian dis-
tribution wrapping around the sphere is solved by the Fisher distribution
which parametrizes a Gaussian distribution normalizing to 1 on a sphere.
The Fisher distribution can be written down as follows:

f(x;µ, κ) =
κ

4π sinhκ
eκµ·x, (A.1)

where µ is the direction of the maximum,x is the direction of evaluation and
κ can be associated with the angular uncertainty σ with κ = 1/σ2.

A.2 One-dimensional Fisher distribution

A fisher distribution where the φ dependence is integrated out is useful for
characterizing and smoothing distributions that are only known in θ or dec-
lination. One such distribution is a background pdf which is assumed to be
uniform in right ascension but not in declination.

To derive the one dimensional Fisher distribution we first switch to spher-
ical coordinates so the dot product of µ = (sin θ′ cosφ′, sin θ′ sinφ′, cos θ′) and
x = (sin θ cosφ, sin θ sinφ, cos θ) becomes

µ · x = sin θ′ cosφ′ sin θ cosφ+ sin θ′ sinφ′ sin θ sinφ+ cos θ′ cos θ (A.2)
= sin θ′ sin θ cos (φ− φ′) + cos θ′ cos θ, (A.3)
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where we note that µ and x are on the unit sphere thus r = r′ = 1. The Fisher
distribution can now be written down as

f(θ′, φ′; θ, φ, κ) =
κ

4π sinhκ
eκ(sin θ′ sin θ cos (φ−φ′)+cos θ′ cos θ), (A.4)

and the one dimensional Fisher distribution along the θ-dimension can be
defined as:

g(θ′; θ, κ) =

∫ 2π

0
f(θ′, φ′; θ, φ, κ) sin θ′ dφ′ (A.5)

=
κeκ cos θ′ cos θ

4π sinhκ
sin θ′

∫ 2π

0
eκ sin θ′ sin θ cos (φ−φ′) dφ′ (A.6)

Solving the integral yields

g(θ′; θ, κ) =
κeκ cos θ′ cos θ

2 sinhκ
I0(κ sin θ′ sin θ) sin θ′, (A.7)

where In is the modified Bessel function of the first kind and order n.
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Sammanfattning på svenska

Sedan 1900-talets första decennier har en rad observationer av olika sorters
objekt antytt att det finns mer materia ute i rymden än vi kan se. Stjärnors
omloppshastigheter utanför de centrala delarna av galaxer verkade inte bero
på avståndet till galaxernas centrum som man skulle kunna tro. Även långt
utanför galaxers synliga armar hade observationer av små dvärggalaxer och
de få stjärnor som finns där ute visat samma omloppshastighet som stjärnor
har närmare galaxernas centrum. Det stora tomrummet runt om och i galaxer
verkade därför vara fyllt med någon sort osynlig och mörk materia som
bidrar med en extra dragningskraft som ser till att omloppshastigheten inte
sjunker när man rör sig bort från galaxen. Den mörka materiens närvaro har
även observerats över större kosmiska avstånd, däribland i galaxers rörelser
i stora galaxhopar och jämförelser mellan styrkan på en gravitationslins och
den synliga materien i en galaxhop. Mörk materia behövs även för att förk-
lara en del av strukturerna i den kosmiska bakgrundsstrålningen. Vi vet fort-
farande inte vad mörk materia består av. Vi vet dock att mörk materia inte
utgörs av så kallade bruna dvärgar, svarta hål eller annan vanlig baryonsk
materia som är så ljussvag så att vi inte upptäckt den. Däremot finns det gott
om kandidater för mörk materia bland modeller som försöker att expandera
partikelfysikens Standard Model (SM). En av av de mest lovande mörk ma-
terie hypoteserna är så kallade WIMP-partiklar (från engelskans Weakly In-
teracting Massive Particles), som är massiva och svagt växelverkande.

Neutrinopartiklarna som endast växelverkar med annan materia via den
svaga kraften var tidigare en potentiell mörk materiekandidat. Nu vet vi
att neutrinerna endast utgör en liten del av den mörka materien. Att neu-
triner bildas i många processer som beskrivs av SM och sedan inte påverkas
nämnvärt av den materia de far igenom gör dem till intressanta budbärare
från rymden. Det mesta vi vet idag om universum har vi lärt oss genom att
studera ljus eller någon annan form av elektromagnetisk strålning så som
radio- och gammastrålning. Elektromagnetisk strålning påverkas visserli-
gen inte av magnetfält, men kan ändå ha svårigheter att ta sig ut från intres-
santa områden i rymden utan att informationen som strålningen förmedlar
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blir förvrängd. På väg till oss på Jorden kan den elektromagnetiska strål-
ningen absorberas, spridas och reemitteras av materia mellan oss och källan
till strålningen. Informationen från neutriner kommer inte att förvängas i
samma utsträckning. Därför kan neutriner från exploderande supernovor
eller andra våldsamma händelser förse oss med information om vad som
sker inuti annars svårtillgängliga områden i universum. De egenskaper som
gör neutriner intressanta som budbärare gör dem också svåra att detektera.
För att kunna detektera ett tillräckligt antal neutriner krävs stora detektor-
volymer. IceCube-detektorn vid Amundsen-Scott-basen på sydpolen består
av över 5000 fotodetektorer nersänkta i 86, 2,5 km djupa, hål i glaciärisen. To-
talt är en kubikkilometer is instrumenterad mellan 1,5 km och 2,5 km djup.
Den klara isen gör det lätt att detektera Cherenkov-ljuset från myoner eller
så kallade kaskader (elektromagnetiska eller hadroniska skurar initierade av
neutrinokollisioner).

I denna avhandling presenteras två analyser som söker efter en neutri-
nosignal från annihilerande mörk materia i Vintergatan med data från Ice-
Cube. Den första analysen som avslutades 2013 använde myonspår för att
leta efter en excess av neutriner från Vintergatans centrum. Analysens data
samlades in mellan 2010 och 2011 då IceCube bestod av 79 strängar. Myoner
från kosmisk strålning dominerar dessa data eftersom Vintergatans centrum
från sydpolen alltid är sedd ovanför horisonten där myonbakgrunden är
som störst. För att reducera myonbakgrunden selekterades endast händelser
som startade inuti den förtätade delen av detektorn kallad DeepCore. Slutli-
gen analyserades händelsernas rekonstruerade riktningar med en likelihood-
analys. Analysen använde signalsubtraktion eftersom bakgrunden som an-
vändes i analysen modellerades från data som kan vara kontaminerad med
signal. Signalsubtraktionsmetoden utvecklades som en del av denna analys
och presenteras även i denna avhandling. Dessa data visade sig vara fören-
lig med bakgrundshypotesen vilket medförde att gränser sattes för de tes-
tade mörkmaterie modellerna. Denna analys resulterade i ett antal presen-
tationer och en artikel publicerad i European Physics Journal. Denna analys
bidrog med de mest strikta gränserna för WIMP massor som är mindre än
100 GeV/c2 satta av ett neutrinoexperiment vid artikelns publikationstillfälle.

Den andra analysen använder data som samlades in mellan 2010-2012
och består av kaskad-händelser över 1 TeV i energi från en tidigare IceCube-
analys. Kaskader har sämre rekonstruerade riktningar jämfört med spår,
däremot är energirekonstruktionen mer tillförlitlig. Likelihood-analysen an-
vände därför både riktnings- och energirekonstruktionen av händelserna.
Analysen var inte heller begränsad till Vintergatans centrum utan riktningar
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från hela himlavalvet analyserades. Även denna analys satte gränser då data
visade sig vara förenliga med bakgrunden. De satta gränserna var upp till 10
gånger bättre jämfört med tidigare IceCube-analyser.

I avhandlingen presenteras även en studie som rör IceCube-Gen2 som är
ett projekt som arbetar för att bygga ut IceCube-detektorn. Kaskadrekon-
struktioners prestanda undersöktes med hänsyn till olika utbyggnadsscenar-
ion av IceCube-detektorn. Resultaten från denna studie har använts för att
göra uppskattningar av vilka vetenskapliga mål som kan nås. De direkta
slutsatserna från studien är dock att avstånden mellan hålen som fotodetek-
torerna är nersänkta i påverkar noggrannheten i riktningsrekonstruktionen
betydligt. Energirekonstruktionen påverkas inte i samma grad.
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