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Abstract

Numerous types of astrophysical objects are visible in either electromagnetic ra-
diation or gravitational waves and in some cases these messenger particles/waves
may be accompanied by neutrinos. In multimessenger astronomy more than
one messenger (photons, gravitational waves, neutrinos, and cosmic rays) are
observed from a common origin with the potential to provide information about
the sources.

In this work, the focus will be on neutrinos observed by the IceCube Neu-
trino Observatory.

An analysis is developed with the objective of finding low-energy (sub-TeV)
neutrinos possibly originating from transient point sources with neutrino emis-
sion time scales of ~600 seconds. The analysis is performed on three years of
data from the GRECO data sample, which is the largest existing low-energy
sample from the IceCube Neutrino Observatory.

The method used in the analysis consists of two parts, first a kernel den-
sity estimation is used to find multiplets of neutrinos in time, subsequently a
maximum likelihood method is used to test for spatial clustering within the
multiplets.

In the three years of IceCube data, no evidence of transient neutrino emis-
sion is found. Constraints are placed on the volumetric rate of transient point
sources in the local universe.
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Chapter 1

Introduction

Multimessenger astronomy is becoming an increasingly prominent area of re-
search. With the detection of neutrinos from extragalactic astrophysical sources
and the recent discovery of gravitational waves, astrophysical objects are no
longer exclusively observed through electromagnetic radiation. Neutrinos are
an excellent messenger due to their ability to travel in straight lines between
their source and the Earth without being deflected by magnetic fields or inter-
acting with matter. Therefore they can provide exciting information about even
some of the densest regions in the universe.

The neutrino’s very low interaction probability makes it capable of travel-
ing large distances without interaction, however this property also makes the
detection very difficult.

The IceCube Neutrino Observatory (IceCube) is a large scale particle detec-
tor located in the glacial ice at the South Pole. Due to the size of the detector and
the neutrino being the second most abundant particle in the universe, numer-
ous neutrinos are detected by IceCube every year. These neutrinos will have
various different origins, atmospheric as well as astrophysical.

Multiple analyses aiming to show correlations between astrophysical sources
and high energy neutrinos have been performed within the IceCube Collabora-
tion. However, searches/studies of astrophysical phenomena emitting neutri-
nos in the low-energy range (sub-TeV) are few and a correlation between such
neutrinos and confirmed astrophysical sources has yet to be found.

The objective of this work is to develop a method able to observe transient
astrophysical point sources in the data from IceCube. In principle, the analysis
should function both as an offline analysis on already existing archived data as
well as an online real-time search/alert system. The purpose of the real-time
search is to produce alerts of interest for experiments observing transient point
sources through other messengers, e.g., the Fermi Gamma-ray Space Telescope.
In this work, the analysis is developed and applied to archived data, while the
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implementation of the online alert system will take place in the future.

Chapter 2 introduces neutrinos within the Standard Model and beyond. The
physics of the IceCube detector together with the detection of neutrinos includ-
ing neutrino interactions, Cherenkov radiation, and event topologies will be
described in Chapter 3. Chapter 4 provides the theoretical framework of the as-
trophysics relevant for the analysis, i.e., a description of possible astrophysical
sources, specifically gamma-ray bursts and the mechanism behind their emis-
sion of neutrinos. The atmospheric background is discussed as well. The anal-
ysis is described in detail in Chapter 5, followed by the results in Chapter 6.
Finally, in Chapter 7, the concluding remarks and future prospects will be pre-
sented.



Chapter 2

Neutrinos — in the Standard
Model and beyond

The neutrino is an elementary particle that will be the center of attention in
this work. It is partly described by the Standard Model, however, additional
physics beyond the Standard Model is necessary in order to fully understand
and describe the properties of the neutrino.

A discussion of the neutrino in the context of the Standard Model is given in
Section 2.1, while neutrino oscillation (the physics beyond the Standard Model),
is described briefly in Section 2.2.

2.1 Neutrinos in the Standard Model

Without the existence of the neutrino, the energy of the emitted electron from
a beta-decay would be expected to equal a single specific value every time, in
accordance with a general two-body decay. However, the energy of the emitted
electron has been measured to be distributed over a range of energies, which
in 1930 led to the prediction of the neutrino [1]. The existence of neutrinos
was confirmed in the 1950s in the Cowan-Reines neutrino experiment, where
antielectron neutrinos were detected after being created in a nuclear reactor [2].

Neutrinos are elementary particles representing the neutral leptons in the
Standard Model. They are paired together with an electrically charged and
more massive lepton in doublets, see Figure 2.1. They exist in three different
flavors associated with the other lepton in the doublet.

Since neutrinos have no electric charge, they do not couple to the photon,
the carrier of the electromagnetic force. Therefore, neutrinos do not interact
electromagnetically. Furthermore, neutrinos are colorless, meaning that they
cannot interact via the strong force by coupling to gluons. In the framework
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FIGURE 2.1: Illustrative chart of the particles in the Standard Model containing the six
quarks, the three charged leptons, three neutral leptons (neutrinos), four gauge bosons
and the Higgs boson. From [3].

of the Standard Model, neutrinos only interact weakly through the exchange of
the W* and Z° bosons with a very small interaction probability.

As a result of their small cross section and because they do not interact elec-
tromagnetically, neutrinos are excellent messenger particles for astrophysical
phenomena. However, these properties are also the reason for the difficulties of
the neutrino detection. This will be discussed in later chapters.

In the Standard Model, neutrinos do not interact with the Higgs boson and
are therefore predicted to be massless. However, it has been shown that neu-
trinos actually are massive, and consequently, they interact gravitationally in
addition to weakly.

2.2 Flavor oscillation

Neutrinos exist in three flavors, which in the Standard Model are predicted to
be massless.

In the 1960s an experiment was performed in a mine in South Dakota with
the purpose of measuring the solar neutrino flux [4, 5]. The neutrino flux origi-
nating from the Sun was described by the Standard Solar Model, where electron
neutrinos are emitted from the Sun after being produced in hydrogen fusion
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processes and beta-decays, e.g.
p+p 2 D+et +v,, B — Be* +e' + v..

With more than 600 tons of chlorine-based fluid, the aim was for the neutrinos
to interact with the fluid via the inverse beta-decay

Ve +35C1 — JTAT + e

Subsequently, the number of argon atoms could be counted due to their ra-
dioactive properties. The observed rate was only approximately one third of
the predicted rate from the Solar Standard Model. This was known as the so-
lar neutrino problem. This was an indication that either something was wrong
with the experiment, or the understanding of the neutrino emission from the
Sun, or new physics beyond the Standard Model was necessary in order to fully
understand and explain the behavior of the neutrinos.

Throughout the next few decades other experiments followed up on the re-
sults including Sudbury Neutrino Observatory (SNO) [6]. This experiment was
able to measure both the electron neutrino flux as well as the total neutrino flux
and thereby estimate the fraction of electron neutrinos from the Sun. Their re-
sults indicated that the missing electron neutrinos had undergone a change of
flavor during their travel towards the Earth.

The solar neutrino problem was solved by introducing the theory of the os-
cillation between the flavors, leading to a better understanding of the properties
of the neutrinos.

Neutrinos interact via their flavor states (v, v,, v;) but propagate through
space as their mass eigenstates (14, 5, v3), and neutrino oscillation occurs be-
cause the mass states are different from the flavor states. The flavor states are
related to the mass states through the 3x3 PMNS (Pontecorvo-Maki-Nakagawa-
Sakata) matrix [7, 8] (see Appendix A for a derivation of transition probabilities
given a two-flavor model)

Ve Uel Ue2 Ue3 "
vyl = Uﬂl UMQ ng Vo . (21)
Vr UTI UT2 UT3 Vs

This is a unitary matrix describing the mixing between the states, i.e., neutri-
nos propagate through space as their mass states that are superpositions of the
flavor states. In order to parameterize the matrix, three mixing angles (02, 023,
and 0;3) are needed together with a complex phase factor dcp. The mixing an-
gles describe the rotation between the flavor states relative to the mass states,
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while the phase factor is related to the charge-parity violation. In terms of these
four parameters Equation 2.1 can be written as [7, 8]

Ve [1 0 0 C13 0 sy3e cp c1a s12 0] vy
V|l = 0 Co3 S93 0 1 0 —S12 C12 0 v,
Vr _0 —S93 (a3 —(91:;(37"(5013 0 C13 0 0 1 Vs
[ C12C13 S12€13 size~0cr] [y
= | —S12C23 — C12823513€"°CT  C1aCo3 — S12593513€7°C 523C13 vy
| S12523 — C12C23513€7°CP  —C12803 — S12C23513€"°CF (o313 V3

(2.2)

The shortened notation s;; = sin(6;;) and ¢;; = cos(6;;) has been adopted. The
three mixing angles are determined experimentally. Experiments measuring
solar neutrinos are especially sensitive to 6,2, and for that reason, this angle is
often dubbed the solar mixing angle . It has been measured to ¢, ~34°. The
largest mixing angle is 6,3 ~45°, which corresponds to approximately maximal
mixing. In 2012 it was confirmed that the last angle is non-zero, 6,5 ~9° [9].

Neutrinos produced by an astrophysical source with a specific initial flavor
ratio will oscillate during their travel toward the Earth and therefore arrive with
a different final flavor ratio. This impacts the searched for astrophysical tran-
sients, and will be discussed in more detail in Sections 4.2 and 5.1.2.



Chapter 3

IceCube Neutrino Observatory and
detection of neutrinos

The IceCube Neutrino Observatory is a large scale detector consisting of 1 cubic
kilometer of instrumented ice located at the South Pole.

This chapter provides a general description of the detector as well as the
interactions of neutrinos. This is followed by a discussion of the production
of Cherenkov radiation and the different event topologies, and finally, detector
noise will be explained

3.1 The IceCube detector

The IceCube Neutrino Observatory (IceCube), is a large detector consisting of
instrumented ice. It contains 86 strings each composed of 60 digital optical mod-
ules (DOMs). These DOMs are located 1450 — 2450 meters under the surface. In
total, the strings are embedded within approximately one cubic kilometer of
ice, with a surface at the top of about 1 square kilometer. The strings are mostly
distributed in a hexagonal shape. An illustration of the detector is shown in
Figure 3.1.

The main part of the detector, the In-Ice array, contains the 86 strings and
is located deep below the surface of the ice. The In-Ice array aims to detect
neutrinos of astrophysical origin with energies ranging from O(TeV) to O(PeV).

Additionally, 324 optical sensors are placed at the surface in the IceTop, with
the purpose of observing cosmic ray showers.

In the center of the In-Ice array, the sub-array DeepCore is located. This is
a denser instrumented part of IceCube consisting of a subset of 8 strings of the
In-Ice array. The objective of DeepCore is to increase the sensitivity at lower
energies and thereby allow the observation of neutrinos down to ~10 GeV [10].
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FIGURE 3.1: Illustration of the IceCube Neutrino Observatory with the IceTop on the
top of the ice, the In-Ice array buried deeply in the glacial ice, and the DeepCore located
in the center of the In-Ice array. Modified from [11].

3.1.1 Digital optical modules

Each string contains 60 DOMs, which are the units in IceCube that are acquiring
data by measuring the light emitted when neutrinos interact in the ice — this
will be discussed in greater detail in the next section. Each DOM consists of a
glass shell protecting the interior, see Figure 3.2. Inside, the ~10-inch photo-
multiplier tube (PMT) is located pointing downwards (to the north). The PMTs
are capable of detecting single photons with wavelengths ranging from 300 nm
to 650 nm, i.e., they are effective in the ultraviolet and visible parts of the elec-
tromagnetic spectrum. This is a result of the high quantum efficiencies of ap-
proximately 25% for the standard PMTs. The strings represented in DeepCore
have a quantum efficiency that is up to 35% higher compared to the standard
PMTs, leading to an increased sensitivity of DeepCore.

The main-board in the DOM contains two different digitizers to digitize the
waveforms of the signal. They start acquiring data when a threshold on the volt-
age of approximately 0.25 times the typical voltage of a single photoelectron is
reached. When the Analog Transient Waveform Digitizer (ATWD) is triggered
by a voltage larger than the threshold, it will digitize the waveforms with a du-
ration of 427ns. The acquired data digitized by the ATWD within a specific

8
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FIGURE 3.2: [llustration of the digital optical module with the photomultiplier tubes
pointing downward within the glass shell. From [11].

DOM is discarded unless at least one neighbor or next-to-neighbor DOM on the
same string is triggered as well within a 1000 ns window. The purpose of this is
to reduce the noise, which will be discussed in Section 3.3. The fast Analog-to-
Digital Converter (FADC) continuously digitizes and outputs waveforms within
time windows of 6.4 ns.

The flasher board in the DOM contains 12 LEDs used for calibration. By
emitting light, they are able to measure the positions of the DOMs and exam-
ine the properties of the ice. This is necessary when studying the absorption
and scattering lengths of photons propagating through the detector. Informa-
tion about the ice properties is crucial when processing the data acquired with
IceCube [11].

3.2 Detection of neutrinos

It is not the neutrinos themselves that are detected by IceCube but rather the
particles created when they interact in the ice at the South Pole. For this rea-
son, neutrino interactions play an important role in the description of neutrino
detection. This section will provide a description of neutrino interactions and
what a neutrino looks like with the ‘eyes’ of IceCube.
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FIGURE 3.3: The plots show the neutrino (a) and antineutrino (b) cross section divided
by the energy as a function of the energy for the CC interaction. Both the total and
the individual contributions from the different processes, quasi-elastic (QE), resonant
production (RES), and deep inelastic scattering (DIS), are shown. From [12].

3.2.1 Neutrino interactions in matter

Neutrinos interact in the ice through the weak interaction by the exchange of a
W# in a charged current (CC) interaction or of a Z° boson in a neutral current
(NQ) interaction. In the CC interaction there are three different interaction sub-
types which dominate in different kinematical regimes, see Figure 3.3.

At low energies the CC interactions are dominated by quasi-elastic scatter-
ing (QE), where the incoming neutrino scatters off a whole nucleon that is left
intact.

At intermediate energies of ~1GeV-10GeV resonant production (RES) is
dominating the CC interaction. In RES, the neutrino interacts with a nucleon
forcing it into an excited baryonic state that subsequently decays to hadrons.

At higher energies — the energy regime relevant in this work — the neu-
trinos mostly participate in deep inelastic scattering (DIS) in CC as well as NC
interactions [12]. Figure 3.4 shows these two types of DIS. In both cases, an
incoming neutrino/antineutrino scatters off a nucleon present in the ice at the
South Pole, with an energy high enough to hit one of the quarks inside. Sub-
sequently, the nucleon shatters and emits a shower of hadrons — particles con-
sisting of a quark and an antiquark pair (mesons) and/or particles consisting of
three quarks (baryons). This is referred to as the hadronic shower.

In a NC interaction, the final state lepton remains a neutrino of the same
flavor as the incoming neutrino. The final state neutrino propagates through
the detector leaving no trace of the original neutrino flavor behind. In the CC

10
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FIGURE 3.4: (a) Feynman diagram of the CC interaction. A neutrino interacts with
a nucleon through the exchange of a charged W+ boson and is converted to a charged
lepton in the process. (b) Feynman diagram illustrating the NC interaction, in which
a neutral Z° particle is responsible for the incoming neutrino’s interaction with the
nucleon.

interaction a charged lepton of the same flavor as the incoming neutrino is pro-
duced. The charged lepton can create a special signature revealing the flavor of
the incoming neutrino. This will be discussed further in Section 3.2.3.

3.2.2 Cherenkov radiation

The IceCube neutrino telescope is a Cherenkov detector meaning that it detects
the light emitted when charged particles propagate through the ice with a speed
exceeding the speed of light in the ice. In general, the speed of light in a given
medium, called the phase velocity v, is equal to the ratio between the speed of
light in vacuum c and the refractive index n of the material,

v=—. (3.1)

n

Typically, ice has n ~ 1.31, which, using Equation 3.1, results in v ~ 0.76c. This
means that when a charged particle moves faster than 0.76c¢ in ice Cherenkov
radiation is emitted [13, 14]. The photons are emitted in a large range of wave-
lengths. The intensity increases with the wavelength and therefore the spectrum
typically peaks at energies corresponding to the ultraviolet or blue part of the
spectrum.

Cherenkov radiation occurs because a charged particle polarizes the ice but
moves away before the medium has time to relax. This results in the production
of wavefronts propagating in an angle 6 relative to the particle’s velocity, see
Figure 3.5.

11
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FIGURE 3.5: Left panel: A charged particle polarizes the medium but moves slower
than the polarization. Right panel: A charged particle polarizes the medium and moves
faster than the speed of light in the given medium. In this case, a wavefront (red dashed
line) is created and Cherenkov radiation will be emitted. From [15].

The number of Cherenkov photons emitted increases with the travel dis-
tance of the charged particle. This means, that the longer the charged leptons
produced via neutrino interactions travel through the ice, the more light will be
created for the DOMs to detect, resulting in better angular reconstruction of the
incoming neutrino.

3.2.3 Event topologies

An observed neutrino at IceCube is called an event. The topology of neutrino
events can be very different depending on the neutrino flavor, its energy and
the type of interaction. The topology is generally divided into two sub-groups:
tracks and cascades. The names refer to the shape of the events, i.e., a track has
a long track-like shape, while a cascade is shorter and has a more round shape.

NC interactions involving any neutrino flavor will produce cascades. In the
NC interaction, the incoming neutrino is not converted into a charged lepton
but rather stays a neutrino. Hence, there will be no particle to create a long
track of Cherenkov radiation.

In the CC interaction of the electron neutrino an electron is produced in the
tinal state. The electron will interact heavily with especially protons in the ice,

12
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and consequently loses energy/slows down too rapidly to create a track-like
topology.

Tracks are produced by incoming muon neutrinos interacting through the
CC interaction. Muon neutrinos interacting through the exchange of W+ bosons
result in charged muons able to travel long distances in the ice before decaying
or loosing too much energy to produce Cherenkov radiation. A long track of
Cherenkov radiation in the detector will therefore generally be identified as a
track originating from a muon neutrino CC interaction. However, if the muon
energy is low and it’s track is short, the neutrino might be misidentified as a
different flavor, or the interaction is misidentified as a NC interaction.

In the CC interaction of an incoming tau neutrino, a charged tau lepton is
created in the final state. The tau particle is very massive and therefore will
decay too quickly to create a track. Instead, there will be one cascade from
the production of the tau particle and another when the tau decays. In most
cases the decay of the tau happens promptly after its production, leading to
effectively a single cascade. However, in rare cases tau leptons with energies
O(PeV) may create the special “double bang” signature with two distinct cas-
cades. Furthermore, in some cases, the taus created from the tau neutrino CC
interaction will decay into a muon that subsequently creates a track-like sig-
nature in the detector, possibly leading to the neutrinos being misidentified as
muon neutrinos.

3.3 Detector noise

In addition to the neutrino events described above, the detector also measures a
signal originating from within the DOMs rather than Cherenkov photons. This
is referred to as detector noise. The noise detected by the DOMs are divided into
three subtypes: uncorrelated noise, correlated noise, and after-pulses, which
have different origins and time profiles, see Figure 3.6 that is created using Hit-
Spool data.

The HitSpool system is a buffer system used to store all hits in the DOMs for
several hours. It was originally developed with the purpose of studying tran-
sient signals from supernovae, where the signal from each individual neutrino
might be unable to trigger the data acquisition system (the digitizers). Conse-
quently, the HitSpool data consist of untriggered raw data that have not been
cleaned for noise. This property makes the HitSpool data excellent in the study
of noise as well as supernovae.

The uncorrelated noise is created from thermal noise and radioactive decays
in the PMTs. The time profile is Poisson distributed and depends on the tem-
perature of the apparatus. Thus, the uncorrelated noise is different for DOMs
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FIGURE 3.6: Different components of the noise in the detector. Since only the relative
shapes of the curves are important, the y-axis is in arbitrary units. From [16].

deployed at different depths that operate at different temperatures.

The origin of correlated noise is still unknown. A possible explanation is
luminescence within the glass of the pressure sphere, which may be triggered
by radioactive decays. This component of the noise is measured as short bursts
following a log-normal distribution.

The third subtype of the noise, the after-pulsing, is Gaussian of nature. It
is created when electrons accelerated between dynodes within the PMTs ionize
residual gases. Photocathodes attract the ions leading to free electrons that are
subsequently measured in a process similar to the measurement of the original
photoelectrons. Effectively, the after-pulsing is measured as a short Gaussian
pulse arriving approximately 6 ps after the original signal.

If the signal of the noise exceeds the charge threshold of the DOMs, the de-
tector noise will result in pure noise triggers, i.e., the ATWD will start acquiring
data by digitizing the waveforms from the noise only. This makes noise clean-
ing necessary in order to obtain a clean signal from the neutrino events [11, 16].
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Chapter 4

Astrophysical neutrinos and
atmospheric background

Several types of astrophysical objects and phenomena are believed to emit neu-
trinos at both high and low energies. The gamma-ray burst is an example of
such a source that is of particular interest for this analysis, and will be discussed
more thoroughly in Section 4.1.1. Furthermore, the astrophysical neutrino pro-
duction mechanism will be described in Section 4.2.

In addition to the astrophysical neutrinos of interest in the work, IceCube
also detects an atmospheric background consisting of two components, atmo-
spheric neutrinos and atmospheric muons. These two types of background will
be discussed in Section 4.3.

4.1 Astrophysical neutrino sources

Our own Sun has already been mentioned as a neutrino source but other far
more exotic and extragalactic sources are believed to exist as well. Most of
these astrophysical objects are thought to emit neutrinos but are already known
to emit electromagnetic radiation often in the form of gamma-rays. Some phe-
nomena are even known to be powerful enough to bend space-time itself re-
sulting in gravitational waves [17]. The possibility of observing neutrinos from
those sources opens another dimension in multimessenger astronomy. By ob-
serving astrophysical objects through more than one type of messenger parti-
cle/wave, each one will provide its own unique information contributing to the
total knowledge about the universe.

Neutrinos have the advantage of traveling in a straight line from their source
to the Earth without being attenuated because they are electrically neutral and
have an extremely small cross section. Effectively, this means that they will not
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be deflected by electromagnetic fields or interact during their travels. These
properties make the neutrino an almost perfect messenger particle, aside from
the fact that the small cross section makes it very difficult to detect as well.

Gravitational waves are created in very energetic phenomena, e.g., in the
collisions between neutron stars and/or black holes remaining after a core col-
lapse supernova. Electromagnetic radiation have already been observed to co-
incide with gravitational waves from this type of phenomena. This was first
observed in 2017 when two neutron stars collided approximately 40 Mpc from
Earth [18]. However, neutrinos are still missing from the picture.

Neutrino sources with electromagnetic counterparts exist in different energy
ranges and are of relevance for this work. This field of study remains relatively
unexplored with only three objects observed through both messengers. These
objects are our own Sun, the supernova 1987A, and the blazar TXS 0506+56.
The supernova 1987A was the first extragalactic object to be observed through
more than one messenger. It has been observed through photons as well as low-
energy O(MeV) neutrinos [19]. Most recently, high energy O(100 TeV) neutrinos
were associated with the blazar 0506+56, which was already observed across the
entire electromagnetic spectrum [20].

Several analyses have been performed within IceCube with the purpose of
searching for high-energy neutrinos in correlation with other messengers. How-
ever, analyses considering low-energy neutrinos are considerably less numer-
ous. The most recent low-energy neutrino search for transient astrophysical
point sources within IceCube was performed on a single year of data, consist-
ing mainly of sub-TeV muon neutrinos originating from the Northern Sky [21].
No evidence of transient neutrino sources was found in the data, and an upper
limit was placed on the neutrino emission from the targeted types of sources.

The gamma-ray burst is the astrophysical phenomenon of particular interest
in the analysis performed in this work. Different theoretical models exist for
gamma-ray bursts at different energy ranges, and in the low-energy case, there
is a model both with and without the electromagnetic counterpart.

4.1.1 Gamma-ray bursts

Gamma-ray bursts are mostly of extragalactic origin. They are transient phe-
nomena usually lasting between 0.1 and 1000 seconds. They are divided into
two subgroups, namely the short duration and the long duration bursts. A
gamma-ray burst is classified as a short burst if it last for up to 2 seconds, oth-
erwise it belongs in the long duration subgroup. In this work, the focus will be
on long gamma-ray bursts.
Gamma-ray bursts are not completely understood yet, however, several phys-

ical models do exist. One of the most commonly accepted models describing the
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FIGURE 4.1: Energy fluence of the high luminosity subphotospheric gamma-ray burst.
From [23].

long duration burst is called the fireball model [22]. According to this model, a
compact rotating object is undergoing rapid accretion, which results in the pro-
duction of relativistic jets along the object’s axis of rotation. The compact object
is either a black hole or a neutron star remaining after a core collapse super-
novae. Material in the jets will be accelerated to relativistic velocities and the
gamma-rays will break out of the stellar envelope surrounding the central ob-
ject. The acceleration is caused by powerful magnetic fields that lead to Fermi
acceleration. Sub-shells of material, e.g., protons, neutrons, and electrons, may
be formed inside the fireball. These sub-shells will propagate with different
velocities, which may create internal shocks. When one sub-shell overtakes an-
other sub-shell, the particles going from upstream (faster sub-shell) to down-
stream (slower sub-shell) through the shock will gain energy. Thereafter, the
charged particles may be reflected back through the shock into the upstream
by magnetic fields, which will further increase its energy. This way, a charged
particle can move back and forth between upstream and downstream repeat-
edly, while being significantly accelerated. The charged electrons will generate
synchrotron emission observed as gamma-rays. The accelerated protons are
responsible for the production of a neutrino flux (as will be described in Sec-
tion 4.2), and thus the fireball model predicts neutrinos with energies O(TeV).
Another model describing gamma-ray bursts and their neutrino emission
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is the subphotospheric model [23]. The two models are similar in that they
both contain a compact object in the center. However, in the subphotospheric
model, the protons in the relativistic jets decouple from the neutrons, which
causes the protons to reach higher velocities than the neutrons. Inelastic colli-
sions between neutrons and protons in the early stages of the acceleration will
lead to the production of e.g., pions. The neutrino emission is predicted to be
at energies around 10 GeV-100 GeV, i.e., much lower than in the fireball model.
See Figure 4.1 for the energy fluence of the subphotospheric gamma-ray burst
model.

A similarity between the two models, is that they both include the gamma-
ray emission. This enables physicists to observe both gamma-rays and neutri-
nos from these astrophysical phenomena. Thus, detecting neutrinos originating
from gamma-ray bursts is important for multimessenger astronomy.

Even though the gamma-ray emission from gamma-ray bursts have been
observed multiple times related to the core collapse supernovae, most super-
novae are observed without a subsequent gamma-ray burst. This has led to
the idea of the choked gamma-ray burst where the jets fail to escape the stellar
envelope. This may be a result of the jets not being energetic enough or the ma-
terial surrounding the compact object being too dense. The small cross section
of neutrinos will allow them to escape the envelope, resulting in an astrophysi-
cal object only observable through its neutrino emission [24].

4.2 Production of astrophysical neutrinos

The production of neutrinos in the gamma-ray burst models under consider-
ation takes place after the material in the jets/photosphere are accelerated to
high velocities. The protons may interact with the surrounding radiation in
py-interactions (photo-meson production) or nucleons can interact in pp, np, nn-
interactions (hadronuclear interactions). At the energies relevant for this work,
pions are predominantly created from these interactions.

Hadronuclear interactions are of highest interest for the subphotospheric
model [23]. In this scenario, protons and/or neutrons participate in internal
inelastic collisions within the sub-shells producing both neutral and charged
pions. Subsequently, the neutral pions decay in the following decay chain

7 — V7Y, 4.1)

resulting in a high energy gamma-ray flux but without contributing to the neu-
trino emission.
The charged pions decay in the following decay chains

=t + o, (4.2)
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followed by
p = et + v+ 1y, (4.3)
and
T U 40y, 4.4)
followed by
woo e+ U+, (4.5)

The resulting flavor ratio produced near the sourceis then N,, : N, : N, =
1:2:0, which can be counted directly from the reaction schemes. Thus, with-
out oscillation we would expect to observe two muon neutrinos for every elec-
tron neutrino and no tau neutrinos. However, neutrinos do oscillate, cf. Sec-
tion 2.2, and therefore the flavor ratio observed by IceCube will be different.
Astrophysical neutrinos with the given flavor ratio of N,, : Ny, :N,, =1:2:0
will arrive at Earth with a ratioof N, : N,,, : N, = 1:1:1[25]. This result is
illustrated in the flavor triangle in Figure 4.2.

v, i ¥, : v, at source o
0:1:0 % 720
‘ 1.00
e 1:2:0 .
]

FIGURE 4.2: Flavor triangle showing final neutrino flavor ratios for neutrinos pro-
duced with the initial flavor ratios (specified in legend) at an astrophysical source. The
color scale is a profile likelihood scan made by Ref. [26] of the neutrino flavor composi-
tion at Earth. In this work, the red dot with an initial neutrino flavor ratio of 1:1:1 is
relevant. Taken from [26].
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4.3 Atmospheric background

The atmospheric background is caused by cosmic rays interacting in the at-
mosphere. Cosmic rays consist mostly of high energy protons accelerated by
astrophysical phenomena, e.g., by Fermi acceleration in gamma-ray bursts as
described in Section 4.1.1. Although the discovery of cosmic rays is dating back
more than a century [27], the specific origin and the acceleration mechanisms
of the most energetic ones has not yet been fully established. Part of the lower
energy cosmic ray flux can be accounted for by intergalactic supernovae and
their remnants.

Cosmic rays are observed with energies across several orders of magnitude,
as seen in Figure 4.3.

The primary cosmic ray particles collide and interact with nuclei in the up-
per atmosphere, a process where mainly charged pions and smaller amounts of
kaons and heavier hadrons are created. Subsequently, the pions decay follow-
ing decay chains similar to the ones described in Section 4.2, effectively resulting
in a shower of secondary particles, as illustrated in Figure 4.4.

The atmospheric neutrino flavor ratio at low energies will be similar to the
initial flavor ratio for the astrophysical neutrinos: N,, : Ny, :N,, =1:2:0,
since the decay chains are the same. However, at neutrino energies of a few GeV,
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FIGURE 4.3: Cosmic ray flux as a function of the energy per nucleon. From [28].
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Cosmic ray

FIGURE 4.4: Cosmic rays interact in the atmosphere resulting in a shower of secondary
particles. From [29].

the muons will start reaching Earth before having time to decay. Therefore, in
this energy range, the contribution from electron neutrinos to the atmospheric
neutrino flux will be suppressed and the atmospheric muon component will be
detectable. Atmospheric neutrinos and muons will be described below.

Atmospheric muons created by cosmic rays have very large cross sections
and short lifetimes compared to neutrinos. Therefore, muons with sufficiently
high energies can reach the detector from the atmosphere but are unable to
travel a long distance trough the Earth. Consequently, muons created in the at-
mosphere above the detector, on the southern hemisphere, are detectable, while
muons created in the atmosphere on the Northern Hemisphere are incapable of
reaching IceCube.

Seasonal fluctuations in the cosmic ray muon flux are the result of density
changes of the atmosphere caused by temperature variations. For example, in
warmer weather, the molecules in the air will rise up, leading to a more dense
upper atmosphere and less dense lower atmosphere. Consequently, the pions
are created at a larger altitude by the interactions of cosmic ray particles, and
will have a decreased probability of interacting with air molecules before de-
caying into muons. This results in an increased cosmic ray muon flux reaching
the Earth [30].

Low-energy atmospheric neutrinos are very abundant but the flux decreases
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FIGURE 4.5: Atmospheric neutrino flux as a function of the energy. From [32].

rapidly with energy, as seen in Figure 4.5. The lines are theoretical predictions
and the other markers are measurements performed by IceCube. The conven-
tional neutrinos are those created in the air shower as described above. The pur-
ple band shows the prompt neutrino flux, which is predicted but not yet discov-
ered. These neutrinos are emitted in the decays of the heavier mesons created
in the interactions between cosmic rays and the nuclei in the atmosphere. The
heavy mesons have a short lifetime and will decay promptly, hence the name
prompt neutrinos [31].

Atmospheric muons traveling through the detector will leave a track-like
signature just as a muon created via CC interaction of a muon neutrino. Atmo-
spheric cosmic ray muons leave tracks immediately upon entering the detector,
while muons created by neutrinos only leave tracks after the interaction of the
neutrino. For this reason, cosmic ray muons are distinguishable from muons
created by neutrinos within the detector. However, neutrinos traveling towards
the detector but interacting in the ice outside of the detector will result in muons
with signatures similar to those of cosmic ray muons.

Since it is impossible for muons to travel all the way through the Earth, a
track-like signature originating from the Northern Hemisphere can always be
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recognized as a muon emitted during neutrino interaction rather than a cosmic
ray muon.
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Analysis

The objective in this work is to design and perform an analysis capable of dis-
covering astrophysical transient point sources. A transient point source is char-
acterized by only emitting neutrinos in a limited amount of time from a sin-
gle point in the sky. Therefore, in order to observe this kind of source, the
method/algorithm in the analysis should attempt to locate multiple neutrinos
clustered in both time and space (multiplets). Since the focus in this analysis is
on low-energy emission, the angular resolutions for the events are lower than
for high energy neutrinos in IceCube. Thus, events emitted from a low-energy
point source will be distributed over a relatively large area on the sky. This
results in the need of observing multiple neutrino events in order to make a
qualified guess on the true position of the source.

This analysis will contain two parts: A kernel density estimate (KDE) in time
with the purpose of locating the times with the largest densities of events, fol-
lowed by an unbinned maximum likelihood method that tests for spatial clus-
tering.

The event selection used in this search is described in Section 5.1.1. Sec-
tion 5.1.2 offers a description of how the background and signal data is mod-
eled. In Section 5.2 the KDE is explained in detail, while Section 5.3 is dedicated
to a description of the maximum likelihood method. The performance of the
analysis is presented in Section 5.4. Finally, Section 5.5 provides a discussion on
some of the choices made while designing the analysis and setting the parame-
ters, including how some values can be optimized differently in the framework
of the future real-time search.
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5.1 Data sample for background and signal

This section is dedicated to a description of the properties and utilization of the
dataset used in this analysis.

5.1.1 The GRECO event selection

In this analysis, the GeV Reconstructed Events with Containment for Oscilla-
tions (GRECO) event selection is used. This is a low-energy data sample that
was originally developed for, and used in, the recent IceCube tau appearance
oscillation analysis [33]. GRECO contains events in the energy range ~10 GeV-
1000 GeV that are therefore detected mainly by the low-energy extension IceCube-
DeepCore.

GRECO is the event selection resulting from applying cuts in seven differ-
ent levels. The purpose of the cuts is to remove accidental triggers originating
from detector noise as explained in Section 3.3 and atmospheric muons created
by cosmic rays described in Section 4.3. Figure 5.1 shows how the event rate
decreases as a function of the cuts within the different levels. Before applying
any cuts, the total rate is approximately 1kHz and is by far dominated by at-
mospheric muons. After Level 1, the rate of atmospheric muons is comparable
to that of accidental noise triggers. At Level 6 the muon neutrino flux exceeds
both the atmospheric muon flux and the rate of noise triggers. At the final level,
Level 7, which is used in this work, the total rate decreased to approximately
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FIGURE 5.1: Components contributing to the rate of GRECO events at different levels,
with the black curve indicating the sum of individual contributions. Taken from [33].
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1mHz and is dominated by muon and electron neutrinos. The rate of tau neu-
trinos is slightly lower than that of atmospheric muons. The accidental triggers
from noise are negligible with a rate two orders of magnitude smaller than the
rates of the other components.

The effective area of the GRECO dataset surpasses that of all other available
datasets at energies up to ~150 GeV, which makes it the best possible choice for
a low-energy astrophysical search, although it was originally developed for an
oscillation analysis. The total full sky effective area for the GRECO event selec-
tion used in this analysis is shown in Figure 5.2a (black, dashed line) together
with the individual contributions from the three neutrino flavors (solid lines).
This is compared to the effective area of the previous low-energy analysis [21]
performed within IceCube, cf. Section 4.1. The effective area in this work is
larger at low energies, because this is a full sky search including all neutrino fla-
vors and both event topologies, tracks and cascades, as opposed to the previous
search that considered tracks created by muon neutrinos from the Northern Sky
only.

Figure 5.2b shows the effective area for the GRECO sample for three wide
declination bands. The effective area for GRECO increases with declination
because more events originating from the Northern Hemisphere (with positive
declinations) remain in the final dataset after performing the event selection as
compared to events originating from the Southern Hemisphere. This is a result
of cosmic-ray muon events being indistinguishable from some neutrino events
from the Southern Sky, which causes these neutrino events to be classified as
atmospheric muons leading them to be removed during the event selection, as
discussed in Section 4.3.

5.1.2 Modeling background and signal

Time scrambled experimental GRECO data is used as background, because
it consists manly of atmospheric neutrinos, which provides the most realistic
background possible. When scrambling the times, the events are uniformly dis-
tributed within the livetime of the dataset. Distributing the events only within
the livetime assures that the correct rate is achieved. Anisotropies in time and
azimuth/right ascension are averaged out when scrambling the data uniformly
in time. This is a simplification but is reasonable since the background rate only
varies up to ~15% around the mean in both time and azimuth as seen in Fig-
ure 5.3. How these fluctuations in the background rate affects the performance
of the analysis will be discussed later and it will be accounted for in the final
results as systematic uncertainties.

A signal neutrino fluence corresponding to a source is modeled using sim-
ulated GRECO data. The chosen signal events are injected in the background
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FIGURE 5.2: (a) The full sky all flavor effective area (black dahed line) and the contri-
butions from individual neutrino flavors (solid lines). This is compared to the effective
area of the of previous low-energy analysis (purple dashed line) [21]. (b) The all flavor
effective area for different declination bands for the GRECO event selection (solid lines)
and the average over the whole sky (black dashed line).
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FIGURE 5.3: (a) Azimuth distribution and (b) rate as a function of time for one year of
unscrambled GRECO data from 2012.

data following a specific energy spectrum corresponding to the subphotospheric
model for gamma-ray bursts, cf. Section 4.1.1. The fluence approximated by the
Fermi-Dirac distribution is parameterized by

()"
O(E) =N -3 (5.1)
err + 1
where E is the energy, N is the normalization that depends on the strength of
the source, and k7' is Boltzmann’s constant multiplied by the temperature. The
mean energy of the source is given by

(E) = 3.15kT. (5.2)

In this work, mean energies of 20 GeV (SPS20) and 100 GeV (SPS100) are used
as benchmarks, see Figure 5.4.

The number of injected signal events is correlated with the source fluence
and determines the strength of the source. The injection follows a Poisson dis-
tribution. This means that all indicated numbers of signal events throughout
this work, refer to the mean of a Poisson distribution where the actual numbers
of signal events are drawn from, unless otherwise specified. This ensures that a
fractional number can be chosen as the Poisson mean, while the actual number
of injected events always is an integer.

The neutrino emission time for the astrophysical sources under considera-
tion in this work (gamma-ray bursts) is unknown. No models describe the neu-
trino emission time theoretically and no observations have been able to shed
light on this property of the sources either. Hence, in this work, the neutrino
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FIGURE 5.4: Shape of subphotospheric energy spectra modeled according to a Fermi-
Dirac spectrum with mean energies of 20 GeV and 100 GeV. The y-axis is arbitrary
since the normalization is unknown.

emission is assumed to be correlated with the well-known gamma-ray emis-
sion. Therefore, as an approximation, the signal events are normal distributed
with a standard deviation of 100 s around a randomly chosen time.

The true spatial position of the injected source is chosen and signal events
are chosen by random from a narrow declination band of +3° around the true
source declination. The true simulated position of each chosen event is shifted
to the true source position and the events are injected at their corresponding
reconstructed coordinates after undergoing the shift, see Figure 5.5 for an illus-
tration.

By taking the angle between the true and reconstructed positions of the
events into account a realistic injection is ensured, because the events will be
injected at a realistic angular distance to the source.

The events are injected with a final flavor ratio of N,, : N,, : N, = 1 :
1 : 1 after oscillation, cf. Section 4.2. Choosing the correct flavor ratio for the
source type under consideration is crucial, because the relative number of tracks
and cascades depends on the flavor ratio, which influences both the injection of
signal events and the angular resolutions assigned to the events. If the flavor
ratio is wrong and the signal for example contains an excessive number of muon
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FIGURE 5.5: Sky map to illustrate the injection method of signal events. The true
position of the source (green star) is chosen and the desired number of events with
their true positions within the band are selected (green dot). True and reconstructed
positions of events (green and blue dots) are shifted together in order to make the true
event positions overlap with the true source position. Finally, the event is injected at its
reconstructed position (blue star).

neutrinos, the signal will contain too many tracks. This will result in better
angular resolutions, effectively causing the events to be injected too close to
the true source position on average, which will lead to more prominent spatial
clustering.

5.2 Kernel density estimation

The first part of the analysis is the kernel density estimation with the purpose
of locating times with large densities of events. Only the most promising times
with event densities above a given threshold are selected and time windows
are created around these times. The spatial maximum likelihood analysis is
only performed on the events within the time windows, meaning that the KDE
works as a preselection of events before the maximum likelihood is used. Since
the dataset consists mainly of atmospheric neutrino background, it is pointless
to use an excessive amount of computing power to perform a spatial analysis
on all events.

The essential principle of the time KDE is to create a Gaussian kernel in time
for each event and add the contributions together for all events. The kernel
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FIGURE 5.6: Illustration to show the principle of the time KDE with a bandwidth
of 100s for each kernel, with the maxima of the KDE indicated by red dots (cluster
centers).

is basically a Gaussian PDF (it integrates to 1) centered around the observation
time for events. The sum of all kernels is then a measure of the density of events.
Figure 5.6 shows an illustrative, constructed example of four “events” together
with the sum of the individual contributions from the kernels. The times of
interest are the maxima of the KDE, which is referred to as cluster centers.

The kernel can in principle take different shapes and the bandwidth can be
optimized in different ways depending on the analysis. In this analysis, the
choice of bandwidth is based on the physics of the astrophysical sources and
should correspond to the neutrino emission time. Consequently, the bandwidth
is 100 s seconds wide.

In general, a KDE is a data driven probability density, however in this work,
the objective is to estimate the unnormalized density, because the analysis should
work independently of the number of events. Hence, the sum of kernels is used
without further normalization, and its value is referred to as Rxpx.

After performing the time KDE (summing the kernels), all cluster centers
are found. The cluster centers with a value of Rxpr above a given threshold are
then chosen as the most likely times for the transient neutrino emission from
possible sources. A time window of +3 bandwidths (600s in total) is created
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FIGURE 5.7: Time KDE for one year of scrambled data (2012). The x-axis is in days
(Modified Julian Date counting the number of days since November 17, 1858). The
dashed line corresponds to the Ry pp-threshold above which there will be an average of
100 cluster centers per year, i.e., this threshold will result in Ny pr =100.

around each chosen cluster center above the Ry pg—threshold. The average
expected number of time windows will be referred to as Ny pr (TWPT=Time
Window with Potential Transients). The Ry pg—threshold is independent of the
number of events, since the unnormalized density is used. Furthermore, it is
correlated with the value of Ny pr. Therefore, the value of the Ry pg-threshold
can be chosen to result in a specific average Nrwpr for a given year of data.
In this work, Ry pg-threshold=950.80 is chosen corresponding to Ny pr=100,
i.e., the threshold will allow 100 cluster centers to pass per year on average.
Figure 5.7 Shows an example for one year of scrambled GRECO data.

For each time window, the spatial maximum likelihood analysis is performed
on the selected events within.

5.3 Maximum likelihood

An unbinned maximum likelihood analysis is performed using the events within
each time window, i.e., the events within +3 bandwidths around each time KDE
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cluster center passing the Ry pg-threshold. The likelihood contains spatial in-
formation about the events, and can therefore be used to estimate their spatial
clustering. The amount of spatial clustering between the events is either indica-
tive of neutrinos from a point source or of atmospheric neutrino background.

In this section, the likelihood function used in the analysis is defined, then a
relatively simple expression for the natural logarithm to the likelihood ratio is
derived. Subsequently, the signal and background probability distributions are
described followed by a discussion of the maximization.

5.3.1 Likelihood function

In order to create an expression for the likelihood function, consider an astro-
physical source featuring neutrino emission. The total number N of neutrinos
from the source observed by IceCube follows a Poisson distributed probability
[34]

_ (ns + nb>N —(ns+np)
P(ng) = e e, (5.3)
where n, and n;, are the number of signal and background neutrinos within a
given time window, respectively. The likelihood for each event i is given by
nsS; npB3;

A = ’ 4
Lin) = o g T 54)

with S; and B; being the probability distribution functions (PDF’s) for signal
and background for the event i. Meaning that for a given neutrino event, S;
describes the probability of that event originating from a transient point source
and thereby being a signal neutrino, and B; is the probability of the event being
a background event that does not originate from the source. The expressions
will be discussed in detail in the following sections.

The total likelihood is obtained by multiplying together the different contri-
butions,

N

£in) = P [ £ty = Lt -<ns+nb>H(n L. > (5.5)

. Ny Mg+ Ny
=1

In order to test whether or not a given time window contains signal events
from an astrophysical source, a null-hypothesis Hy and an alternative hypothe-
sis H; are formulated.

H,: No signal events are present in the given time window. The
time window contains background only.
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H; : The events within the given time window are a combination of
signal and background neutrinos.

The likelihood for the alternative hypothesis being true is given by L£(n;)
defined by Equation 5.5, while the likelihood for the null hypothesis is denoted
L(0). The objective of the maximum likelihood analysis is to estimate how much
more likely it is for a time window to contain signal events (follow the alterna-
tive hypothesis), rather than containing background only (follow the null hy-
pothesis). This can be estimated using the natural logarithm of the likelihood
ratio, which is written as

(TLS+7L ) 'n,5 n <S; n Bz‘
,C(TLS) N!b ) Hz 1 <ns+nb + nslzknb>
In =1In
£(0) %@—nb Hi:l B;

(ns+nb)N —MNg N nsS; ani
niv € Hi:l ns+nyg + ns+ng (56)

=In

Hi]\;1 Bi
N N
Ns + Ny _ nsSZ- Ny
=] Ms =+ .
n ( np ) e E ((ns + nb)BZ Nng + nb)>

The logarithm of products can be rewritten in terms of sums. This yields

(5] =t e () ) o o ),

(5.7)
The logarithm and the exponential function cancel out in the first term, and the
logarithmic rule

In(z)” = yIn(z),

is used to simplify the second term. Further, the summation rule

In(z +y) = In(y) + ln(l + g) ,

is used to rewrite the last term. Equation 5.7 can then be written as

() =)+ 2 (w2 (1 5))

(5.8)
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The first term in the summation is independent of i and can therefore be placed
outside by multiplying with N. This gives

L(ng) N + Ny ny al nS;
| =-—n,+N1 N1 In{1 . (5.
n(ﬁ(O)) ng+ n( o )+ n<n5+nb)+;n +le8¢ (5.9)

The second and third term can again be rewritten to the logarithm of the prod-
uct of the parentheses, which causes them to cancel. The value of n; is estimated
from the data as the expected number of background events in a time window,
calculated as the background rate times the length of the time window. This
will be denoted (n;). The final expression for the log-likelihood ratio is then
obtained

E(ns)) - < n.S; )

In{ —= ) = —n, + In{ 1+ . 5.10

( £(0) 2 () B, (5.10)
Equation 5.10 is the expression used in the likelihood analysis. The spatial

background and signal PDF’s will be described in the following sections.

5.3.2 Background PDF

The background PDF B; for a given event in a time window describes the proba-
bility of that event originating from the background. It is given by the probabil-
ity of observing a background event in the specific position of the given event.
Hence, it depends on the position of the event, i.e., declination and right ascen-
sion. However in this work, a uniform distribution of events in right ascension
is assumed, since the anisotropies in time and azimuth shown in Figure 5.3 are
averaged out, cf. Section 5.1. Therefore B, is a function of the declination only.

The value of B; is calculated as a product of the probability P; 4.. of observing
the event at a given declination and the probability P; ignt ascension Of Observing
the event at a given right ascension, where the latter is a constant.

1
21
Since there are 27 radians in right ascension the probability of observing an
event at a specific point is 5-. The probability of an observation at a given point
in declination is estimated from data. The background distribution of events in
cos(zenith) is shown in Figure 5.8. Based on the distribution a spline is created
and used to find P; 4. for each event.

As seen in Figure 5.8, the variations in cos(zenith) are very large compared
to the fluctuations in azimuth as seen in Figure 5.3. Hence, although the small

(5.11)

Bz’ = Pi,dec . Pi,right ascension — /Tidec *
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FIGURE 5.8: Background event distribution as a function of cos(zenith). The spline
used in the expression for the background PDF is drawn in red.

fluctuations in azimuth/right ascension is averaged out and just included as
systematic uncertainties in the final results, the larger variations in declination
will be accounted for in the background PDF B,.

When using the experimental data to estimate the background PDEF, it is as-
sumed that no or very little signal neutrino emission originating from point
sources is present in the data. If the data contained a significant amount of sig-
nal neutrinos form point sources, it would be unable to accurately describe the
probability distribution of background events.

5.3.3 Signal PDF

The signal PDF S; describes the probability of a given event originating from an
astrophysical source. It should therefore be a function of the angular distance
between a possible source location and the event ¢ as well as the angular reso-
lution of the event. In principle, the angular extent of the source could be taken
into account, but since the analysis designed and performed in this work is a
point source search the angular extent is assumed to be zero.

In this work a Kent distribution [35] is used to model the signal PDF. This is
essentially the spherical counterpart of a two-dimensional Gaussian, i.e., a two
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dimensional Gaussian normalized to the surface of a sphere. Assuming circular
event angular uncertainties, meaning that the uncertainty in declination is equal
to the uncertainty in right ascension, the Kent distribution takes the form

K
Si= 47 sinh(k;)

where |Z5urce — x| is the angular separation between a possible source location
and a given event. The parameter « denotes the concentration parameter of the
Kent distribution, which is related to the angular uncertainty o; for the event
through

6/47; COS(‘(Esourcefwi‘)? (5.12)

1

R; = 5 -
i

(5.13)

o

The true coordinates for the experimental data are unknown, as opposed
to the simulated data where both the true and reconstructed coordinates are
known. Therefore the angular resolutions can be calculated as the angular dis-
tance between the true and reconstructed positions for the simulated data. The
angular resolutions for experimental data are therefore parameterized using the
simulated data, by creating two splines of the median angular spread between
the true and reconstructed positions as a function of the energy and declina-
tion. There are two separate splines created relating to the two different event
topologies in the GRECO sample, tracks and cascades. Tracks are generally
reconstructed better, which is reflected in the splines, and consequently, more
accurate estimates of the angular uncertainties are achieved by taking the event
topology into account. This separation between tracks and cascades is done
with a particle identification (PID).

The PID in the GRECO event selection classifies events as tracks when their
a reconstructed track-length is more than 50 m, while events are classified as
cascades if their track-length is smaller than 50 m. This means that some tracks
with short track-lengths (<50m) are misidentified as cascades and some cas-
cades with longer track-lengths (>50 m) are misidentified as tracks. However,
tracks with small track-lengths have a worse angular reconstruction than tracks
with longer track-lengths, and similarly, cascades with long track-lengths have
a better angular reconstruction compared to cascades with smaller track-lengths.
This is reflected in the splines when using this PID, and therefore not a lot of in-
formation is lost this way.

When creating the splines using the simulated data, the events are weighed
according to the expected energy spectrum for atmospheric neutrinos as de-
scribed in Ref. [36]. This ensures that the splines are weighed correctly for the
majority of the events, since the background consists mainly of atmospheric
neutrinos.
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FIGURE 5.9: The median angular resolution for (a) tracks and (b) cascades defined
as the angular spread between the true and reconstructed positions of simulated data
events. Error bars indicate the 68% central intervals. Declinations specified in the
legend refer to the bin centers.

Figure 5.9 shows the median angular resolution as a function of the energy
for a few example declination bins. From the figure, it is seen that the angular
resolution, in general, is better for tracks than cascades as expected, since tracks
leave a longer trail of Cherenkov photons through the detector. Furthermore,
the angular resolution is improving with neutrino energy since the higher en-
ergy neutrinos create more photons when interacting in the ice and therefore
the DOMs will measure a stronger signal. This leads to better reconstruction
of the event positions. Likewise, the angular resolution is in general better for
events with positive declinations, as a result of the DOMs pointing downward,
which enables them to measure more photons from neutrinos originating from
the Northern Hemisphere.

Bins are distributed linearly in declination between -85 and 85 degrees with
a bin-width of five degrees (only a few are shown on the plots). A few degrees
are left out around the poles because these bins otherwise would contain very
few or no events, potentially resulting in outliers. By leaving out the few de-
grees closest to the poles, too much weight on single/few simulated events is
avoided, ensuring that the splines are based on the majority of the data.

Energy bins are slightly different for cascades and tracks. For cascades, 12
bin centers are distributed logarithmically in the range ~8.9-112.2 GeV, with
two additional bin centers at ~2.8 GeV and ~354.8 GeV in order to include the
lowest and highest energy neutrinos. These two additional bins are wider than
the other bins on the log-scale. The energy bins for tracks are similar, except that
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the first two bins are removed because no tracks have a reconstructed energy
below ~10 GeV, due to the requirement that tracks are at least 50 m long.

5.3.4 Maximization

The signal and background PDFs have been described, meaning that all com-
ponents of the log-likelihood ratio in Equation 5.10 are well-defined. The log-
likelihood ratio is then maximized with respect to the parameter n, and the
source coordinates included in the signal PDEF. In this way, a likely source po-
sition is found along with the number of events in the time window likely to
originate from that particular source. The parameter n, is constrained to be a
fraction of the total number of events within the time window.

In addition to the Rk pg-threshold, another threshold is applied on the fitted
value of n,. This threshold is set to 2 in order to require a minimal amount
of spatial clustering. This is necessary because a single event with very good

® Events =

Log-likelihood ratio maxima -
X Likely source position
True source position

(L PP P SNNRINR P S

-7.933e-05 Log-likelihood ratio 42.5441

FIGURE 5.10: Sky map showing the principle of spatial maximization. Maximization
of the log-likelihood ratio is performed once for each event (blue points). In this example,
two distinct maxima (orange points) are found and the largest is selected as the maxima
of interest (indicated with the black cross). The color scale in the background shows the
value of the log-likelihood ratio computed for each bin, which is for illustration purposes
only and is not used in the analysis.
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angular resolution can potentially result in a large value of the log-likelihood
ratio, but only a small value of n,.

When maximizing the log-likelihood ratio, there may be multiple spatial
maxima. To choose the one of highest interest for the analysis, the maximiza-
tion is performed once for each event within the time window, while using the
position of the given event as an initial guess of the position of the possible
source. This ensures that all relevant maxima are found. The largest maxima
with a value of n, larger than the n,-threshold is chosen. Requiring the maxima
to pass the n,-threshold prevents the analysis from choosing a maximum near
a single isolated event with good angular resolution, as mentioned above. See
Figure 5.10 for an example sky map.

5.4 Performance

In order to investigate the performance of the analysis, it should be tested on
data containing simulated sources. This way, the data will contain a modeled
source with a specific known strength that can be varied in order to estimate
the sensitivity and discovery potential. When injecting a source, both its true
position and its likely position found in the analysis are known, and the uncer-
tainty on the source position can be estimated as the angular distance between
them. The sensitivity and discovery potential is defined and presented in Sec-
tion 5.4.2, and the uncertainty on the likely position on the source is shown in
Section 5.4.1.

5.4.1 Uncertainty on source position

If a source is found in IceCube data, it will be informative to compare the result
to other sources identified in for example gamma-rays or gravitational waves by
other experiments. Therefore, the uncertainty on the potential source position
is useful. Furthermore, it also helps reveal the performance of the analysis.

In order to examine the uncertainty on the source position, the angular spread
between the true and the likely position of the source found by the analysis is
estimated. This is repeated in a large number of scrambled trials, where each
scrambled trial corresponds to performing the analysis on a year of scrambled
data. In this estimate, only the time windows most likely to contain the sig-
nal are considered, i.e., the time window closest in time to the true time of the
source that passes both the Ry pg-threshold and the threshold of 2 on the fit-
ted value of n,. Examples are shown in Figure 5.11. The angular spread is
shown as a function of n,. The left plot shows examples for two different aver-
age source energies 20 GeV and 100 GeV, with a fixed declination of 16 degrees.
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FIGURE 5.11: Angular spread between true and likely source positions. (a) Source
declination is fixed at 16 degrees, results are shown for two different neutrino mean
energies emitted from the source. (b) Average source energy is fixed at 100 GeV and
results are shown for different source declinations.

The right plot shows the angular spread for a few different source declinations,
for a fixed SPS100 source energy spectrum. The percentages, 50% and 90%, re-
fer to the confidence level, meaning that in 50 or 90 percent of the trials, the
likely source position was found within the indicated angular distance of the
true source position. The horizontal error bars indicate the size of the bins in n,,
while the vertical error bars specify the statistical uncertainty originating from
the limited number of trials.

In general, the uncertainty on the source position decreases with the value
of n, because the true position can be estimated more accurately with a larger
number of signal events. Additionally, the uncertainty decreases with energy as
well as declination, which is caused by the better angular resolutions of higher
energy events from larger declinations, see Figure 5.9 used for the angular res-
olution splines.

When reporting an observation of an astrophysical source, Figure 5.11 can
be used to estimate the uncertainty on the given source. This is exemplified
in Figure 5.12. The likely source position is indicated by the red cross around
which two contours are drawn. The true position of the source is expected to
be within the solid red contour with 50% probability and within the dashed
contour with 90% probability.
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FIGURE 5.12: Example of the uncertainty on the likely source position. The true
position of the source (green star), is supposed to be within the solid red contour with
50% probability.

5.4.2 Sensitivity and discovery potential

In order to estimate the sensitivity and discovery potential for the analysis, a
test statistic is defined. The test statistic (TS) is a value that should be able to
distinguish between the two possible hypotheses under examination, cf. Sec-
tion 5.3.1, and it must be calculated in one specific way regardless of the ex-
istence of signal. In this work, the maximum of the maximized log-likelihood
ratios is chosen. This means that for one year of scrambled data 100 time win-
dows are considered on average, resulting in about 100 values of the maximized
log-likelihood ratios. Subsequently, the test statistic is defined as the largest one,
meaning that the test statistic is a single value for a whole year of data.

In the IceCube Collaboration the following definitions are standard and are
used in this work:

Sensitivity is estimated as the number of events/fluence required
for 90% of the signal test statistic distribution to be larger than the
median of the background distribution.

Discovery potential is estimated as the number of events/fluence
needed so that 50% of the signal test statistic distribution is larger
than the test statistic value corresponding to the desired number of
sigmas for the background distribution.
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In this work, a 3¢ discovery potential will be used. Figure 5.13 shows the
background TS distribution together with an example of the signal TS distri-
bution. The source strength is varied by varying the number of injected sig-
nal events until the requirements for the sensitivity and discovery potential are
reached. For instance, a brighter source will result in an increased number of
signal events. Stronger sources will affect the signal test statistic distribution by
shifting it towards larger values.

In Figure 5.13a it is evident that the signal TS distribution is rather wide
compared to the background TS distribution and both distributions have their
peak at approximately the same position. This is an artifact from the Poisson
distributed injection of events. In the specific example of the blue line with 7
signal events, the distribution is created by injecting a randomly drawn num-
ber of events (an integer) from a Poisson distribution with mean value 7.0. This
is repeated in 5000 trials, where a year of scrambled data have been used in
each. Consequently, some trials contain a small number of signal events, mak-
ing those trials similar to trials containing background only. This causes the
signal TS distribution to peak at the same position as the background TS dis-
tribution. Other trials contain a large number of signal events resulting in the
long tail of the signal TS distribution. Furthermore, this explains that the peak
of the signal distribution is more prominent for a lower number of signal events,
while the tail becomes more dominating for larger numbers of signal events.

Figure 5.13b shows the same TS distribution created with 7 being the mean
of the Poisson (blue distribution) compared to a TS distribution where the in-
jected number of events is kept fixed. As expected, the distribution with the
tixed signal is more narrow and peaks at a larger value.

Figure 5.14 shows the estimated sensitivity and discovery potential in terms
of the number of signal events. Information about the energy of the source is
not included directly in the calculation of the test statistic, but affects the re-
sults indirectly through the angular resolution that depends on the energy of
the events. The resulting sensitivity and discovery potential for a source emit-
ting higher energy neutrinos are better since the angular resolutions on average
are better for higher energy events, cf. Figure 5.9. The sensitivity and discovery
potential are better at low and high declinations due to the shape of the spline
used for the background PDF B;, cf. Figure 5.8. Near equator (cos(zenith=0), a
larger number of background events are expected, resulting in larger values of
B;, which makes it necessary to observe more signal events in order to detect a
source.

The sensitivities and discovery potentials in Figure 5.14 are given as the
number of events needed in the final dataset in order to fulfill the requirements
in the definitions of sensitivity and discovery potential. That is the number of
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FIGURE 5.13: Test statistic distributions for background based on 100000 trials and
signal based on 5000 trials. The signal distributions are created using the SPS20 energy
spectrum with a source injected at a declination of 16 degrees. (a) The sensitivity is
reached for the number of injected signal events that results in 90% of the signal test
statistic distribution being on the right-hand side of the dashed line, while the discovery
potential is reached when the signal median overlaps with the dotted line. (b) Poisson
distributed signal injection results in a wider signal TS distribution.
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FIGURE 5.14: The 90% sensitivity and 3o discovery potential shown for neu-
trino sources with subphotospheric energy spectra with mean energies of 20 GeV and
100 GeV.

events emitted from a source that are observed in the detector and pass all the
cuts in the GRECO event selection. Hence, the number of signal events depends
on the chosen event selection. In order to compare to specific astrophysical
sources, the number of observed events must be converted into a fluence that
is independent of the event selection. This is done by using the effective area
for the analysis, cf. Figure 5.2, along with the expected energy spectrum of the
source.
The number of observed events from an astrophysical source is given by

N = / A (E)®(E)dE, (5.14)

with A.;;(E) being the effective area and ®(E) is the energy spectrum assumed
for the source, i.e., the subphotospheric energy spectrum simplified as the Fermi-
Dirac spectrum defined in Equation 5.1.

Consider Equation 5.1 written in the compact form

®(E) =N -0y(E), with &

(5.15)
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FIGURE 5.15: The colored lines show three examples of the Fermi-Dirac fluence defined
by Equation 5.1 and normalized to the value corresponding to the sensitivity in terms
of number of signal events. The black solid line is the predicted model fluence from
Ref. [23], see also Figure 4.1. The black dashed line is the same model but corresponds
to a gamma-ray burst at a distance of ~40 Mpc instead of ~475 Mpc.

Then an expression for the normalization factor N can be obtained by combin-
ing Equations 5.14 and 5.15

B N
= [ A (B)o(E)AE

N (5.16)

By using the number of signal events from Figure 5.14 as the parameter 1V,
the normalization factor for the fluence is calculated using Equation 5.16, and
subsequently the fluence is found using Equation 5.15. The estimated fluence is
shown in Figure 5.15 for different declinations and is compared to the predic-
tion (red thick curve from Figure 4.1 originally taken from Ref. [23]). The origi-
nal prediction with a gamma-ray burst at a distance of approximately 475 Mpc
is indicated by the solid black line. The dashed line corresponds to the same
model rescaled to a distance of 40 Mpc, which is equivalent to the distance of
the neutron star merger recently observed through both gravitational waves
and gamma-rays, cf. Section 4.1. The fluence corresponding to the sensitivity
for this analysis is below the predicted model fluence for a gamma-ray burst at

46



CHAPTER 5. ANALYSIS

—8— SPS20, 90% sensitivity
250 4 SPS20, 30 discovery potential
—8— SPS100, 90% sensitivity
f\ll —8— SPS100, 30 discovery potential
£ 200 \
(@]
>
(]}
O, 150+
X
©
g
Y 100
®
=4
o~
W50
0 T T T T T

~80 -60 —40 —20 0 20 40 60 80
Declination [degrees]

FIGURE 5.16: Sensitivity and discovery potential in terms of fluence. Each point
correspond to the peak fluence including those from Figure 5.15.

a distance of 40 Mpc, and thus, the analysis developed in this work would be
able to detect a gamma-ray burst following this specific model with the given
strength /distance.

Each colored curve in Figure 5.15 corresponds to one point in Figure 5.14.
The objective is to convert all points showing sensitivity and discovery poten-
tials into a fluence. This is done by creating one fluence curve for each point,
and then using the peak fluence as a reference point. The result is shown in
Figure 5.16, where for instance, the second green point is equivalent to the peak
of the blue curve in Figure 5.15.

The declination dependence shown in Figures 5.15 and 5.16 originates from
the declination dependence of the effective area as shown in Figure 5.2. When
the effective area is larger at the Northern Hemisphere, the required fluence
emitted from an astrophysical source in order for the source to be observable in
the dataset is smaller.

Throughout the analysis, both the time KDE bandwidth and the signal time
distribution for the injected signal are set as 100 s. However, Figure 5.17 shows
how the sensitivity in terms of the number of signal events depends on either of
these parameters, while the other one is kept fixed at 100s. Figure 5.17a, shows
that the sensitivity is almost constant for signal emission time scales compara-
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FIGURE 5.17: Sensitivity for the SPS20 energy spectrum at a declination of 16 degrees
as a function of (a) the width of the signal time distribution and (b) the time KDE
bandwidth.

ble to or smaller than the bandwidth, and worsens if the signal emission times
exceeds the bandwidth. This is reasonable, because a signal time distribution
width larger than the bandwidth results in a smaller fraction of the signal neu-
trinos included in a time window. Hence, in order to include the same number
of events in a single time window, the source must be stronger and thereby
emit more neutrinos. Consequently, the bandwidth should ideally be equal to,
or larger than, the expected signal emission time scales for the astrophysical
sources. Figure 5.17b shows that the sensitivity worsens as the bandwidth in-
creases. This results from the increasing number of expected background events
within the time windows as they get larger. This means that, ideally, the band-
width should be as small as possible. The conclusion from Figure 5.17 is that the
bandwidth should be as small as possible, but never smaller than the expected
signal emission time scale, meaning that the ideal bandwidth is the size of the
signal time distribution.

5.4.3 Uncertainties

Since the fluctuations of the event rate in azimuth and time are averaged out,
this is accounted for in the final results. This means that it should be exam-
ined how those fluctuations possibly affect the sensitivity /discovery potential.
From Figure 5.3, the average fluctuation is estimated to be less than 15% in to-
tal. In order to be conservative, the discovery potentials are therefore found by
increasing the total background data rate by 15%. Essentially, events are added
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to the background sample by duplicating 15% randomly chosen events. The
effect on the discovery potential is shown in Figure 5.18. From the ratio plot, it
is evident that a 15% increase in the background rate results in an increase of
less than 5% in the discovery potential.

10
—8— SPS20, normal rate

SPS20, normal rate + 15%
—8— SPS100, normal rate
—8— SPS100, normal rate + 15%

Number of signal events
~

4 T T T T T T T T T
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o 100 === e e
o o e ° o F ] ] o °®
0.95 , - L

80.0 -60.0 -40.0 200 00 160 40.0 60.0  80.0
Declination [degrees]

FIGURE 5.18: Comparison between the discovery potential in terms of the number of
signal events for the normal background rate and for an 15% increased background rate.
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5.4.4 Comparing to previous work

The analysis performed in this work is in many ways similar to the analysis
described in Ref [21]. Both analyses strive to observe transient neutrino emis-
sion from astrophysical point sources by using data obtained with the IceCube-
DeepCore detector. However, the analyses differ in multiple ways. For exam-
ple, two different datasets are used, the previous analysis selected neutrinos
from only the Northern Hemisphere, and includes only muon neutrinos re-
sulting in tracks, while the analysis in this work is a full sky search using all
flavors. Furthermore, the methods implemented are different. This analysis
uses a KDE to preselect interesting time windows followed by a spatial max-
imum likelihood only on the selected events. The previous analysis performs
the maximum likelihood analysis on all events and includes a time term in the
likelihood instead.

The sensitivity from Ref. [21], both in terms of the number of events and the
fluence, is listed in Table 5.1. It appears that the sensitivity in terms of the num-
ber of events is slightly better in the previous analysis, however, the sensitivity
given in fluence is approximately a factor of 6 better in this work. This factor of
6 originates from the fact that both tracks and cascades from all neutrino flavors
have been considered in this work, effectively resulting in a larger effective area
for this analysis, especially at lower energies as seen in Figure 5.2.

TABLE 5.1: Sensitivities from this and the previous analysis in terms of the number of
signal events and the fluence.

Parameter This analysis Previous analysis
Event sensitivity ~7.7 ~5.5
Fluence sensitivity 1.2-1072GeV'cm™2 0.7-1072GeV~'em™

5.5 Analysis design choices

Currently, the analysis functions as an offline search on already existing data.
However, the prospect in the future is to implement it as a real-time search.
Therefore, the analysis is designed and developed with the potential of running
online.

The purpose of the time KDE is to locate multiplets of neutrino events in
time, cf. 5.2. In a future online search, the KDE has an additional purpose. The
positions of the events must be reconstructed in real-time in the online analysis
before being used in the spatial maximum likelihood analysis, but doing so for
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FIGURE 5.19: Sensitivity for the SPS20 energy spectrum with an injected source dec-
lination of 16 degrees as a function of (a) the parameter Npw pr and (b) the threshold
on ns. In the former case, the average number of time windows are varied by effectively
changing the Ry pg-threshold. The sensitivity is approximately constant in both cases.

all events in the GRECO event selection is unfeasible. Therefore, the main pur-
pose of the KDE is to preselect the neutrino events of interest based solely on
their times, avoiding the need to reconstruct all events in real-time, and thereby
improving the latency of the alert system. In this work, the Rxpg-threshold
is chosen to give a Ny pr of 100, and the threshold of 2 on the value of n; is
chosen to require a minimum of spatial clustering. In the framework of an on-
line search, the threshold on the value of Rxpg can be set to a larger or smaller
value, depending on the speed of the directional reconstruction and the desired
latency of the alerts. Furthermore, the threshold on the value of n; can be cho-
sen to allow a given fraction of the time windows to pass. Each time window
passing the n,-threshold will result in the triggering of an alert. Effectively, this
means that the n,-threshold can be chosen to allow a desired number of alerts
per year, depending on the wishes and possibilities from other collaborations,
e.g., Fermi.

Although the two thresholds might be set differently in a real-time search,
the sensitivity remains approximately constant. This result is shown in Fig-
ure 5.19 and is an artifact of the definition of the TS for the analysis and the
existence of the time windows. The TS distribution for background, defined
as the largest log-likelihood ratio for a year of scrambled data based on nu-
merous trials, does not depend heavily on the thresholds. This is because the
time windows are chosen to select the most promising times for transient emis-
sion. Therefore, the additional time windows found by decreasing Rxpr and
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thereby increasing Nrpw pr will predominantly result in smaller values of the
log-likelihood ratio. If a relatively small value of the n,-threshold is chosen, it
will mainly cut away the smaller log-likelihood ratios, and hence this thresh-
old will not affect the TS distribution and thereby the sensitivity heavily either.
Naturally, if a very large value is chosen for either threshold, it will prevent the
observation of any sources.
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Results from unblinding

The process of running the analysis on real data without scrambling the times is
referred to as unblinding. In this way, the physics measurements of the analysis
is obtained.

Section 6.1 contains the unblinding results, while Section 6.2 provides a dis-
cussion of the physics interpretation in the case of not observing any astrophys-
ical sources with a neutrino emission exceeding the discovery potential pre-
sented in Section 5.4.2.

6.1 Unblinding results

The data is unblinded and the analysis is performed with the parameters fixed
as specified in Table 6.1 as discussed in Chapter 5.

When running the analysis, 300 time KDE maxima are found above the
Rk pp-threshold resulting in 300 time windows. After applying the threshold

TABLE 6.1: Parameters used when performing the analysis. The time window width is
defined as a factor of six larger than the time KDE bandwidth and the Ry pp—threshold
is chosen based on the desired average number of expected time windows (Npw pr) for
three years of data.

Parameter Value
Time KDE bandwidth 100s
Time window width 600s
Ry pgr-threshold 950.80
Npw pr (for three years of data) 300
ns-threshold 2
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FIGURE 6.1: Test statistic distribution for scrambled background plotted together with
the 30 value and the largest observation (log-likelihood ratio) found when performing
the analysis on three years of GRECO data.

TABLE 6.2: Unblinding results.

Variable Value
Number of time windows found above KDE threshold 300
Number of time windows remaining after n,-threshold 267
Largest observation (log-likelihood ratio) 11.93

on the value of ng, 267 time windows remain. This means, that there were 267
relevant values of the log-likelihood ratio corresponding to a possible neutrino
source. The largest of these are compared to the 30 value for the background
test statistic distribution based on scrambled trials. The result can be seen in Fig-
ure 6.1. The 30 TS value for scrambled background is 20.33, while the largest
observation in the data yields a log-likelihood ratio of 11.93. Since the largest
log-likelihood ratio is smaller than the 30 TS for background, there is no ev-
idence of transient low-energy neutrino emission from point sources in these
three years of data. Table 6.2 shows the unblinding results.
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6.2 Volumetric rate limit

Given the non-observation of transient neutrino point sources, it is possible to
constrain the volumetric rate of transient sources based on the discovery poten-
tial shown in Section 5.4.2. The volumetric rate is denoted p and is a measure
of the rate at which the transient astrophysical phenomena under consideration
happen per unit volume in the local universe. In this work, that corresponds
to a limit on the rate of gamma-ray bursts given the assumed subphotospheric
model. In practice, a region in the parameter space of volumetric rate versus
bolometric energy £ of the neutrinos is excluded. The bolometric energy corre-
sponds to the total neutrino energy emitted from the source.

The peak fluence defining the discovery potential is found by following
Ref. [37]

> & dN
E2®, = dz——r—— NG 6.1
/0 Z47rd%(z) dz ’ (61)

where the factor
AN~
dz ’
describes the probability of the closest transient neutrino source being at the
redshift z. The parameter N is a measure of the expected number of sources
within redshift z and is given by
. 4m
where 7' is the livetime of the analysis, meaning the detector runtime for the
used dataset, and f, is the fraction of the sky considered. Since this work is a
full sky search fg, = 1.
The luminosity distance d;, of the source is related to its comoving distance

through
dr(z) = (1 + 2)d.(2). (6.3)

The comoving distance d.(z) takes the expansion of the universe into account
and therefore does not change with time. It is written as

z C ,
d.(z) :/0 H(z’)dz’ (6.4)

with ¢ being the speed of light and H(z) is the Hubble parameter. Assuming
a matter and dark energy dominated universe without curvature, the Hubble
parameter takes the form [38]

H(z)? = Hi (14 2)°Qm + Q) , (6.5)
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where the Hubble constant Hj is the value of the Hubble parameter at the
present time. In this work, the value 70.03 + 1.42km s Mpc_l, recently re-
ported by the Hubble Space Telescope, is adopted [39].
The density parameters for matter and dark energy are assumed to be (2,,, = 0.3
and 2, = 0.7, respectively [40].

The probability distribution of the closest source with respect to redshift is
then found by combining Equations 6.2 and 6.4 and differentiating with respect
to the redshift, which result in

dN c

 — A 2
p T47TH<Z) d:. (6.6)

Substituting Equations 6.3 and 6.6 into Equation 6.1 yields

o & c
E*®,= [ d T4 d?
/0 T 2 L de )
= pTcE | dz—r——e V&),
e / 2P
By combining Equations 6.2, 6.4 and 6.7 we obtain the final expression
E2®, = pTcE / RPN (R L (6.8)
o (1+2)2H(z)

From Equation 6.8 correlated values of p and £ are found. As mentioned, E*®,
corresponds to the peak fluence defining the discovery potential. However, the
discovery potential in this analysis is not just a single number but rather a func-
tion of declination for each neutrino mean energy of the source, cf. Figure 5.16.

The constraints on the volumetric rate of transient sources are shown in
Figure 6.2. This is constructed from the discovery potentials based on the in-
creased background rate, which ensures that uncertainties due to fluctuations
are accounted for, cf. Section 5.4.3. Additionally, separate plots showing the
constraints on the volumetric rate are made for each mean neutrino energy for
the source considered in this work (20 GeV and 100 GeV), with the declination
dependence of the discovery potential indicated by light blue bands.

The stars in Figure 6.2 are plotted for comparison and correspond to models
for low and high energy gamma-ray bursts [23, 41]. The bolometric neutrino
energies of gamma-ray bursts are not well-known and therefore, for simplicity,
they are assumed to be equal to the associated gamma-ray energies. The total
neutrino and gamma-ray energy is expected to be of the same order of magni-
tude, considering only neutrinos and gamma-rays emitted via decay of pions
created through hadronuclear interactions, as explained in Section 4.2.
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rameter space for the astrophysical transient sources following a subphotospheric energy
spectrum with mean energy (a) 20 GeV and (b) 100 GeV. The light blue bands indicate
the declination dependence of the discovery potential. Approximated predictions for low
and high luminosity gamma-ray bursts are plotted on top for comparison.
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Conclusion and outlook

In this work, an analysis with the purpose of finding neutrinos originating from
astrophysical transient point sources has been developed. After having it re-
viewed and approved by the IceCube Collaboration it has been performed on
data collected with the IceCube detector including the low-energy extension
DeepCore. The focus has been on low-energy neutrinos in the sub-TeV range,
and more specifically three years of data from the GRECO sample have been
used.

Sensitivities and discovery potentials assuming gamma-ray bursts emitting
neutrinos following subphotospheric energy spectra have been estimated and
it has been shown that the analysis is sensitive to high luminosity gamma-ray
bursts.

It is concluded that this analysis found no evidence of transient neutrino
emission originating from generic point sources present in the data. Upper lim-
its constraining the volumetric rate of transient sources in the local universe
have been presented.

This analysis is also the foundation of a future real-time alert system. The
reason for the time KDE and the associated time windows is to have a pre-
selection of the interesting neutrino events. This is important in the case of
a real-time search, because the reconstruction of the directional information
about the events is extremely time consuming. By using the time windows as
a preselection, the likelihood method is only performed on a smaller subset of
the events. Therefore, the reconstruction is unnecessary for the majority of the
events since the directional information is only included in the likelihood and
not in the KDE.

By running the analysis real-time (online) instead of on already existing
archived data, evidence of transient neutrino emission from point sources can
be found continuously. Subsequently, alerts can be published and other exper-
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iments (Fermi, LIGO, etc.) can search for correlations with their own data. In
this respect, a future alert system based on this analysis can contribute to the
multimessenger astronomy.

With the next generation of the IceCube Neutrino Observatory, IceCube-
Gen?2, the collaboration seeks to expand the volume of the instrumented ice to
a total of 10 km®. The additional volume will be less densely instrumented with
120 new strings, with the purpose of increasing the effective area, especially
for high energy neutrinos. Furthermore, several new strings will be deployed
within the already existing low-energy extension DeepCore, resulting in better
sensitivity at lower energies.

The DOMs used for IceCube-Gen2 will include different types with the PMTs
pointing in multiple directions. This will further increase the angular resolu-
tions for some events, especially events originating from the Southern Sky:.

Effectively, IceCube-Gen2 will lead to improved low-energy point source
searches by providing the potential of observing a larger number of astrophys-
ical low-energy events with better angular accuracy.
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Appendix A

Neutrino oscillation
— a two flavor model

As mentioned, neutrinos exist in three different flavors corresponding to the
charged leptons. However, for simplicity, we will start by considering only two
different flavor states (weak eigenstates) v, and v3. In this simplified example
neutrinos have two different mass eigenstates as well, namely 14 and 5. Itis the
mass eigenstates that correspond to the physical states, i.e., the solutions to the
wave equation describing the particles. The flavor and mass states are related
through the mixing angle 0 by [42]

Va| _ co's(é’) sin(6) | |y ’ (A1)
Vg —sin(f) cos(0)| |vo
Effectively, the matrix in Equation A.1 is equivalent to a two-dimensional rota-
tion matrix, meaning that the flavor states are similar to the mass states rotated

around the origin with an angle of 6.
Using the bra-ket notation Equation A.1 can be rewritten as

Vo) = cos(0) 1) + sin(f) |va) , lvg) = —sin(0) |v1) + cos(0) |va) .

This is the time independent case, where the states are stationary states. The
flavor states are quantum mechanical, coherent, linear, superpositions of the
mass eigenstates. A mixing angle different from zero results in neutrino mixing.

Suppose a neutrino of flavor state v, is created at time ¢t = 0. Then in order
to find the time evolution of the flavor state, each mass eigenstate is multiplied
by the phase factor

—iEjt
e 7

where the subscript j = 1,2 denotes the index of the mass state. This is in
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natural units, which will be used throughout this whole chapter. This yields
Vo (1)) = cos(8) [v1) e 1t 4 sin(0) |vy) e 2. (A.2)

A generic expression for the probability of the neutrino having transitioned
into a state |v5) from another state |v,) at time ¢ is given by the squared ampli-
tudes/inner products

Prosvy = [{valva(t))]” (A.3)
Combining Equations A.2 and A.3 we obtain

| (Vs lva ()
|(— sin(8 1/1| + cos(6) (va]) - (cos(B)e™ P 1) + sin(f)e """ 1)) ‘2
|—sin(6) cos(B)e " (11]v1) — sin®(0)e ™2 (v |ve)

+ cos?(0)e "1 (vy|v1) 4 cos(0) sin(6) e 2! (vy|vy) ’2 :

l/a—)l/[g

(A.4)

Since the physical mass states spans an orthonormal basis the scalar/inner prod-
ucts between them must obey

(vilv) = 65,

where §;; is the Kronecker delta function. Using this, Equation A.4 can be
rewritten

Py, = |—sin(f) cos(0)e 1" + sin(f) cos(8)e 2! 2
8
= [sin(6) cos(B)(e= — =) (A5)
= sin ( )COS ( )‘6 iEot —zE1t|2.

The squared absolute value is expanded using the complex conjugate and in
order to rewrite the sine and cosine factors we use the rule

1
sin(f) cos(f) = 3 sin(26).
For Equation A.5 this yields
Py = Z sin? (e—zEzt —zElt) (6iE2t _ eiElt)

i Sln (2 Z(E2 E1 o e—i(EQ—El)t) (A6)
1 (1 ’L(EQ El)t+e—z(E2 El)t)
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Using the following two trigonometric rules

cos(¢) = mTe_w and sin? (g) _ % _ C082(¢)’
we get
.9 1 1
Bysy = sin”(26) (5 5 cos((Es — E1)t)>
= sin?(26) sin? (%) _

This is the expression for the transition probability of the neutrino as a function
of the energy difference of the mass eigenstates. The energies are related to the
mass of the states through Einsteins mass-energy equivalence

E2=m’+p*=E=+ym?+ 2:(m2+p2)%. (A.8)

Using the binomial formula

k=0
the energy from Equation A.8 can be approximated by
m2 m4 m2
E= ———+.. —. A9
p+2p 4p3+ p+ % (A9)

All terms except for the first two are negligible and have been omitted. Equa-
tion A.9 is substituted into Equation A.7, and we finally acquire

(p+ 5 —p+50)
2

— §in?(20) sin’ (%pmf)t) (A.10)

2 2
g .o [ (m5—mi)t
= sin”(20) sin (—4E ) :

Py = sin?(26) sin®

In the last equality the neutrino is assumed to be relativistic and therefore,
p ~ E. This shows that if the mass eigenstates of the neutrinos are different
the particles will oscillate between the flavor states as they travel through time.

66



APPENDIX A. NEUTRINO OSCILLATION
— A TWO FLAVOR MODEL

This result is able to fully account for the deficit of the solar electron neutri-
nos — they simply oscillate into other flavors during their travel from the Sun
towards Earth.

Since neutrinos only oscillate if their mass states are different, this implies
that neutrinos are not massless as described by the Standard Model. Hence, this
is one of the deficiencies of the Standard Model.
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