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Abstract

High-energy astrophysical neutrinos were discovered in 2013 [1] and investigated since 16
years. They are formidable astrophysical messengers that allow to track the sites of origin
of cosmic rays.

One motivation to find neutrino point sources is to verify hadronic processes. IceCubePy
is a python based analysis software under development for the search of point sources in
the 10-year point source neutrino public dataset released by the IceCube collaboration
using an unbinned likelihood ratio test. This thesis studies the performance of this anal-
ysis method by estimating key quantities such as sensitivity flux, the 3o and 50 discovery
potential flux and the bias in the reconstruction of the number of signal neutrinos ng
and the spectral index . Simulations of point sources at 21 positions equally spaced in
sind with declination —81° < § < 81° and a true spectral index v = 2.0 and v = 3.0,
respectively, are used.

The IceCubePy sensitivity and the bo discovery potential flux as a function of the dec-
lination generally follow the trend of the respective quantities published by the IceCube
collaboration [2]. Due to differences between the public dataset and the full data available
to the IceCube collaboration, there are deviations from the reference. Since IceCubePy
has been originally developed for a split analysis of the northern and southern neutrino
data, the performance around the horizon (6 = —5°) is not optimized. That leads to
a worse sensitivity near the horizon compared to the sensitivity published by the Ice-
Cube collaboration. The IceCubePy 30 discovery potential flux follows the declination
dependence of the IceCubePy 50 discovery potential flux while corresponding to lower
flux values. For v = 3.0, the IceCubePy sensitivity and 5o discovery potential flux are
comparable to the respective quantities published by the IceCube collaboration. There is
not such a trend in the data sample with v = 2.0.

The number of signal neutrinos is mostly overestimated for a source with simulated spec-
tral index v = 2.0 but underestimated for v = 3.0. The bias changes with the declination.
The difference between the spectral indices is attributed to different distributions of the
angular separation of the simulated signal neutrinos and the true source position. The fit-
ted spectral index converges to a value close to the true spectral index for increasing true

numbers of signal neutrinos in both samples. These biases agree within their uncertainty
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with the biases shown by T. Glauch [3] for the IceCube collaboration analysis.



Zusammenfassung

Im Rahmen der Multi-Messenger Astronomie spielen Neutrinos eine wichtige Rolle, da
sie Hinweise auf den Ursprung kosmischer Strahlung geben kénnen. Auflerdem kann man
durch den Nachweis von Neutrino-Emission hadronische Strahlungsprozesse in der Quelle
beweisen. Diese Arbeit beschreibt die potentiellen Entstehungsprozesse von kosmischen
Neutrinos und mogliche Quellen dieser. Auflerdem wird die Funktionsweise des IceCube

Neutrino Observatoriums beschrieben.

In dieser Arbeit wird die Leistung der Analysesoftware IceCubePy untersucht. IceCubePy
ist in Python geschrieben und verwendet einen ungebinnten Likelihood-Ratio-Test um
Punktquellen im o6ffentlichen Datensatz des IceCube Neutrino Observatoriums, der 10
Jahre umfasst, zu finden. Die Software befindet sich noch in der Entwicklung, in dieser
Arbeit wird die Version v0.28.1 verwendet. Diese Arbeit untersucht die Sensitivitdt und
das Entdeckungspotential sowie den Fit Bias der Anzahl an Signal-Neutrinos sowie des
Spekralindex. Dafiir wurden zwei Datenséitze simuliert, die Punktquellen an verschiede-

nen Deklinationen enthalten, mit den Spektralindizes v = 2.0 und v = 3.0.

Zur Berechnung des Sensitivitdtsflusses und des Flusses des 30 und 50 Entdeckungspo-
tentials wurde fiir jeden injizierten Fluss der Anteil an Simulationen berechnet, bei denen
der T'S-Wert einen bestimmten Schwellenwert iiberschreitet. An diesen Anteil als Funk-
tion des injizerten Flusses wurde eine Exponentialfunktion (Sensitivitét) oder eine Sig-
moidfunktion (Entdeckungspotential) gefittet. Diese Schwellenwerte wurden aus einem
Datensatz an Hintergrundsimulationen berechnet. Die so berecheneten Fliisse fiir die
Sensitivitit und das 50 Entdeckungspotential von IceCubePy wurden verglichen mit den
Werten der Anlyse der IceCube Kollaboration [2]. Die IceCubePy Fliisse folgen im Allge-
meinen dem Trend der Analyse der IceCube Kollaboration. Da die Instrument Response
Function des IceCube Detektors nur in drei Bins verdffentlicht wurde, sind Abweichun-
gen an den Grenzen der Bins zu sehen. IceCubePy kann die simulierten Punktquellen
nahe des Horizonts von IceCube § = —5° aufgrund des Designs der Analyse nicht korrekt

rekonstruieren.
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Im zweiten Teil der Arbeit wird der Fit Bias der gefitteten Parameter ng und ~ unter-
sucht. Der Zusammenhang zwischen der gefitteten Anzahl an Signal-Neutrinos und deren
wahrer Anzahl kann durch eine lineare Funktion beschrieben werden. Die hier présen-
tierten Ergebnisse stimmen im Rahmen ihrer Unsicherheit mit dem Fit Bias der IceCube
Analyse tiberein, die von T. Glauch [3] untersucht wurden. Dieser Bias kann durch die
Steigung des linearen Fits quantisiert werden. Die beiden untersuchten Datensétze mit
den Spektralindizes v = 2.0 und v = 3.0 verhalten sich sehr dhnlich als Funktion von der
Deklination, aber der Datensatz mit v = 3.0 zeigt eine globale Verschiebung zu geringeren
Steigungen im Vergleich zum anderen Datensatz. Diese Verschiebung kénnte durch einen
Unterschied in der Verteilung der Winkelabstdnde zwischen den injizierten Neutrinos und
der wahren Position der simulierten Punktquelle erklédrt werden. Um diese Hypothese zu
priifen, werden mehr Untersuchungen benotigt. Der gefittete Spektralindex konvergiert
zu einem konstanten Wert nahe des wahren Spektralindexes fiir eine zunehmende An-
zahl an Signal-Neutrinos. Das gilt fiir alle untersuchten Positionen und beide injizierten
Spektralindizes. Die hier untersuchte Version IceCubePy v0.28.1 zeigt Probleme in der
Interpolation des Spektralindexes, da die Software meistens nur diskrete Werte fiir den
gefitteten Index angibt und nicht kontinuierliche Werte. Das kann durch die Verwendung
eines langsameren Interpolators behoben werden. Trotz dieser Einschrankung stimmen die
hier gezeigten Ergebnisse im Rahmen ihrer Unsicherheiten mit den Ergebnissen iiberein,
die T. Glauch zeigt [3].
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Chapter 1
Multi-Messenger Astronomy

The first astronomical observations were done in the optical band with the naked eye
before telescopes were invented in the 17th century [4]. In the 20th century, the win-
dow for observations in the electromagnetic spectrum expanded with the development of
multi-wavelength astronomy. In 1933, K. G. Jansky [5] detected the first extraterrestrial
radio waves. That started the era of radio astronomy, which enabled various discoveries
like the discovery of pulsars in 1968 [6] by J. Bell. Around the 1950s, the first infrared
observations were made for astronomical purposes. Nowadays, infrared astronomy plays
an important role in observations of the early universe due to the redshift imposed by its
expansion. During that time, the first rocket-borne UV observatories were also launched
to start astronomical observations in the UV band. In the 1970s, the first UV satellites
were launched to observe for longer periods. In the early 1960s, the first X-ray source Sco
X-1 was discovered with a rocket-borne X-ray observatory [7]. The first detection of ~-
rays from the galactic plane happened in 1968 with the OSO-3 observatory [8]. Nowadays,
~-ray observations are used to detect gamma-ray bursts and blazars (among others). In

multi-wavelength astronomy, all of these wavelength bands are combined.

This approach of combining observations in different wavelengths can be expanded to
observing different messengers and combining that information. There are three addi-
tional messengers to photons. Cosmic rays are highly energetic, mostly charged particles
hitting the Earth’s atmosphere from space. They were discovered in 1912 by Victor Hess
[9]. The first indirect detection of gravitational waves in 1981 [10] was confirmed by the
first direct detection in 2016 [11]. These gravitational waves are produced in merger events
of two compact objects like black holes and neutron stars. The last category of messen-
gers is neutrinos. The first extraterrestrial neutrinos were detected in 1968 originating
from the sun [12]. In 1987, the first extrasolar neutrinos were observed from the super-
nova SN1987A in the Large Magellanic Cloud [13]. Both of these sources emit low-energy

neutrinos but no high-energy neutrinos. The IceCube Neutrino Observatory discovered a
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diffuse astrophysical flux of high-energy neutrinos in 2013 [14] and in 2023 they discov-
ered a significant neutrino signal from our own galaxy [15] in the IceCube data. There are
individual point source candidates as the Seyfert Galaxy NGC 1068 [16] and the blazar
TXS 05064056 [17].

Every messenger has advantages and disadvantages for certain types of observations. We
have a lot of experience in photon observations. That enables observations of numerous
objects across the universe. However, there are physical limitations in observing the uni-
verse through photons as they get absorbed by matter depending on their energy. Also,
the maximum distance of photons in general that can reach us is limited by the cosmic
microwave background (CMB) and the extragalactic background light (EBL). Therefore,
the first ~ 10° years of the universe can not be studied using photons as messengers since
the universe was not transparent for them before that time. With other messengers, in
principle, one can look back further in time. The neutrino cosmic horizon originates at
the epoch of their last scattering, about 0.1s after the Big Bang [18], which marks the
theoretical limit in distance for neutrino observations. The theoretical limit of gravita-
tional wave observations is around the Planck time 10™**s. At these distances, one could
observe gravitational waves from the Big Bang itself [18]. Therefore, if those early neu-
trinos or gravitational waves could be detected, it would open a new window into the
early universe. These observations are outside of the current experimental reach. Besides
the very early universe, each messenger provides a unique point of view on astronomical
objects that can be suitable for the detection of characteristic mechanisms. For example,
since we observe highly energetic cosmic rays, there must be some acceleration mechanism
able to reach the observed energy. Neutrinos are a smoking gun for hadronic processes in
the universe. Therefore, the combination of multiple messengers can be very beneficial.

This approach is called multi-messenger astronomy.

This thesis is focused on neutrino astronomy. The aim is to study the performance of
IceCubePy, a python-based software under development that uses an unbinned likelihood
approach to search for point sources in the 10-year public data set of the IceCube Neutrino
Observatory” [19] containing only track events. This work presents the performance of
the IceCubePy v0.28.1 version. In chapter 1, I introduce cosmic rays in more detail and
their connection to neutrino astronomy. After that, I describe cosmic neutrinos and their
potential production mechanism in astrophysical sources. I also show potential source
candidates for astrophysical neutrinos. I will go into more detail about Active Galactic
Nuclei (AGN). In chapter 2, I describe the IceCube Neutrino Observatory, its detection

1https://icecube.wisc.edu/data—releases/2021/01/a11—sky—point—source—icecube—data—y
ears-2008-2018/


https://icecube.wisc.edu/data-releases/2021/01/all-sky-point-source-icecube-data-years-2008-2018/
https://icecube.wisc.edu/data-releases/2021/01/all-sky-point-source-icecube-data-years-2008-2018/
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Figure 1.1: Differential spectrum of cosmic rays as a function of energy. The spectrum follows
a power law with minor deviations. The gray bands show the rate at which cosmic rays hit the

Earth’s atmosphere. Figure taken from [20].

mechanism and the 10-year public dataset of track events. The unbinned likelihood ap-
proach for the point-source search is presented in chapter 3. In chapter 4, I present and
discuss the results of my performance study. I calculated the sensitivity, the 30 and the
5o discovery potential flux (section 4.1) and analyzed the fit bias of the parameters that
are optimized in the maximum likelihood analysis (section 4.2). In the end, a brief out-
look will be given on the future perspectives of the IceCubePy software and the unbinned

likelihood analysis for the point source search in IceCube data.

1.1 Cosmic Rays

Cosmic rays consist of 90 % protons, followed by ionized helium and other ionized heavier
elements. The cosmic ray spectrum covers several orders of magnitude in energy, starting
from GeV energies up to ~ 100 EeV. The spectrum is shown in fig. 1.1. The spectrum
follows a power law with a best-fit spectral index of 2.7 [21]up to PeV energies. There, the
spectrum softens, a feature called the knee. At EeV energies, the spectrum re-hardens, a
feature called the ankle.

Charged particles can be accelerated by Fermi shock acceleration by scattering at shock
fronts, leading to a spectrum following an unbroken power law o< E~2 at the production
site. Due to diffusion phenomena in the Milky Way, a source spectrum with spectral index

2 is observed as o« E~%%. That is compatible with the observed cosmic ray spectrum [21].
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Since cosmic rays are charged, they are deflected by magnetic fields. Galaxies have mag-
netic fields but there are also magnetic fields in the intergalactic space. Therefore, it is
very difficult to point to the sources of the cosmic rays from their very anisotropic flux and
the sources of cosmic rays are still not confirmed. Finding the sources of cosmic neutrinos
could help because highly energetic neutrinos need hadronic processes that would also be
able to produce cosmic rays. That makes astrophysical neutrinos a good tracer for the

origin of cosmic rays.

1.2 Neutrinos

Neutrinos are neutral elementary particles with a small but non-zero mass. They are
fermions belonging to the lepton category and exist in three flavors: electron neutrino v,,
muon neutrino v, and tau neutrino v.. Since they are leptons, they do not interact via
strong interaction and being electrically neutral, they also do not interact via electromag-
netic interaction. Because of their very small mass (m, < 1eV), gravity is considered

negligible. For experimental purposes, neutrinos only interact via weak interaction.

Since neutrinos are not charged, they are not deflected by magnetic fields. Hadronic
processes are fundamental in the production of neutrinos at high energies. These highly
energetic neutrinos are produced when interacting hadrons produce pions. When charged
pions decay, neutrinos are produced. Therefore, astrophysical neutrinos are a smoking

gun for hadronic processes in astrophysical objects.

In proton-photon (p7y) processes, a proton interacts with a photon. In an AGN jet,
the relativistic protons can interact with low-energy photons that are either internally
produced by the AGN itself or externally [22] (more details on AGN in section 1.3.1).
There are three main channels, with the resonant production of a A% hadron being the
dominant process:

p+y— AT s 4t

p+y—p +7’ (1.1)

p+y—p +1 4+

The neutrinos are produced in the decay of charged pions (branching ratio ~ 100 %)

™ = v+
sty ety i,y (1.2)

T —>u +tv,—e +0.+y,+0,
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Ignoring the distinction between neutrinos and anti-neutrinos, the pion decay leads to
a neutrino flavor ratio of 1 : 2 : 0 in the flavor order v,, v,, v,. In the delta resonance
channel, the 7% has ~ 20 % of the proton’s energy. Since the pion decays into four particles
and the pion mass is significantly larger than all decay product masses (m_+ > m.,m,),
the pion energy is distributed evenly across the decay products. Therefore, the outgoing

neutrino has 5% of the proton’s energy [23]:
E, ~0.05E,. (1.3)

In the py process, both charged and neutral pions are produced. Since neutral pions decay
into two photons and charged pions produce neutrinos during their decay, highly energetic
neutrinos are connected to highly energetic photons. One needs to take into account, that
highly energetic photons can be produced in multiple mechanisms. Also, the photons can
be absorbed either at the production site itself or on their path towards the Earth. So

~-rays sources are interesting candidates to search for neutrino emission at their position.

In proton-proton (pp) processes, a relativistic proton interacts with a low-energy tar-
get proton. In these interactions, pions are generated
0

p+p—m +X (1.4)

ptp—T +1 + 7Y,
with X and Y being hadronic states. Decaying pions produce neutrinos and photons
according to eq. (1.2). The spectrum of neutrinos produced via pp processes follows the
spectrum of the cosmic rays at the production site, therefore the neutrinos spectrum fol-

lows a power law spectrum o< £~ [21].

1.3 Candidate Sources

Despite observations for over ten years, there are only a few point source candidates
with high significance detected. Combining them with the galactic emission, they can
not explain the diffuse astrophysical flux observed by IceCube. The proposed production
mechanisms presented above can take place in several astrophysical objects. Two examples
of potential sources for a steady neutrino flux are AGN and supernova remnants. Transient
phenomena like gamma-ray bursts are possibly related to transient neutrino emission.
Since NGC 1068 and TXS 0506+056, the point source candidates with the highest level
of confidence (a global significance of 4.20 and 30, respectively) [16, 17] are classified as

AGN, T will go into more detail on AGN as potential neutrino sources.
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Figure 1.2: Schematic representation of possible AGN classifications, figure from [24]. The
central supermassive black hole and its accretion disk are surrounded by a dusty torus, the
broad line region and the narrow line region. AGN are classified based on their orientation with

respect to the observer’s line of sight.

1.3.1 Active Galactic Nuclei

It is assumed that all galaxies host a Supermassive Black Hole (SMBH) with a mass of
10° M, to 10'” My, in their center. A small fraction of these galaxies emit electromagnetic
radiation with a high bolometric luminosity across the electromagnetic spectrum addi-
tionally to the luminosity produced by stars. This radiation originates from the central
region of these galaxies and is powered by mass accretion into the SMBH. These central
regions are called Active Galactic Nuclei (AGN). The SMBH is surrounded by an accre-
tion disk and a dusty torus. Above and below the plane of the accretion disk and the
dusty torus, there is the broad line region (BLR) near the plane and the narrow line region
(NLR) more distant from the plane. In some cases, AGN also emit material outflows and
collimated relativistic jets perpendicular to the accretion disk.

The matter accreting into the SMBH forms a disk through accretion and heats up. The
BLR and NLR consist of clouds that get ionized by the thermal emission of the disk.
They then re-emit emission lines which are broadened by the rotation of the system.
Since the BLR is closer to the rotating SMBH, its lines are broadened significantly by

the Doppler effect, whereas the NRL is much more distant and therefore emits narrow
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lines. Depending on the inclination of the AGN with respect the the observer, the dusty
torus can block the view toward the BLR and the disk. The relativistic jet can be formed
due to the rotation of magnetic fields in the accretion disk, but the exact jet launching

mechanism is not confirmed yet.

Based on the presence of a relativistic jet, two major categories of AGN are defined
as shown in fig. 1.2: Jetted AGN have a high emission in radio frequencies from electron
synchrotron radiation occurring in the jet and are called radio-loud AGN. Active galactic
nuclei without a relativistic jet are called radio-quiet AGN. A more refined classification
of AGN is based on the AGN’s inclination with respect to the line of sight of the observer
and spectroscopic properties and is described in detail by Padovani et al. (2017) in [25].
A jetted AGN that is observed face-on, meaning the jet is aligned with the observer’s line
of sight, is categorized as a blazar. Traditionally, blazars are subdivided based on the
presence of emission lines in their optical spectrum. A blazar with a flat optical spectrum
with observable emission lines is categorized as a flat-spectrum radio quasar. When no
emission lines can be observed, the blazar is classified as a BL Lacertae (BL Lac) ob-
ject. However, recent work indicates that this division might not be based on physical
differences between the types. It rather suggests dividing blazars based on their radiation
efficiency [26, 27, 28].

In relativistic jets, particles get accelerated to relativistic energies and emit photons and,
through hadronic processes, also cosmic rays and neutrinos [22]. When the jet is aligned
with the observer’s line of sight, the observed energies get boosted and the emission is

collimated due to relativistic effects.
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Chapter 2

IceCube Neutrino Observatory

The IceCube Neutrino Observatory [29] is a neutrino detector located in Antarctica at
the geographical South Pole. The goal of this experiment is to detect high-energy as-
trophysical neutrinos in the range between TeV and PeV energies [29], using 1km® of
antarctic ice as a detection volume. IceCube detects the Cherencov radiation induced by
secondary charged particles that are produced in an interaction of a neutrino with the
surrounding environment (ice and Earth’s crust). Therefore, the detector medium has to
be transparent for optical photons. To fulfill this criterion, the detector volume is between
1.45km and 2.45 km below the surface where the ice is transparent [21]. Additionally, the
ice above the detector acts as a shield for atmospheric muons (see section 2.4).

When a high-energy neutrino interacts with a nucleon in the ice, charged particles are
produced. Due to the high energy of the incoming neutrino, the velocity of the charged
particles v is larger than the reduced speed of light in the ice v > £ with ¢ being the speed
of light in vacuum and n being the refractive index of the detector material. This causes
the emission of Cherenkov radiation consisting of blue light emitted in a cone with the
particle’s trajectory as its axis. To detect the Cherenkov radiation, the volume is instru-
mented with a three-dimensional array of a total of 5160 Digital Optical Modules (DOMs)
containing each one photomultiplier tube. The DOMs are mounted on 86 support and
read-out cables, forming so-called strings. The vertical spacing between two DOMs on
the same string is 17 m, therefore, one string of the length of 1km holds 60 DOMs. The
spatial distribution of the strings follows a hexagonal grid with a horizontal spacing of
125m (see Fig. 2.1). In the center of the detector, the density of the DOMs is increased
to reduce the energy threshold to ~ 10 GeV. This central region is called DeepCore [29].
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Figure 2.1: IceCube Neutrino Observatory setup [29]



10 IceCube Neutrino Observatory

2.1 Detection Interactions

As explained in section 1.2, all three neutrino flavors only interact significantly via the
weak interaction. To detect a neutrino in the IceCube detector, there are two possible

interactions:

1. Neutral-Current interaction (NC) is the interaction of a neutrino with a nucleon X
of the detector medium via the Z° boson. In this interaction, the incoming neutrino
exchanges energy with X so that the outgoing neutrino remains unchanged except
for the energy. The nucleon X is fragmented, forming hadrons from quark, anti-
quark pairs and causing a hadronic cascade Y. This interaction can happen for each

neutrino flavor [ = {e, u, 7}:
ZO
V1+X—)VZ+Y (21)

2. Charged-Current interaction (CC) is the interaction of a neutrino with a nucleon
X via the W* boson. Here, the incoming neutrino is converted into the charged
lepton of its flavor. Similar to NC interactions, the nucleon can cause a hadronic

cascade Y due to fragmentation:
+
n+X Y r4y (2.2)

If the energy of an outgoing particle is sufficient, it will cause a chain of secondary particle
production, called a shower or cascade. Two types of showers are relevant to the IceCube

detector:

1. Electromagnetic shower: This type of shower is triggered by photons, electrons, or
positrons, but never by hadrons. A high energy photon (E > 1 MeV) can interact

with the detection medium X via pair production:
Y+X e +et+ X (2.3)

High-energy electrons or positrons can interact with the detection medium via

bremsstrahlung:
X s+ X (2.4)

The photon from this interaction can produce another e /e™ pair if the energy is
sufficient. These two processes produce the starting particles of the other process
respectively. Therefore, they can form a chain of alternating reactions. The shower
stops when all outgoing particles do not have enough energy to trigger the next

reaction in the chain.
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2. Hadronic shower: A hadronic shower is triggered by the interactions of hadrons
with matter. Those interactions produce pions (7?0, Wi) among other products. The
7° meson decays within 8.43 x 10~ s (in its rest frame) into two photons in 98.823 %
of the cases [30]. Due to relativistic effects, they have a longer lifetime. Therefore,
depending on their energy, some 7’ mesons can interact with the medium before
decaying. These photons each produce an electromagnetic shower. The 7~ mesons
decay slower, their mean lifetime in their rest frame is 2.6033 x 10 %s. Before
their decay, they can trigger other hadronic interactions with the detector medium
producing additional 7° and 7#*. The 7= decays as described in eq. (1.2). These
hadronic processes can also form a chain of reactions creating a hadronic shower.
The hadronic shower stops when all outgoing particles do not have enough energy

to trigger the next reaction.

2.2 Event Morphology

In the IceCube detector, three different event morphologies can be observed [21].

e Cascade events: In NC interactions of all neutrino flavors, the hadronic fragments
cause a hadronic shower. In CC interactions of the electron neutrinos, the outgoing
electron starts an electromagnetic shower. The hadronic fragments also contribute to
the event with a hadronic shower. The particles in the showers can induce Cherenkov
radiation that is detected by the DOMs. This event has a roughly spherical mor-
phology, as shown in figure 2.2 in the middle figure. The advantage of this type is it
allows for high energy resolution because the neutrino energy is fully deposited in the
detection medium. However, the downside is the low angular resolution (~ 10° — 15°
[2]) because the particles are highly scattered and the emission is not concentrated

around a single axis.

e Track events: When muon neutrinos interact via CC interaction, they are converted
into muons. These muons are relativistic and emit Cherenkov radiation. They do
not scatter significantly in the detector medium, so it produces a straight track
signal (see fig. 2.2 right figure). The angular distance between the reconstructed
muon direction and the true neutrino direction is described by the Point Spread
Function (PSF). Generally, it decreases with increasing energy [19]. This leads to a
good angular resolution of typically < 1° for energies above the TeV range [2]. Since
the muon does not scatter in the ice, it leaves the detector volume after depositing
only a fraction of its energy. Therefore, the energy resolution is worse than in

cascade events.
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e Double bang events: When tau neutrinos interact via CC interaction, they are
converted into tau leptons. At the neutrino vertex, a hadronic shower caused by the
hadronic fragments Y produces a spherical signal. The 7-lepton leaves this vertex
without scattering. Due to its short lifetime of 2.903 x 107" s (rest frame) [30], it
decays near the neutrino vertex (see fig. 2.2 left figure). Depending on their energy,
due to relativistic time dilation tau neutrinos can travel a distance long enough
before their decay to be distinguishable from cascade events. The branching ratio
for the 7-lepton decaying into hadrons is ~ 64.79 %, for a decay into v.ev, it is
17.82% and for a decay into v,uv, it is 17.39% [30]. The hadronic decay and the
decay into an electron cause another cascade signal at the decay vertex. If the

T-lepton decays into a muon, the muon leaves the detector on a straight path.

Figure 2.2: A simulation of the propagation of Cherenkov light in the detector in all three event

topologies: a track event (left), a cascade event (middle), and a double bang event (right). The
relative detection time is encoded in the color. Red photons are early, blue ones are detected
late. (Figure taken from [31])

NC interactions do not distinguish between neutrinos and anti-neutrinos. For CC inter-
actions, the only difference is the charge of the outgoing lepton. Since the signal does
not carry information about the charge, IceCube can not distinguish between neutrinos
and anti-neutrinos. From now on, we will make no distinction between neutrinos and

anti-neutrinos.

2.3 IceCube 10-Year Dataset

The IceCube Collaboration released a sample of 1134450 track events observed in the
years from 2008 to 2018 [19]. The dataset is divided into ten seasons, each about one
year long. In table 2.1 the seasons are listed together with the number of events in the
dataset. In the first three seasons, only 40, 59, and 79 strings were deployed respectively.
Only in the latest seven seasons, all 86 strings were installed. Each season label uses the
prefix "[C”, followed by the number of installed strings and Roman Numerals [-VII for

the seasons with all 86 strings installed. The following work uses this dataset.
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Season  Events

I1C40 36900
IC59 107011
IC79 93133

IC86-1 136244
IC86-II 112858
IC86-1IT 122541
IC86-IV 127054
IC86-V 129311
IC86-VI 123657
IC86-VII 145750

Table 2.1: List of the IceCube seasons with the corresponding number of events in the 10-year

dataset.

To study the detector’s response to track events coming from astrophysical neutrinos, the
IceCube collaboration performed Monte Carlo simulations. These simulations studied the
effective area A.g that changes with the declination and the neutrino energy. They also
studied the Point Spread Function (PSF) which describes the angular distance between
the true neutrino direction and the reconstructed muon direction. Additionally, the en-
ergy reconstruction was studied. The reconstructed quantities are used as input for the
Probability Density Functions (PDF) used in the maximum likelihood analysis (see chap-
ter 3) [19].

The data release contains the detected events characterized by

e cvent arrival time in Modified Julian Date (MJD) with a millisecond precision

e reconstructed energy of a muon passing through the detector in log(va)

e reconstructed origin of the particle given in local detector coordinates (azimuth and
zenith in degrees) and equatorial coordinates (declination and right ascension in

degrees)

e estimated angular uncertainty of the reconstructed direction in degrees. The uncer-
tainty is assumed to be symmetric in azimuth and zenith. An uncertainty floor of

0.2° is applied.
In addition to the events, the IceCube Collaboration published

e a 'good run list’, a list of time intervals where the data taken is useful for scientific

analysis.
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o instrument response functions (IRF): The response of the IceCube detector to sim-
ulated neutrinos for different configurations depending on the neutrino energy and
declination. The IRF is calculated using Monte Carlo simulations and is published
in 3 spatial bins: 6 < —10°, —10° < 6 < 10° and § > 10°.

e cffective areas: The effective area of the detector that is needed to calculate the

expected event rate in the detector from a given flux assumption.

2.4 Atmospheric Background

Cosmic rays hitting the atmosphere trigger a cascade of secondary particle production
analog to the cascades described in section 2.1. Among other particles, muons and neu-
trinos are produced. The atmospheric muons are shielded by the Earth, meaning they
can only reach the detector for zenith angles < 90°. Because of their instability, they de-
cay during their path through the atmosphere. Therefore, the abundance of atmospheric
muons decreases with the zenith angle. Because of the location of the IceCube Neutrino
Observatory at the geographic South Pole, its zenith angle can be easily converted to
the declination (a zenith angle of 0° corresponds to a declination angle of —90°). The
atmospheric muons contribute significantly to the atmospheric background only for decli-
nations § < —5°. This marks the boundary between the southern hemisphere (§ < —5°)
and the northern hemisphere (6 > —5°) [19]. The transmission probability of neutrinos
through the Earth depends on the zenith angle and the particle’s energy. The transmission
probability of neutrinos with respect to the IceCube position is shown in fig. 2.3. Since
the atmospheric background follows a soft power law with a spectral index of v = 3.7 [21],
a high percentage of atmospheric neutrinos do not reach very high energies which would
lead to absorption by the Earth. Atmospheric events (muons and neutrinos) dominate
the data measured by IceCube. To reduce the background different filters are applied
in the event selection. This leads to different energy cuts in the 10-year dataset for the
two hemispheres. In the southern hemisphere, the data is cut below a minimum energy
depending on the declination. This is shown in fig. 2.4 (left).

Due to the location of the IceCube observatory near the geographical South Pole, the
data appears uniform in right ascension on time scales > 24 h. This uniformity is caused
by the Earth’s rotation. When integrating over several days, the background becomes
uniform for all right ascension. In declination, a clear variation can be seen (see fig. 2.4
(right)). In the southern hemisphere, there are less events than in the northern hemisphere
due to the hard energy cut applied to the data to reduce atmospheric muons. In the
northern hemisphere, the number of events decreases with increasing declination due to

the increasing absorption in the Earth.
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Figure 2.3: (left) Scheme of the position of IceCube on earth with the definition of the zenith an-
gle measured from the zenith of IceCube. (right) Transmission probability of neutrinos through
Earth depending on their energy and zenith angle (standard model prediction). The white dot-

ted line marks the core-mantle boundary. (Figure taken from [32])
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Chapter 3

Statistical Methods

3.1 Unbinned Likelihood Ratio Test

This section is mainly based on [21]. The likelihood function £(x|@) is the probability
of observing the data & when assuming a model described by a set of parameters 6. In
this function, the observed data x is fixed and the model 0 is a variable. The goal is to
find the best model that describes the observed data. The probability density function
(PDF) f(x;|0) defines the probability that a data point has the value x; when a set of

parameters 0 is given. The likelihood function is defined as
L(x]0) = f(x|0) = Hf ;16). (3.1)

A likelihood ratio test is a hypothesis test. A hypothesis test compares two dichotomous
hypotheses, the null hypothesis Hy : @ € ©, and the alternative hypothesis H, : 6 € 6§,
with ©, being a subset of the parameter space and @0 being its complement. The hy-
pothesis test tries to answer whether to accept H, as true or reject H, and accept H.

[33]

In the following analysis, I use an unbinned likelihood ratio test for point sources in the

dataset. The hypotheses for this test are formulated as follows:

e Background hypothesis H;, : @ = 6,: The neutrino flux is produced by atmospheric

muon and neutrino events and diffuse astrophysical neutrinos.

e Signal hypothesis H, : @ = 6,: The neutrino flux has a signal component in addition
to the background events. This signal consists of neutrino events clustered around
the source position g = (ag,dg). The point source has an unbroken power law

. de v
emission spectrum —dE x E,
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The number of detected neutrinos N follows a Poisson distribution with an expected

number of events \:
1
P(N|)\) = MAN exp (—\) (3.2)

Since the order of the events can be neglected, the factor of 1/N! can be omitted. To take
the Poisson distribution into account, the likelihood function is extended by the Poisson
distribution. This is called an extended likelihood.

L(x]0) = P(N|N) - [[ f(xi16) =[] A f(=:10)
' ‘ (3.3)

= e*AHP(xiw)

P(x;|0) is the PDF normalized to A.

The dataset contains ng signal events and np background events, which add up to the
total number of events N = ng + ng. Since the probability of one single event being a
signal event S(x;|0) differs from the probability of being a background event B(x;), the
probability P(x;|@) to observe an event is a combination of these two probabilities:

Nng np

P(z;|0) = S(x;|0) +

s "B B(x). 3.4
ng—i—nB ns+n3 ( ) ( )

When approximating the expected number of events with the observed number of neutri-

nos A = ng +ng = N, the likelihood function is defined as follows:

L (x|0) = e—Nﬂ {”—NSS(%@ + (1 - ”—NS) B (xi)} (3.5)

To test whether the background hypothesis H, or the signal hypothesis H; is the pre-
ferred description of an event, the unbinned likelihood test is used. To compare the two
hypotheses, the likelihood ratio is defined as

supg, £(x(0)  L(x|6,)

) = Sipe. £(@l0) ~ L(x]0y) (36)

The likelihood ratio A\(x) can be simplified since the likelihood function at the maximum
likelihood estimator in the parameter space can replace the supremum of the likelihood
function over the parameter space. The background hypothesis is rejected for A(x) < k,
k being a critical value depending on the required significance level. It is useful to use the
log-likelihood test statistic (7S) defined as

(3.7)

TS = —2In\(z) = 2In {E(w“gl)} .

L(x[6,)
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According to Wilk’s theorem, the T'S-distribution follows a y? distribution if the back-
ground hypothesis H, is true. It is expected that the y? distribution has between 1 and
2 degrees of freedom because the two variables ng and v are not completely independent.
When plugging the likelihood function eq. (3.5) in, the test statistics is defined as

TS =2In [ﬁg—:g;;] =2 {%}

e (3]

Here, the signal hypothesis describes a point source emitting ng neutrinos with an emission
spectrum with spectral index 4. The maximum likelihood approach aims to find the
optimal model maximizing the T'S value by varying the number of signal neutrinos ng
and the spectral index . The hat marks the values for ng and + that maximize the T7'S

value.

3.2 Signal and Background PDF

To compare the background hypothesis H, and the signal hypothesis H;, the PDFs need
to be defined for both cases, which depend on the probability of a neutrino being a signal
neutrino S; or a background neutrino B;. As model parameters @ for the PDFs we take
into account the position of the source g = (ag,ds) and the spectral index of the source
v. The data @ are described by the reconstructed position x; = («;, d;), the uncertainty

of the spatial reconstruction o; and the reconstructed energy F;.

Signal events are expected to be clustered around the position of the potential astro-
physical source xg. Its energy spectrum is expected to follow an unbroken power law
x E~7 with a different spectral index ~ than the background expectation. As mentioned
in section 1.2, the spectral index of the signal events is expected to be harder than the
background index. The signal PDF S; can be described by the product of a spatial term

and an energy term:
Si<mi7 O Ei’w57 7) = Sspatial(wiu 0i|mS) ’ Senergy(Ei|5i7 /7)

1 T, — T 2
= 7 &Xp [_’ 9 QS’ ] 'Senergy(Eiwiv’Y)

27o; ;

(3.9)

The spatial PDF term Sgpu0(%;, 05| s) is a two-dimensional Gaussian distribution cen-
tered at the source position xg with a standard deviation o;. The energy PDF term
Senergy(£3]0;,7) is calculated from Monte Carlo simulations based on the effective area of

the detector. It describes the probability of observing a signal neutrino with energy FE;



3.3 Sensitivity and Discovery Potential 19

given the declination ¢; and the source spectral index ~.

The background PDF B, is defined similarly. It represents the background consisting of
atmospheric muons, atmospheric neutrinos and astrophysical diffuse neutrino flux. Since
background events highly dominate the data, the dataset can be treated as a pure back-
ground sample (see section 2.4). Therefore, the background PDF following eq. (3.10) [34]

is drawn directly from the dataset. There are no free parameters.

Bz‘(wia Ez) = Bspatial(wi) ’ Benergy<Ei‘5i>

LNI/ € 5@ + [6mma 5maz] . B (E|(5) (310)
energy 1Y

21 sind,,4, — SIN 6,

The spatial PDF term Bj,q(2;) is independent of the right ascension «; on timescales
> 24h due to the location of the IceCube Neutrino Observatory at the geographic South
Pole (see section 2.4). The dependency on the declination is expressed by dividing the
sky into stripes in declination that are equally spaced in sind and taking the event rate
in these stripes. The event rate varies with declination due to the intrinsic declination
dependency of the background described in section 2.4 and different selection criteria at
different declinations. The energy PDF term B,,.,,,(E;|0;) describes the probability of
observing a background event (neutrino or muon) with a reconstructed energy F; at the
declination d;. It can be visualized by building a two-dimensional histogram of the recon-
structed energy of the event as a function of the sin §; of the event from the 10-year public
dataset which is depicted in fig. 2.4.

The signal PDF S; and the background PDF B, are plugged into eq. (3.8). To find
the optimized values for ng and ~y, both parameters are varied to find the maximum 7S

value. A higher ng value leads to a higher T'S value.

In this thesis, only the spatial and energy terms of the PDF are covered since this work fo-
cuses on steady-state emission. When looking for transient neutrino emission, a temporal
PDF term is multiplied as an additional factor to the PDF's.

3.3 Sensitivity and Discovery Potential

To define the sensitivity and discovery potential flux one needs to perform pseudo experi-
ments simulating signals. We simulated point sources with different fluxes and performed
the pseudo experiment multiple times per flux value with a randomized background real-
ization. These multiple executions of the pseudo experiment for the same simulated point

source flux are called trials. The sensitivity flux of an analysis is the source flux for which
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in 90 % of the cases the T'S value is higher than the median T'S value of the background.
The 30 discovery potential flux of an analysis is the flux, where in 50 % of the cases the
TS value is higher than the T'S value corresponding to a one-tailed p-value equivalent to

a 30 Gaussian significance. The p-value can be calculated from a normalized background
TS distribution g (T'S|H,) with enough trials:

p(TSu) = [ g(TS|Hy)aTs @11
TSobs

Since the background varies for different declinations, the sensitivity flux and discovery

potential flux depend on the declination.
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Chapter 4

Evaluation of the IceCubePy

Performances

Blazars are a promising class of potential neutrino emitters, as described in chapter 1. The
MessMapp Group studied the relation in a positional cross-correlation study [35] between
neutrino hotspots in the southern hemisphere of the 7-year IceCube dataset containing
track-like events [36] and the fifth data release of Roma-BZCat catalog [37]. To analyze
IceCube data for hotspots and point sources independent of the IceCube collaboration,
the MessMapp Group currently develops the analysis software IceCubePy. IceCubePy
is written in Python and uses the maximum likelihood method described in sections 3.1
and 3.2 to optimize ng and . To use this analysis for scientific studies, it is necessary
to know how well the fitted parameters align with the true ones and if there are any
systematic errors in the fit. To know the true parameters, one simulates point source
signals and analyzes them with IceCubePy. The signal simulation code is based on a

public code developed by Michael Larson'. In this thesis, two data samples are simulated:

e A sample of point sources emitting a flux following a power law with spectral in-
dex v = 2 (< E7?) and 100 different neutrino flux values with 100 independent
trials each at a fixed declination. This sample is used to study the performance of

IceCubePy for point sources emitting a hard spectrum.

e A sample of point sources emitting a flux following a power law with spectral index
v =3 (x E7*) and 100 different neutrino flux values with 100 independent trials
each at a fixed declination. Using a spectral index of 3, this sample is used to study

the performance for point sources emitting a softer spectrum.

In both samples, the simulations were performed at 21 different declinations that are

equally spaced in sind for 6 € [—81°,81°]. In the simulations, the 10-year dataset pub-

"https: //github.com/mjlarson/I3PublicDataSampler
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Figure 4.1: Evolution of the 50 % quantile of the T'S-distribution as a function of the number of
injected and fitted neutrinos for both spectral indices at § = 17.24°. The threshold regions TSy,
are shown for the 30 and 5o discovery potential drawn from the background sample truncated
at different 7'S values.

lished by the IceCube collaboration is scrambled in right ascension for each trial and
used as a randomized pure background sample. The simulated events were added to the
dataset. That approach is feasible because the data is highly dominated by background
events (see section 2.4). Scrambling in right ascension is sufficient to create a random
background sample because the data is uniform in right ascension but not in declination
as described in section 2.4. For the analysis, the data is split into two hemispheres at the
horizon 6 = —5° and only the hemisphere containing the position of the simulated source
will be analyzed. That split-sky approach is faster than always analyzing the complete
sky. The amount of simulated events is negligible compared to the size of the original Ice-

Cube dataset, so the performance study should also be valid for the pure IceCube dataset.

This work will study the sensitivity and the discovery potential of IceCubePy v0.28.1
as a function of declination. It also covers the fit bias of the reconstructed parameters ng

and 7.

The effects of the fit bias of the number of signal neutrinos and the behavior of the discov-
ery potential for a hard (y = 2.0) and a soft spectral index (7 = 3.0) are shown in fig. 4.1
at § = 17.24°. Tt shows the evolution of the median T'S value for an increasing number of
injected and fitted neutrinos. The orange curves show the evolution for v = 2.0 and the
blue curves for v = 3.0. The lighter curves of each color show the evolution depending

on the injected (true) number of neutrinos and the darker curves depending on the fitted
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Figure 4.2: TS distribution of ~ 10° background trials centered around § = 5.4°. The data is
truncated at 6 different T'S values to fit a gamma distribution to the remaining data. This plot

was provided by a collaborator.

number of neutrinos. The ranges of the threshold T'S values for the 30 and the 5o dis-

covery potential are shown in gray.

The difference between the injected number of neutrinos and the fitted number of neutri-
nos shows the effect of its fit bias. For high numbers of neutrinos, there are less simulations
which leads to a loss in statistics and therefore enables higher fluctuations. We can see
for v = 2.0, the number of neutrinos is overestimated by the fit but it is underestimated
for v = 3.0. We also can see that the discovery potential is reached by a lower number of
neutrinos for a hard spectral index compared to a softer spectral index. The performances

of IceCubePy are characterized in the following sections in detail.

4.1 Sensitivity and Discovery Potential

To estimate the sensitivity and discovery potential of IceCubePy for searching astrophys-
ical point sources, we used a large sample of background trials (O (105) trials) at each
studied declination (see fig. 4.2) that were analyzed to estimate the median T'S value
(T'Sprg), which should by design be zero for an infinite number of trials. Since we used

a finite number of trials, small deviations from that expectation are possible. This large
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Figure 4.3: The fraction of trials with a T'S value higher than the median T'S value of background
simulations at a declination § = 0° for different simulated fluxes with an injected spectral index
v = 2.0. The flux is given in code units (fraction of diffuse astrophysical flux). An exponential
function is fitted to the data. The sensitivity flux is the flux, where the fitted exponential
function has a value of 0.9, depicted with the black dashed line.

sample of background trials was produced by a collaborator. To estimate the sensitivity
flux, at each simulated declination for each injected flux value the fraction of trials with
a T'S value higher than the TS threshold value T'Sy;,, = (T'Sy,) is plotted as a function
of the injected flux. Then an exponential function was fitted to the fraction as a function
of the injected flux:

flx) =1—¢eot? (4.1)

This is shown in fig. 4.3 for the simulation with spectral index v = 2 at declination
d = 0°. The uncertainty of the number of trials with a T'S value higher than the median
of the background is assumed to be poissonian.

The estimation of the 3¢ (50) discovery potential flux of IceCubePy is done similarly
to the estimation of the sensitivity flux described above. Here, the threshold T'S value
TS, is the T'S value corresponding to a one-tailed p-value equivalent to a 30 (50) Gaus-
sian significance drawn from a gamma distribution fit to the large background sample
truncated at a T'S value T'S,,.,,. (see fig. 4.2). Truncating the distribution at a 7'S value

higher than zero makes the fit more accurate in describing the tail of the distribution.
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Figure 4.4: The fraction of trials with a T'S value higher than the background T'S value corre-
sponding to a 30 p-value at a declination § = 0° plotted as a function of injected flux. The flux
is given in code units. A cumulative gamma function is fitted to the data without taking the
poissonian error into account. The discovery potential flux is the flux, where the fitted cumula-
tive gamma distribution has a value of 0.5, depicted with the black dashed line. In this plot, the
injected spectral index is v = 3.0 and the threshold in T'S was calculated using T'S;,,ne = 3.0.

Since this tail is the most relevant information for converting 7'S values to p-values,
truncation is needed. We fitted the distribution truncated at 6 different 7'S values at
all studied declinations to investigate the impact of different values on our quantities of
interest. As depicted in fig. 4.2, the different truncations lead to a spread in the tail of
the fitted gamma distribution. The fraction of trials with a TS value higher than the
threshold value is plotted as a function of the injected flux in units of fractions of the

astrophysical diffuse flux and a sigmoid function is fitted to the data:

fla) = (1+exp[a;x])_l (4.2)

In fig. 4.4 the fitting of the 30 discovery potential flux is shown at a declination ¢ = 0°

for a point source with a spectral index v = 3.0 using the background 7S distribution
truncated at T'S,,,,. = 0.5 to calculate T'S};,,. Analogously to the sensitivity fit, the
uncertainty of the number of trials with a T'S value higher than the threshold TS value
is assumed to be poissonian. Therefore, the error is zero for fluxes with no trials higher
than the threshold, which would cause the fit to fail. To achieve a converging fit of the

sigmoid function, the uncertainty of the fraction is not taken into account.
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4.1.1 Sensitivity curve for v = 2.0

The 90 % sensitivity, the 30 and the 50 discovery potential flux are calculated at all 21
simulated declinations as described above. The flux values are converted from the internal

code units to physical flux units with a pivot energy of Ey; = 1TeV.

99,

oF

=fl le-4m- ¢ 0 B (4.3)
= scale - . | —— .
ux_ T+ ©0,100 TeV 100 TeV

The factor 47 guarantees that flux_scale is a fraction of the diffuse astrophysical flux de-
tected by IceCube. For a pivot energy of 100 TeV according to the IceCube collaboration,
the astrophysical diffuse flux is ¢g 100 ey = 1.44 X 107" GeV ' em s sr7! [38]. The con-

verted sensitivity and discovery potential fluxes are plotted in fig. 4.5 as a function of sin 9.

The IceCubePy sensitivity for a spectral index v = 2.0 follows the declination depen-
dency of the sensitivity published by the IceCube collaboration [2] but is in general a
little bit worse. When comparing the sensitivity and also the discovery potential of Ice-
CubePy to the ones published by the IceCube collaboration, it is important to notice
that both analyses use different IRF's. IceCubePy uses the binned IRF published by the
IceCube collaboration both for the simulation of the point source and for the likelihood
analysis. In the analysis of the IceCube collaboration, the full IRF based on Monte Carlo
simulations is used in both steps. Therefore, the observables of the injected neutrinos for
a given flux and spectral index can be different between the IceCubePy analysis and the
IceCube collaboration’s analysis, so we are comparing sensitivities and discovery poten-
tials estimated against signals that are potentially different. Therefore, a deviation in the

sensitivity does not necessarily mean a deviation in the quality of the analysis.

In addition to the sensitivity published of by the IceCube collaboration, we compare the
sensitivity of IceCubePy with the sensitivity of the analysis of the 10-year public dataset
using skyLLHQ, an open-source Python3-based package [40]. These sensitivity fluxes are
calculated by a collaborator. We also compare our analysis to the sensitivity values pre-
sented by Bellenghi et al. [39], where they also used skyLLH. The sensitivity flux of skyLLH
follows a similar trend in the declination dependence as the results from Bellenghi et al.
[39]. In general, the IceCubePy sensitivity also follows this trend. The declinations near
the poles show a somewhat larger deviation. At declination § = —5.67°, the IceCubePy
sensitivity deviates from all three reference values. The IceCubePy sensitivity flux is
48.77 % higher than the sensitivity flux presented by Bellenghi et al. [39], 68.50 % higher
than the sensitivity flux of skyLLH calculated by a collaborator and 112.08 % higher than

the sensitivity of the analysis of the IceCube collaboration [2]. That can be explained

*https: //github.com/icecube/skyllh
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Figure 4.5: Sensitivity, 30 and 50 discovery potential flux of IceCubePy for an injected point
source with spectral index v = 2.0 plotted as a function of sind. The shown discovery potential
fluxes are calculated using T'S;,,n. = 3.0. As a reference, the sensitivity and the 50 discovery
potential published by the IceCube collaboration (IC) [2], the sensitivity of an analysis performed
by Bellenghi et al. [39] and the sensitivity of skyLLH (calculated by a collaborator) are plotted.

by the design of the IceCubePy split-sky analysis. Due to the different composition of
the background in the northern and southern hemispheres, we split the dataset at the
horizon (§ = —5°) and analyze only the hemisphere at which the signal was injected.
The injected signal is spread out according to the signal PDF (see section 3.2). When
injecting a signal very close to the horizon, the signal gets diluted since the background
is cut at the horizon. Therefore, a much higher flux is needed to reach the sensitivity of
this analysis at § = —5.67°.

Another deviation of the sensitivity results by IceCubePy , skyLLH and Bellenghi et al
from the IceCube collaboration results can be observed around § = 10°. The three anal-
yses jump to worse sensitivities for 6 > 10°. For increasing declination, the sensitivity
flux increases slower than the reference by the IceCube collaboration. For § > 52.2° the
IceCubePy analysis has a lower sensitivity flux than the results from the IceCube collab-
oration. A reason for that can be, that the IceCube collaboration published their IRF
only in three bins of declination: the southern hemisphere (6 < 10°), the horizon region
(0 € [-10°,10°]) and the northern hemisphere (6 > 10%) [19]. For their analysis, the
IceCube collaboration used full Monte-Carlo simulations which have not been publicly
released at the time of writing. We can not see the same effect at § = —10° since the sen-

sitivity values from all references roughly agree with the IceCubePy flux at 6 = —11.39°.
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For lower declinations, we see a shift towards higher sensitivity fluxes in the IceCubePy
data with respect to the sensitivity published by the IceCube collaboration. That shift de-
creases in decreasing declination, at the three most southern declinations, the IceCubePy
sensitivity flux is compatible with the data published by the IceCube collaboration or
lower. The sensitivity flux of skyLLH and the one published by Bellenghi et al. [39] also
show an offset toward higher sensitivity fluxes but not as much decrease towards the south

pole as IceCubePy.

There are no publications of the 30 discovery potential flux to compare with the perfor-
mance of the IceCubePy analysis. The IceCube collaboration published the 50 discovery
potential curve together with the sensitivity flux [2]. It shows, that the 50 discovery po-
tential flux follows the declination dependence of the sensitivity flux while corresponding
to higher flux values (as expected). Therefore, I will compare the 30 discovery potential
to the sensitivity flux of IceCubePy . The 30 discovery potential flux follows in general
the declination dependence of the IceCubePy sensitivity flux with an expected offset to-
wards higher fluxes. There are two deviations from this general trend visible in fig. 4.5:
At § = —5.67° the discovery potential flux is lower than the sensitivity flux. Since at
the current stage, the analysis is not reliable at this declination as pointed out above, I
will not go into detail about that. At § = —11.39°, the 30 discovery potential flux is
roughly equal to the sensitivity flux. When comparing it to the sensitivity published by
the IceCube collaboration, it looks like a dip in the IceCubePy 30 discovery potential flux
at that declination. At § = 81°, the 3o discovery potential flux decreases with respect to
the sensitivity. That could be due to difficulties in the analysis near the poles.

In fig. 4.5 the 30 discovery potential flux is shown only for T'S,,,,. = 3.0 but was cal-
culated for the 6 different truncation values. The mean difference between the minimum
and the maximum 30 discovery potential flux due to the choice of the truncation value

per declination is 3.60 % with a maximum difference of 10.04 % at 6 = —81°.

The IceCubePy 50 discovery potential flux is shown in blue in fig. 4.5. It is calculated
analogously to the 30 discovery potential flux for six different truncation values of the
background TS distribution. The choice of the truncation value has a larger impact on
the 5o discovery potential flux than on the 3¢ discovery potential flux, namely a mean
difference between the minimum and the maximum 50 discovery flux per declination of
6.54 % and a maximum difference of 16.41 %. The reason for that is that the tail of the fit
to the background distribution is more sensitive to change in the truncation value because
there is less data. This can be seen in fig. 4.2. For § < 10°, the IceCubePy 50 discovery
potential flux follows the 50 discovery potential published by the IceCube collaboration.
At 6 = —81°, it is lower than the IceCube reference, analog to the IceCubePy sensitivity.
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Figure 4.6: Sensitivity, 30 and 50 discovery potential flux of IceCubePy for an injected point
source with spectral index v = 3.0 plotted as a function of sind. The shown discovery potential
fluxes are calculated using T'S},ne = 3.0. As a reference, the sensitivity and 5o discovery
potential flux published by the IceCube collaboration (IC) [2] are plotted.

At § = 10°, a jump to higher flux values occurs analogously to the sensitivity and 3o
discovery potential fluxes. As already described for the other two properties, a slower
increase of the IceCubePy 5o discovery potential flux with increasing declination than the
discovery potential flux published by the IceCube collaboration is observed. For § > 52.2°,
the IceCubePy analysis shows a lower 50 discovery potential flux than the results from

the IceCube collaboration.

4.1.2 Sensitivity curve for v = 3.0

Analogously to the simulations with spectral index v = 2.0, the sensitivity flux, 30 and
the bo discovery potential flux are fitted to the simulations of point sources with spec-
tral index 7 = 3.0. The fitted flux values are plotted as a function of sind in fig. 4.6
together with the sensitivity flux and the 50 discovery potential flux of the IceCube col-
laboration’s analysis with v = 3.0 [2]. The data show that the IceCubePy sensitivity flux
follows roughly the trend of the IceCube sensitivity flux but is at the most declinations
lower. In the northern hemisphere, the IceCubePy sensitivity flux decreases more steeply
with increasing declination than the sensitivity published by IceCube. In the southern
hemisphere, the IceCubePy sensitivity flux is also lower than the IceCube reference when
approaching the south pole. At § = —5.67°, the sensitivity flux is 140.10 % higher than
the value published by IceCube. The reason is discussed in section 4.1.1. Analog to the
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sensitivity curve for spectral index v = 2.0, a small jump to higher values is visible around
d = 10° due to the binning of the published IRF. The IceCube sensitivity curve rises when
approaching the north pole. That trend is not present in the IceCubePy result, which

continues the decreasing trend over the complete northern hemisphere.

As already stated in section 4.1.1, there are no publications of the 30 discovery potential
flux for a comparison to the IceCubePy performance. For spectral index v = 3.0, it is also
true that the published 50 discovery potential flux follows the declination dependence of
the sensitivity flux while corresponding to higher flux values. The same can be stated for
the IceCubePy results. Similar to v = 2.0, at § = —5.67° the discovery potential flux does
not jump significantly to a higher value resulting in a similar flux value as the sensitivity
flux at that declination. At § = —11.39°, the sensitivity and 3o discovery potential flux
are at a similar value with the sensitivity flux being lower than the 30 discovery potential
flux. At § = 81°, the 30 discovery potential flux decreases more than the sensitivity flux.
The discovery potential was calculated for all six truncation values. The mean difference
between the maximum and minimum 3¢ discovery potential flux due to the choice of the
truncation value T'Sy, . 18 3.23 % and the maximum difference is 10.57 % at 6 = —81°,
so the influence of the choice of the truncation value is very similar to the sample with
v =2.0.

Similarly to the behavior with spectral index v = 2.0, the IceCubePy 5o discovery poten-
tial flux for spectral index v = 3.0 follows roughly the trend of the reference published
by the IceCube collaboration. It follows the declination dependence of the IceCubePy 30
discovery potential flux while corresponding to higher values. The 50 discovery potential
flux is comparable to the one published by the IceCube collaboration. It is more affected
by the choice of the truncation value T'S,,,,. to calculate the threshold 7'S;;,, than the
30 discovery potential flux. Here, the mean difference between the maximum and the
minimum 50 discovery potential flux due to the choice of the truncation value is 5.89 %
and the maximum difference is 14.53% at § = —81°. The influence of the choice of the

truncation value on the discovery potential flux is similar to the sample with v = 2.0.

4.2 Reconstruction of Spectral Parameters

When fitting parameters to data with a statistical method, it is important to know the
systematic errors of this fit. In our case of the point source search in IceCube data with the
unbinned likelihood analysis, the number of signal neutrinos ng and the spectral index of
the source v are reconstructed. The fit bias shows the relation between the reconstructed
parameter and the true injected parameter. The fit bias test is performed for both data

samples (point sources with spectral indices v € {2.0, 3.0}) for both reconstructed pa-
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Figure 4.7: The number of signal neutrinos fitted by IceCubePy is plotted as a function of the

true number of signal neutrinos. This plot shows the relation at the declination 6 = 17.24° for
a spectral index v = 2.0 (left) and v = 3.0 (right).

rameters ng and 7.

4.2.1 Observed vs True Number of Events

The fit bias of the number of neutrinos ng is performed at each simulated declination. To
visualize this, the relation between the fitted number of neutrinos and the true number
of neutrinos is plotted together with the contour containing 68 % of the data and a fitted
linear function is shown in fig. 4.7. The median fitted number of signal neutrinos follows
roughly the linear fit but the data shows large scattering in the fitted number of signal
neutrinos. There are not many simulations for high true numbers of neutrinos. Therefore,
the median fitted number of neutrinos shows more scattering than for lower true numbers
of neutrinos and the 68 % contour is not representative. In this region, the linear fit might
represent the actual behavior better than the median and the 68 % contour. The plots
showing the fit bias of the number of neutrinos for all declinations and both data samples

are shown in the appendix (figs. A.1 and A.2).

In his PhD thesis work, T. Glauch [3] covers the fit bias of two different maximum likeli-
hood analyses for point sources in 7 years of IceCube data [36]. They compare the analysis
method of the IceCube collaboration that follows the unbinned likelihood test approach

with a likelihood analysis using deep neural networks. The fit biases of the number of
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Figure 4.8: The slope of the linear function fitted to the relation between the fitted and the true
number of neutrinos is plotted against the sine of the declination for a spectral index of 2.0 and
3.0. A slope > 1 means that the number of neutrinos is overestimated by the analysis and a

slope < 1 shows an underestimation. A 20 % band around slope=1 is shown in green.

signal events and the spectral index from these two analyses are shown in the PhD thesis
of T. Glauch in figures 7.18 and D.7 with a true spectral index v = 2.0 and figures 7.19
and D.8 with a true spectral index v = 3.2. Since the first analysis uses the same approach
as IceCubePy, I compare IceCubePy to this analysis’ fit bias shown by T. Glauch. Since
they present the results for declinations that are not simulated in my data samples, we
compare their results with the IceCubePy results at the nearest covered declination. Their
sample of positions contains only declinations in the northern hemisphere and they show
results for the spectral indices v = 2.0 and v = 3.25, so I can only directly compare the
two methods for v = 2.0. For the softer index, I can only compare if both methods show
the same differences between a soft and a hard index. Because of the large scattering in
the fitted number of neutrinos, resulting in a large 1o uncertainty band, the IceCubePy
results are in general compatible with the results shown by T. Glauch [3] when comparing

close values of declination for both indices.

The slope of this linear fit can be used as a quantitative measure of the fit bias. The
y-intercept of the fit cannot be used as a measure because the background varies with the
declination and influences the y-intercept. The slope of the fit bias is shown in fig. 4.8 as

a function of sind for both spectral indices. It shows that the number of neutrinos is the
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Figure 4.9: Angular separation between the simulated events and the true point source position.
The left histogram shows the distribution of the angular separation of the simulated neutrinos
whereas the right histogram shows the distribution of the angular separation v that is used
to sample the positions of the simulated events. Both histograms show that the simulation
with spectral index v = 3.0 has higher maximum separations compared to the simulation with

v = 2.0. The distributions of ¢ for different energy bins are shown in [19].

most overestimated at the poles and the most underestimated at the horizon. Both spec-
tral indices show the same trend, but the data sample with spectral index v = 3.0 shows
an offset towards lower slopes. In fig. 4.8 one can see that IceCubePy can reliably recover
the number of signal neutrinos (20 % band around slope=1) for hard indices roughly in
the range —0.8 < sind < 0.6 when excluding the region around the horizon (6 = —5°)
as argued in section 4.1.1. For softer indices, it can reliably recover the number of signal
neutrinos roughly in the two ranges —0.9 < sind < —0.3 and 0.6 < sind < 0.8. To make
the claim about these roughly estimated ranges more reliable, further studies are needed.
Regardless of the bias in fitting the spectral parameters ng and -, the sensitivity and
discovery potential discussed above are still reliable as long the simulation of the signal is

reliable.

A reason for the difference in the fit bias of the reconstructed number of signal neutrinos
between the spectral indices could be differences in the spatial distribution of the sim-
ulated point source. Signal events are simulated by sampling the angular separation
between the source position and the event position from the IRF. Then, the right ascen-
sion and declination values are sampled from that. We measured the angular separation of
the simulated events sampled from the 1 values. When looking at the distribution of the
measured angular separation in fig. 4.9, one can see that for a spectral index v = 3.0 the
most distant neutrinos have a larger angular separation than for a spectral index v = 2.0.
The same can be observed in the distribution of the ¢ values. The distribution of the
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Figure 4.10: The spectral index reconstructed by IceCubePy is plotted as a function of the true
number of signal neutrinos. This plot shows the behavior of the reconstructed spectral index for
a true spectral index v = 2.0 (left) and v = 3.0 (right) at § = 17.24°.

value in different energy bins of the public data release is shown in fig. 3 of [19]. It is pos-
sible that deviations between the distribution of 1) and the measured angular separation
occur which are larger than deviations caused by effects of numerical approximation since
the injection code might not be able to reliably sample the event’s coordinates for large
values of ¢ (in the order of 10°). These badly reconstructed events will not contribute to
the likelihood as they are suppressed by the spatial term in the PDF. Since the likelihood
analysis uses the same point spread function to reconstruct the point source for both
spectral indices, it classifies more neutrinos as signal neutrinos in the sample with index
~v = 2.0 compared to the sample with index v = 3.0. That can explain the offset in fig. 4.8
between the two indices [16] but a more detailed study is needed to confirm that.

4.2.2 Observed vs True Spectral Index

Similar to the fit bias of the number of signal neutrinos, the fit bias of the spectral index
is performed at each simulated declination for both true spectral indices v = 2.0 and
v = 3.0. These relations are shown in fig. 4.10, where the reconstructed spectral index
is plotted as a function of the true number of signal neutrinos together with the median
reconstructed index, a contour containing 68 % of the simulations and the true spectral
index. No function is fitted to the data since there is no uniform behavior across both data
samples. The plots showing the fit bias of the spectral index for all declinations and both
data samples are shown in the appendix (figs. A.3 and A.4). As stated in section 4.2.1,
there are less simulations with a high true number of neutrinos which causes a higher

scattering in the median compared to lower true numbers of neutrinos.
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For all declinations, the fitted index converges to a value close to the true spectral index
when the number of neutrinos is high. In the data sample with a true spectral index
v = 2.0, the median fitted index for low numbers of neutrinos is significantly higher than
its true value. This deviation is in general larger in the northern hemisphere (fitted index
v > 3.0 for zero true signal neutrinos) compared to the southern hemisphere (fitted index
2.5 < v < 3.0 for zero true signal neutrinos). This is the expectation since for low numbers
of signal neutrinos, the spectral index should get closer to the index of the atmospheric
background. Due to the harsh energy cut applied to the data in the southern hemisphere,
the background index tends to be harder in the southern hemisphere in this dataset. In
the data sample with a true spectral index v = 3.0, there are two different trends visible:
In the northern hemisphere, the median fitted index is larger than the true index for low
true numbers of neutrinos whereas in the southern hemisphere, the median fitted spectral
index is lower than the true index for low true numbers of neutrinos. The only outlier in
each of the data samples from the described trend is 6 = —81° which shows the trend of
the northern hemisphere.

When comparing the IceCubePy results with the results presented by T. Glauch (shown
in figures 7.18 and D.7 with a true spectral index v = 2.0 and figures 7.19 and D.8 with a
true spectral index v = 3.2, [3]), we can see that both analyses show the same dependence

on the true number of neutrinos and agree within their uncertainty bands.

In fig. 4.10, one can see that the fitted spectral index mostly has discrete values. That is
caused by the choice of a fast interpolation method for the energy component of the PDF
in the likelihood analysis. An alternative interpolation method producing a continuous
distribution of fitted v values has been implemented in IceCubePy during the development
of this thesis.
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Chapter 5

Conclusion and Outlook

This thesis presents the performance of the python based analysis software IceCubePy
using an unbinned likelihood ratio test in terms of its sensitivity and discovery potential
flux for the search of point sources and the bias of the fitted number of neutrinos and the
fitted spectral index of a point source in the 10-year public dataset. In the analysis, the
dataset was split into two hemispheres at the horizon § = —5° and only the hemisphere
containing the position of the simulated point source was analyzed (split-sky mode of
IceCubePy). This was done for two samples of point source simulations with the spectral
index v = 2.0 and v = 3.0 respectively. To calculate the sensitivity flux, the 30 and
the 50 discovery potential flux, for each declination a threshold 7S value T'S}, is drawn
from the T'S distribution of a large background sample. For each injected flux the frac-
tion of trials with T'S > T'S,,,. was calculated and an exponential function was fitted to
the fractions calculated with the threshold for the sensitivity and a sigmoid function was
fitted to the fractions calculated with the thresholds for the discovery potential, both as
a function of the injected flux. The sensitivity flux, 30 and 5o discovery potential flux
of IceCubePy were compared to the respective published quantities of the analysis of the
IceCube collaboration [2]. Since the IRF used in IceCubePy both for the point source
simulation and for the definition of the likelihood is different from the IRF that is used in
the analysis of the IceCube collaboration in both steps, a difference in the sensitivity or
discovery potential between these analyses does not necessarily mean that one them is a

better analysis than the other one.

The sensitivity of IceCubePy for the search of point sources generally follows the Ice-
Cube sensitivity but is on average a bit worse for v = 2.0 and comparable for v = 3.0.
Due to the differences between the 10-year public dataset and the full dataset used by the
IceCube collaboration, there are jumps to higher fluxes near the edges of the bins of the
published instrument response function of the detector. Besides that artifact explained

by the data quality, we found a deviation from the literature sensitivities at § = —5.67°
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which is caused by the design of the analysis. That can be improved in upcoming versions

of IceCubePy.

The discovery potential flux of IceCubePy also follows the data published by the IceCube
collaboration but is a bit worse in the northern hemisphere for v = 2.0 and compara-
ble in both hemispheres for v = 3.0. The jump toward higher fluxes at the edges of
the IRF bins is visible only in the northern hemisphere. There is no deviation from the
literature discovery potential flux at 6 = —5.67°. To define the threshold T'S values to
estimate the discovery potential, the tail of the background T'S distribution is crucial.
That tail can be best described by employing a truncated gamma distribution fit to the
data. We used 6 different truncation values. The 3o discovery potential flux fluctuates
due to different truncations by on average 3.60 % (3.23 %) for a spectral index v = 2.0
(v = 3.0) whereas the 50 discovery potential flux fluctuates by on average 6.54 % (5.89 %).

In the analysis of the bias in the fitted number of neutrinos, the mean fitted number
of neutrinos as a function of the true number can be described with a linear function.
The slope of this linear fit can be used as a quantitative measure but not the y-intercept
due to the influence of the background, which varies with declination. Since there is a
large scattering in the events, it may be difficult to correct for this bias for individual
point sources. In general, for v = 3.0 we underestimate the number of neutrinos while
we overestimate it for v = 2.0. Based on the slope of the linear fit, IceCubePy seems
to fit the number of neutrinos reliably (20 % around slope=1) for v = 2.0 roughly in the
range —0.8 < sind < 0.6 when excluding the region around the horizon (§ = —5°) and
for v = 3.0 in the ranges —0.9 < sind < —0.3 and 0.6 < sind < 0.8. To make a more
confident claim about that, more detailed studying of the performance is needed. Espe-
cially the region near the horizon should be studied with a finer binning in declination.
Regardless of this limitation by the fit bias, the estimated sensitivity and discovery poten-
tial are reliable at all declinations as long as the simulation is reliable. When comparing
the performance of IceCubePy with the performance shown by T. Glauch [3], the results

agree with each other but both studies show a large uncertainty band.

The fitted spectral index converges to a constant value close to the true spectral in-
dex with an increasing true number of neutrinos at all simulated positions and for both
true spectral indices. In the comparison with the results presented by T. Glauch [3], the
results of both analyses agree within their uncertainties. IceCubePy returns most of the
time a fitted spectral index with a discrete value rather than a continuous one. This issue
can be improved using a slower interpolator method for the energy term of the PDF in

the likelihood analysis.
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IceCubePy full-sky sensitivity and discovery potential, y=2.0
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Figure 5.1: Sensitivity, 30 and 50 discovery potential flux of the full sky analysis of IceCubePy
for an injected point source with spectral index v = 2.0 plotted as a function of sin . The shown
discovery potential fluxes are calculated using T'S;,,n. = 3.0. As a reference, the sensitivity and
the 50 discovery potential published by the IceCube collaboration (IC) [2], the sensitivity of
an analysis performed by Bellenghi et al. [39] and the sensitivity of skyLLH (calculated by a

collaborator) are shown.

IceCubePy can be used in a full-sky mode where the complete sky is considered for each
analysis regardless of the source position. This mode was added to the tool to treat the
region close to the horizon (§ = —5°) appropriately. The sensitivity and both discovery
potential fluxes of the full-sky analysis for a sample of simulations with spectral index
~v = 2.0 is shown in fig. 5.1 and fig. 5.2 shows the respective quantities for a sample of
simulations with spectral index v = 3.0. In both cases, the deviation from the literature
sensitivities decreases. Also, the fit bias of the number of signal neutrinos close to the
horizon improves using the full-sky mode for both spectral indices as depicted in fig. 5.3.
The full-sky analysis is promising to treat the region close to the horizon more appropri-
ately than the split-sky mode of IceCubePy but more detailed studies need to be done

for this analysis mode.

Another performance that needs to be studied in more detail is the angular distribution of
source neutrinos. That can explain the fit bias of the number of signal neutrinos presented
in this work. IceCubePy can already be used for scientific studies and this work provides

a well detailed characterization of its performances and limitations (mostly due to the
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IceCubePy full-sky sensitivity and discovery potential, y=3.0
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Figure 5.2: Sensitivity, 30 and 50 discovery potential flux of the full sky analysis of IceCubePy
for an injected point source with spectral index v = 3.0 plotted as a function of sin . The shown
discovery potential fluxes are calculated using T'S;,,n. = 3.0. As a reference, the sensitivity and

the 5o discovery potential published by the IceCube collaboration (IC) [2] are shown.

properties of the public dataset). An example of a scientific study using IceCubePy could
be to correlate the positions of neutrino hotspots with samples or catalogs of potential

neutrino source candidates like blazars.
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Slope of the fit bias of ns, full-sky analysis
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Figure 5.3: The slope of the linear function fitted to the relation between the fitted and the
true number of neutrinos as a measure of the fit bias of the number of signal neutrinos using
the full-sky analysis of IceCubePy is plotted against sind for a spectral index of 2.0 and 3.0. A
slope > 1 means that the number of neutrinos is overestimated by the analysis and a slope < 1

shows an underestimation. A 20 % acceptance area around slope=1 is shown in green.
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Appendix A

Fit Bias Plots
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Figure A.1: Fit bias of the number of signal neutrinos for all simulated declinations with a true

spectral index v = 2.0.
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Figure A.1: Fit bias of the number of signal neutrinos for all simulated declinations with a true

spectral index v = 2.0.(cont.)
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Figure A.1: Fit bias of the number of signal neutrinos for all simulated declinations with a true

spectral index v = 2.0.(cont.)
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Figure A.2: Fit bias of the number of signal neutrinos for all simulated declinations with a true

spectral index v = 3.0.
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Fit bias of ns at 6 = —23.27° with y=3.0

Fit bias of ns at 6 = — 17.24° with y=3.0

Fit bias of ns at 6 = —11.39° with y = 3.0
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Figure A.2: Fit bias of the number of signal neutrinos for all simulated declinations with a true

spectral index v = 3.0.(cont.)
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Figure A.2: Fit bias of the number of signal neutrinos for all simulated declinations with a true

spectral index v = 3.0.(cont.)
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Figure A.3: Fit bias of the number of signal neutrinos for all simulated declinations with a true

spectral index v = 2.0.
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Figure A.3: Fit bias of the number of signal neutrinos for all simulated declinations with a true

spectral index vy = 2.0. (cont.)
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