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Abstract

The IceCube neutrino observatory build in the Antarctic ice offers unique opportunities
in studying high energy neutrino emission from galactic and extragalactic sources.
Detecting such neutrino emission could give invaluable information about the origin
of cosmic rays. In 2013, the first positive detection of astrophysical neutrinos in the
PeV range was found with IceCube. The origin of these neutrinos is not yet clear, but
advanced analysis methods are being developed in order to improve the sensitivity to
point sources. An energy-dependent likelihood scan was performed on IceCube data.
A complementary way to get insight into the cosmic ray production is the study of an
event clustering at small scales for high-energy neutrinos.

In this work three analyses for such a small-scale clustering of neutrino events are
presented. They are all based on a two-point correlation function and target a different
scenario in searching not only for one strong point source, but several weaker sources,
which can not be detected by the baseline likelihood point source search. The first
search presented is the analysis of the full sky using a two-point correlation function
and was initially applied in this configuration on IceCube data. The second search uses
a method called multi point source analysis, which targets the Cygnus region and is
updating a previous result. The third search opens a complete new analysis technique
in using IceCube’s own events for triggering. Additionally, it includes not only a search
for spatial, but also temporal clustering.

In all searches no significant clustering of neutrinos was found and the results are
compatible with background. For the full sky upper limits were calculated for the
northern and southern hemisphere and are in the same range or better compared to
other IceCube analysis. For the Cygnus region IceCube’s currently best upper limits
have been calculated and the sensitivity of the search has been further improved with
respect to the previous analyses. The third analysis explores a new method in applying
a self-triggered search on IceCube data, which opens new opportunities in the search
for clustering events and might help to reveal the first hint of neutrino point sources.
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Zusammenfassung

Das IceCube Neutrino Observatorium im antarktischen Eis bietet einzigartige Mog-
lichkeiten fiir die Erforschung von Neutrino Emissionen aus galaktischen und extra-
galaktischen Quellen. Die Entdeckung solcher Neutrinos konnte wertvolle Informatio-
nen iiber den Ursprung der kosmischen Strahlung geben. Im Jahr 2013 konnten die ers-
ten astrophysikalischen Neutrinos mit PeV Energien entdeckt werden. Der Ursprung
dieser Neutrinos ist noch nicht erforscht, aber fortgeschrittene Analysetechiken wer-
den entwickelt um die Sensitivitat fiir Punktquellen zu erhohen. Eine energieabhéngige
Likelihood-Analyse wurde mit IceCube Daten bereits durchgefithrt. Ein koplementé-
rer Ansatz fiir das bessere Verstdndnis der Produktion von kosmischer Strahlung ist
die Analyse der Korrelation von Ereignissen auf kleinen Skalen bei hochenergetischen
Neutrinos.

In dieser Arbeit werden drei Analysen fiir eine klein-skalige Korrelation dargestellt, die
auf einer Zwei-Punkt Korrelationsfunktion basieren. Sie beschéftigen sich mit einem
Szenario, in dem nicht nur nach einer einzigen starken Quelle, sondern nach mehreren
schwachen Quellen gesucht wird, welche nicht von einer Likelihood-Analyse entdeckt
werden konnen. Die erste Analyse untersucht den vollen Himmel mit Hilfe der Zwei-
Punkt Korrelationsfunktion und wurde das erste Mal auf IceCube Daten angewendet.
Die zweite Analyse benutzt die sogenannte Multi-Point Source Methode in der Cygnus
Region und stellt die Aktualisierung einer fritheren Analyse dar. Die dritte Analyse be-
nutzt eine komplett neue Analysetechnik, indem IceCube’s eigene Ereignisse als Trigger
benutzt werden. Zuséatzlich wird nicht nur eine Analyse nach rdumlicher, sondern auch
nach zeitlicher Korrelation durchgefiihrt.

In allen drei Analysen konnte keine signifikante Korrelation festgestellt werden und die
Ergebnisse sind vereinbar mit Fluktuationen im Hintergrund. Fiir die erste Analyse
wurden obere Grenzen fiir die nordliche und siidliche Hemisphére berechnet, welche in
dem gleichen Bereich oder besser im Vergleich zu anderen IceCube Analysen liegen. Fiir
die Cygnus Region wurden IceCube’s derzeit beste obere Grenzen berechnet und die
Sensitivitdt der Analyse konnte im Vergleich zu vorherigen Analysen weiter verbessert
werden. Die dritte Analyse untersucht eine neue Methode, indem eine selbst-induzierte
Suche auf IceCube Daten angewendet wird. Diese Technik eroffnet neue Moglichkei-
ten in der Suche nach korrelierten Ereignissen und konnte dazu beitragen die ersten
Hinweise auf Neutrino Punktquellen zu entdecken.
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Introduction

The measurement of the Higgs boson with the Large Hadron Collider (LHC) in 2013 |1}
2| was one of the major findings in physics in the last years. As a former LHC member,
I followed very closely this exiting results achieved after more than 20 years of planning
and construction. The Higgs boson is an essential component to the standard model,
which has demonstrated huge and continuous success in describing the dynamics of
subatomic particles in the last decades. However, the standard model does leave some
questions unexplained: What is the dark matter? What are the neutrino masses?
Also in astrophysics a huge progress was made within the last decades. Gamma ray
astronomy with now more than 100 detected sources, has pushed forward our under-
standing of the Universe and contributed to a range of astrophysical questions. Still, the
question of the origin and the acceleration of cosmic rays remains one of the biggest
challenges in high-energy astrophysics. More than 100 years after the discovery of
cosmic rays by Victor Hess [3], we are still not able to understand the fundamental
processes leading to the highest energies observed in the Universe.

It became clear, that the observation of the largest structures in our Universe depends
strongly on the measurements obtained in particle physics. One natural step is therefore
the combination of both fields, emerging in the field of astroparticle physics. With the
rise of satellites and the growth of ground-based detectors, a wide range of cosmic
particles including neutrinos, gamma rays and cosmic rays at the highest energies can
be measured. Especially the neutrino plays a main role in cosmic ray physics, as it is
the unambiguous tracer of cosmic ray production.

In hadronic interactions of cosmic rays with surrounding matter, high-energy neutrinos
are produced in the direct environment of cosmic ray sources. Possible candidates for
such sources are, for example, Gamma Ray Bursts (GRBs) |4, [5] or Active Galactic
Nuclei (AGNs) [6, [7], see an overview of candidate sources in Sec. [2| Since neutrinos
do not experience deflections or scattering, they are ideal messengers for observing
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and tracing the hadronic interactions of cosmic rays. However, neutrinos are not only
expected from cosmic rays, but also in coincidence with high-energy gamma rays. Thus,
the measurement of thousands of gamma-ray sources, like AGNs [8, 9], provides a large
number of potential neutrino sources. The detection of such high-energy neutrinos of
cosmic origin gives important insights for identifying the sources of cosmic rays |10} [11].
The main difficulty in measuring astrophysical neutrinos are the low cross-sections and
the discrimination from the atmospheric background induced by atmospheric neutrinos
and muons from cosmic ray interactions at Earth. For this reason, deeply buried
detectors with a large detection volume are needed.

The IceCube neutrino observatory, with its large field-of-view, offers a unique oppor-
tunity to study the production and interaction of high-energy cosmic rays using neu-
trinos. The detector, which is located at the geographical South Pole, has a detection
volume of ~ 1km?® deep in the Antarctic glacier and an additional ~ 1km? surface air
shower detector, called IceTop. The IceCube detector consists of digital optical mod-
ules (DOMs) [12], placed on strings deployed vertically at depths between 1450 m and
2450m. The strings hold 60 DOMs each equipped with a photomultiplier tube and
digitizing electronics to detect neutrinos by measuring Cherenkov radiation of their
secondary particles |13], produced in interactions with the ice. A detailed description
of the data acquisition system can be found in [12] and in section [£.2.2] The detector
was built in several stages between 2005 and 2010, such that each year several strings

were added, until reaching the final configuration of 86-strings, containing more than
5000 DOMs.

The IceCube detector [14] recently measured a diffuse cosmic flux of high-energy neu-
trino events in two years of IceCube data by searching for neutrino-induced events
with an interaction vertex well contained within the detector volume [15], for so-called
High Energy Starting Events (HESE). The event selection is based on an outer veto
layer, discarding events containing muon tracks originating outside of IceCube. The
veto region is shown in Fig. as a grey shaded area. This veto permits one to
reduce the dominant atmospheric muon background, as they can not enter the detector
without producing light in the veto region. The shaded region in the middle contains
ice of high dust concentration, leading to worse reconstruction results and is therefore
excluded from this search. The results of this analysis are shown in Fig. The
data in black yields an excess at high energies compared to the background assumption.
28 events with energies between 30 and 1200 TeV were observed on an background of
10.6758 events from atmospheric muons and neutrinos.

In a follow-up analysis this diffuse flux was investigated in more detail using three
years of IceCube data [16|. This analysis yielded 37 events compared to an expected
background of 15.0 events from atmospheric muons and neutrinos. The flux can be
described by a E~2 neutrino spectrum with a per-flavour normalization of E2®(E) =
(0.9540.3) - 1078GeVem 25~ tsr L

These events could provide information about potential cosmic ray astrophysical sources,
but their origin is still unknown. Different attempts were made to assign these events
to sources [17], but no conclusive answer is given and resolving these events into
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Figure 1.1.: (a) Sketch of the In-Ice IceCube detector, showing the veto region of the HESE
analysis as a grey shaded area. Events producing first light in the veto region were discarded
as entering tracks and are not considered in the analysis. The shaded region in the middle
contains ice of high dust concentration. (b) Results of the HESE analysis as a function
of reconstructed energy. Observed data is shown in black, atmospheric muon and neutrino
background in red and blue. An excess of 28 events was found over a background of 10.61?8
events from atmospheric muons and neutrinos .

anisotropies or even into point sources will be one of the main challenges for IceCube.
So far no point sources have been discovered with IceCube, but the measurement of
the first astrophysical neutrinos motivates additional searches.

IceCube has completed different point source searches, including an energy-dependent
likelihood point source search scanning the full sky , as well as searches for flaring
and periodic neutrino emission . Additionally there are searches for diffuse neutrino
emission looking for deviations in the two dimensional distribution of energy and zenith
angle [20]. Point source searches are most sensitive for finding individual sources of
astrophysical neutrinos among the background of atmospheric events. Diffuse searches,
on the other hand, are most sensitive for detecting within this background the presence
of high-energy astrophysical neutrinos throughout the sky, without identifying individ-
ual sources. In between these two scenarios is the possibility that many weak sources
exist. These could contribute to the detected diffuse signal and create a small number
of events clustering on the background event distribution, while the individual clusters
remain too weak to be detected by the point source searches. This work targets such
small-scale event clustering and three different searches will be presented. All use a
two-point-correlation (2-pt) function but aim at different regions of the sky.

The main part of this thesis covers these three analyses. The first search presented is a
2-pt analysis of the full sky and was initially applied in this configuration on IceCube
data. This results have been published in . The second search targets the Cygnus
region and is updating a previous result. The third search opens a complete new
analysis technique in using IceCube’s own events for triggering. In the self-triggered
flare search, the 28 events obtained in the search described above are used as such a
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trigger of IceCube data and includes not only the search for spatial, but also temporal
clustering.

Beside the work reported here, I also took care of some lower level analysis topics, like
the reprocessing of the data sample collected during year 2009 - 2010 in adding new
reconstructions.

This work is organised as follows: in Chapter[2]the theoretical background of cosmic ray
physics is discussed and a link to gamma ray and neutrino physics is established, while
Chapter (3| considers the atmospheric background in neutrino point source searches
and presents rejection strategies. The IceCube detector and the principles of neutrino
detection are described in Chapter ] The data sample with IceCube’s reconstruction
methods and the statistical methods in point source searches are outlined in Chapter [5
The 2-pt analysis of the full sky is presented in Chapter[f] followed by the second search
targeting the Cygnus region presented in Chapter [7] The third search, a self-triggered
flare search of IceCube data is presented in Chapter[§] A discussion on the systematics
follows in Chapter [J] and a conclusion is drawn in Chapter [I0]



High Energy Neutrinos from
Astrophysical Sources

The Earth’s atmosphere constantly gets hit by the most energetic particles being pro-
duced in the Universe, the cosmic rays. They strike the Earth from all directions and
can reach energies up to 10%° eV, far higher than the Large Hadron Collider (LHC).
In their discovery in 1912, Victor Hess found an increasing electric charge in an as-
cending balloon experiment and attributed this to a radiation coming from outside
the atmosphere. As it was first believed the radiation was of electromagnetic nature,
they were named cosmic 'rays’ by Millikan 1925 and it took until 1929 that Bothe
and Kohlhorster [22] used a Geiger-Miiller detector to establish the charged particle
theory. Until the 50’s, before particle accelerators emerged, cosmic rays were the only
source of information about elementary particles, which led to the discovery of the
positron 23] and the muon [24]. However, since the dawn of the space age, the main
focus of cosmic ray research has been directed towards astrophysical investigations of
where cosmic rays originate, what role they play in the dynamics of the Galaxy, and
what their composition tells us about matter from outside the solar system [25]. For
direct measurements high-altitude balloons and particle detectors build into satellites
can be used or ground-based detectors for indirect measurements of the atmospheric
shower and in the last years a lot of progress was made in measuring the properties
and characteristics of cosmic rays in more details.

In this chapter the nature of cosmic rays will be explained in more detail in a first
overview, while in a second part the link to gamma ray and neutrino astronomy will
be drawn and possible galactic and extra-galactic cosmic ray sources are discussed.
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Figure 2.1.: All-particle spectrum of cosmic rays as a function of the energy, using data
from several experiments. Two main features are visible, the knee at energies around 10" eV
and the ankle at energies above 10'® eV. From [27]

2.1 Cosmic Rays

Most of the cosmic rays originate from outside the solar system, distributed throughout
our Galaxy.They are mainly composed of protons (90%), but they also include alpha
particles (9%) and heavier nuclei [26]. Most of the cosmic rays are relativistic with
energies comparable or above their masses. When they collide with a nuclei of the
Earth’s atmosphere, a shower of secondary particles is generated. These showers consist
mainly of light particles as pions and muons, but also neutrinos are produced. Two
types of cosmic rays have to be considered: 'primary’ cosmic ray particles, accelerated
at astrophysical sources and 'secondaries’, produced in the interaction with interstellar
gas.

Energy Distribution and Flux

The energies of cosmic rays range from 1 GeV up to 102 GeV. The all-particle spectrum
as a function of the energy is shown in Fig. using data of several air-borne and
ground-based experiments. The differential energy spectrum has been multiplied by
E%% in order to display the features of the steep spectrum. Between 10'% and 10 eV
a steepening occurs, which is known as the knee of the spectrum. Another feature
around 10'® eV is called the ankle [27]. It is assumed that the part below the knee is
of galactic origin, reflecting the fact that the maximum energy of most galactic cosmic
accelerators is reached.

The rate at which these particles arrive at the top of the atmosphere decreases with
growing energy, from about 10000 particles per square metre per second at 1GeV
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to less than one particle per square kilometre per century for the highest energy. In
order to study these Ultra-High Energy Cosmic Rays (UHECRs), detectors with large
areas of several square kilometres are required. The flux of low-energetic cosmic rays
however, is not only dependent on the energy, but also on the solar wind and the
Earth’s magnetic field. The expanding magnetized plasma generated by the Sun acts
as a barrier to cosmic rays and slows the particles down. This effect is called solar
modulation and is correlated with the solar activity. Additionally, cosmic rays are
deflected by the field lines of the Earth’s magnetic field. Therefore, the intensity of
the cosmic radiation depends not only on the energy, but also on the location and the
time. The part up to the knee follows a power law of £~27, while the spectrum above
the knee steepens to E~3!, although current measurements indicate a more complex
behaviour than a simple power law. The region above the ankle seems to flatten again,
but still lacks an established theoretical description [28].

Galactic and Extra-Galactic Cosmic Rays

Cosmic rays up to the knee are believed to originate from inside our Galaxy. However,
this view is not yet fully established, also the existence of the knee is still puzzling.
Different models for the description of the knee are currently discussed in the litera-
ture(e.g. [29]). One of the most popular explanations is a break in the spectra at the
source, due to the limited acceleration power of galactic objects, which is related to
their size and their magnetic field, see also Sec. [2.3] Other explanations use a so-called
‘cannon-ball’ model, which yields a cut-off for individual elements proportional to their
mass due to effects of relativistic beaming in jets. Another idea is, that the knee is
due to propagation effects, which are accompanied by a leakage of particles. The most
likely approach will probably be a combination of all of these scenarios [30]. A detailed
review on galactic cosmic rays can be found in [31].

The transition from galactic to extra-galactic cosmic rays is assumed to happen at
energies between 10'7 - 10'®eV. The ankle can be interpreted as a signature for the
transition of a purely extra-galactic cosmic ray spectrum. This scenario seems to be
supported by measurements of HiRes data, which find a transition from a heavy to a
light composition at energies around 107 eV, but the full picture remains unclear.
At energies around 5 - 10 eV an indication of a cut-off is observed. This is explained
with the theoretical Greisen-Zatsepin-Kuzmin (GZK) limit, which describes the inter-
action of UHECRs with the Cosmic Microwave Background (CMB) over long distances.
In this process, a proton is hitting a 2.7 K photon of the CMB and looses energy. Thus,
a suppression of particles at energies larger than 5 - 10*° eV is predicted and could ex-
plain the non-observation of particles at higher energies. Analyses from Auger [32] and
HiRes [33] may have confirmed such a limit, but large uncertainties remain.

Composition

The composition of cosmic rays is studied mainly by balloon-borne experiments. Be-
sides the major part consisting of protons and alpha particles, heavier nuclei can be
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Figure 2.2.: Abundance of elements in cosmic rays as function of their nuclear charge
number Z at energies around 1 GeV /n, normalized to Si = 100. Additionally, the abundance
of elements in the solar system is shown. [30]

observed. In Fig. the abundance of elements in cosmic rays is shown as a function
of the nuclear charge number. All elements of the periodic table have been observed in
cosmic rays. Their abundances are compared to the abundances in the solar system.
Especially for light elements such as Li, Be and B a large discrepancy to the solar
system can be seen. Such secondary cosmic rays are assumed to be produced when
heavier cosmic rays such as carbon, nitrogen, and oxygen fragment into lighter nuclei
during collisions with the interstellar gas. While propagating in a diffusive process
through the Galaxy, these particles get deflected many times by the randomly oriented
magnetic fields (B ~ 3uG) [30]. Electrons and positrons constitute only 1% of galactic
cosmic rays.

Detection Methods

For cosmic rays several detection methods are currently in use, dividing into three
different types of experiments:

e Ground-based experiments e.g. High Resolution Fly’s Eye (HiRes) [33],
Pierre Auger Observatory [34]

e Satellites e.g. Payload for Antimatter Matter Exploration and Light-nuclei
Astrophysics (PAMELA) [35], Alpha Magnetic Spectrometer (AMS) [36]

e High-altitude Balloons e.g. Balloon-borne Experiment with Superconducting
Spectrometer (BESS) [37], Trans-Iron Galactic Element Recorder (TIGER) [3§]

Satellites and balloon-borne experiments have the advantage of the direct detection of
cosmic rays, although balloons are still affected by thin layers of atmosphere. However,
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both types of experiments are limited in their collection area, not being able to measure
high-energetic cosmic rays. Ground-based detectors are considered as indirect measure-
ments, observing the showers produced via a primary cosmic ray in the atmosphere.
They extend the measurements to higher energies and are therefore a complementary
addition to satellites and balloons. Ground-based experiments can again be divided
into two types: ground arrays using water Cherenkov and scintillation detectors, such
as Auger, AGASA [39] and KASCADE [40] or optical detectors, using the fluorescence
light emitted by nitrogen atoms in the atmosphere that get excited by a secondary
shower particle, such as HiRes.

Cosmic Ray Anisotropy

The arrival directions of cosmic rays could reveal information about their origin and
acceleration site. However, as charged particles get deflected in magnetic fields, they
do not point back to their originating sources. This makes the identification of sources
difficult, since the detailed transport properties of cosmic rays are not well understood
with the limited knowledge about the interstellar magnetic fields. In general, the
arrival direction of cosmic rays is isotropic and has indeed been confirmed by different
experiments, such as Auger, Milagro and IceCube. However, at the largest energies the
deflection by magnetic fields decreases and a possible structure may be visible, but with
very few statistics. In the last years, observations in the GeV to PeV range have shown,
that the arrival directions of cosmic rays have a small anisotropy down to the order of
10~* — 10~3. This anisotropy varies however with the energy range of the cosmic rays,
although its topological structure remains unchanged up to 100 TeV, where it suddenly
changes. This observed distribution is dominated by dipole and quadrupole structures,
which refers as large-scale anisotropy. After subtraction of this large-scale structures,
a non-negligible contribution from higher multipole terms is visible [41]. This observed
small-scale anisotropy is however much weaker than the dipole terms and reaches the
10~ level.

IceCube as the only experiment being able to measure the southern hemisphere has
completed several studies and can combine its measurements with other experiments on
the northern hemisphere. The result of such a combined measurement of IceCube [42]
and Milagro [43] data is shown in Fig. 2.3

The small-scale anisotropies vary at the level of 10™* at energies of 20 TeV. The maps
have both been smoothed with a 10° radius. There have been several attempts to
explain these observations, such as the contribution of discrete cosmic ray sources at
high energies [44], 45] or the diffusion of cosmic rays outside the galactic halo. In this
scenario, cosmic rays diffuse outside the galactic disc into the halo, due to the lower
matter density in the halo, and create an anisotropy perpendicular to the disk [46]. In
addition, Compton and Getting [47] predict a dipole effect in cosmic rays, due to the
motion of an observer with respect to an isotropic cosmic ray rest frame. None of the
theories have been conclusively confirmed and the picture remains unclear.
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Figure 2.3.: Combined map of significances in the cosmic ray arrival direction distribution
observed by Milagro in the northern hemisphere and IceCube in the southern hemisphere.
Both maps have been smoothed with a 10° radius .

2.2 Neutrinos and Gamma Rays from Cosmic Rays

Cosmic rays are produced in distant high-energy processes in our Universe and the
question of their astrophysical origin is of striking interest. However, almost all cosmic
rays are charged and suffer deflections by the weak galactic and extragalactic mag-
netic fields, which sizes and structures are unknown. Cosmic rays appear to be nearly
completely randomized in direction and can not be associated to any astrophysical
object. Therefore, only neutral particles, such as gamma rays and neutrinos can serve

as messengers [48].

Gamma rays from the interstellar medium (ISM) can potentially reveal information
about the sources and propagation of cosmic rays. The Galactic diffuse gamma-rays
are produced in interactions of particles with gas via neutral pion production, and
by electrons via inverse Compton scattering, bremsstrahlung or synchrotron radia-
tion. These processes are dominant in different parts of the spectrum and can provide
information about the leptonic components of cosmic rays. In turn, an improved un-
derstanding of the galactic gamma ray emission is important for the study of cosmic
rays [49]. A sketch of the cosmic ray interaction and propagation is shown in Fig. 2.4

In this section this connection between gamma rays and cosmic rays, but also neutrinos
will be further investigated. The challenge in the interpretation of gamma rays is that
they can be produced in two fundamentally different production processes: leptonic and
hadronic interaction. Neutrinos however can be generated only in hadronic processes
and could solve this ambiguity.
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Figure 2.4.: Sketch of the cosmic ray interaction and propagation. Shown are the different
types of interaction processes, such as bremsstrahlung, inverse compton and synchrotron
mechanisms. Also the decay of neutral pions can produce gamma rays. Neutrinos, however,
are produced only in hadronic interactions.
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2. High Energy Neutrinos from Astrophysical Sources

2.2.1 Leptonic Mechanisms

Leptonic interactions involve processes in which high-energy gamma rays are produced
via the interaction of relativistic electrons with radiation and matter. Three processes
can be distinguished: bremsstrahlung, inverse compton scattering and synchrotron
radiation. A more detailed discussion of these mechanism can be found in [50, [51].

Bremsstrahlung

Bremsstrahlung occurs, if a charged particle gets deflected by an electric field of ions or
nuclei of atoms. In an astrophysical context, electrons lose most of their kinetic energy
in the interaction with ionized gas, which gets transferred into photons, producing
gamma-rays. The emissivity of a plasma, having an electron density N, in the low
frequency limit can be written as

Z2eSNN, me\ /2
I(w) ~ = (6> w, T 2.1
() 12v/3m3e3c3m2 \kT 9. T) 2.1)

where g(w,T) is a gaunt factor and N the number density of nuclei. At high frequen-
cies, the spectrum of thermal bremsstrahlung cuts off exponentially as exp(—/fuw/kT),
reflecting the population of electrons in the high energy tail of a Maxwellian distri-
bution at energies Aw > wT'. This process efficiency is proportional to the electrons
energy and the density of the surrounding gas. In space, bremsstrahlung is observed
in regions containing ionised gas, generating radio emission and in very hot (107K)
intracluster medium.

Inverse Compton Scattering

A second mechanism, producing gamma-rays is the Inverse Compton scattering. In
this process energy from a relativistic electron is transferred to a photon, generating
high-energy gamma rays. It is assumed to be one of the dominant processes in the
production of gamma-rays. It is probably responsible for the gamma ray emission in
some quasars, at the base of AGN jets and in the extended regions of radio galaxies. For
low energetic photons F., < m.c? the scattering of electrons falls into the Thomson
regime, while for E, > m.c® quantum effects become important and the regime is
called Klein-Nishina. The cross section for this regime can be described by

do KN T% Eyi E’ys .92
= — — 0 2.2
o 25, g, Y (22)

with ry being the classical electron radius. In order to calculate the spectrum of the
scattered radiation, the Klein-Nishina cross-section and the density of photons at each
point of the electron path needs to be considered. Since the electron is suffering colli-
sions from photons from various angles along its path, the geometry of the scattering
gets complicated. As an approximation a segment of isotropic photon gas of differential
density dn = n(e)de is used. The scattered photon spectrum can then be expressed by

12
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Figure 2.5.: Galactic gamma ray spectrum and theoretical measurements for

bremsstrahlung, inverse compton and mwg decay, which is dominating at energies
E>70MeV [52].

dN,. 2mrimc® n(e 1 (T.q)?
e = 2O ogtug + (14 20)(1 - ) + 52D (1— )
in using the energy of the scattered photon in units of the initial electron ¢; = ymc*E,
and T', = 4ey/mc* and ¢ = E,/T.(1 — E;). The parameter I', determines then the
domain of the scattering, I'c < 1 belongs to the Thomson limit, in which the photon
energy remains nearly unchanged. However, the photon can gain energy in multiple
scattering, since the Thomson cross-section is high. For I'. > 1, in the Klein-Nishina
regime, the probability of scattering decreases, but large energy losses in individual
Compton scattering become dominant [50].

In Fig. the galactic gamma ray spectrum as well as theoretical estimates [53] are
shown. At energies below 70 MeV relativistic bremsstrahlung might be the dominant
source. At energies above 70 MeV the dominant gamma ray emission mechanism is
the decay of neutral pions, created in collisions of cosmic rays with the ISM, which is
described in the next section [52].

(2.3)

Synchrotron Radiation

Synchrotron radiation emerges, if a charged particle as a relativistic electron spirals
around magnetic field lines. In this process electrons radiate photons, which energy
corresponds to the electron radius in the magnetic field. The radiation is strongly
polarised in the direction of the electrons motion, which is called ’beaming’ The total
energy loss of such an electron is given by
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dE

v\ 2 )
- = = 207¢ - Upag (c) 7* sin?(#) (2.4)

with the Thomson cross-section op, the energy density of the magnetic field U,,,, =
B?/2py and the angle between the electron and the magnetic field lines 6 [52]. The
emitted spectrum of a single electron can be written as

\/_€3BV

P(v) = / dE K 5(€) (2.5)

3 By
with the critical frequency v, = ¢ , the magnetic field B and K5/3(¢) being the

modified Bessel function of 5/3 order [50] The maximum of the emission spectrum
that is following a power law, is given by v, = 0.29v.. In astrophysical contexts,
synchrotron radiation may account for the radio, optical and X-ray flux of objects and
is responsible for the optical and X-ray emission of the Crab Nebula.

2.2.2 Hadronic Mechanisms

The more important mechanism for this work are the hadronic interactions, since
they produce not only gamma-rays, but also neutrinos, which can conclusively identify
sources of cosmic ray acceleration. If a high-energy particle interacts with its surround-
ing matter, such as molecular clouds close to the origin of the cosmic ray, high-energy
neutrinos can be produced. This is possible in two processes, nucleon interactions via

p+p— 1 +2p
p+p— 7t +n+p (2.6)

and photonuclear interactions via

p+y—7 +n
p+v—1"+p (2.7)
The mesons can then decay again via different channels into photons and neutrinos:
0
T — 2y
T —ut+u,
T+ (2.8)
The cross-section for py interaction is about a factor of 100 smaller than the pp inter-
actions. Nevertheless, they are important in environments, in which the target photon

density is much higher than the matter density, which is typical for the most astro-
physical systems. In the traditional view, pp interactions seem to be more important
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Figure 2.6.: Energy spectra of gamma rays and neutrinos from pp interactions for a source
energy spectrum of dN/dE o« E= - ¢~ (B/E0)” with (a) a=2 and (b) a=1.5 [55).

in the Galaxy, while py interactions are mostly responsible for the neutrino production
in extragalactic sources, but this view has currently been modified [54].

The energy spectrum of neutrinos follows closely the energy spectrum of the primary
cosmic rays. The production of neutrinos is strongly coupled to the production of
gamma rays in hadronic interactions, but not in leptonic processes. In models describ-
ing the expected neutrino flux following the gamma ray flux, these leptonic processes
are neglected. In Fig. 2.6 such a model for neutrinos and gamma rays is shown for a
source with spectrum dN/dE oc E=* - e~/ E0)” for two different parameters of ov. In
both figures the resulting neutrino flux is roughly a factor two below the gamma ray
flux and shows an earlier cutoff. It should be noted, that the hardening of the spectra
around 0.1 TeV in Fig. 2.6(a) is caused by the increase of the inelastic cross-section,
which becomes significant at energies above 1 TeV [55].

The neutrinos are produced at different flavour ratios, depending on their production
mechanism. As most of the astrophysical neutrinos are believed to be produced by
the decay of charged pions the flavour ratio is v, : v, : v, = 1:2: 0, assuming that
the muon decays into neutrinos before it loses a significant fraction of its energy. In
a second scenario, the muon may lose its energy by interacting with strong magnetic
fields or with matter, which eventually decays into neutrinos with energies much lower
than that from pion decays. Then the flavour ratio for this type of source changes to
Ve : vyt Vp = 0:1:0 and is called muon-damped source. A third type of source is
believed to emit neutrons, originating from the photo-dissociation of heavy nuclei. As
neutrons produce v, via -decay, while propagating to the Earth the neutrino flavour
ratio results in v, : v, : v, = 1 : 0 : 0. However, the expected ratio at Earth
changes from the numbers of the pion decay duo to neutrino oscillations to v, : v, :
v,=1:1:1.
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2.2.3 Gamma Ray Astronomy

Additionally to the direct measurement of cosmic rays, gamma rays produced in the
acceleration processes of primary cosmic rays can be used to search for their origin.
However, they get also produced in leptonic processes and can not conclusively establish
the sources of cosmic radiation. Also they can get absorbed in molecular clouds and
reach not necessarily the Earth. Nevertheless, they are not deflected by magnetic fields,
as charged particles and point back to their origin. Due to much higher cross-sections
than e.g. neutrinos, they are also much easier to detect. The observation range for
gamma-ray telescopes starts above the X-ray regime at energies of ~ 100 keV.

Since the atmosphere of the Earth is not transparent for gamma rays, direct detec-
tion needs platforms in space. The most important observatories in terms of satel-
lites are the Energetic Gamma Ray Experiment Telescope (EGRET) and its successor
Fermi-LAT, launched in 2008. However, above ~ 10 GeV gamma ray fluxes decrease
dramatically and larger detection areas are not affordable for space-based platforms.
Therefore, at higher energies a second type of experiments becomes important: ground-
based techniques reconstructing atmospheric showers [56]. They can be categorized in
the following two groups:

e Imaging Atmospheric Cherenkov Telescopes (IACTs) e.g. High Energy
Stereoscopic System (HESS), MAGIC, Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS), Cherenkov Telescope Array (CTA)

e Water Cherenkov Telescopes e.g. Milagro, High-Altitude Water Cherenkov
Observatory (HAWC)

IACTs use the Cherenkov radiation of relativistic electrons, produced in the electromag-
netic showers to reconstruct the original gamma ray. With telescopes with a diameter
of 10 m and collection areas of 10 m?, high energy primary gamma rays can be detected.
From the number of registered photons, the direction of the shower and its shape, the
energy, the arrival direction and the character of the primary can be reconstructed.
However, IACTs are limited in the search of very extended structures or solitary events
as GRBs. Therefore, Water Cherenkov Telescopes, such as Milagro or HAWC, are a
complementary addition to IACT telescopes. Widely-spread Water Cherenkov tele-
scopes were originally designed for the detection of high-energetic cosmic rays. In
order to adopt the technique for gamma ray astronomy, the energy threshold needs to
be lowered by a few orders of magnitude in using dense arrays at high altitudes [56]. In
the future, the next generation of IACTs, such as CTA, will extend the field of gamma
ray astronomy even further.

2.3 Candidate Sources of Cosmic Rays

Candidate sources for the origin of cosmic rays cover a large variety of objects, ranging
from supernova remnants to gamma ray bursts or processes in active galaxies. In this
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Figure 2.7.: Hillas diagram showing the B-R phase space of different candidate source with
their uncertainties. Above the blue (red) line protons (iron nuclei) can be confined to a
maximum energy of E,,q., = 1020 eV. The region occupied by each source type indicates the
uncertainties in their parameters. [58|.

section a brief description of constraints on the acceleration sites and the acceleration
mechanisms will be given and a discussion about potential galactic and extra-galactic
sources will follow in the next sections.

In revealing the sources of cosmic rays, two approaches have to be considered: top-down
scenarios assume that cosmic rays are produced as secondaries of the decay of heavy
particles, while in bottom-up scenarios, cosmic ray particles are accelerated within
regions of intense magnetic fields [57]. Neutrinos are assumed to be produced in both
scenarios, however the detection of a neutrino point source would strongly favour a
bottom-up scenario.

2.3.1 Hillas Criterion

For being considered as a possible source of acceleration different criteria have to be
fulfilled. Apart from the density and power of an object, also its geometry needs to be
considered. If a particle is accelerated by a magnetic field, its Larmor radius should not
exceed the size of the accelerator. This criterion is recognized as the Hillas criterion [59]
and can be expressed by

Epaz < ¢BR (2.9)

with F,... the energy gained by a particle with charge q in a region of size R and
the magnetic field B. A version of a Hillas plot, illustrating the constraints on B and
R is shown in Fig. 2.7 In this plot candidate sources are placed into the B-R phase
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Figure 2.8.: (a) Second-order Fermi Acceleration showing the magnetic mirror on which
the particle gets reflected. (b) First-order Fermi Acceleration using a shock front for the
deflection of the particle [57]

space, including their uncertainties. Sources above the top line are able to accelerate
protons up to 10%° eV, while sources above the bottom line are able to accelerate iron
up to 10%° eV. The most promising candidates for acceleration sites in this context are
Supernova Remnants (SNRs), Active galactic Nuceli (AGNs) and Gamma Ray Bursts
(GRBs).

2.3.2 Acceleration mechanisms

In order to search for suitable sources of cosmic rays, the acceleration mechanisms have
to be understood. The mechanism to accelerate particles to such extreme energies are
still under investigation, although currently accepted models exist. In the following
two of these models will be discussed.

Second-Order Fermi Acceleration

In 1949, Fermi [60] proposed a process describing the efficient acceleration of particles,
which was later called second-order Fermi acceleration. It explains the acceleration
with the interaction of primary cosmic rays with interstellar clouds in the Galaxy.
These clouds move randomly and can be treated as a magnetic mirror, in which the
particle gets reflected. Statistically, more head-on than following collisions between the
particle and the magnetic mirror occur and in each collision the particle gains energy.
This reflection mechanism is shown in Fig. [2.8(a)l It is called second-order, since the
energy gain in each collision AE/FE is proportional

AE 8 /v\?2
= ~3(2) (2.10)

with v and c¢ the speed of the cloud and the particle, respectively. Although the
mechanism succeeds to produce a power-law it can not explain the observed value of
2.7 in the exponent [57].
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Figure 2.9.: Sketch of the structure of the Milky way. Shown are the galactic center with the
bulge and the rotating disk. The Sun is located ~8.5kpc from the galactic center. Adapted
from [63]

First-Order Fermi Acceleration

Fermi’s suggestion eventually led to a more efficient model, see [61]. Tt is the currently
accepted model and is called first-order Fermi acceleration. It uses the existence of a
strong shock front caused by a supernova or a supernova remnant (SNR) and is believed
to explain cosmic ray acceleration up to the knee. This shock front is assumed to move
super-sonically compared to the speed of the gas. The gas in front of the shock is called
upstream, after it has passed the shock wave downstream. The particle is repeatedly
deflected by the shock waves, crossing the downstream and upstream regions several

times, as illustrated in Fig.[2.8(b)| In each circle an energy gain AE/E of

()

can be achieved. High-energetic particles are assumed to stayed longer in the shock
waves, repeating more acceleration circles. The energy gain of the particle is then
linearly proportional to the velocity v/c of the shock wave. This leads to an upper
limit of F,,q & Z - 10* eV for Supernovae Type IT [62, [30].

2.4 The High Energy Galaxy

In this chapter possible sources for cosmic ray and neutrino emission inside the Galaxy
will be discussed.

The Galaxy is the main target in the search for the sources of cosmic rays and thus, for
neutrino emission. It is a barred spiral-galaxy with a diameter of 30 kpc and a width of
0.3kpc. The center builds a bar-shaped region, which is surrounded by a large flat disk
containing large amount of stars, gas and dust, see Fig.[2.9] The Sun is located 8.5kpc
from the galactic center, consisting of a super-massive black hole with a mass of 4M,.
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Figure 2.10.: Artistic view of the Milky Way, revealing its spiral structure .

Around the black hole a dense concentration of mass, mainly containing old stars, is
spread in a spherical shape, called bulge region. This region extends up to 1.5kpc
and includes a complex radio source, Sagittarius A. This region is assumed to contain
a significant amount of the Milky Ways star formation activity and is very active in
high-energy gamma rays. Outside the galactic bar, the Milky Way is organised in
four spiral arms. Figure shows an artistic view of the Milky Way, illustrating its
spiral structure. It is based on IR-measurements, obtained with the Spitzer telescope.
The two main components are the Perseus arm and the Scutum-Centaurus arm, both
starting near the Galactic Center. The Sun is supposed to be contained in a sub-arm
of the Perseus arm, called Orion Spur.

The disk of the Milky Way contains mainly stars, atomic and molecular gas. It can
be mapped by the distribution of neutral hydrogen (HI) via the 21 c¢m line and shows
a diffuse distribution of denser regions, called clouds. They can even reach masses
of 10* — 10°M,, and are then called giant molecular cloud complexes (GMC). They
are among the most prominent candidates for star formation regions. The disk is
surrounded by a spheroidal halo, which is believed to be constituted of dark matter,
due to the observed mass discrepancies in the rotation curve of the Galaxy. In the
following a few selected regions and objects inside the Galaxy, which are promising
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candidates for neutrino emission will be discussed.

2.4.1 The Cygnus Region

The Cygnus region is one of the brightest diffuse gamma ray emission region in the
Galaxy and thus, a promising region for possible neutrino emission. It has been studied
in a broad range of wavelengths, going from radio to TeV gamma rays. It is roughly lo-
cated within Galactic longitudes of 70°- 90° and latitudes of -4° - 8°. From the Earth’s
point of view, this part of the sky is considered to look down a spiral arm, meaning
that regions from only a few hundred pc to several kpc are superposed [65]. Even a
projection of the Perseus and the Outer arm has to be considered and complicates the
interpretation of the observations. It contains a variety of possible cosmic ray acceler-
ators, such as several massive giant molecular cloud complexes, Wolf-Rayet stars, OB
associations and numerous regions of young stars with different masses. Additionally,
it is one of the richest known regions in terms of star-formation.

The most studied regions are the North America and Pelican Nebulae and the Cygnus
X region, a large ~10° wide radio emission feature, composed of numerous individual
HIT regions [65]. Cygnus X contains a large number of massive protostars and the
largest known stellar association in the northern hemisphere, Cygnus OB2. Infrared
observations indicate that Cygnus OB2 may contain more than 2000 OB stars, with
a total stellar mass that could be as high as 10°M, [66]. The existence of a large
number of massive protostars makes Cygnus-X to one of the most active and massive
star-forming complexes within only two kpc from the Sun.

A strong TeV gamma ray emission was observed by several experiments, such as Milagro
and Veritas. The Milagro sky survey identified several bright and extended high-energy
gamma ray sources in the region [67]. A big challenge in the analysis of the region is
the proper separation of the gamma ray flux, attributed to point or extended sources
or a diffuse emission [68]. MGRO J2019+37 and MGRO 2031441 are considered to
be among the brightest TeV-objects in this region, shown in Fig. 2.11(a)| with Milagro
data. For MGRO J2019+437 the emission can be well fitted by a power law with
an exponential cutoff (E, = 29770TeV) and a spectral index (o = 29%), while a
simple power law is disfavoured [68]. However, the flux has not been confirmed by
other experiments and its inner structure remains unresolved. New measurements by
Veritas suggest at least two separate sources, see Fig. , but the picture remains
complex [69].

The emission of MGRO 2031+41 can be modelled by a power law with o = 3.2210%
and agrees with measurements from ARGO. The morphology seems to be structured
by a central point-like source with extended emission, possibly produced by other
unresolved sources [68]. HAWC, the successor of Milagro, might be able to produce a
more accurate picture of this region.
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Figure 2.11.: (a)The Cygnus Region as seen in TeV gamma rays. The color scale represents
observations from the Milagro observatory. [70]. (b)blow-up of the Cygnus OBI1 region
showing the excess counts at energies above 600 GeV observed by VERITAS (color scale).
Fermi-LAT sources are shown by the filled green circles. Other known sources are shown by
the filled yellow, purple and blue circles. |71]

2.4.2 Supernova Remnants (SNRs)

At final stage of its evolution a star has consumed its hydrogen and heavier elements
for the fusion reactions counteracting the gravitational pressure. If the star is massive
enough (>8M®), its stellar core will collapse and the star explodes in a supernova,
ejecting its outer shell. Depending on the stars mass, a neutron star or a black hole is
established. The remaining outer shell is called a supernova remnant (SNR). They are
able to heat the surrounding medium and are suspected for a long time to accelerate
cosmic rays to extremely high energies. There are different types of SNRs: shell-like or
composite, with a pulsar wind nebulae (PWN) in the center, which will be discussed
in the next section.

Shell-like SNRs are considered to radiate thermal emission from shock-heated gas and
non-thermal emission from shock-accelerated particles. As discussed in Sec. 2.3.2] par-
ticles get accelerated in the SNR via the interaction with shock fronts. This particles
can then interact with ambient magnetic fields or with matter. While the SNR ex-
pands over a thousand years, it undergoes different stages. The first phase is the
free-expansion, which is dominated by the explosion of ejecta from the stellar progen-
itor and kinetic energy is transferred into the ISM. This phase can last a few hundred
years. At the end of the free expansion phase the ISM builds significant pressure on
the ejecta, forming a reverse shock. This phase is called Sedov-Taylor phase and is
characterized by high temperatures and strong magnetic fields. While decelerating
radiative losses become more important and the ejecta is cooling down and forming a
thin, dense shell.
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As the SNR passes trough the free expansion stage, the amount of relativistic particles
increases and reaches a maximum in the early Sedov-phase. Correspondingly, the
gamma ray luminosity peaks around 10® — 10* years after the supernova explosion [56].

2.4.3 Pulsar Wind Nebulae (PWNe)

A pulsar wind nebula is a nebula powered by the wind of a pulsar in its center. A pulsar
originates from a rotating neutron star, that can be formed in a supernova explosion.
At the beginning of its evolution the nebula around the pulsar can expand freely into
the supernova ejecta, providing a constant wind power, which accelerates the swept-
up shell of the ejecta. At a timescale of 10% years the nebula expands adiabatically.
After 10* years the interaction of the SNR with the surrounding medium produces a
reverse shock front, that travels back to the center of the remnant, while compressing
the nebula. This results in constant contraction and expansion of the PWN [72].
Relativistic winds from the pulsar can transport most of their rotational power into the
surrounding medium and accelerate particles to high energies during the expansion or in
shocks, that are generated in a collision of the winds with the sub-sonic environment.
Accelerated leptons can then interact with the magnetic fields and produce a non-
thermal radiation reaching energies of ~100TeV. For magnetic fields of a few uG,
electrons create a nebula of synchrotron radiation around the pulsar, usually observed
in the radio band, but also going up to X-ray energies. At high energies, comptonization
of soft photons and relativistic electrons can take place and produce an extended IC-
nebula around the pulsar [56].

One of the best observed PWN is the Crab nebula, shown in Fig. [2.12] corresponding
to a supernova observed by chinese astronomers in 1054. It is located at a distance of
~2kpc and has a diameter of 3.4 pc. For many years, the Crab served as standard
candle for cross-calibrations of gamma ray measurements in being the brightest persis-
tent point-like TeV gamma ray source, with a steady gamma ray flux above 1 TeV of
(2.1 £ 0.144¢) - 10711 GeVem 2571,

2.5 The Extra-Galactic Sky

It is believed that the cosmic ray spectrum above energies (E>10'7eV) are of extra-
galactic origin. The two most promising candidates for extra-galactic source are Active
Galactic Nuclei (AGN) and Gamma Ray Bursts (GRBs) and will be discussed in the
following.

2.5.1 Active Galactic Nuclei (AGN)

An Active Galactic Nuclei (AGN) is the inner region of a galaxy, which yields an
extremely high luminosity (L >10%%erg/s) in a very compact and dense environment.
Emission has been observed in almost all wavebands, going from radio to gamma rays,
being able to exceed the emission of all other objects in that galaxy. All that emission

23



2. High Energy Neutrinos from Astrophysical Sources

Figure 2.12.: The Crab Nebula as seen with the Hubble Space Telescope [73]

is coming from a region, that is small by galactic standards and not bigger than our
solar system.This high power can only be achieved by the accretion of matter into a
deep gravitational potential and can not be explained by nuclear reactions. Nowadays
it is agreed, that a supermassive black hole (> 7M) in the center of the galaxy creates
this high luminosity by accretion of mass [74]. A galaxy having such a black hole in its
center is called ’active galaxy’, characterizing at least 5% of the galaxies in the Universe.
The gravitational energy of the accreted matter can be transferred into mechanical and
electromagnetic energy, and can result in one or two-sided jets.

Matter that is drawn towards the black hole will lose angular momentum via turbulent
processes in the accretion disk, which radiates UV and soft X-ray emission. Hard X-
rays may also be produced in the vicinity of the black hole via hot electrons above
the disk. In so called ’broad-line’ regions, clouds of gas are moving rapidly towards
the black hole and produce strong optical and UV emission. Outside the obscuring
torus slower moving clouds, the 'narrow-line’ region produces narrow emission lines.
At the poles, outflows of particles can occur and form collimated radio-emitting jets.
The particles in a jet have very high velocities, beaming radiation relativistically in the
forward direction [75].

These objects can be divided into two groups: radio-loud and radio-quiet AGNs, where
the separation depends on the ratio of the 5 GHz radio flux and the optical B band,
Ry = log(Fsqu./fs). Radio-loud corresponds to Ry > 1, which make probably 10%
to 15% of all AGNs and radio-quiet AGNs, where R;, < 1. Both groups can be further
classified into different subcategories, while the classification depends strongly on our
orientation towards the AGN:
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Figure 2.13.: Sketch of an AGN. Shown are the different components, such as the black
hole and the narrow line and broad line regions. Depending on our orientation to the AGN,
different classifications can be made. Adapted from

Quasars (quasi-stellar radio sources) are the brightest members in the AGN class at
large distances. Their spectra covers the entire electromagnetic spectrum.

Blazars are rapidly variant source, as the jet is pointing directly towards the Earth.
The name comes from the combination of quasars and BL Lac objects, since they
appear to have a mixture of properties of both classes.

Seyfert Galaxies are lower luminosity AGNs with two subclasses, Type I or II, de-
pending on the presence of broad line components.

Radio Galaxies can be divided again in radio-loud and radio-quiet AGNs, depending
on the viewing angle, They are typically associated with giant elliptical galaxies, very
similar to Seyfert galaxies [76].

Qasars and Blazars belong to the radio-loud group, while Seyfert galaxies belong to
the radio-quiet AGNs. A sketch illustrating the different classifications is shown on

Fig. 2.13]
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2. High Energy Neutrinos from Astrophysical Sources

2.5.2 Gamma Ray Bursts (GRBs)

Gamma Ray Bursts are outbursts of gamma rays, which can outshine every other object
in gamma rays. Bursts are observed on timescales of some ms to some minutes, dividing
GRBs into short and long GRBs. The gamma ray fluxes that are measured imply a
total energy of 10°4Q2,, /4, where A, is the solid angle into which the gamma-rays are
beamed. They were first discovered in the late 1960’s by the U.S. Vela satellites and
until the late 90’s there existed no detection in softer wavelengths. 1997 the Beppo-
SAX satellites provided first measurements of X-ray and optical afterglows and allowed
measurements of their distances via the redshift.

The current interpretation of such enormous energy outbursts assume that a large
amount of gravitational energy (~ 1Mj) is released in a narrow beam of gamma
rays, produced by a supernova or the merger of binary neutron stars. The largest
amount of energy would escape in the first few seconds as neutrinos. In the fireball
shock scenario, a high temperature fireball is expanding at relativistic speed, which can
undergo internal shocks, leading to gamma rays. As it decelerates against the external
medium it would develop into a blast wave and a reverse shock, producing a weakening
afterglow. The resulting photon output is only in the range of a few percent of the
total energy output, but even this is comparable to the optical output by a supernova
over weeks. This scenario has been able to predict many observed properties of the
bursts and leads the current understanding of GRBs |78, 4].

In contrast to most other astronomical transient sources, the light curves of GRBs are
extremely diverse and complex and a classification is difficult. Not only the duration
of the bursts can vary between ms and tens of minutes, but also the shape of the light
curve can differ intensely [79]. They are divided into two main groups based on their
duration and spectral hardness: short gamma ray bursts with durations of less than 2
s and rather hard spectra and long gamma ray bursts with durations longer than 2s
and softer spectra [80].
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Atmospheric Muons and Neutrinos: a
47 Background

The major part of the background for neutrino telescopes as IceCube is represented by
muons and neutrinos produced in the atmosphere. As the discrimination of signal from
background is an important part for point source analyses, the production mechanism
and analysis strategies for this background will be discussed briefly in this chapter.

3.1 Muons and Neutrinos from Cosmic Ray Air Showers

Atmospheric muons and neutrinos are abundantly produced in the Earth’s atmosphere
induced by a cosmic ray primary particle. When such a high energy cosmic ray hits
the atmosphere and collides with one of its molecules, a shower of secondary particles
is produced. This shower can be divided into three main parts: an electromagnetic,
a hadronic and a muonic component, as shown in Fig. . The electromagnetic
component consists only of electrons and photons. However, the hadronic part of the
shower consists mainly of protons, neutrons, but also pions and kaons, which can decay
into muons and muon neutrinos, forming the muonic component of the shower. Pions
can decay into muons and neutrinos via the following mechanisms [27]:

at —ut 4, (99.9%)
Let + v+ 1,

T+ D, (99.9%)
Le™ + 1.+,

(3.1)
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Figure 3.1.: (a) [lustration of an atmospheric shower induced by a high-energy cosmic ray
primary. The shower can be divided into three components: a hadronic (red), electromag-
netic (blue) and muonic (green) component. Adapted from [81]. (b) Sketch of the different
background observed in IceCube for the two hemispheres. In the northern hemisphere at-
mospheric muons are shielded by the Earth and the dominant part in the background are
atmospheric neutrinos. In the southern hemisphere however, both, atmospheric muons and

neutrinos can reach the detector.
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3.2. Atmospheric Neutrino Flux

Both pion decays have a branching ratio of almost 100%. Each produced muon in
this process can again decay into v,. For kaons the most important decays producing
muons and neutrinos are:

Kt —ut+u, (63%)
K™ —u +v, (63%)
Kt — " +et +1. (5%) (3.2)

In this process the branching ratio into muons is ~ 63%, while the decay into a 7° has
a ratio of ~ 5%.

For IceCube the background reaching the detector is different for each hemisphere.
In the northern hemisphere atmospheric muons are shielded by the Earth and the
background consists mainly of atmospheric neutrinos from above, as they can not be
shielded by the Earth. They reach the detector at a rate of~ 10° events per year.
For the southern hemisphere, the situation is even worse, since no shielding effects can
be used and the complete flux of atmospheric muons and neutrinos hits the detector.
The rate of atmospheric muons enlarges in the southern hemisphere to ~ 10! events
per year. For dealing with the two types of backgrounds different strategies have been
considered.

Muons are the dominant component of charged particles reaching the sea level, with
a mean energy of (Ey) =~ 4GeV near the zenith. In order to suppress the muon
background, neutrino telescopes are usually buried deep inside ice or on the bottom
of the sea. Additionally, as mentioned above the Earth can shield parts of the sky
from atmospheric muons and prevent them to reach the detector. For suppression of
the atmospheric neutrino background in searches for astrophysical signal, cuts on the
energy distributions can be made, since neutrinos produced in astrophysical objects
are supposed to have higher energies than those produced in the atmosphere.

3.2 Atmospheric Neutrino Flux

Since atmospheric neutrinos penetrate through the Earth, their flux must be known
precisely in order to establish suppression methods. Their flux is dependent on the
production rate of pions and kaons in atmospheric showers. Up to energies of €,
= 115 GeV and ex = 850 GeV, neutrinos resulting from muon decays are the most
important contributors to the atmospheric flux. A muon of 1GeV with a Lorentz
factor v = E,,/m,c* ~10 has a typical mean decay length of d,, = y7,¢ ~6km. Since
pions are usually produced in altitudes of 15 km and decay relatively fast, the daughter
muons do not reach the sea level, but rather decay themselves or get absorbed in the
atmosphere [82]. At higher energies the situation is different, as most muons reach the
ground before decaying and therefore do not contribute to the neutrino flux anymore.
Kaons become then the dominant source of atmospheric neutrinos for £, >100 GeV [83,
84]. An illustration of the contributions of pions and kaons to the atmospheric muons
and muon neutrinos depending on the energy is shown in Fig. 3.2
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Figure 3.2.: Fractional contribution of pions and kaons to atmospheric muons and muon
neutrinos. Solid lines are for vertical and dashed line for a zenith angle of 60° [85].
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Figure 3.3.: Energy-dependent atmospheric neutrino flux measured in different experiments
in comparison to the predicted flux of conventional atmospheric muon neutrinos in the Honda
model [86]. Below 100 TeV the atmospheric neutrinos flux is dominated by the conventional
flux, while above 100 TeV the prompt component in the neutrino flux becomes the dominant

part [87].
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3.2. Atmospheric Neutrino Flux

As the lifetime of pions and kaons belongs to the order of 107%s they can lose energy
in collisions prior to decaying, leading to less subsequent neutrinos. This steepens
the primary cosmic ray spectrum of E~=27 to a spectrum of E~37 for atmospheric
neutrinos [88]. This flux is called conventional neutrino flux. Since for high energies,
the decay length of pions and kaons becomes longer than their path lengths in the
atmosphere [89], the production of neutrinos is supressed at high energies and the
resulting flux is dependent on the energy. Additionally, the interaction depends on the
temperature of the air. For higher temperatures, the air is less dense and therefore
the interaction length gets longer. This is called seasonal variation in the atmospheric
flux, resulting in a higher flux during summer and a lower flux during winter [90].
Figure [3.3| shows an overview of the energy dependent flux from atmospheric neutrinos
for v, and v., measured by different experiments. It is compared to the predicted flux
of conventional atmospheric muon neutrinos described in the Honda model [86]. In
this model the neutrino flux for v, and v, and their anti-particles can be estimated by

AN, o Ary + Ao
dBv = " \T4 BuBycos(07)/ex | 1+ B, Bycos(67) Jex

with the constant parameters A,,, Br,, Ak,, Bk, including the components from
pion and kaon decay and the inclination angle 6* referring to the zenith angle 6 of
the neutrino measured in the detector corrected for the curvature of the Earth [91].
e, = 115 GeV and ex = 850 GeV are the critical energies at which the interaction
probability in the atmosphere equals the decay probability.

For high energies another component is anticipated, called prompt flux. This flux
is assumed to be generated by the immediate decay of heavy mesons, especially those
containing a charm quark, such as D or DT. Since their masses start at a few GeV, their
production in air showers needs higher primary particle energies than the production
of pions and kaons. As the prompt meson decays immediately, it has in approximation
the same energy spectrum as the primary cosmic rays of £E~27. The cross-over between
conventional and prompt dominated fluxes occurs at energies of 100 - 1000 TeV [92].
Such a prompt atmospheric flux has not yet been measured experimentally and still
contains large uncertainties.

The flavour ratio for conventional atmospheric neutrinos beyond TeV energies is ap-
proximately v, : v, : v, = 1:20 : 0, while the ratio for prompt atmospheric neutrino
isat v. : v, : v, = 1:1:0.1. Such flavour ratios differ significantly from those of
astrophysical neutrinos which arrive on Earth with v, ~ v, [93].

(3.3)
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The IceCube Neutrino Observatory

The first ideas of high energy neutrino detection date back up to the 50s. In 1960,
Markov [94] published his idea to install detectors deep in a lake or a sea to determine
the direction of charged particles with the help of Cherenkov radiation. It took until
1965 until atmospheric neutrinos were detected for the first time, almost simultaneously
by two groups, both using old gold mines. In the eighties a phalanx of new detectors
emerged, like the Baksan Neutrino Telescope (BNT) in the Caucasus or Kamiokande in
Japan. However, for the detection of extra-terrestrial neutrinos large-scale experiments
were needed. By using Markovs idea of underwater detection, the Deep Underwater
Muon and Neutrino Detection (DUMAND) project took shape in constructing proto-
type strings of photomultipliers in the pacific ocean off the shore of Hawaii in a depth of
5km [95]. Due to technical difficulties the project got cancelled, but led way to the idea
of using the Antarctic ice sheet as detector material [96]. This resulted in first experi-
ments at the South Pole in 1991 leading to Icecube’s predecessor, the Antarctic Muon
and Neutrino Detector Array (AMANDA) in 1997 [97]. The first AMANDA array with
4 strings and 80 optical modules was upgraded stepwise until January 2000 19 strings
with a total of 667 optical modules were deployed in a depth of 1.5 to 2 km. Other
experiments starting at that time are the Baikal detector in lake Baikal in Siberia and
the Astronomy with a Neutrino Telescope and Abyss environmental RESearch project
(ANTARES) in the Mediterranean sea, which are both still on-going [98]. Although
photons in water are less scattered than in ice, using the clear and compressed ice at
the South Pole in a depth of 1.5 to 2.5km has several advantages, such as the long
mean absorption length of photons, the lack of radioactivity and the drilling on solid
surface.

As AMANDA proved to be working well, plans for an even bigger detector arose and
resulted in the first deployment of IceCube-strings in 2004.
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4. The IceCube Neutrino Observatory

In this chapter first the principles of neutrino detection will be discussed and a descrip-
tion of the IceCube detector will be given. The last part contains the characterization
of the Antarctic ice.

4.1 Principles of Neutrino Detection

Neutrinos are affected only by the weak force and therefore hard to measure with the
need of large detector volumes or long exposure times. There are two main processes
in which neutrinos can interact with nucleons:

e charged current (CC) interactions involving a W* boson: v, + N — (= +
hadronic shower

e neutral current (NC) interactions involving a Z boson: vy + N — v, 4+ hadronic
shower

with ¢ being the lepton flavour (muon, electron or tau) and N a nucleon.

Neutrino Cross-Sections

The cross sections of CC and NC-interactions can be evaluated as described in [99).
The differential cross section for charged current interactions is given by

d*c  2G}ME, (M},
@ + My

with the Bjorken scaling variable x = Q*/2M,, and y = v/E,,, the invariant momentum
transfer between incident neutrino and outgoing muon —@Q?, the energy loss in the
target frame v = F, — F,,, the nucleon and W-boson masses M and My and the Fermi
constant G = 1.16632 - 107°GeV ~2. The quark distribution functions can be written
by

dedy 7 ) |2q(2, Q%) + 2q(z, Q*)(1 — y)?| (4.1)

g(z,Q%) = 2 5 5

ss(x, Q%) + by(z, Q%) (4.2)

and

itn,07) = L LD o) 4 (0.0 (43)

with the quark flavours u, d, ¢, s, t, b with the label v and s for valence and sea quarks.
In Figure the neutrino and anti-neutrino cross sections for both interactions
are shown as a function of the energy. In general, the CC cross sections are larger
than the NC cross section. At low energies all cross-sections scale linearly with the
energy, while at energies above 10* GeV the cross section is reduced due to the W-boson
propagator. Also, the cross section for v and v differ at low energies, while they become
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Figure 4.1.: (a) Neutrino and Anti-Neutrino cross sections for CC and NC-interactions as
a function of the energy. (b) Neutrino and Anti-Neutrino Interaction Length in water (water
equivalent w.e.) as a function of the energy. The Earth’s diameter is shown as a dashed line.
Plots from [101} {102

equal for high energies, as the valence quark contribution becomes negligible. As the
cross sections of interactions of v and electron are usually too low to be considered,
a resonant behaviour of v.e™ — W™ can be observed at energies of ~ 6.3 PeV. This
peak is called Glashow resonance [100] and can reach values two orders of magnitude
above the NC-cross section. Fig. 4.1(b)|shows the interaction length of neutrinos and
anti-neutrinos in water, which can be described by

1
UVN(EV)NA

with N4 being the Avogadro constant 6,022 - 10%mol™' (water equivalent w.e.). At
energies above ~ 100TeV the interaction length becomes smaller than the Earth’s
diameter, meaning that the Earth turns opaque only for high energy neutrinos. This
can be used in the background rejection of neutrino experiments, since muons produced
in the atmosphere can not traverse the Earth.

For detecting the products of these interactions several methods can be used. For high
energetic neutrinos optical methods are combined with large volumes of transparent
media like water or ice. High energetic charged leptons from these interaction can then
radiate Cherenkov light which can be detected by the optical modules of the detector.

Lint — (44)

Cherenkov Radiation

Cherenkov radiation is emitted if a charged particle moves through a dielectric medium
at a speed greater than the speed of light in that medium [103]. The idea of using this
radiation for the detection of particles was first described in [104].

If a charged particle is moving relatively slowly through a transparent medium the
electric field of the particle distorts the atoms in building up a polarization field. Owing
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Figure 4.2.: Sketch of a muon propagating through the IceCube detector, showing the
resulting Cherenkov cone.

to the complete symmetry of the polarization field surrounding the particle, there will
be no resultant field at large distances and therefore no radiation. If however the
particle is moving with a speed that is comparable to the speed of light in the medium,
the polarization field is no longer completely symmetrical. This results in a dipole field
along the axis of the particle and will momentarily excite the electrons of the atoms
along the track inside the medium, which then return to their normal state by emitting
photons. However, if the velocity is faster than the speed of light in that medium, the
photon waves emitted along the track can be in phase, so that there is now a resultant
field. This can be expressed in the so-called Cherenkov threshold

g =1/n(A) (4.5)

with n(A) being the phase velocity refractive index in the medium. Since the photons
are moving slower than the charged particle the photons form a cone forward the region
where the interaction took place, called Cherenkov cone, see Figure [f.2] The angle of
the Cherenkov cone 6 is correlated with the velocity of the charged particle v = Sc and
the speed of light in the medium ¢ = ¢/n(\) and the refractive index in the medium
n(A), resulting in:

!

c 1
cos(0) = e 5n0)

For relativistic muons in ice (n(A) ~ 1.32 at 400nm), 5 ~ 1 can be assumed and the
angle 0 is fixed at 40.75°. The number of photons emitted by a charged particle per
unit path length and per wavelength A of the photons is equal to

(4.6)
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d*N, 2rn« 1
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with a being the fine-structure constant ~ 1/137. The number of photons is then
inversely proportional to the wavelength and the spectrum peaks in the UV-region.
With these preliminary consideration of the detection of neutrinos, the design of an
optical neutrino telescope requires large transparent material like water or ice, in-
strumented with several optical sensors. The instrumented volume needs to be deep
underground to suppress the main background of atmospheric muons, but still acces-
sible to maintaining work. The biggest of the currently operating neutrino telescopes
is the IceCube detector deployed inside the Antarctic ice.

4.2 Design of the IceCube Detector

The IceCube detector located at the geographic South Pole is buried deep inside the
Antarctic ice and is with an instrumented volume of 1km? the biggest neutrino de-
tector. The detector uses the 2800 m-thick polar ice sheet to provide a target, an
optically clear radiator, and a stable instrument deployment platform [12]. It con-
sists of three main components: an in-ice array, an additional air shower array on the
surface, called IceTop, and a denser instrumented region in the center, called Deep-
Core [105]. The in-ice detector consists of Digital Optical Modules (DOMs), placed
on strings deployed vertically in depths between 1450 m and 2450 m. The strings hold
60 DOMs each equipped with a photomultiplier tube (PMT) and digitizing electronics
to detect neutrinos by measuring Cherenkov radiation of their secondary particles [13].
The detector was built in several stages between 2005 and 2010, such that each year
several strings were added, until reaching the final configuration of 86-strings, contain-
ing more than 5160 DOMs. For the deployment of a string a hole is drilled into the ice,
using a hot-water jet. Then the string with the attached DOMs is deployed. After the
installation of the DOMs the water freezes again and the DOMs become inaccessible for
maintenance work. The distance between two adjacent DOMs is 17m on the strings,
which are arranged on a grid with a hexagonal alignment with a 125m inter-string
distance.

In the center of the grid additional eight strings with a smaller spacing are installed,
building a dense instrumented volume called DeepCore. DeepCore lowers the energy
threshold of IceCube from around 100 Gev to 10 GeV and is dedicated to low-energy
analyses below 1TeV.

The IceTop component consists of 81 surface stations, each of which is a pair of tanks
separated by 10m. Each tank is instrumented with two DOMs frozen in the upper
side of the 2.7m diameter ice-filled tank, which gives a total number of 324 sensors.
Although the goals of IceTop are mainly measurements of the primary cosmic ray
spectrum and their composition, it can also veto high energetic air showers which are
considered as background in the neutrino telescope |106].
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Figure 4.3.: (a) Schematic view of the IceCube detector, including the DeepCore strings.
(b) IceCube configurations used in this work, going from the 40-used string configuration
(IC40) to the final 86-string configuration (IC86)

Figure shows a schematic view of the IceCube detector including the DeepCore
strings. Figure illustrates the different stages of construction. In this work, data
from the 40-string configuration (IC40) to the final 86-string configuration (IC86) is
used, see Sec. for details.

4.2.1 Digital Optical Modules (DOM:s)

One of the most fundamental elements of the IceCube array are the DOMs. The
main task of the DOMs is to collect the blue and near UV Cherenkov light emitted
by relativistic charged leptons passing the IceCube array. In Fig. a schematic
view of a DOM is shown. The IceCube DOMs consist of a downwards-facing
HAMAMATSU R7081-02 PMTs build in a 33 cm diameter borosilicate glass sphere,
with a thickness of 13 mm. The majority of the DeepCore DOMs however use a newer
PMT model, R7081MOD, with a higher quantum efficiency. Additionally, the glass
sphere is inlayed with a p-metal grid to shield the Earth’s magnetic field. The IceCube
PMT works with 10 dynodes, leading to a gain of ~ 107 in which the high voltage of
1300V-1500V is provided by a Cockroft-Walton power supply. The PMT has a standard
10in diameter bi-alkali photocathode with a maximum quantum efficiency of 25 % at
a wavelength of 390nm . This wavelength matches reasonably well the Cherenkov
spectrum in ice and the cutoff at wavelenghts of 350 nm caused by the glass sphere.
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Other components are a LED flasher board, used for calibration and measurements of
the ice properties, a high voltage divider and the DOM mainboard. A block diagram
of the DOM mainboard is shown in Fig. [4.4(b)|

The principal function of the DOM is to produce a digital output, called "hit” whenever
one or more photons are detected. A hit always contains at least a timestamp and a
measure of charge. These elements can be read out from the shape of a waveform. If
a PMT gets hit, these waveforms immediately get digitized by two different digitizers,
called Analog Transient Waveform Digitizers (ATWDs) and Fast Analog to Digital
Converters (FADCs), installed on the DOMs main board. The signal is processed by
the digitizers only, if the discriminator threshold of 0.25 times the single photoelectron
peak (~8mV) is passed [13]. The waveform signal for the digitizers (FADCs, ATWDs)
is delayed by 75ns. By this it is ensured that the discriminator signal arrives early
enough, that the entire waveform can be digitized. The ATWD captures pulses in
a small time window with high temporal resolution (128 bins of 3.3 ns covering 422
ns), while the FADC uses coarser binning but a longer time interval(256 bins of 25
ns covering 6400 ns). Additionally, each ATWD has three channels, with different
amplifications (0.25x, 2x, 16x) of the PMT signal, providing a dynamic range, as the
slower channels are only read-out if the faster saturates.

In converting each pulse into digital format individually inside each DOM the quality
of the signal is preserved and no data gets lost. The entire waveform is transmitted
to the surface only, if one of the four neighbouring DOMs on the same string are hit
within a time window of usually less than 1 us. These condition is called Hard Local
Coincidence (HLC). If the condition is not fulfilled and the hits are isolated they are
called Soft Local Coincidences (SLC) and only the three sample points from the fADC
with the highest charge.

After digitization the signal is sent to the DOMHub, a computer communicating with
all DOMs on one string and then further to the computers of the surface data acquisi-
tion system (DAQ).

4.2.2 DAQ and Filtering

The DAQ is located in the IceCube Laboratory (ICL) on the surface of the IceCube
detector. Since the raw data collected by the IceCube detector exceeds the daily
satellite bandwidth (30 GB/day), the first level of reconstruction and filtering happens
real-time, coordinated by the DAQ. A first step here is the reduction of pure noise
via local coincidence conditions, as described above. SLC hits are mainly needed
to improve the reconstruction of cascades and low energy muon tracks, but are also
crucial to any veto technique against atmospheric muons. This is true only for SLC
hits of physics origin, but most SLC hits recorded are due to dark noise. Therefore an
effective cleaning is necessary. A module for the reduction of noise is the SeededRT
Cleaning [108|. It requires a coincident SLC hit in a certain radius (R=150m) and
time (T=1000ns) around each HLC hit, everything else is treated as noise. One of the
most important triggers in this context is the Simple Multiplicity Trigger (SMT). It
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Figure 4.4.: (a) Schematic view of the DOM with the different components (b) Block dia-
gram of the IceCube main board electronics [107]

requires minimum eight DOMs hit within a time window of 5 us. Other triggers in
IceCube are operating, but are not used in context of this work. All triggers use HLC
hits only.

Filters

The Online Processing and Filtering system is responsible for accepting raw, triggered
events from the DAQ. For further reduction of the data rate to be sent via satellite,
it gets processed "online', meaning that several filters are applied. One of the most
essential of these filters for point source analyses is the muon filter. It selects track-like
events that were produced by muons in separating the signal from the background
events coming from cosmic ray air showers in the northern hemisphere and muon
bundles in the southern hemispheres, see Sec. Additionally, a cut on the quality
parameters of the reconstructed track is done. Another filter used is the Extreme
High Energies (EHE) filter, which selects events based on their amount of total charge.
All events passing the online filters are transferred north for further off-line analyses.
Furthermore, raw data is stored on magnetic tape and transported North during the
austral summer.

4.3 The Antarctic lce

The ice at the South Pole has a very high transparency and is the most transparent
solid medium known at wavelengths of 200-400 nm, see . The Antarctic ice is
characterized by it’s absorption and scattering length, as function of depth and wave-
length. However, the scattering length of photons can be short, due to trapped air
bubbles or dust in the ice, which both depend on the depth of the ice. Air bubbles are
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mainly concentrated in depths above 1400 m or in newly freezed bore-holes. Depending
on the depth, the pressure rises and the air bubbles get compressed and convert into
air-hydrate crystals with a refractive index very close to the ice itself. Both, the dust
and the air bubbles effect largely the prediction of propagating Cherenkov photons in
the ice and the numbers hitting a DOM can be over- or underestimated. Therefore a
better understanding of the optical properties of the ice and its structure is crucial for
the simulation and reconstruction algorithms.

The two most important processes in this context are the scattering and the absorption
of the ice.

4.3.1 Scattering

Scattering of photons occurs if small air bubbles or dust grains are spread in the ice. It
can be described by the scattering length A; and the average scattering angle (cos(f)).
Mainly, the scattering happens in forward direction with (cos(6))>0. Since most of the
photons scatter several times, it is convenient to define an effective scattering length
Ae [110], given by

AS
1 — (cos(6))
It describes the distance after which the scattered direction has been fully random-
ized. The average scattering angle for dust lies at (cos(6))>0.94. Usually, the effective
scattering length is expressed via the effective scattering coefficient b, = 1/A..

Ae = (4.8)

4.3.2 Absorption

The absorption length A, is defined in a similar way as the distance at which the
survival probability of a photon drops to 1/e. It is usually expressed by the absorption
coefficient a = 1/A,.

For the determination of the ice parameters, dedicated measurements are performed us-
ing LED flashers integrated inside each DOM [111]. They emit short light pulses which
are measured by the surrounding DOMs. The results of flasher measurements between
1400 m and 2400m depth are illustrated in Fig. and Fig. The values
of the absorption coefficient a(400nm) and effective scattering coefficient b.(400nm),
which are the inverse of the effective scattering and absorption length, respectively, are
shown. The most prominent feature in both figures is the dust layer between 1950 m
and 2100m depth, due to geological and atmospheric conditions in history. The ab-
sorption length is here only ~20m and the effective scattering at ~5m. Apart from
this, three smaller dust layers between 1500 m and 1900 m are visible. In these regions
the absorption and scattering of photons is much higher and signal is less visible. The
clearest ice is found in depths of 2200 m to 2500 m, in which the DeepCore strings are
installed. There, the absorption length reaches values of uo to 250 m and the effective
scattering of up to 100m. An alternative model shown is the Additionally Heteroge-
neous Absorption model (AHA) [109], which is providing a similar structure but has
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Figure 4.5.: (a) Values of the absorption coefficient a(400nm) and effective scattering coef-
ficient b.(400nm) (b) vs. depth for a converged solution (solid line). The grey bands show
the £10 range of combined systematic and statistical uncertainty. The updated model of the
Additionally Heterogeneous Absorption model (AHA) [109] is shown with a dashed line [111].

higher variations in the coefficients.

Additionally, data from ice core measurements and using laser dust loggers inside the
boreholes during detector commissioning between 2004 and 2010 can be used [112]. It
was shown that the age of the ice varies between 25,000 years around 1400m depth
and 100,000 years around 2800 m depth, where the bedrock starts [113]. From radar
measurements a temperature profile of the ice can be estimated and varies from -50°C
at the surface to -9°C at the bedrock [114].
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Data Sample and Statistical Methods
from Point Source Searches

In the first part of this chapter the event selection process with the reconstruction
methods will be described and the used data samples will be outlined. In a second
part, the statistical methods used in point source searches and the methods used in
the three analyses will be presented.

5.1 Data Sample and Reconstruction Algorithms

The event selection in IceCube is a complicated process and is usually done for each
analysis separately. For point source analyses however, a joint data sample is produced
on which different analyses are performed. In this section, the standard reconstruction
algorithms, used in almost all analyses and the most important steps in the creation of
a specific point source data sample are presented. As a first step in the event selection it
has to be decided which event topologies will be used. In IceCube different interactions
leave different signatures in the detector, which have to be considered in the next steps.

5.1.1 Signatures in IceCube

As discussed in Sec. [£.1] neutrinos can interact via charged and neutral current inter-
actions. CC-interactions produce a charged lepton depending on the flavour of the
interacting neutrino, which carries an average of 50 % (at GeV energies) to 80% (at
high energies) of the neutrino energy [115]. The remaining residue is transferred into
a hadronic shower. The v, CC event signature differs strongly for all other cases.
Therefore, different interactions leave different signatures in the IceCube detector, as
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Event 121240/72944671-0
Time 2012-12-04 03:12:46 UTC
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Figure 5.1.: (a) Track-like signature in IceCube from simulation. Shown is a 130 TeV muon
produced in CC interactions. (b) Example for a cascade signature from data observed in [15].

shown in Figure There are two basic topologies: tracks coming from v, (left) and
cascades from v, and v, (right).

Muon Neutrinos (v,)

In case of a muon neutrino a muon is produced, which has a great penetrating power
with up to 10 km long tracks at PeV energies. They travel much further than the de-
tector scale and can therefore enlarge the effective volume of the detector by observing
also muons from far outside the detector. Since they leave a track-like signature, the
angular resolution for the muon direction (and thus, the neutrino direction) lies below
1° for high energies and makes them suitable for point-source studies. Disadvantages
are that the events are not contained and it is therefore difficult to determine the
neutrino energy.

Electron Neutrinos (v.)

Cascades in this context are, compared to the detector’s extension, almost point-like.
In case of v, an electron is produced, which is heavily affected by bremsstrahlung.
Only 0.5% to 0.8% of its energy are deposited into an electromagnetic shower with a
typical length of a few meters, while the rest transfers into a hadronic cascade. Since
the shower is not totally symmetric, but elongated into the direction of the leading
electron, the direction of the incident neutrino can be reconstructed . Since the
events are contained the energy reconstruction is superior, using largely a calorimetric
measurement where the cascade energy scales nearly linearly with the light output.
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Tau Neutrinos (v,)

For v,, which have the great advantage that they are not absorbed by the earth, in
CC interactions a 7 with a mass of 1777 MeV gets produced. The generated 7 has a
lifetime of only 0.29 ps and decays with a main branching ratio of 64.8 % gain into a v;:
T — v, + X [27]. Whereas at low energies the showers are not distinguishable from
the ones initiated by a v,, at high energies (>2PeV) they produce a specific signature,
called ’double bang’, caused by the first hadronic shower from the initial interaction
and a second shower induced by the 7 decay. However, in the atmospheric neutrino
flux no high energy v, are expected and there is no evidence yet for a detection of a v,
with IceCube.

In this work data-samples dominated by muon tracks, induced by a v, are used. How-
ever, v, or v, which are misidentified as track-like could also contribute to the samples.
Cascade events are not suitable for point source studies due to their poor angular
resolution, but can still be used for the triggering of point-source studies. Different
reconstruction methods are used in order to suppress the atmospheric background and
to produce a final data sample used for point source analyses. These reconstruction
methods and the final data samples will be presented in the next sections.

5.1.2 Angular Reconstruction

As discussed in Sec. muons coming from a muon neutrino are characterized as a
track inside the detector. The interaction angle ¥ between the muon neutrino and the
emerging muon can be described by

U =0.7-(E,/TeV) 07 (5.1)

and decreases with energy [117]. At high energies, the direction of the muon can be very
well approximated with the direction of the incident neutrino, which makes neutrino
astronomy possible.

The muon track reconstruction algorithm is a maximum likelihood procedure. Prior
to this sophisticated reconstruction, simple pattern recognition algorithms are used to
generate the initial estimates that are required by the maximum likelihood reconstruc-
tions to start the minimization of the negative likelihood -log(L£). This initial track is
derived from first guess methods, which are fast analytic algorithms that do not require
an initial track [118]. The most important first-guess algorithm is the LineFit.

LineFit

The LineFit algorithm uses the hit times of an initial track with an optional amplitude
weight. The geometry of the cherenkov cone and the optical properties of the ice
are ignored. It assumes light travelling with a constant velocity v at a straight path
through the detector. The magnitude of the LineFit is the mean speed of the light
propagating through the detector and can be used to distinguish between minimally
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Figure 5.2.: Cherenkov light front of a muon with the different variables used to calculate
tgeo [118]

ionizing muon tracks, which have large values and spherical events (cascades) or high
energy muons, which have low values.

Maximum Likelihood Reconstructions

After seeding with a first-guess algorithm, the more refined maximum likelihood method
is applied. The parameters varied in the maximization are described by the track pa-
rameters a = rg, to, P, Ey with 7y as an arbitrary point on the track, which passes at
time t, with energy E, along a direction p. Given a set of experimentally measured
values x = z; this reduces to

L=(z]a)=]]F"" (2| a) (5.2)

where P(x; | a) is the probability density function of observing the measured value
x; for given values of the parameters a [118]. The reconstruction is performed by
minimizing -log(£) with respect to a. Taking only the time information each DOM
was triggered t; and the DOM’s position r; into account, we can calculate from simple
geometry the time at which photons are expected to hit the DOM, ¢,,, see Figure |5:Z|
This results in a time residual between the expected time t,4., without any scattering
and the actual time the DOM gets hit t;;

tres = thit — tgeo . (53)

The distribution of the time residuals can be approximated analytically by the Pandel
function [119], a parametrization giving the delay probabilities in photon arrival times.

It can be expressed as
Pty = L0
p? 9 - F(g)

with p and ¢ being phenomenological parameters depending on the properties of the
medium and the distance between the track and the DOM. Since photons arriving with

et (5.4)
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only a few ns difference can not be distinguished by the PMT, the first photon, which
is usually less scattered than a single photon, defines the arrival time. If only the first
measured photon is used for the reconstruction, the likelihood is called Single Photon
Electron (SPE) likelihood. If the presence of additional pulses is taken into account it
is called Multi Photon Electron (MPE) likelihood and the probability density function
(pdf) can be written as

N-1

Phltres) = N piltres) - ([ mittye) (5.5

Tes

In the analyses presented in this work MPE will be the standard angular reconstruction.

SplineMPE

Although the Pandel function includes the effect of scattering it does not account for
details like different ice layers and the angular sensitivity of the DOMs. Therefore, a
more realistic likelihood model was developed during the processing of the IC86 data
sample (see Sec. and is called SplineMPE [120]. The SplineMPE uses Monte-
Carlo based tables [110] of simulated photons propagated through the ice. In order to
get a continuous distribution, cumulative discrete distributions are interpolated with
splines, which are based on the piecewise polynomial interpolation of infinite muon
tracks. Fitting Splines to photonic tables allows to include information about the ice
layers and the angular sensitivity of the DOMs also in the MPE reconstruction and
is used in the multi point source study and the self-triggered flare search, see Sec. [7]
and Sec. [§ Figure shows the median angular resolution as a function of energy
for the IC7T9 sample using different reconstruction methods. The SplineMPE yields an
improvement at all energies, reaching a median angular resolution of 0.4° at the highest
energies.

Paraboloid Sigma

For obtaining the angular uncertainty of the likelihood fit a method called paraboloid
sigma is used. It fits the likelihood space around the reconstructed track minimum with
a paraboloid with giving the values o, and o, for the major and minor axes x and y of
the event error ellipse [121]. With o = /(02 + 02)/2 the resulting value of paraboloid
sigma o gives the final uncertainty for each event. However, paraboloid estimates on
average too good angular resolutions for high energies. This is presumably related to
inaccuracies of the likelihood used in the reconstruction. This effect is mitigated by a
rescaling of paraboloid sigma as a function of energy.

5.1.3 Energy Estimation

Each particle travelling trough matter has a characteristic energy loss induced by three
different processes: ionization, bremsstrahlung and photo-nuclear reactions. Between
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Figure 5.3.: Median angular resolution as a function of energy for the IC79 sample using
different reconstruction methods [101]. The LineFit as a first-guess algorithm is the starting
point for more sophisticated reconstructions with the SPlineMPE yielding the best angular
resolution.

10 MeV and 100 GeV ionization is the dominant process and can be described as the
mean rate of energy loss -(dE/dz) (stopping power) by the Bethe-Bloch formula [27]

2022
B <dE> _g2fl ll 1y 21" Tnaa 3(87)

J— 2 S
dx 2 12 b 2 (5-6)

Here, K is a constant factor, Z the atomic number, A the mass number of the material
and T},,, the maximum kinetic energy which can be imparted to a free electron in a
single collision. [ is the mean excitation energy in eV and §(/57) the density effect
correction term to the ionization energy loss. At higher energies radiative processes
become more important, for muons this ’critical energy’ lies at a few hundred GeV.
These processes can hardly be described as uniform, since they suffer small cross-
sections and large energy fluctuations. It is conveniently to write the average rate of

the muon energy loss as

_ szf — a(E)+ b(E) - E (5.7)

with a(E) the ionization power described by equation and b(E) the sum of ete”
pair production, bremsstrahlung, and photonuclear contributions. The energy loss due
to Cherenkov radiation lies around ~ 0.1 MeVm ™' and is thus negligible compared to
the other contributions.

In IceCube different algorithms for the determination of the energy loss are used.
For point source studies those are favourable, which are based on the energy loss
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Figure 5.4.: Energy loss of muons in ice showing the contributions of ionization,
bremsstrahlung, pair production, muon decay and photo-nuclear interactions. Above a few
100 GeV bremsstrahlung, pair production and photo-nuclear interactions become the domi-
nating processes, scaling linearly with the muon energy.

along the muon track, instead of the calorimetric approach of a cascade. As can be
seen in Figure [5.4] the dominating energy loss from bremsstrahlung, pair production
and photo-nuclear interactions, increases linearly with the muon energy above a few
100 GeV. One algorithm here is called MuE [122].

MuE

MuE is based on the reconstruction of the number of photons per unit length along
the muon track using a maximum likelihood approach and taking into account the
absorption and scattering in the ice, assuming a bulk ice model [123]. This total
number of photons per unit length can be described with

E
N.=3-10"m '(1.22 +1.36-10*

Ge\/) (5.8)

[124] At higher energies, the energy resolution is getting better compared to lower
energies and for more than 10 TeV the MuE energy estimate is in approximation
scaling linearly with the muon energy. Since at low energies most muons pass through
the instrumented volume of the detector, MuE leads to an overestimate of the energy
in that region [125]. Also for large stochastic losses, MuE has sizeable errors, since the
distribution of energy losses (dE/dx) has a long high-energy tail that shifts the mean
and enlarges the errors.
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MuEX

MuEX is the derivative of MuE and uses a more sophisticated likelihood function, that
incorporates the systematic (model) error term, and allows it to be skewed in order
to adopt to the high-energy tail. As a result high variations in energy losses are not
penalized as much as low. Additionally, it implements the ice properties as a function
of depth [126].

Truncated Mean Energy

Alternatively to MuEX the truncated mean energy estimator [127] can be used. The
method divides the track into 120 m bins which are bordered by planes perpendicular
to the track. The dE/dx value is determined by finding the ratio of the observed
photoelectrons to the expected photoelectrons, but a separate ratio is determined for
each bin instead of the event as a whole. Then a fraction of the bins with the highest
ratios are discarded, and the truncated dE/dx is calculated by summing the remaining
observed photoelectrons and expected photoelectrons and creating a new ratio.

5.1.4 Simulation

Simulation by using Monte Carlo methods is a fundamental process in order to de-
termine the performance of the detector. It is not only used in describing cosmic ray
interactions in the atmosphere (see Sec. [3)) or the light propagation in the ice, but also
for optimizing the event selection and for sensitivity calculations. The simulation chain
in IceCube can be divided into the following steps:

1. Event generation
2. Lepton propagation
3. Photon propagation
4. Detector response

The first step consists in the generation of the primary particle, which is in IceCube
done by a neutrino generator based on the ANIS (All Neutrino Interaction Simula-
tion) [128] package. It is able to simulate all three neutrino flavours and propagate
them from the Earth’s atmosphere to the detector, while undergoing CC and NC-
interactions. The neutrinos are simulated with a certain power-law spectrum, where
all values for the detection probability and volume are stored in a variable called
OneWeight (OW). The events can later get re-weighted in using

w=o-0OW-T/n (5.9)

with the according flux @, lifetime T and the number of generated events n. The
atmospheric muon background is simulated in using the CORSIKA [129] program,
which can fully simulate atmospheric air showers produced by a cosmic ray primary.
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In order to discriminate also the atmospheric neutrino flux from possible signal neu-
trinos, the atmospheric component needs to be simulated in detail. However, the
simulation of complete air showers with CORSIKA in order to calculate the atmo-
spheric neutrino flux is quite elaborated and requires a lot of computing resources. In
IceCube, a tool called NeutrinoFlux [130] is used to evaluate the neutrino flux, which
reads tables of parameters, extracted from fits of atmospheric neutrino flux tables and
can be adjusted to the different models. In IceCube cosmic rays are usually simulated
in following the poly-gonato [131] model.

The second step consists of the muon propagation through the ice and is based on
Muon Monte Carlo (MMC) [123]. It evaluates the stochastic energy loss along the
muon track at different levels of accuracy.

The photon propagation simulates the Cherenkov light yield, taking the ice properties
into account. Two different approaches exist in IceCube: Lookup tables (Photon-
ics) [110] and direct photon propagation (PPC) [132]. Photonics uses predefined tables
of photon arrival probabilities, produced on standard CPUs for all possible configura-
tions, yielding a high processing speed in simulations. PPC computes the propagation
of photons inside the detector directly with the use of GPUs, allowing a parallelized
computation. Both propagators take the optical properties of the ice into account.
Photonics however, suffers from binning effects, while the direct propagation is more
exact and will be the standard propagation module in future simulations. The last
step in the simulation chain is the detector response, where typical types of noise are
added using NoiseGenerator and the waveforms and their processing is simulated by
the DOMLauncher. From then, the same trigger conditions are applied as for the real
data.

5.1.5 Event Selection

The background rejection performed by the online filter is not sufficient for high-level
data analyses. In the northern hemisphere, high-energy neutrino candidates can be
selected from the data by rejecting events with a poor reconstruction, since they are
more likely to be down-going muons. This is done in removing such mis-reconstructed
events with multiple muon tracks and by suppressing events with very low energies [18].
In the southern sky, it is not possible to suppress the muon background based on the
reconstruction quality of the events. Therefore, the most energetic events are chosen
instead of improving the ratio of signal to background events [133]. An overview of the
different steps involved in the event selction is shown in Fig. [5.5

The possibility to observe a neutrino point source depends not only on the expected
background and the observed neutrino flux, but also on the energy and angular resolu-
tion of these events. The discovery potential, as defined in Sec. is connected with
all these elements and is used as the main parameter in the optimization of the event
samples. As described in [134], Fermi acceleration favours a spectral index of ~2 and
therefore in point source studies a £~2 spectrum is usually used as a benchmark sce-
nario. However, also the idea of cutoff or softer spectra is supported by several galactic
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Figure 5.5.: Sketch of the different steps involved in the event selection, starting with the
triggers and filters performed at the South Pole up to the final point source sample selection
in using BDTs at Level 4.
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Figure 5.6.: Experimental declination distribution for the different datasamples used in this
work.

gamma ray sources revealing a cutoff in their spectra. Thus, also softer spectra, such
as E=%7 and E~3 are taken into account [1§].

5.1.6 Experimental Sample

All data used here is based on muon tracks, which have an excellent angular resolution
of < 1° and are therefore pointing back to the original source. In order to reflect the
different detector geometries and the general improvement in the muon track recon-
struction and identification of muon background events, different event selections for
each of the year of data was used. In the next section the event selection for each year
will be described briefly, since the event selection of the data sample was not part of
this work. More detailed information can be found in [18].
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IC40 Data Sample

The IC40 data sample contains data taken in the 40-string configuration from April
2008 to May 2009, with an uptime of 375.5 days. The event selection for the point
source analysis is mainly based on cuts on different well-understood and powerful vari-
ables, as described in [135]. In the southern sky, a cut on the reconstructed energy of
the event was performed, which was parameterized as a function of the reconstructed
declination. The final sample consists of 36900 events, of which 14121 are recon-
structed as upgoing and 22779 as downgoing, see also Tab. The distribution of
the declination is shown in Fig. [5.6]

IC59 Data Sample

The IC59 data sample uses data from May 2009 to May 2010 having an uptime of
348.1 days. For the event selection Boosted Decision Trees (BDTs) [136) 137, [138] are
used instead of straight cuts. The cuts were based on twelve variables with a high
discriminating power between signal and background. For the training of the BDTs
10% of the atmospheric muon dominated data was used as a background model and
the signal was modelled with MC simulation based on a E~2 and a £~27 spectrum to
account for softer neutrino spectra. For computational reasons, the observables were
split in two sets of eight and four variables, with a BDT each. In the final selection a
combination of both BDT scores was used. Additionally, a veto of the surface array
IceTop was used to reduce the muon background. Since atmospheric neutrinos are
produced by extensive air showers, they are always accompanied by other particles,
which are registered as early hits in IceTop. The veto rejects events in counting the
photons observed in a time window around the expected arrival time of the shower front
and is used for declinations between -90° and -40°. It yields a background rejection
efficiency of 99% in the vertically down-going region. The final sample has 107 569
events in total, of which 43312 are reconstructed upgoing and 64 257 downgoing [18].
The declination distribution of this datasample is shown in Fig. [5.6] The lower event
rate below sine declination -0.8 is due to the IceTop veto, introduced in this year of
data taking.

IC79 Data Sample

For the IC79 data sample [18] data was taken from June 2010 until May 2011 with
an uptime of 316.2 days. As for IC59 the event selection is based on BDTs. For that,
the sample is divided in two sub-samples according to the events reconstructed zenith.
One declination band uses mainly horizontal events (90° - 130°), where the signal is
dominated by higher energy events and the other vertical events (130° - 180°). For
both regions a separate BDT was applied using nine variables in the vertical region
and fifteen variables in the horizontal region. Taking again E~2 and E~27 spectra
each, this results in eight BDTs in the northern hemisphere, which are again combined
afterwards. In the southern hemisphere however neutrinos can not be isolated from
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the high-energy atmospheric muon bundles, coming from an air shower, mimicking
neutrinos. Therefore, only one BDT is trained for the entire region using data for the
description of the background and a £~2 signal model. For having a smooth transition
in the event rate in the different declination regions, an energy cut depending on the
declination was applied to select a constant number of events per solid angle. As in
IC59 the IceTop veto was used to reject down-going atmospheric muon background at
vertical zenith angles. The final data sample contains then 109 866 events, with 50 855
reconstructed on the northern hemisphere and 59011 on the southern hemisphere.

In addition, based on the IC79 sample, a second sample based on the event selection
of the standard 1C79 sample was produced, using the SplineMPE instead of standard
MPE [101]. The final data sample includes 93842 events, with 48904 reconstructed
on the northern hemisphere and 44 938 on the southern hemisphere. It will be called
IC79Spline in this work. The declination distribution for both samples is shown in
Fig. and displays a different distribution for the original IC79 and the IC79Spline
sample. This is due to a strong additional background rejection of the IC79Spline
sample of up to a factor of 3 in the downgoing region below sine declination values of
-0.4, while the signal efficiency is retained. This improvement is mainly caused by the
optimized BDT configuration and possibly better discrimination of atmospheric muon
bundles by the Spline based variables [101].

IC86 Data Sample

This is the first year of data from the complete 86-string detector configuration, col-
lected between May 2011 and May 2012 with an uptime of 333 days [139]. For the
event selection in the northern hemisphere extending 5° above the horiozn, four BDTs
in two zenith bands are used, to separate astrophysical neutrino signal from the atmo-
spheric muon background. They are optimized for both, £=2 and E~27 spectra, since
the Earth and glacial ice still provide a shield from the cosmic ray background and use
eleven variables in total. In the southern hemisphere only one BDT is trained for the
entire region using data for the description of the background and a E~2 signal model,
as described above. One main goal here is to separate single muons from muon bun-
dles in using information on event topology and energy loss. The large muon bundles
consist mainly of low energy muons that typically lose energy at a constant rate while
traversing the detector. Highly energetic muons induced by a neutrino have instead
a stochastic energy loss profile. Likelihood ratios are constructed to sort the events
after these criteria into signal and background and are included into the BDT. The
final data sample consists of 138 322 events, of which 69227 are reconstructed upgo-
ing and 69 059 downgoing [139]. The distribution of the declination is shown in Fig. [5.6]

In this work three experimental samples combining different years of data taking are
used in the different analyses and are shown in Tab.[5.2] The first analysis, a two-point
correlation (2-pt) function of the full sky was applied on a three year data sample
consisting of 1C40, IC59 and IC79 data. The second analysis, a multi point source
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Data Sample data period uptime total events upgoing downgoing

IC40 April 2008 - May 2009  375.5d 36 900 14121 22779
IC59 May 2009 - May 2010  348.1d 107569 43 312 64 257
IC79  June 2010 - May 2011  316.2d 109 866 50855 59011
IC79Spline  June 2010 - May 2011  316.2d 93 842 48904 44938
IC86 May 2011 - May 2012 333 d 138 322 69 227 69 059

Table 5.1.: Data Samples taken on different years of IceCube. Shown are the periods in which
the data was taken and the according detector uptimes for each year of data. Additionally,
the total number of events and the number of events for each hemisphere is illustrated.

2-year sample 3-year sample 4-year sample

1C40 X X
1C59 X X
IC79 X
IC79Spline X X
1C86 X X
Analysis STFS 2-pt MPS

Table 5.2.: Combined Data Samples taken for the different analyses.

(MPS) search, used a four year sample adding a year of IC86 data to the previous
sample. In addition, it used the IC79Spline sample, in which the event selection is
based on the Spline reconstruction. The third analysis, a self-triggered flare search
(STFS) used only IC79Spline and IC86 data, since it is strongly connected to the
results of the High Energy Starting Events (HESE) analysis, which was performed on
data from the 79 and 86-string configuration.

5.1.7 Monte Carlo Samples

Simulated Monte-Carlo (MC) [140] data is used in many ways in IceCube, especially
for optimizing the event selection and for getting an accurate description of the atmo-
spheric muon background. In this work, however, MC data is used only for simulation
of the astrophysical signal in sensitivity and limit calculations, since the background
estimation is based on experimental data. Background MC simulations by CORSIKA
are used only as an additional cross-check to verify the understanding of the detector.
This makes the analysis more robust against systematic discrepancies between data
and MC simulations. The MC data is simulated for each year separately taking the
different detector configurations into account. Afterwards, it is selected in the same
way as the experimental data, e.g. the same cuts and BDTs are applied. The simulated
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Figure 5.7.: (a) Declination distribution § and (b) Point Spread Function ¥ for the different
MC datasamples showing an E~2 spectrum.

spectra are relatively hard E~! spectra with forced interaction in the detector. The
events are then re-weighted to £=2 or E~3 spectra. Due to the effect of the forced
interaction, the E~! generated spectrum is adequate for this and ensures sufficient
statistics at high energies. The declination distribution of the MC-samples for a F~2
spectrum are shown in Fig. for the 1C40, IC59, IC79 and 1C86 datasample. For
the northern hemisphere the neutrino shadow of the earth is visible in an increasing
structure towards the horizon in all samples. For the southern hemisphere the detector
acceptance is in general smaller, due to strong cuts and the large background.

Point Spread Function

From full detector MC simulation the angular resolution of signal events can be esti-
mated. Since the angular resolution of the detector depends on the energy spectrum,
the distribution of the angular reconstruction error ¥, i.e. the Point Spread Func-
tion (PSF), is obtained for different energy spectra (E~2, E~2?° and E~%) and for each
detector configuration. As an example, for an £~2 spectrum, the PSFs for IC40, IC59,
IC79 and IC86 are shown in Fig. . It can be seen, that the angular reconstruction
improves with the development of the datasamples.

Effective Area

MC data can also be used for evaluating the detector’s efficiency. This efficiency is a
function of the energy and zenith angle of an incoming neutrino. It can be character-
ized by the effective area A.g(F,0), which is the corresponding area of a hypothetical
detector that has 100 % efficiency for detecting neutrinos of the given energy E and
incident zenith angle #. For a neutrino source at a given declination in the sky, the
number of detected neutrinos is proportional to a convolution of the energy-dependent
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Figure 5.8.: Effective Area Aeg for the different data samples as a function of the energy
for (a) the northern hemisphere and (b) the southern hemisphere.

effective area (evaluated at the appropriate zenith angle) and the energy spectrum of
the source. As an illustration, the solid-angle-averaged effective area A.g(E) for the
northern and southern sky are shown in Fig. [5.8| for the final event selection.

5.2 Likelihood Point Source Searches in IceCube

Identifying point-like sources of neutrinos and thus cosmic rays, is one of the main
tasks of IceCube. This is done by searching for clusters of events that are significantly
incompatible with the atmospheric muon and neutrino background. The method used
is an unbinned maximum likelihood ratio test, as described in [141]. It uses not only
the spatial clustering of events but includes also the energy, since astrophysical signal
is expected to have a harder energy spectrum as atmospheric muons and neutrinos.
An assumed source with location = needs then a source pdf S(z, F,~), describing the
spatial and energetic distribution of signal events with a given spectrum v and a back-
ground pdf B(z, E), describing the spatial and energetic distribution of background
events. The source pdf, which is modelled with a two-dimensional Gaussian and the
background pdf are then combined in the likelihood £

=1

£(xe,7,m) = [T 81l = x), Fuy) + (1=

Ntot ntOt

s

) B(xi, Ey) (5.10)

Ntot

with ng as the hypothesized mean number of signal events, and n;,; as the observed
total number of events in the final data sample. The best estimate for the number
of signal events n, and the best source spectrum 4 is found by maximizing the log
likelihood ratio A with respect to the null hypothesis:
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(5.11)

L a
log A = log (<XW>

L(ns =0)

In an allsky search, the source location is varied on a grid of points much finer than the
experimental angular resolution. Since just by chance spots on the sky can look signal-
like, the search is repeated several times on background data which is randomized
in right ascension (r.a.). Each repetition here is called trial and results in a most-
significant hottest spot. Out of these distributions the p-value of the actual hottest
spot is obtained.

5.3 Two-Point Correlation Function

The strength of the likelihood method test lies in identifying a single strong source over
background. However, if the signal is dominated by various weak sources instead of a
single strong source, the likelihood test looses sensitivity and autocorrelation functions
as the two-point (2-pt) correlation functions get more favourable. 2-pt correlation
functions were first described in the late 70s by Peebles [142] and co-workers [143] |144]
studying the large-scale structure of galaxies. It is a powerful statistical method in
measuring the clustering strength on different scales. It is applied widely in high energy
astrophysics for detecting anisotropies in the spatial distribution of cosmic rays [145,
146] and neutrinos [147]. The autocorrelation test is based on the distribution of
pairwise calculated spatial distances (U;;) between events ¢ and j, which are compared
to the background expectation. It is designed to detect an event clustering at angular
scales, 6, comparable to the detector resolution. Since it is a non-parametric test,
no prior information of the potential sources, such as the spatial morphology or the
spectral shape, is required. The amount of clustering is then obtained from scanning
simultaneously over # and different bins for the minimum energy FE,,;, that optimizes
the sensitivity.

With ¥ being the spatial distance between two events, the test statistic of the 2-pt
analysis can be defined as a function of 6 by

obs. no. pairs with ¥; ; <0, E; ; > En

TS(0, Bnin) = —— : 5.12
(0 ) avg. no. bg. pairs with ¥; ; < 0, E; ; > Eyin ( )
or, more precisely, by
eini ©0 —V,) - O(E; i — Enin
TS(97 Emin) = ZZJEH72>] ( j) ( . ) (513)

<Zm,n€H,m>n @(0 - Wmn) ' G(Em,n - Emin)>bg ’

where F; is the reconstructed muon energy of event i (see [122] for details on the energy
reconstruction), which is a lower bound of the primary neutrino energy and E; ; =
min(£;, Ej). The pairs of events ¢ and j inside the hemisphere, H, are counted, with ©
being the Heaviside function. The background expectation enters in the denominator
and is obtained by averaging over a large number of pseudo-experiments using a uniform
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Figure 5.9.: Sketch of the autocorrelation method and counting pairs algorithm. The dotted
lines represent counted pairs with four different 6 bins symbolized by the colors green, blue
red and orange, going from the largest 6 to the smallest [148].

right ascension distribution. FE,,;, is the minimum energy defining each energy bin.
From this pseudo-experiments on pure background a range of probabilities Pp, for the
number of pairs in every energy- and 6-bin is acquired. The probability P(0, Eyi,) of
finding an excess over random background is then given by

P 0 Emm Z PBg mzn7 - ]- - Z PBg mznu ) (514)
n= ’I’Lp
with n, being the number of pairs obtained in a measurement. The minimum of
P(0, Enin) is called the strongest potential clustering signal.

GPU Implementation

The evaluation of the clustering function and thus, the calculation of distances of
these events and the execution time scales with the order O(n?). A sketch of the
autocorrelation method in counting pairs is shown in Fig. [5.9] In future applications
will be a need for more statistics, which could lead to problems with the CPU time
and the limited computing resources. In order to avoid these problems, a GPU-based
version of the 2-pt method was developed in collaboration with a Bachelor work [148].
For that a 2-year data sample of IC79 and IC86 data was used.

The method of the 2-pt is highly suitable for a GPU-version, since individual operations
can be executed separately and the access to the memory is predictable and linear. In
parallelizing the outer loop, N threads can be started in parallel, while iterating over
the sum of events. All data, as the specific angles can be kept in the local registers of
the threads. Additionally, a method for copying the necessary data to and from the
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5. Data Sample and Statistical Methods from Point Source Searches

Original Zenith sorting Improved Binning Pre-computing

CPU 1530 324 292 22
GPU 45 3.5 2.9 0.7

Table 5.3.: Overview of the execution times in seconds for one trial of the 2-pt for CPU
and GPU versions. The different code optimizations lead to an even further increase in
speed [148].

GPU machine was developed. Comparing a single 3.3 GHz Intel Ivy Bridge CPU to
a nVidia Geforce GTX Titan, this approach yields a speed advantage of 70x, bringing
the execution for one trial time down to 22 seconds from an original 25 minutes, see
Tab. The results in CPU and GPU machines are slightly different, due to rounding
effects and effects in the implementation of the trigonometric functions. However, this
effect is in the order of 107 and marginal. Furthermore, different improvements in
the code have been carried out, to increase the execution time even further. As an
example, the pre-computing of the trigonometric functions leads to a speed-up of ~6x.
An improved binning and a sorting in zenith are additional improvements. A detailed
description can be found in [148].

5.4 Energy-Weighted Multi Point Source Analysis

The Multi Point Source (MPS) Analysis was first developed in 2009 [149] and is based
on the evaluation of the spatial event pattern in a certain search region, using again
the 2-pt clustering function. It was developed to search for multiple (neutrino) sources
inside a specific search region that is larger than the angular resolution of the detector.
It was applied to IceCube data in [150] to search for astrophysical neutrinos inside the
Cygnus region. Since astrophysical neutrinos are often expected to have harder spectra
than the atmospheric neutrino background, the method has now been extended to
include energy-weights [151] and is called energy-weighted multi point source analysis
(eMPS).

With ¥;; being defined as the spatial distance between two events ¢ and j the test statis-
tic of the eMPS is defined correspondingly to the 2-pt as a function of the clustering

scale 6 by
obs. weighted no. pairs with ¥ < ¢

TS(0) = 1
S() avg. weighted no. bg. pairs with ¥ < 6§’ (5.15)
and more precisely by
; esizi W(E;) - W(E;) -0 — ¥,
TS(Q) _ ZzGP Z]GS,Z#] ( ) ( ]) ( J) (516)

<Zm€P ZnES,myén W(‘Em) ’ W(En) ' 6(6 - \Ijmn»bg '

Here, P is the set of events ¢ that are inside the search region, while S is the set
of all events j, located anywhere. Thus, only event pairs with at least one event

60



5.5. Self-Triggered Flare Search

inside the search region are counted. The background expectation (...), enters in the
denominator and is obtained by averaging over a large number of pseudo-experiments
performed on background-only data, with © being the Heaviside function. W (E;) is
the energy weight for event 7.

The energy weights W (E;) are obtained from the pdf P(E) of the reconstructed energies
in the background by using the probability to observe an event with equal or higher
energy in the background. W (E;) is given by

W(E) =1— /OOP(E)dE — /OE P(E)dE. (5.17)

E;
In taking the energy weights from distributions of data, they are independent from
specific signal models and hold down the systematics in the test. Events with higher
energies get larger weights, while events with lower energies get lower weights. This
ensures the benefit of the test from events with energies above the average atmospheric
background.
The test is sensitive to any neutrino emission in the tested area, which can be a small
number of point sources as well as some extended sources. Also, an additional diffuse
component, which could emerge from neutrinos interacting with matter inside the
search region, could be a potential source scenario.

5.5 Self-Triggered Flare Search

The self-triggered flare search is an advancement of the eMPS search and was developed
in the light of the first measurements of astrophysical neutrinos in the High Energy
Starting Events (HESE) Analysis. It is designed to search for flaring point sources, that
can be attributed to the events found in the HESE search. For that, different event
selections are combined in taking the HESE events as a trigger for the point source
sample and search for an excess in time and in space in coincidence to the HESE events.
As a base, the eMPS method is used and extended by a search for time clustering and
a stacking approach in evaluating the cumulative signal of several HESE events. With
T being defined as the time of a point source event and AT the flare interval around
the time of a HESE event k and ¥;; being again defined as the spatial distance between
two events 7 and j, the test statistic can be defined as

obs. weighted no. pairs with ¥ < 6,7 < At

TS0, 1) =
(6:7) avg. weighted no. bg. pairs with ¥ < 0,7 < At’

(5.18)

and more precisely by

Yker 2icp 2jesiz WI(E:) - W(E;) - ©(0 — Wy5) - O(A1p — 73 5)

TS0,7)= .
( ’T) <ZkeR ZmGP Znes,myén W(Em) ' W(En) ’ @(9 - \I/mn) ’ @(ATk - Tm,n»bg

Here, R is the set of HESE events used as a trigger in the search, while P is the set of
point source events inside the search region, and S is the set of all events. Again, the
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5. Data Sample and Statistical Methods from Point Source Searches

background expectation (...),, enters in the denominator and is obtained by averaging
over a large number of pseudo-experiments performed on background-only data, with
© being the Heaviside function. The energy weights W (FE;) are obtained as described
above.

5.6 Methods in Evaluating the Significance

In order to estimate the significance of an analysis and to be able to do comparisons to
other analyses and collaborations, different statistical methods are commonly applied.
The two most important concepts here are the sensitivity and the discovery potential,
outlined in the following sections.

5.6.1 Discovery Potential

The discovery potential gives, as the name reveals, the probability of a discovery with
respect to the null hypothesis. In the case of autocorrelation functions it evaluates the
test statistic of isotropic background and the test statistic of different signal hypotheses
introducing an event clustering. It is defined as the required number of signal neutrinos,
where 50% of the cases give a 5o deviation from the observed background. The
50 deviation corresponds to a quantile of 2.87 - 107 of the background distribution.
Applying the solid-angle-averaged effective area (Az(E) - see section of the
detector for the different samples, the resulting discovery potential in terms of ng, can
be converted to fluxes. This is done using

Ev% — Msig

= = , (5.19)
dE 7 [dE Ag(E)E—
0
where ng, is the number of signal neutrinos fixed by the signal parameters with the
number of sources Ng,,, the sources strength u, the spectral index v and Ty, is the
detector uptime.

5.6.2 Sensitivity

The sensitivity defines the amount of signal needed to shift the median of the test
statistic beyond the 90 %-quantile of the background distribution. It corresponds to a
o value of 0 = 1.29 and can be converted into fluxes, correspondingly to the discovery
potential, using Eq. [5.19] The smaller the amount of signal events needed, the more
sensitive is an analysis and can in this way be compared to other analyses.

IceCube has completed different point source searches, including an energy-dependent
likelihood point source search scanning the full sky [18, [139], as well as searches for
flaring and periodic neutrino emission [19]. Additionally there are searches for diffuse
neutrino emission looking for deviations in the two dimensional distribution of energy
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and zenith angle [20]. Point source searches are most sensitive for finding individual
sources of astrophysical neutrinos among the background of atmospheric events (neu-
trinos and muons from cosmic ray interactions at Earth). Diffuse searches, on the
other hand, are most sensitive for detecting within this background the presence of
high-energy astrophysical neutrinos throughout the sky, without identifying individual
sources. In between these two scenarios is the possibility that many weak sources ex-
ist. These could contribute to the detected diffuse signal and create a small number
of events clustering on the background event distribution, while the individual clusters
remain too weak to be detected by the point source searches.

In the following chapters several searches for such a small-scale clustering using auto-
correlation functions are presented. Chapter [f] describes a generic allsky search using
a 2-pt correlation function including a specific search on higher energies. The second
search aims at the Cygnus region (see Chapter [7)) and uses the eMPS method. The
third analysis extends the eMPS method in triggering with the positions and times of
the HESE events and is discussed in Chapter [§
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Analyses using a Two-Point
Correlation Function

As described in Sec. the 2-pt correlation function aims on the detection of many
weak sources with unknown energy spectra. This chapter describes two autocorrelation
tests, the first one applied on a 3-year data sample on the full sky, while the second
test is a refinement on high energies and investigates the 100 highest energetic events
in the IC79 sample.

6.1 All-Sky Two-Point Correlation Search

In this analysis the angular scale 6 is varied from 0° to 5° using a step size of 0.25°. In
addition, four energy bins are used, that contain: all events, the 10%, 1% and 0.1 %
of the most energetic events observed in data, in order to have a better background
suppression. The 0.1 % sample for the northern hemisphere, for example, contains
only the 100 highest-energy events. By using different energy thresholds, the discovery
potential for high energy signals is improved while the sensitivity to sources with soft
energy spectra is retained. By varying the step size, the scan itself can determine the
best energy and # binnings that maximize the signal [145].

The autocorrelation analysis is performed on a three year datasample, consisting of
1C40, IC59 and IC79 data, see Sec. [5.1.6] which is divided into the northern and
southern hemisphere at a declination of 0°. The reconstruction methods used are the
MPE for the angular reconstruction and MuE as energy estimator, see Sec. for
details. In the data sample of the northern hemisphere, events have neutrino energies
between 240 GeV and 1.2 PeV. For the 10 % sample, the lower energy bound increases
to 6.3 TeV, while for the 1% and 0.1 % samples the lower threshold is 31.6 TeV and
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Data Sample fraction lower threshold upper threshold

northern hemisphere 100 % 240 GeV 1.2 PeV
10 % 6.3 TeV 1.2 PeV

1 % 31.6 TeV 1.2 PeV

0.1% 120 TeV 1.2 PeV

southern hemisphere 100 % 490 GeV 8 PeV
10 % 630 TeV 8 PeV

1 % 1.3 PeV 8 PeV

0.1% 2.7 PeV 8 PeV

Table 6.1.: Ranges of the neutrino energies for the two hemipsheres and the four different
energy samples.

120 TeV, respectively [122], illustrated in Tab. . For the southern hemisphere, the
energies range from 490 GeV to 8 PeV. For the 10 % sample this range increases to 630
TeV and for the 1% and 0.1 % samples the lower threshold lies at 1.3 PeV and 2.7 PeV.
Using toy MC simulations, pure atmospheric background sky maps, sky maps of pure
point source signal and mixed sky maps are generated. These pseudo-experiments
are used to develop the analysis method and to quantify the analysis performance
(discovery potential). The generation of signal and background neutrinos is described
in the following.

6.1.1 Background Estimation

Since atmospheric background events are expected to be isotropic, they can be used
as a base for the background generation. Due to IceCube’s location at the South Pole
and the Earth’s rotation the resulting right ascension acceptance is approximately
uniform and can therefore be filled with randomly generated values. Repeating this
process of randomization many times is called scrambling. However, the declination
acceptance is not uniform (see Fig. and needs to be kept as measured in data. The
background test statistics is generated by performing over 20 000 pseudo-experiments
on data using a uniform right ascension distribution. Since the production of more
than 107 pseudo-experiments sufficient for the calculation of the discovery potential is
too CPU-consuming, the data gets fit with two different distributions. The two highest
energy bins, which contain the 1% and 0.1 % of the events with the highest energy are
fit with a Gamma distribution, while the two lowest energy bin, containing all events
and the 10 % of events with the highest energy are fit with a Gaussian. An example for
the two different Fits used in the analysis, is shown in Fig. for the 10 % energy
bin using Gaussian Function and in Fig. in the 0.1 % energy bin using a Gamma
Function. Both show an angular scale of § = 0.25°. Using this data driven approach,
no additional systematic effects due to Monte-Carlo simulation are introduced. The
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Figure 6.1.: Example for the Fits used in the extrapolation of the background. (a) TS
averaged over the background expectation with a Gaussian Fit (blue) in the 10 % energy bin.
(b) Background TS fitted with a Gamma Function (red). Both show an angular scale of
6 = 0.25°.

background test statistic can then be used to evaluate the significance of the test using
different signal simulations.

6.1.2 Signal Simulation

For the signal simulation, maps containing simulated signal, e.g. distributions of point
sources are produced. The signal maps depend on three parameters defining the sig-
nal: the mean number of neutrinos per source (i), the number of sources (Ngo,) in
the sky (for the corresponding hemisphere) and the spectral index () of the signal
energy spectrum. In this analysis three different energy spectra of candidate neutrinos
are investigated, a £72, E=2% and E~3 spectrum. The choice of spectra is mainly
motivated by Fermi acceleration [134] and is assumed to follow a power law of E with
different spectral indices (y). Additionally, the number of sources (Ng,) is varied
between one and several hundred sources with respect to the wide range of possible
source candidates.

A signal skymap depending on the specific energy spectrum and the number of sources
and signal events can be generated by applying the following steps:

1. The true source position is determined by randomly choosing its declination and
right ascension.

2. Assign a random number of events produced by each source. This is taken from
a Poisson distribution with a mean source strength of .
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Figure 6.2.: Declination distribution ¢ for (a) different energy spectra and (b) different
energy bins of an E~2 spectrum used as detector acceptance for the signal simulation. All
histograms are obtained from MC simulation of isotropic signal events.

3. Distribute the signal events around the true source position according to the PSF
of the specified energy spectrum, see Sec. to take the detector’s angular
resolution into account.

4. Spread the signal events over the hemisphere, considering the detector’s declination-
dependent acceptance. This acceptance is derived from simulations, taking the
normalized MC declination distribution for the specified energy spectrum. In
using a hit-and-miss procedure [152], each generated event is rejected from or
accepted to the simulated skymap, following the detector acceptance.

The expected number of neutrinos per source (peg) in the simulated map depends then
on Poissonian fluctuations and the declination of the source, such that p.g is given by
the product of pu and the detector acceptance at the source’s declination. In a next
step, the simulated signal maps are inserted into the background maps, while for each
inserted signal events on background events gets erased. This ensures, that the total
number of events, ny, is fixed to the experimental dataset.

The declination-dependent detector acceptance, as obtained from MC simulation, is
shown in Fig. for £72, £=225 and E3 energy spectra. Additionally, the de-
tector acceptance for the top 10%, 1% and 0.1% high-energy events of an E~2 energy
spectrum is shown in Fig. For the northern hemisphere, the expected neutrino
flux from the pole region decreases at high energies which is due to the Earth’s declining
transparency to neutrinos. Therefore, for hard energy spectra and the highest-energy
bins the signal is dominated by the horizon region, while for soft energy spectra and
low-energy bins, the expected number of signal neutrinos from an isotropic signal is
largely the same at all declinations. In addition, the declination-acceptance is in-
fluenced by declination-dependent cuts, applied to the data sample in [18]. In the
southern hemisphere, the detector acceptance is comparatively much smaller due to
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Figure 6.3.: Distribution of the 274 SNRs of the Green catalogue used in the Galactic Plane
scenario in galactic coordinates.

strong cuts applied in [18] to reduce the atmospheric muon background. The observed
smooth transition is due to the decrease of atmospheric muons at the horizon and the
corresponding increase in signal efficiency.

In this analysis two different signal scenarios are simulated:

e a uniform distribution of sources on the hemisphere
e a distribution of sources following the Galactic Plane

The first signal model considered here contains sources with equal strength and a
uniform distribution in the northern or southern sky. The second scenario is a spatial
distribution according to the Green catalogue [153] of SNRs in the Milky Way, and
contains 274 SNRs, as illustrated in Fig. [6.3] Thus, sources are distributed according
to randomly chosen positions of SNRs of the catalogue and can vary from 50 to 200
sources. Since the sources are distributed only inside the Galactic Plane, this scenario
exhibits a larger clustering between the sources compared to the first one.

6.1.3 Application to the Data: Discovery Potential

The test statistic for background and signal can be evaluated for each 6 and energy bin
separately. Figure shows the distribution of the test statistic for the background
events and the fit with a Gaussian for a clustering scale of 0.25° and in the energy bin
containing 1 % of the data. Two signal scenarios, with a uniform distribution of sources
in the northern sky, are also shown. The fit describes the data well and the signal is
clearly distinguishable from the background expectation.

In order to evaluate which energy and theta bin is the most sensitive for the different
spectra, the best clustering bin is estimated. This is done in counting for each trial how
often the global p-value falls into the specific energy and € bin and is shown in Fig. [6.5]
It shows the best clustering bin for a E~2 spectrum and E—2 - e?/107¢V gpectrum, as a
function of 6 and the energy bins for the northern hemisphere. The colour bar displays
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Figure 6.4.: Example test statistic for the autocorrelation analysis, showing the observed
number of pairs for simulated data sets with and without signal. The case for the angular
scale § = 0.25° and the energy bin that contains the 1% highest energy events is shown.
The randomized data is fitted with a Gaussian and two signal scenarios with a uniform
distribution of E~2 sources in the northern sky are shown. For Ng,, = 50, the mean number
of neutrinos per source p was adjusted until the total number of signal events added to the
full data sample (and replacing randomized data events at the corresponding declinations)
was Ngig = 750. Similarly for Ngo, = 100, the example shown was constructed by adjusting p
per source until the number of signal events inserted in the full data sample was ngj = 1500
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Figure 6.5.: Best clustering bin for a (a) E~2 spectrum and (b) E~2 - £/107¢V gpectrum

as a function of 6 and the energy bins for the northern hemisphere. The colour bar displays
the entries of global p-values in each bin.
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6.1. All-Sky Two-Point Correlation Search

the entries of global p-values in each bin. For a rather hard £~2 spectrum the most
sensitive bin is in the 1% energy bin at small # angles. For a spectrum with exponential
cutoff the clustering takes mainly place in the 100% energy bin. These plots show, that
the sensitivity of the analysis is not dependent on the spectrum of the possible sources,
but could help in the interpretation of a potential signal. The best clustering bin for
the southern hemisphere can be found in Fig. of the appendix.

The discovery potential is estimated as described in Sec. [6.1.3] in varying the number
of signal events for different number of sources and comparing to the test statistic
distribution for the background. Furthermore, the thresholds for the energy bins are
re-calculated in order to keep the number of events fixed in every energy bin. The
number of signal neutrinos can then be converted into fluxes using Eq In each
simulation of a given number of sources, the sources were simulated with the same
individual source strength p. The discovery potential includes also the correction for
trial factors that come from testing different angular scales 6 and different energy
thresholds Ey,,. This is done using Pyopar = 1 — (1 — Pioear) Vriats=80 with Py as the
best p-value in each one of the 80 bins, Py as the final trial-corrected p-value of
each trial and Ny.qs = 80 as the trial factor incurred in scanning the 80 bins. Since
the bins are mainly correlated, the effective trial factor is somehow lower, in the order
of ~25.

The 50 discovery significance for the analysis is shown in Fig. and Fig. [6.6(b)]
for the northern and southern hemisphere, respectively, assuming an E~2 neutrino
spectrum and a uniform source distribution. The significances are compared to the
discovery flux of the time-integrated point source likelihood search [18] averaged for
each hemisphere, a multipole analysis [21] and to the recently found diffuse flux of
astrophysical sources [16]. This is achieved by evaluating the best fit astrophysical
flux for each spectral index which is converted into a flux per source by dividing the
diffuse flux by the number of sources, assuming sources of equal flux at Earth. One
should note that the point source discovery flux is shown for a single source and does
not include trial factors for searching many locations which, over the whole sky, would
increase the discovery flux by a factor of 2. For a E~2 spectrum, and more than ~ 20
sources on the northern sky, the autocorrelation analysis is able to identify a signal
that the point source likelihood search would not observe, while for the multipole
analysis this is the case for more than ~ 45 sources. The large difference between
these two analyses is due to the hard energy spectrum, which is easier to extract with
the autocorrelation analysis since it uses energy as an additional observable. For the
southern hemisphere, the autocorrelation analysis is performing better than the point
source likelihood analysis for more than ~ 10 sources, while the multipole analysis is
not shown, because it was only performed on the northern hemisphere.

Additionally, the 50 discovery flux assuming a E~2 energy spectrum and a galactic
source distribution is shown in Fig. and Fig. for the northern and south-
ern hemisphere, respectively. As described above, it is also compared to the average
discovery flux of the point source likelihood search.

In Fig. the 50 discovery flux for a £~3 neutrino spectrum with uniformly dis-
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6. Analyses using a Two-Point Correlation Function

tributed sources is shown and compared to the discovery flux of the point source like-
lihood search for that spectrum. Above ~ 20 sources, the autocorrelation analysis
performs better than the point source likelihood analysis. For this energy spectrum,
the discovery potential of both, the autocorrelation and the multipole analysis is simi-
lar, since the energy observable that is used by the autocorrelation analysis carries only
little separation power between astrophysical and atmospheric neutrinos. Figure|6.8(b)
illustrates the discovery flux for sources with a £~22° neutrino spectrum for uniformly
distributed sources. Again, the performance of the 2-pt analysis and the multipole
analysis is similar, while a discovery potential for the point source likelihood analysis
is not available.

6.1.4 Results

The autocorrelation test was applied to the presented data sample of the 1C40, IC59
and IC79 configurations. In Fig. [6.9) the observed number of pairs for the northern
hemisphere are shown as a function of the clustering scale § and compared to the
background expectation. For the lower energy bins and therefore high statistics the
observed number of pairs follows very closely the background expectation, while for the
highest energy bin, an underfluctuation is visible. This is due to the limited statistic
in the last energy bin. The same plots are shown for the southern hemisphere in
Fig.[6.10] Since the data sample contains more events in the southern part of the sky,
the fluctuations for the highest energy bin are smaller.

The ratios of the observed number of pairs and the background expectation of this
analysis are shown in Fig. for the northern hemisphere and Fig. for the
southern hemisphere. In both hemispheres fewer pairs than expected were observed
and a small underfluctuation is visible. The background distribution is used for the
evaluation of the local p-values. The best pre-trial p-values are 0.16 for the northern and
0.055 for the southern hemisphere. Taking the trials for the different angular and energy
bins into account results in a post-trial p-value of 0.84 for the northern hemisphere and
0.73 for the southern hemisphere. All results are consistent with fluctuations of the
background.

6.1.5 Neutrino Upper Limits

From the results obtained, upper limits on the neutrino flux for the northern and
southern hemisphere can be derived. The calculations for these limits at the 90%
confidence level are based on the classical (frequentist) approach [154]. Using Eq. ,
the experimental value of the test statistic for the analyses can be converted into upper
limits on ng, and thus on the physical flux normalizations (®o = E?9%) for different
spectral indices (y). Since the full clustering function is used in the calculation, the
limits also need to be corrected for trials. This is done in the same way as for the
discovery potential. The resulting limits on the flux normalization for the northern
hemisphere and uniformly distributed E~2 neutrino sources are shown in Fig. .
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6.2. Comparison to the HESE Flux

For comparison, additional lines are drawn for the limit of the point source likelihood
analysis [1§], the multipole analysis [21] and for the converted flux of the HESE analysis.
The average upper limit of the point source likelihood analysis is 2.7-107°GeV /ecm 257!,
Figure [6.6(b)| shows the limit for the southern hemisphere and uniformly distributed
E~2 neutrino sources for the autocorrelation analysis. Again, the limit for the point
source likelihood analysis and the converted HESE flux are shown for comparison and
the average upper limits of the point source likelihood analysis is 5.5-107°GeV /em 2571,
In Fig. [6.7(a)] and Fig. [6.7(b)} the limits are shown for the northern and southern
hemisphere for a E~2 neutrino spectrum in the galactic plane scenario. Both are
compared to the converted HESE flux and the limits from the point source likelihood
analysis.

In Fig. and Fig. , the limits of the analysis are shown for a E~3 and a
E=2% gpectrum, respectively. They are compared to the converted HESE flux, the
multipole analysis and to the limit of the point source likelihood analysis for E=3,
while for 2% no limit from the point source likelihood analysis is available. The
E~2% spectrum is motivated by the HESE best fit of the spectral index.

6.2 Comparison to the HESE Flux

For a fit of an E~2 spectrum to the HESE data, the analysis is not able to detect the
underlying source population except in the case that it consists of very few sources (the
scenario for a detection in the previous point source likelihood searches). However, for
fits of softer spectral indices to the HESE data like E=3 or E=%2% there are a range
of source populations compatible with the HESE flux that could be detected by the
autocorrelation analysis, but not by the point source likelihood analysis. For all tested
signal hypotheses, the declination-dependent detector acceptance was correctly taken
into account. However, it should be noted that in case of a non-isotropic signal, the
given discovery potential is not valid since different declinations contribute differently
to the total significances (s. Fig. . Additionally, large-scale structures in the source
distribution would increase the clustering of events, allowing both methods to detect
even smaller fluxes. Thus, the sensitivity depends strongly on the source distribution
and can not simply be applied to model predictions.

6.3 Two-Point IC79 High Energy Study

This search is motivated by the stronger evidence for an astrophysical excess among
the very highest energy events in the upgoing muon neutrino data of IC79. The 2-pt
study presented above still has more than 100 events in the highest energy bin and
could not have seen any clustering in this energy regime. In order to study the high
energy events in more detail an additional test (2-pt HE) for the 100 most energetic
events in the IC79 data sample was performed. A smaller energy binning in steps of
10 events is applied up to the most energetic 10 events observed in this sample, while
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6. Analyses using a Two-Point Correlation Function

Event 1 Event 2

RA [] 285.68  287.15
Dec [°] 3.1 3.6
Energy [log,,(GeV)] 5.507 5.59

Table 6.2.: Results of the high energy autocorrelation test in IC79 data. The best p-value
was found at 1.75° in the 10 events energy bin showing one pair. The properties of the two
events are shown.

the binning in € stays the same. The background production and signal simulation is
done in the same way as described above. Since the number of events and therefore the
execution time for the background scrambling is low, 107 trials can easily be produced
and no fitting functions are needed.

6.3.1 Results

The results of the additional high energy test of IC79 data only are shown in Fig. [6.13
as a function of the clustering scale 6 and the energy bins. The best pre-trial p-value
results in 0.035, one pair with a distance of 1.57° inside the 10 events energy bin.
After taking the trial correction into account this turns into a post-trial p-value of
0.38. The pair of events has reconstructed parameters (right ascension, declination)
of (285.7°,43.1°) and (287.2°,4-3.6°), see Tab. The result is consistent with back-
ground fluctuations. Figure [6.14] shows the event views of the obtained pair inside the
IceCube detector. The colour indicates the time, going from green to blue, while the
size of the spheres illustrates the deposited charge.

6.4 Discussion

A 2-pt correlation function was applied to a three-year datasample. The results of
this search are consistent with background expectations with a small underfluctuation.
Depending on the number of assumed sources, the resulting upper limits range from
107® GeV/em?s™! for one source to 1079 GeV/cm?s™! for 200 E~2 neutrino sources
in the northern hemisphere. Limits were also set for other assumed energy spectra,
including £~2 and E£~2%° in the northern hemisphere. Since the analysis uses a data-
driven background estimation is more robust against systematic uncertainties than
estimations from MC simulations.

Considering the astrophysical flux previously observed in IceCube [16], a small number
(< 10) of isotropically distributed sources in the northern hemisphere of very hard
energy spectra, like =2 is excluded as it was by former IceCube analyses [18]. For
softer energy spectra, the analysis presented here disfavours the observed flux to come
from less than ~ 20 sources for £72?° and from less than ~ 5000 sources for £3.
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6.4. Discussion

Additionally, for sources distributed along the galactic plane in the northern hemisphere
the autocorrelation limit is close to the flux predicted by HESE. In the southern hemi-
sphere, the data sample contains predominantly atmospheric muons from cosmic ray
air showers above the detector. Due to this background the autocorrelation analysis
is not sensitive to a population of sources at the HESE flux level. For all these tests,
the sources are assumed to have the same flux at Earth, since the true spatial flux
distribution is not known for the observed astrophysical flux. For hard energy spectra,
the 2-pt correlation analysis is more sensitive than the multipole analysis since it uses
the energy information as an additional variable.

In addition a 2-pt analysis is applied to the 100 most energetic events in the 1C79
sample to study the highest energetic events in more detail. The results yielded one
high-energetic pair of events just above the horizon. However, the p-value for this
observation is not significant.
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Figure 6.6.: Discovery potential and upper limits for uniform E~2 neutrino sources for the
autocorrelation analysis and the multipole analysis (a) on the northern hemisphere and (b)
on the southern hemisphere. They are compared to the discovery potential of the point source
search [18]. The yellow band corresponds to the converted flux of the HESE analysis [16].
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Figure 6.7.: (a) The discovery potential and the upper limits for £~2 neutrino sources,
distributed in the galactic plane with the autocorrelation analysis (a) for the northern hemi-
sphere and (b) for the southern hemisphere. They are compared to the discovery potential
of the point source search [18§].
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Figure 6.8.: (a) The discovery potential and upper limits (a) for E~3 neutrino sources and
(b) for E~2-?% neutrino sources with the autocorrelation analysis and the multipole analysis
for the northern hemisphere. They are compared to the discovery potential and the upper
limit of the point source search |18]. Additionally, the converted flux from the HESE analysis
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Figure 6.9.: Result for the 2-pt analysis for the northern hemisphere as a function of the
clustering scale 6. The black points refer to the observed number of pairs, while the black
line represents the average number of background pairs.
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Figure 6.10.: Result for the 2-pt analysis for the southern hemisphere as a function of the
clustering scale 6. The black points refer to the observed number of pairs, while the black
line represents the average number of background pairs.
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Figure 6.11.: Results for the 2-pt analysis on the northern hemisphere. In each plot, the
upper panel shows the ratio of the number of observed pairs and the average number of
background pairs, with the +10 and -1 o (light blue), as well as the +20 and -20 (dark blue)
contours as a function of the clustering scale . The lower panel shows the probability before
trials. The best p-value for the northern hemisphere is 0.16 and is found at # < 4° in the
highest-energy 10 % selection. The final p-value after correcting for trials is 0.84.
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Southern Hemisphere
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Figure 6.12.: Results for the 2-pt analysis for the southern hemisphere. For each plot,
the upper panel shows the ratio of the number of observed pairs and the average number
of background pairs, with the +10 and -1o (light blue), as well as the +20 and -20 (dark
blue) contours for the clustering scale §. The lower panel shows the probability before trials.
The best p-value for the southern hemisphere is 0.055 and is found at 6 < 4.75° in the
highest-energy 1 % selection. The final p-value after correcting for trials is 0.73.
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Figure 6.13.: Results of the additional high energy test of IC79 data. Shown are the pre-
trial p-values as a function of the clustering scale 6 and the number of highest energy events.

The best pre-trial p-value of 0.035 is found at a distance of 1.57° inside the 10 events energy
bin.

Event 116564/25546078-0 Event 116883/17395151-0
Time 2010-09-22 20:58:48 UTC Time 2010-11-13 14:23:15 UTC
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(a) Event 1 (b) Event 2
Figure 6.14.: Event views of the pair of events found in the IC79 High Energy Study. The

colour indicates the time, going from green to blue, while the size of the spheres illustrates
the deposited charge.
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Energy-Weighted Multi Point Source
Analysis of the Cygnus Region

The energy-weighted Multi Point Source (eMPS) method is an important addition to
the standard search methods. It is applied to a 7° x 11° region of the Galactic Plane,
which includes the most active parts of the Cygnus region. The method, as described
in Sec. aims to detect spatial clustering of events inside the region, in considering
the energy of each event. It is sensitive not only to point sources, but also extended
sources and can detect a possibly additional diffuse emission inside the region. The
Cygnus region as a possible source for cosmic ray acceleration is motivated in detail in
Sec. 2.4.1] The search was already performed several times on IceCube data. While
in 1C22 + AMANDA data [149] an overfluctuation of 2.3 ¢ was observed, a strong
underfluctuation of more than —1 ¢ was visible in IC40+AMANDA data [150] and in
IC40+IC59+IC79 data [151]. This provided interest in performing the test on a even
more sensitive 4-year datasample, consisting of IC404+IC59+I1C79Spline+IC86 data.
The tested region stayed the same, covering an area of 72° to 83° in galactic longitude
and —3° to 4° in galactic latitude, as indicated in Fig. [7.]] with an orange square. The
angular scale goes from 0° to 5°, using a step size of 0.25°. The final p-value is obtained
by taking the smallest observed p-value in any of the #-bins, which gets corrected for
the trials incurred by testing multiple values of 6. Since the test statistic is cumulative,
the bins are highly correlated and the effective number of trials is less than the number
of bins.
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Figure 7.1.: Diffuse emission and point sources in the Cygnus region measured by EGRET.
The orange square represents the search area for the eMPS. Picture taken from [155]

- signal spectrum: E?
0.003 TS

C —— 3 sources

- —— 1 source
n 0.0025- 1} ... 3 sources, sigma=2
Job) N 1 source, sigma=2
= 0.002
o= C
o -
E' 0.0015F
S 2
< 0.001—

0.0005F
OO — s .

Figure 7.2.: Test statistic for background (black) and different signal models with 6 = 0.25°
considering a E£~2 neutrino spectrum. The blue line indicates one additional point source,
the orange line three point sources. The dashed blue and orange lines show the test statistic
for one and three extended sources with a width of o = 2.
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Figure 7.3.: (a) Preferred clustering bin for different number of point (straight) and extended
(dashed) sources for a E~2 spectrum. (b) Preferred clustering bin for point sources for a £ 2
spectrum with different cutoffs.

7.1 Application to the Data: Discovery Potential

The eMPS was applied to the 4-year datasample in performing 107 pseudo-experiments
on randomized experimental data from the same declination band as the search region.
The randomization is done in assigning a random right ascension to each event, while
the declination and energy are taken from data. The event energy weights W (FE;) are
derived from the observed data. In dividing the data into five declination bands, the
energy-dependence of the background is ensured.

Figure shows the test statistic for background and different signal models with 6§ =
0.25° considering a E~2 neutrino spectrum. The blue line represent one additional point
source, while the orange line indicates three injected point sources. The dashed blue
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Figure 7.4.: Distribution of scrambled trials including an exponential fit for small p-values.
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Figure 7.5.: (a) Discovery potential as a function of the number of point sources in the
search region for a £~2 neutrino energy spectrum. For comparison the eMPS analysis on the
three year data sample (blue) and the average discovery flux of the four year point source
search (orange) are shown. (b) Discovery potential as a function of an additional exponential
cutoff (e#/7¢V) in the E~2 neutrino energy spectrum for one (black) and five (blue) sources.
The dashed lines show the discovery potential without energy weights.

and orange lines show the test statistic for one and three extended sources with a width
of o = 2, respectively. For point sources the best clustering is seen at small clustering
scales, while for extended sources the effect increases on larger scales. Additional
material showing the best clustering bins for different numbers of sources and additional
diffuse events can be found in Fig. of the appendix.

For evaluating the best clustering bin, i.e. the bin that is most sensitive to a certain
signal scenario, it is counted for each trial, how often the global p-value falls into the
specific # bin. This is shown in Fig. for different number of point and extended
sources for a £=2 spectrum. It can be seen that for point sources smaller 6 bins are
preferred, while for extended sources the peak is shifting to larger values of 6. In
Fig. the same distribution is shown for a E=2 - e®/T¢V spectrum with different
exponential energy cutoffs in TeV. For an unbroken E~2 spectrum and high cutoffs
the clustering favours again small values of 6, while for softer spectra the larger 6
are preferred. This shows that the analysis is sensitive to all kind of spectra and can
simplify the interpretation of a possible signal.

The correction for trials in the analysis is done via the scrambled trials approach. For
that, the probability of obtaining a p-value larger than the p-value from the distribu-
tion of p-values from 107 pseudo-experiments on background-only data is evaluated.
However, for the estimation of the discovery potential p-values in the order ~ 10~7
are needed. To avoid problems with the low statistics at that level, a fit is applied
to the data, as can be seen on Fig. [[.4 With this construction the trial-correction
can be done. Instead of correcting each p-value itself, the probability value for the
5o discovery potential (107%5) is corrected once to 1077% and used in each discovery
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potential calculation.

The 5 ¢ discovery potential for the eMPS is calculated correspondingly to the 2-pt, as
described in Sec. . Figure shows the discovery potential as a function of
the number of neutrino point sources inside the search region. It is compared to the
discovery flux of the three year eMPS analysis and the average discovery flux of the
standard point source search in the same datasample. As expected, the discovery flux
per source decreases with the number of sources inside the region. The improvement
with respect to the three year analysis lies at ~20% and more than 45% compared to
the original MPS. At three sources the discovery flux of the eMPS crosses the average
discovery flux in that declination band of the standard point source search. However,
the discovery fluxes for the eMPS are fully corrected for the trials, while the point
source search is not corrected for trials, induced by testing a grid of locations on the
whole northern hemisphere. Since there was no significant result obtained from the
standard point source search, it excludes that the analysis of the Cygnus region observes
a single £~2 source at a flux of 1.2-1078GeVem 2571, Since the eMPS is also sensitive
to multiple point or extended sources or even diffuse emission, it is able to identify
neutrino signal that the standard point source search can not detect.

In Fig. the discovery potential of the eMPS is shown as a function of an additional
exponential energy cutoff in the E~2 neutrino energy spectrum for one and five point
sources. All sources were simulated with the same strength. The filled points show
the additional improvement in using energy weights, while the open points do not
use any energy-weighting. Up to a cutoff of ~5TeV, the energy weighting improves
the sensitivity, only for very soft spectra the discovery potential without weighting
gets better. Accordingly, the discovery potential for five point sources is better than
for only one injected source. Supplementary scenarios of the discovery potential for
different source extensions and additional diffuse events were tested and can be found
in the appendix, see Fig. [A.3]

7.2 Results

The eMPS was applied on the four year dataset. The best p-value of 0.68 was found
in § < 4.75°. After trial correction the final p-value results in 0.72. The results are
shown in Fig. as a function of the clustering scale . The upper panel shows the
ratio of the number of observed pairs and the average number of background pairs,
together with the +10 and -10, as well as the +20 and -20 contours. The lower panel
shows the probability before trial correction. Less events than expected have been
observed in this region, meaning that the events are less clustered than on average
in the background. The values for the ratio of the measured results to the average
background lie all below one at all clustering scales 6. The results are consistent with
background and with the results of a stacking analysis of neutrinos events near Milagro
sources [139).
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Figure 7.6.: Results of the eMPS search on the Cygnus region. The upper panel shows the
ratio of the number of observed pairs and the average number of background pairs, with the
+1o and -10 (yellow), as well as the +20 and -20 (orange) contours for the clustering scale
0. The lower panel shows the probability before trials. The best p-value is 0.68 and is found
at 8 < 4.75°. The final p-value after correcting for trials is 0.72.

7.3 Neutrino Upper Limits

The eMPS method can profit from different kinds of neutrino emission. As discussed
in Sec. 2.4.1] the matter distribution follows strongly the clustering of star clusters
and associations. High-energy protons can produce neutrinos in interacting close to
their source or they diffuse into the medium until they interact, where the resulting
neutrinos can not be associated to their source of origin and can be assumed as diffuse.
The sensitivity of the eMPS ranges between a purely diffuse case and a maximum
clustered case, where all events are coming from one point source [156]. From gamma-
ray observations of Milagro it can be considered that the most likely case is probably
a combination of a few point sources and a diffuse component.

As a result of the underfluctuation, strong limits can be derived using the 90% Ney-
man approach [154]. In this case, limits are calculated for different numbers of point
sources and an additional diffuse component. They are estimated for an £~2 and E~26
neutrino spectrum at 1TeV, corresponding to the measured flux inside the region. The
resulting limits for one, two and four sources are shown in Fig.[7.7(a)land [7.7(b)l They
are compared to the flux of the two strongest objects MGRO J2019+37 and MGRO
J2031+41 inside the region measured by Milagro [68, 67].
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7.4 Discussion

The eMPS method was applied to a four year data sample of IceCube data. With
respect to the three year analysis an improvement of 20% in discovery potential was
achieved. The final p-value results in a pre-trial p-value of 0.68 and is found at 6 <
4.75°. The final p-value after correcting for trials is 0.72, meaning that less pairs are ob-
serves than on average in the background. Due to the observed underfluctuation strong
limits can be set. They range from E? dN/dE = 4 -107?TeVem 257! for one source
without additional diffuse flux to £ AN/dE = 3 -107°TeVem—2s~sr~! for four sources
with a diffuse component. For a E~2 spectrum the values go from E%*% dN/dE = 1.8
107 TeV'%cm=2s~ for one source and £%¢ dAN/dE = 2.5 -10~ " TeV!®cm =25 s~ for
four sources with a diffuse component. In order to compare these limits to gamma ray
measurements different assumptions need to be considered.

Assuming the gamma ray Milagro flux comes from pp interactions, it can be transferred
into neutrinos fluxes with a conversion factor of ~3.4 for a £~26 spectrum, according
to [55]. In taking the average of the two Milagro sources the final limit results in £?%5
dN/dE = 3.8 -1072TeV~"®cm~2s!. For the diffuse flux the limit results in £26 dN/dE
= 5.56 -1079TeV'%cm 25 'sr~'. The combined value of two sources plus a diffuse
component lies approximately in the same range as the limit by the eMPS analysis,
but not above. However, the diffuse flux of the Cygnus region taken from [67] suffers
large uncertainties. Other calculations [157] suggest a much lower diffuse flux from pp
interactions of background cosmic rays in the order of ~ 1-1070TeV~ em =25~ 1sr 1,
in which the eMPS limits are still far from constraining.

In future applications of the eMPS test, more statistics in terms of more years of
IceCube data will be available and it might be possible to constrain the gamma ray
flux of the Cygnus region. However, HAWC, the successor of Milagro, may be able to
provide more detailed information about the processes and objects inside the Cygnus
region and produce more exact values for the gamma ray fluxes.
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Figure 7.7.: (a) Limits of the eMPS search for a E~2 spectrum at 1TeV. Shown are one,
two and four point sources without and with additional diffuse component. The fluxes are
compared to the fluxes of the two strongest objects inside the region, MGRO J20194-37 and
MGRO J2031+41, measured by Milagro [68,|67]. (b) Limits of the eMPS search for a E—2:6
spectrum at 1TeV. Shown are one, two and four point sources without and with additional
diffuse component. The fluxes are compared to the fluxes of the two strongest objects inside
the region, MGRO J2019+37 and MGRO J2031+41.
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Self Triggered Flare Search

The high energy neutrinos detected by IceCube in the High Energy Starting Events
(HESE) analysis [15] could provide valuable information about potential astrophysical
cosmic ray sources and motivate additional searches for their origin. Since the flux
from this analysis is assumed to be diffuse, it is not clear if these events can be resolved
into point sources. A likelihood point source search on the HESE events showed no
significant clustering The self-triggered flare search uses the events obtained in the
HESE analysis to trigger a search for flaring point sources, that can be attributed to
those events. In that search, different event selections are combined, taking advantage
of both, the large effective area of the point source sample and the high signal rate
in the HESE sample. In this approach the HESE events are used as a trigger for the
point source sample and a search for an excess in temporal and in spatial coincidence
to the HESE events is performed.

Each of the HESE event functions thereby as a seed, constructing a search region,
centred around the reconstructed position of the event, which is defined by the median
of the angular reconstruction error of each individual HESE event. In this way, both,
tracks and cascades of the HESE search can be used as a seed. An overview of the
28 events obtained in the HESE search is shown in galactic coordinates in Fig. [8.1}
Cascades are represented as circles with their individual median angular reconstruction
error (W 5) shown as a black line, while tracks are shown as squares with small errors.
As discussed in section [5.1.1] cascades have large errors on their angular reconstruction,
but a good energy resolution. Tracks, however, have a good pointing, but the energy
reconstruction is worse than for cascades, since not all energy is deposited inside the
detector. Since a bad median angular resolution ¥y 5 seems to add more background
than signal, cascades with errors > 20° are not considered in the search and reduces
the events from the HESE search that are used in this analysis to 24. The obtained
parameters of the events of the HESE search are shown in detail in Tab. 8.1 Events 2,
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8. Self Triggered Flare Search

7, 21 and 25 are not considered in this analysis, due to their large angular reconstruction
erTors.

The method applied in this search is the extended eMPS method, described in Sec. [5.5
Here, the eMPS is used as a base and extended by a search for time clustering and
a stacking approach in evaluating the cumulative signal of several HESE events. The
binning of the angular scale goes up to 2.5° in steps of 0.5° and is done accordingly to
the eMPS analysis, as well as the energy weights are included. The time-dependency
is achieved in using five additional time bins, similar to the energy bins in the 2-pt
analysis. The bins used here consider flare durations of 1, 2, 6, 12 and 20 days. The
stacking of several similar sources is a widely used technique in gamma ray and optical
astronomy and was applied already several times on IceCube data [139]. In using the
cumulative signal of sources from the same source class the sensitivity can be enhanced.

8.1 Background Estimation

In the analyses presented before, the background estimation is done in using isotropic
background from data, which is filled with randomly generated values in right ascen-
sion. Since the self-triggered flare analysis is searching not only for spatial clustering,
but also temporal, the events need to be randomized in their arrival times. This is
done in drawing randomized arrival times during the uptime of the detector, while the
detector uptime for each year is used separately. In a second step, the randomized
times get transformed into equatorial coordinates, producing random values for the
right ascension. The declination is taken from data.

-180°

Galactic

Figure 8.1.: The HESE events found in the 2-year analysis, shown as tracks (squares)
and cascades (circles) in galactic coordinates. In addition, the median of the individual
reconstruction error of the cascades is shown as a circle around each position, while the size
of each symbol represents the energy. The red-shaded area symbolizes the earth absorption.
Plot from M. Ahlers.
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8.1. Background Estimation

Event Time [MJD] Dec[?] RA[?] V55  Dep. Energy [TeV] Topology

1 55351.3222110 —1.8 35.2  16.31 47.6%53 Shower
(2) 55351.4659612 —27.9 2826  25.4 117.07154 Shower
3 55451.0707415 —-31.2 1279 <1.38 78.713%° Track
4 55477.3930911 —51.2  169.5 7.10 165.47175 Shower
5 55512.5516214 —0.4  110.6 <1.17 71.4%5% Track
6 55567.6388084 —27.2  133.9 9.78 28.4131 Shower
(7) 55571.2585307 —45.1 15.6  24.05 34.3%%3 Shower
8 55608.8201277 —21.2 1824 <1.31 32.6170% Track
9 55685.6629638 33.6  151.3  16.52 63.2773 Shower
10 55695.2730442 —29.4 4.9 8.07 97.2+194 Shower
11 55714.5909268 —8.9 1553  16.67 88.41725 Shower
12 55739.4411227 —52.8  296.1 9.82 104.11725 Shower
13 55756.1129755  40.3 67.9 <1.20 252,735 Track
14 55782.5161816 —27.9  265.6  13.23 1040.77331%  Shower
15 55783.1854172 —49.7  287.3  19.69 57.5183 Shower
16 55798.6271191 —22.6  192.1  19.45 30.6158 Shower
17 55800.3755444  14.5 2474  11.56 199.7+352 Shower
18 55923.5318175 —24.8 3456 <1.31 31.5%35 Track
19  55925.7958570 —59.7 76.9 9.71 71.5%79 Shower
20 55929.3986232 —67.2 38.3  10.70 1140.87135%  Shower
(21) 55936.5416440 —24 8.9 2093 30.2132 Shower
22 55941.9757760 —22 293.7  12.10 219.5%212 Shower
23 55949.5693177 —13.2  208.7 <1.94 82.275¢ Track
24 55950.8474887 —15.1 2822  15.52 30.5752 Shower
(25) 55966.7422457 —14.5 286 46.28 33.5125 Shower
26 55979.2551738 22,7 1434  11.85 210.0132% Shower
27 56008.6845606 —12.6 ~ 121.7  6.62 60.2728 Shower
28 56048.5704171 —71.5  164.8 <1.30 46.1757 Track

Table 8.1.: Events obtained in the HESE analysis and their individual reconstruction pa-
rameters [15]. Considered in the self-triggered flare search are only events with a median
angular resolution Wy 5 > 20°, i.e. event 2, 7, 21 and 25 are not used.

For the background test statistic 100000 pseudo-experiments are performed on the
randomized data. For the evaluation of the discovery potential, the background test
statistic is extrapolated in fitting a Gamma function to the data. The background test
statistic and the Gamma function are shown on Fig. for an angular scale § = 2°
and different flare durations, varying between 2 and 20 days.

93



8. Self Triggered Flare Search

flare duration = 2 days flare duration = 6 days

- =
10 —— Background Fit 10 E
10° L —— Background data 10°E
[%2] : [%2]
S10?f £10°E
s F 5]
10 3 10
1E il 1
RN LN S gl gL
. 10 20 30 40 50 60 70
observed number of pairs observed number of pairs
flare duration = 12 days flare duration = 20 days
10* g ;
E 10°E
10°F :
E =
8 F 8¢
£ 102k =] F
& E & 102 =
10 F
F 10E
1F, E
EL 1 1 1 1 1 1 1 1 1 1 1 1
40 60 80 100 12 140 160 180 1 100 150 200 250 300 350
observed number of pairs observed number of pairs

Figure 8.2.: Background test statistic fitted by a Gamma function for an angular scale
0 = 2° and different flare durations.

8.2 Signal Simulation

For simulating the signal, it is assumed that a fraction of the HESE events is caused
by short-duration flares. This fraction with respect to the total astrophysical flux
of events gets parametrized with a variable called signal fraction (fy,). This signal
fraction fs;, defines the fraction of the HESE events attributed to flaring point sources,
e.g. if foy, = 0.3, 0.3-24 ~ 7 HESE events (allsky) are assumed to be related to a
flaring point source. The signal skymaps produced for simulating the signal, depend
on the signal fraction fy;,, the flare duration (7f4.e) and the spectral index () of the
simulated signal energy spectrum. In this search, two energy spectra are considered: a
E~2 spectrum and a E~23 spectrum , which is motivated by the HESE best fit with a
v~ 2.3.

A skymap consisting of signal, depending on fsg, Tfiare and 7, combined with back-
ground can then be generated by applying the following steps:

1. Decide in a hit-and-miss procedure, which HESE event is attributed to a flaring
source, taking fs, into account. For various iterations of the signal, the events
which are attributed to a point source are not constant.

2. Draw the assumed true source location from a radial Gaussian p ~ re="/o?
centred at the measured HESE direction. The o of that Gaussian is chosen in

a way that its median agrees with the quoted resolution of the corresponding
HESE event.

3. Assign a flare time according to Tfqre to the true source and weight it equally for
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each source with 1/24 of the measured HESE flux (~ 0.95-1078GeVem2s st 1).
The flux is then concentrated in the assumed on-time of the flare.

4. Around each source, fill signal events from the same declination band, coming
from MC simulation, until the flux is satisfied. The expectation value of the
number of signal events injected at each source is then determined by folding the
detector acceptance at the corresponding source declination by the assumed flux.

5. Merge data and signal events, while for each inserted signal event, a background
event similar in declination and energy is erased. To ensure that not always the
same background event is erased, all events get shuffled before.

For each signal scenario, 100 different true source positions according to the above
mentioned parameters (fy, and Wy5) are drawn. For each source, signal events ac-
cording to Poissonian fluctuations are drawn 100 times for the assumed flux. By this
a statistics of 10000 for each considered scenario can be achieved.

While for a £72 spectrum the flux obtained from the HESE best fit is E*®(F) =
1-1078TeVem 25 tsr~! at 100 TeV, it changes for an E~23 spectrum to E*3®(F) = 1.5-
10~%TeV'em 25 'sr! at 100 TeV. This needs to be considered in the signal simulation,
since the spectrum is then steeply falling and less signal is needed for discovery. To
account for that, a lower flux assumption is used.

8.3 Performance and Discovery Potential

The test statistic is evaluated separately for each 6 and 7y, bin. As an example, Fig.
m shows the observed number of pairs for § = 2° and 744, = 2 days with and without
signal. The background test statistic is fitted with a Gamma function and compared
to two signal models, with flux strengths of f;, = 0.2 and f,, = 0.4, considering a
E~2 neutrino spectrum. In both cases the signal is clearly distinguishable from the
background expectation.

However, the most sensitive bin i.e. which obtains the best clustering, varies with the
simulated signal. In Fig. the best clustering bin for different simulated 7qre is
shown for a £~2 neutrino spectrum. The simulated Tflare are varied between 2, 10 and
20 days and are shown as functions of the angular scale 6 and the flare bins. It can
be seen, that short flares cluster in the shorter flare bins, while longer flares cluster in
the long flares bin, which can be nicely distinguished by the analysis. All prefer small
angular bins, which is due to the rather hard £2 spectrum.

In order to find the optimal (i.e. most sensitive) configuration of the analysis, different
scenarios are tested and their significance is calculated. Figure shows the ratio of
the events rate of events in the HESE and PS sample for a £~2 spectrum. It illustrates
how many PS events can be expected for one HESE event. This ratio is high up to
a declination of -20°, below that it decreases. From that considerations, two different
cases were tested, the one covering the full sky, the second taking only the northern
hemisphere plus the horizon region up to -20° into account. Figure shows the
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Figure 8.3.: Example test statistic, showing the observed number of pairs for simulated data
sets with and without signal. The background test statistic is fitted with a Gamma function.
The two signal models follow a distribution of E~2 neutrino sources and have flux strengths

of fsig = 0.2 and fsy = 0.4.
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Figure 8.4.: Best clustering bin for simulated flare durations 74, of (a) 2 days, (b) 10
days and (c) 20 days as functions of the angular scale # and the flare bins, considering a £~2
neutrino spectrum. As expected, short flares cluster in the short flare bins, while longer flares

cluster in the long flares bin.
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Figure 8.5.: (a) Ratio of the event rate for the HESE and the PS sample as a function of
the declination. In order to test a second scenario, a cut is made at a declination of -20°.
(b) Significances of the allsky scenario and the second scenario, taking only the northern
hemisphere plus the horizon region up to -20° into account.

significances as a function of 74, for both cases, considering a E~2 neutrino spectrum.
The significance is given in the median of the log(p-value) distribution. For the allsky
scenario the significance is much worse than for the second scenario. This is due to the
high energy threshold in the southern hemisphere and the high rate of background.
Since most low energetic HESE events are assumed to consist of atmospheric muons or
neutrinos, a better signal to background ratio is expected at higher energies. In order
to test this assumption, a second optimization scenario cuts on the energy of the HESE
events below 60 TeV. Again, 10000 trials are produced for comparing the significance
of this scenario with energy cut to the standard scenario without additional energy
cut. It turned out, that the cut in energy does not increase the significance, but rather
decreases it for low flare durations, where probably more signal than background is
cut. The resulting graphs can be found in the appendix in Fig. and Fig.|A.5(a)]
The last scenario, which was tested in this work, is a slightly enlarged search radius
for tracks. Since cascades have much larger search regions than tracks, it is likely they
add more background than signal. To account for that, a scenario with an enlarged
search region of 40.5° around each track-like event was tested and the significances
compared, which can be found in Fig.|A.5(b)| of the appendix. Also this measure does
not increase the significance of the analysis. In the end, the first tested scenario with
an angular range up to -20° was used for the calculation the discovery potential and
in the analysis.

Discovery Potential

The discovery potential is estimated as described in the previous searches. For that, the
number of HESE sources contributing is varied in reducing or enlarging f;, and thus,
to reduce or enlarge the total flux. The test statistics for the different signal models is
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Figure 8.6.: (a) Discovery potential of the self-triggered flare search for a E~2 spectrum as
a function of 74, integrated over all sources. (b) Discovery potential of the self-triggered
flare search for a E~23 spectrum as a function of Tflare integrated over all sources.

then compared to the background test statistic, in order to evaluate a significance. A
correction for trials is included in using 100 000 scrambled background trials, which are
extrapolated with an exponential Fit, correspondingly to the eMPS search, see Sec. [7]
The discovery potential (50%, 50) for the scenario taking only the northern hemisphere
until a declination of -20° into account is shown in Fig. for a E~2 spectrum and
in for a £~23 spectrum as a function of Triare- As expected, the flux needed for
a discovery increases with the duration of the simulated flare.

For a better comparison with other point source analyses, a second signal simulation
model is studied. In this second scenario, the flux per source is varied instead of a
variation of the number of contributing sources. In this way, all sources contribute to
the total flux and the flux per source is lowered. Figure[8.7]shows the resulting discovery
flux per source for the self-triggered flare search for a E~2 spectrum as a function of
Tflare i1 comparison to the standard point source search and the untriggered flare search
at a declination of § = 16° [158]. Since the stacking approach adds more background
for long flare durations, the discovery flux for the self-triggered flare search increases for
longer simulated flares and becomes worse than the untriggered flare search. However,
the discovery flux for the self-triggered flare search is approximately at the same level
as the untriggered flare search and becomes even better for short flares. For almost all
considered flare durations the discovery flux of the self-triggered flare search is much
better than the standard point source search.

8.4 Results

The self-triggered flare search was applied to the presented data sample of IC79/1C86
data. The results for the different flare bins are shown in Fig. [B.§ with the ratio of
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8.4. Results

signal spectrum: E2
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Figure 8.7.: Discovery potential of the self-triggered flare search for a E~2 spectrum as
a function of 7¢4re as flux per source (blue) in comparison to the discovery flux of the
untriggered flare search (green) and the standard point source search (dashed line) on IC86
data at a declination of § = 16°.

the observed number of pairs over the average number of pairs in the background as a
function of the clustering scale # shown in the upper panel. The 1o and 20 contours
are shown in green colour. The lower panel shows the pre-tial p-value in dependence
of the clustering scale #. The best pre-trial p-value was found in the one day flare bin
and results in 0.15. After taking the trials for the different angular and time bins into
account, this value reduces to 0.6. The p-value corresponds to one pair in correlation
to HESE event 1 within a time interval of two days. Their reconstructed declinations
are -9° and 8.5° and the right ascensions are 20.6° and 20.4°, respectively. The energies
of both events are 4.6 TeV and 1.8 TeV, see Tab. 8.2l Their angular distance is less
than half a degree. Figure [8.9(a)| shows the location of the resulting event pair in
correspondence to the HESE event 1 and the other events in that specific segment
of the sky. Additionally, the events in correspondence to the HESE event 1 inside a
time window of +1 day are shown in black, but indicate no significant clustering. In
Fig. the time window around the HESE event 1 with the resulting pair is shown.
Figure shows the event views of both events inside the IceCube detector. As
they are reconstructed down-going with relatively low energy it is probable that they
correspond to atmospheric muons induced by a cosmic ray shower in the atmosphere.
Event 1 could still be a neutrinos which is entering the dust layer, where less signal is
visible in the DOMs. Event 2 seems to correspond to an atmospheric muon.
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8. Self Triggered Flare Search
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twelve and (e) 20 days flare bin as a function of 6. In the upper panel the number of observed
pairs over the number of average background pairs is shown, with the 1o and 20 contours in
green. The lower panel shows the pre-trial p-value.
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8.4. Results

Event 1 Event 2 HESE Event 1
RA [°] 20.4 20.6 35.2
Dec [°] —8.7 -9 —1.8
Energy [TeV] 1.8 4.7 47.6
Time [MJD] 55350.90948 55351.98246 55351.32221

Table 8.2.: Results of the self-triggered flare search in IC79/IC86 data. The best p-value
was found at 0.5° in the two day time interval showing one pair. The properties of the two
events in correspondence to the HESE event 1 are shown.

T
0.8
S B0.6-
IS E [
= =
8 o4
Q. r
0.2
CT““““““‘
55351 55351.5 55352
RA*cos(Declination) [°] Time [MJD]
(a) Event 1 (b) Event 1

Figure 8.9.: (a) Segment of the sky showing the locations of the events of the self triggered
flare search corresponding to the HESE event 1 (red). The resulting event pair of the self
triggered flare search (orange) matches also in time. The black dots show additional twelve
events matching in time, but showing no spatial clustering. (b) Times of the events in
correspondence to the HESE event 1 (red) and the pair of events with an additional spatial
clustering (orange).
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8. Self Triggered Flare Search

Event 115992/51527801-0 Event 115996/654889-0
Time 2010-06-03 21:49:39 UTC Time 2010-06-04 23:34:44 UTC
Duration 20000.0 ns Duration 20000.0 ns

(a) Event 1 (b) Event 2

Figure 8.10.: Event views of the pair of events corresponding to the best p-value of 0.6
found in the self-triggered flare search in the time interval of two days and an angular scale
of 0.5°.

8.5 Discussion

A self-triggered flare search was applied for the first time to IceCube data, using a
two-year datasample with the 28 events found in [15] as a trigger. The results of
this search are consistent with background expectations with a small underfluctuation.
The best p-value is 0.6 after trial correction and was found in a time interval of two
days at less than 0.5° angular distance. The corresponding pair of events is found in
coincidence with HESE event 1, but seems to be dominated by background and no
connection to astrophysical sources can be made. However, the search proved to be
robust and well-working and covers an important addition to the conventional point
source searches.
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Systematic Uncertainties

All analyses presented in this work are affected by only few systematic uncertainties
due to uncertainties in the background estimation and in the signal efficiency. Since
the background estimation is based on randomized experimental data, the p-values
are unaffected by uncertainties in the calculation of atmospheric neutrino or muon
fluxes, that use assumptions about the hadronic models of shower development in the
atmosphere or on the composition of cosmic rays. Unlike for diffuse searches, they are
also independent of the poorly known prompt neutrino flux. However, the point spread
function used in the signal simulation depends on MC-data and is therefore affected
by systematic uncertainties. Moreover, systematic effects in the background can result
from pre-existing large-scale anisotropies in the experimental sample.

In order to estimate the systematic influences on the different data samples used in
this work, only IC79 and IC86 data samples will be considered, since they contain
most of the events in the combined samples, while assuming that all samples suffer
the same systematic effects. Since the low-energy range is affected more by systematic
uncertainties and the IC79/1C86 data sample contains most of the low-energy events,
this assumption can be seen as conservative. The argumentation and the estimation
of the systematic uncertainties follows here closely [1§]. However, the numbers quoted
in [18] differ from the numbers in this work, since they are calculated on a different
IC79 sample and do a full propagation to the sensitivity level. In this work, effective
systematics are used in considering the effect on the flux normalization.

The two main uncertainties in the signal efficiency arise from the DOM-efficiency and
optical properties of the ice. In the following the systematics for the two data samples
will be discussed in detail.
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9. Systematic Uncertainties

9.1 IC79 Systematics

Systematic uncertainties in the signal efficiency arise mainly from the DOM-efficiency
and optical properties of the ice. In this context the DOM-efficiency describes the
absolute light detection efficiency of the optical modules. The variation of the ice pa-
rameters refers to the optical properties of the ice, including absorption and scattering,
see Sec. L3

To estimate the systematic errors for IC79, the following three uncertainties are consid-
ered in the calculation of the flux normalization used for the estimation of the discovery
potential:

1. Variation of the DOM-efficiency by +10%
2. Variation of the ice parameters by +10%
3. Influence of a large-scale anisotropy in the background estimation.

These uncertainties affect mainly the 2-pt analysis, but since IC79 is used also in the
other two samples the estimation is also important for the other two analyses. For the
evaluation five different systematic data samples were available, two in which the ab-
sorption and scattering was varied by +10% and three for the DOM Efficiency, setting
the efficiency to 90 %, 110 % and 120 %. Additionally, these three sets used a different
photon propagation model, which is called photon propagation code (ppc) [132], see
Sec. [.1.4] It computes the propagation of photons inside the detector directly, i.e.
without the use of binning and tables as it is done in the standard simulation sample
due to limited computing power. At trigger level ppc and photonics have the same
amount of hits. However, the time residual distribution for photonics are slightly more
distorted leading to more direct hits. In general, events with more direct hits pass the
event selection cuts more easily resulting in an over-prediction of the event rate at final
level for photonics, which gives a similar effect as a higher DOM efficiency.

As described in [1§], the difference between the two methods is most relevant for
energies below ~1TeV and decreases with energy. The resulting difference in terms
of sensitivity is 7.2% for the northern hemisphere and can be accounted for by the
uncertainty in the optical efficiency and is therefore not considered as an additional
systematic uncertainty. Additionally, a dedicated study [122] based on ppc data showed
that the DOM-efficiency is 10 % higher than the previous default value. For this reason,
the standard value for systematic comparisons for ppc is 110 % and is used here as a
baseline. Since no systematic data sample with 100 % DOM-efficiency is available, the
uncertainty is interpolated using a linear model. In future applications, it is expected
to use direct photon propagation and increase the nominal optical efficiency by 10% in
order to account for the higher photon rate, as described above.

In Fig. the zenith distribution of the standard simulation set and the five
systematic datasets are shown for the northern hemisphere for a E~2 spectrum. For
the set with an absorption and scattering lowered by 10% and the DOM-efficiency 90 %
the rates are much lower than for the standard set.
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9.1. IC79 Systematics

northern hemisphere

spectrum E2 E-3 E-2%
Abs and Scatt +10% +3 % +5.1% +3.4%
Abs and Scatt -10% —5.6% —11.2% —6.5%
DOM Efficiency 110/120 —3.8% —7.8% —4.5%
DOM Efficiency 110/100* +7.2% +14.7% +8.1%
IT Veto Random coinc. <1%
Rel. DOM Effiency <1%

Muon energy losses,
v-N cross-section

and rock density +4%
total effect +8.8%/-7.8% +16.1%/-14.2% +9.6%/-8.9%

*estimated using a linear model.

Table 9.1.: Systematic errors on the flux normalization for the IC79 sample for the northern
hemisphere while varying the DOM-efficiency and absorption and scattering of the ice.

Figure shows the distribution of the angular difference of the reconstructed and
true angular direction (¥) for the same datasets, again for a £~ spectrum. In Fig.
the energy distribution of the different samples is shown for a £~2 spectrum. In
Fig. the median of the PSF distribution is shown for different energies for the
different systematic samples and is compared to the standard sample. All graphs show
a good agreement of the systematic data samples with the standard data sample.
The resulting effects on the sensitivities in varying the DOM-efficiency and the ice pa-
rameters are shown in Tab. [9.1]for the different spectra used in the limit calculations of
the 2-pt analysis in the northern hemisphere. For a variation of £10% of the absorp-
tion and scattering the uncertainty is +3%/-5.6% for a E—2 spectrum. The effect in
the DOM Efficiency scales to -3.8%/+7.2% in the same spectrum. In addition to the
presented systematic uncertainties, other contributions like random coincidences in the
IceTop veto and the relative DOM-efficiency were studied. They show all a negligible
impact and are not considered here. In [135] it was shown, that the uncertainty arising
from muon energy losses, neutrino cross sections and the rock density is considered to
be +4%. For a E~2 spectrum the overall systematic uncertainty results in +8.8% /-
7.8% for the ICT9 data sample. The corresponding values for the southern hemisphere
are shown in Tab. and result in an overall systematic uncertainty of +6.1%/-9.2%
for a E~2 spectrum.

Effect of a Large-Scale Anisotropy in the Two-Point Analysis

Point source searches looking for small-scale anisotropies must be distinguishable from
possible large-scale structures in the data sample, which could have an effect on the test
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9. Systematic Uncertainties
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Figure 9.1.: (a) Zenith distribution of the standard simulation set (grey) and the five sys-
tematic datasets for the northern hemisphere for a E=2 spectrum. (b) PSF of the standard
simulation set (grey) and the five systematic datasets for the northern hemisphere for a £~2
spectrum. (c) Energy distribution for the standard simulation set (grey) and the five system-
atic datasets using a 2 spectrum. (d) median of the PSF distribution for different energies
for the standard simulation set (grey) and the five systematic datasets using a E~2 spectrum.
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9.1. IC79 Systematics

southern hemisphere

spectrum E—2
Absorption and Scattering +10% +4.2%
Absorption and Scattering -10% —7.4%
DOM Efficiency 110/120 —3.7%
DOM Efficiency 110/100* +1.7%

IT Veto Random coinc. <1%

Rel. DOM Effiency <1%

Muon energy losses,
v-N cross-section
and rock density +4%

total effect  46.1%/-9.2%

*estimated using a linear model.

Table 9.2.: Systematic errors on the flux normalization for the IC79 sample for the southern
hemisphere while varying the DOM-efficiency and absorption and scattering of the ice.

statistic and thus influence the sensitivity. To investigate the effect of a pre-existing
large-scale anisotropy in the background, the 2-pt analysis is repeated including a
large-scale anisotropy in the background of atmospheric neutrinos and muons for the
mixed sky maps, while keeping the test statistic of the null hypothesis fixed. This
procedure was applied first to a multipole analysis in [159] and is done accordingly.
The large-scale anisotropy is simulated according to a measurement at TeV energies
by Milagro [160]. The normalized cosmic ray anisotropy is in the order of ~ 1073 and
is shown in Fig. Since the Milagro anisotropy is an anisotropy in cosmic rays, a
possible anisotropy of atmospheric muons and neutrinos is expected of about the same
order of magnitude. The corresponding systematic errors are given by the resulting
shift in the sensitivity of the 2-pt analysis in the northern hemisphere and is shown in
Tab. [9.3] for the three different spectra used in the analysis. While it was simulated
for different numbers of sources, the table shows only the maximum deviation for each
spectrum. For all spectra, the sensitivity is increasing slighty compared to the standard
isotropic background, as clustering might be enhanced in using this additional structure
in the background.

spectrum E2 E3 E22?

Large Scale Anisotropy —4% —6% —8%

Table 9.3.: The uncertainty of the sensitivity in the northern hemisphere due to a large-scale
anisotropy in the background estimation of the 2-pt analysis for the different spectra.
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9. Systematic Uncertainties
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Figure 9.2.: Cosmic ray anisotropy in the northern hemisphere as obtained by Milagro ||
at TeV energies. The bin entries are normalized to the all-sky average.

IC79 Spline Sample

For the eMPS analysis and the self-triggered flare search, the IC79Spline sample is used.
The spline reconstruction is assumed to be more sensitive on the optical properties of
the ice. However, for the IC79 spline sample alone, no systematic samples are available
and no systematic studies were performed. The impact from the spline reconstruction
can be evaluated by the study done on the IC86 sample, which uses also the spline
reconstruction method and is described in the next section.

9.2 1C86 Systematics

For the IC86 data sample the event selection and the reconstruction methods are similar
to the ones used in IC79, yielding about the same systematic effects . However,
a different muon reconstruction method, using spline tables was implemented.
This reconstruction could be more sensitive to uncertainties in the optical properties
of the ice. To evaluate the effects of the ice properties two systematic datasets were
used, varying the absorption +10% and scattering +10%. All sets use the same ice
model as the standard set (SpiceMie) and the same photon propagator (ppc). Since no
systematic dataset with absorption or scattering -10% was available, the uncertainties
are again approximated using a linear model, giving symmetric results.

The zenith distribution for the standard and the three systematic datasets is shown
in Fig. for a E~2 spectrum. The angular reconstruction error (¥) is illustrated
in Fig. . The energy for the different samples is shown in Fig. The
median of the angular reconstruction error is plotted against the energy in Fig. 93(: )|
The changes in all distributions is small, the rate of events varies however by a factor
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9.3. Summary of the Systematic Uncertainties

northern hemisphere

spectrum E—2 E-3 E—22
Absorption +10% +8.2% +15.6% +10.8%
Scattering +10% +7.4% +14.6% +10.2%
Absorption -10%* —8.2% —15.6% —10.8%
Scattering -10%* —7.4% —14.6% —-10.2%

total effect +11%/-11% +21.3%/-21.3% +14.8%/-14.8%

*estimated using a linear model.

Table 9.4.: Systematic errors on the flux normalization for the IC86 sample for the northern
hemisphere while varying the absorption and scattering of the ice.

Analysis 2-pt MPS STES
overall uncertainty +9%/-8.9% +14.1%/-13.4% +14.1%/-13.4%

Table 9.5.: The overall uncertainties for the different analyses in the northern hemisphere
and a E~2 spectrum.

+8.7%/-0.5% for a E~% spectrum in the IC86 datasample. The DOM-efficiency is
assumed to be the same as in the IC79 dataset and no systematic datasamples were
provided. The resulting effects on the sensitivity are shown in Tab. for three
different spectra. For a E£~2 spectrum the resulting uncertainty introduced by variation
of the absorption and scattering and taking the IC79 DOM-efficiency into account is
+13.1%/-11.6%.

9.3 Summary of the Systematic Uncertainties

For each of the three data samples used in the analyses, a different overall systematic
effect has to be considered. For the 2-pt analysis the quadratic sum results in an
uncertainty of +9% /-8.9% for a E~2 spectrum, including the large scale anisotropy. For
the MPS and the self-triggered flare search the uncertainties are roughly the same, since
the impact of IC40 and IC59 data is negligible and gives an uncertainty of +14.1%/-
13.4% for a E~2 spectrum. Table summarizes the uncertainties for all analyses.
The resulting overall systematic uncertainties are in agreement with [18] and [139].
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Figure 9.3.: (a) Zenith distribution of the standard simulation set (grey) and the five sys-
tematic datasets for the northern hemisphere for a E=2 spectrum. (b) PSF of the standard
simulation set (grey) and the systematic datasets for the northern hemisphere for a E~2
spectrum. (c) Energy distribution for the standard simulation set (grey) and the systematic
datasets using a £~2 spectrum. (d) median of the PSF distribution for different energies for
the standard simulation set (grey) and the systematic datasets using a E~2 spectrum.
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Conclusion

The detection of the first 28 astrophysical neutrinos by IceCube in 2013 has been
a big success and proved the detector as a well-working and unique instrument for
measuring high-energy neutrinos. However, this detection raised new questions: Where
do these events come from? Are they truly diffuse or can they be resolved into point
sources? Different kind of likelihood searches were applied on IceCube data to solve
these questions and to search for neutrino point sources. However, none of these
analyses were able to detect a neutrino point source. In this work three analyses for
a small-scale clustering of neutrino events are presented. They are all based on a
two-point correlation function and target a different scenario in searching not only for
one strong point source, but several weaker sources, which can not be detected by the
standard likelihood point source search.

The first search is a two-point correlation function applied on the full sky and the
results are consistent with background fluctuations. Limits were calculated for both
hemispheres and different spectra. For the astrophysical flux previously observed in
IceCube no additional regions can be excluded, as it was by former IceCube analyses.
For softer energy spectra the analysis presented here disfavours the observed flux to
come from less than ~ 20 sources for =225 and from less than ~ 5000 sources for £—3
spectra. For the southern hemisphere the analysis is not competitive to the flux level
observed by the HESE analysis, due to the high background of atmospheric muons
from cosmic ray air showers.

The second search uses the multi point source method and targets the Cygnus region.
No significant fluctuation above background was visible and limits were calculated for
two different spectra. Both limits are compared to measurements of the gamma ray
flux from Milagro assuming proton-proton interactions. The IceCube limits are able
to reach the gamma ray fluxes, but are not yet able to constrain. However, the fluxes
measured by Milagro suffer large uncertainties and new measurements by Veritas and
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10. Conclusion

Hawc suggest even lower diffuse fluxes from that region.

The third analysis presented here is a self-triggered flare search which used for the first
time IceCube events as a self-trigger. It is based on the multi point source method,
which was extended for a time dependency and a stacking approach and searched
for coincident events to the astrophysical events obtained in the HESE analysis. No
significant clustering was found.

All three analyses are important additions to the standard analyses performed in Ice-
Cube, as they target different search hypotheses and are completely model-independent.
Moreover, the suffer small systematic uncertainties and can be adapted easily to differ-
ent signal scenarios. For future applications and increased statistics in IceCube it might
be applicable to migrate to GPU computing units and even improve the performance
further. In addition, the analyses will eventually provide first hints of a neutrino point
source.

In conclusion, the high-energy starting events are the beginning of a new era in astron-
omy, as it was for gamma ray astronomy starting with 22 events in 1965 [161]. The
methods developed here are at the frontier of a possible identification of the responsible
sources. IceCube, as a unique scientific instrument is already significantly improving
our understanding of the processes and mechanism of the Universe and might further
contribute in the future.
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Additional Figures
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Figure A.l.: Best clustering bin for a (a) E~2 spectrum and (b) E—2. eZ/10T¢V gpectrum

as a function of 6 and the energy bins for the southern hemisphere. The colour bar displays
the entries of global p-values in each bin.
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Figure A.2.: (a) Preferred clustering bin for different numbers of point sources for a E~2
spectrum. (b) Preferred clustering bin for three point sources with additional diffuse events
for a E~2 spectrum.
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without additional energy weighting. (b) Discovery potential as a function of additional dif-
fuse events in the search region for three point sources using a £ 2 neutrino energy spectrum
with and without additional energy weighting.
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