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Abstract

Several new designs of digital optical modules (DOMs) have been proposed and are
currently under development for IceCube-Gen2, the planned extension of the IceCube
South Pole Neutrino Observatory. An important detection channel in IceCube are elec-
tromagnetic showers that can be induced by various processes. In this thesis, directional
reconstructions of electromagnetic showers for Gen-2 geometries equipped with PDOM
and mDOM are compared with respect to their angular errors, using two different likeli-
hood approaches. This is done for both realistically propagated photons and idealized
photons that are drawn from the expected PDFs. The examined dataset contains cas-
cades in the 10 TeV — 10 PeV energy range. The angular errors over neutrino energy for
all reconstructions lie in a range between ~ 17° and < 2° while an improvement with
increasing energy is perceptible. The cascade reconstructions for the mDOM yield up
to ~ 50% better angular errors compared to the PDOM in the low- and mid-energy
regime. The results apply to the idealized pulses and some technical challenges remain
for investigation in future studies.
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1 Introduction

Astronomy has always been an important part of mankind since ancient history. It
enabled scientists for example to describe and even predict the movements of the planets
in our Solar System. Among other discoveries, it lead Isaac Newton to his formulation
of the gravitational law and classical mechanics, concepts which had an astonishing
influence on technology, and therefore everyday life.

Examples like this show that the study of phenomenons which seem far-fetched at first
can lead to discoveries with major impact on mankind. Space is like a playground for
physical theories as it’s providing possibilities to examine them under extreme conditions
like in Supernovae or active galactic nuclei (AGN).

In recent years, new fields of research like the detection of gravitational waves and
Neutrino Astrophysics have emerged.

Neutrino astrophysics provides new possibilities due to the fact that neutrinos interact
very weakly and can travel through matter or electromagnetic fields without being ab-
sorbed, scattered or attenuated. Thus, neutrinos can travel cosmic distances, escape
optically thick sources and point back to their source. All of these factors mark big
advantages in contrast to traditional photon-based astronomy.

The discovery of point sources is a crucial goal in Neutrino Astronomy. On the one side,
it would open up a new channel for astrophysical observation of objects which can’t be
observed with photon astronomy. On the other side, the allocation of neutrinos to an
astrophysical object is an indisputable evidence for hadronic acceleration in the object
due to the fact that neutrinos are produced by the interaction of accelerated nuclei with
matter or electromagnetic fields.

The identification of such objects is a key issue in Astroparticle Physics as it might help
to explain the origin and the acceleration mechanisms of the highest energy cosmic rays.
As a logical consequence, experiments were and are built to exploit the advantages of
neutrinos over photons. Nevertheless, the weak interaction of neutrinos leads to the
necessity of enormous detectors.

Currently, the largest of them is the IceCube South Pole Neutrino Observatory which
is located near the geographical south pole on earth. Its optical sensors are distributed
over an array with the size of roughly 1km? deep in the Antarctic ice.

The detector measures Cherenkov light emitted from relativistic charged particles, travel-
ing through the ice, which are produced by interactions between neutrinos and the ice.
With this detection principle, IceCube managed to measure enough neutrinos to proof a
diffuse cosmic neutrino flux in 2013. However, until today it is not possible to identify
any point sources of neutrino emission.

There are several ways to improve the sensitivity to neutrino point sources: increase



1 Introduction

the detection volume to measure more neutrinos and, therefore, get better statistical
statements, improve the sensors of the detector or create better directional reconstruction
methods.

The planned IceCube expansion Gen2 addresses the first two aspects. It adds more and
improved sensors to the existing detector to increase the detection volume to 10 km3.
The improvement of directional reconstruction methods, however, is a continuous pro-
cess and methods which were used for IceCube have to be adjusted for Gen2. To get
reliable information about the suitability of reconstruction methods a high amount of
reconstructed events is necessary. Through the reconstruction of simulated events true
and the reconstructed event properties can be compared.

In this thesis, reconstruction studies of cascade eventsﬂ for the proposed mDOM &
PDOME| light sensors of the IceCube expansion Gen2 are carried out and compared.
The directional reconstruction of cascade events is important since cascades are the
dominant neutrino event topology in IceCube. The second chapter motivates the field
of research of High-Energy Neutrino Astrophysics, explains the detection concept of
the IceCube neutrino detector and emphasizes the importance of cascade events in this
context. In chapter three, the IceCube South Pole Neutrino Observatory and its planned
expansion Gen2 will be introduced. Hereby, the light sensor of IceCube itself and the
two above-mentioned sensors for Gen2 are presented. Subsequently, the reconstruction
method is explained in chapter four. Chapter five introduces the used dataset, the applied
cuts and in which manner the light of the events was generated in order to acquire the
investigated sample. The obtained results of the applied reconstruction method are
presented and discussed in chapter six. Finally, a conclusion is drawn in chapter seven.

Hight pattern produced by certain interactions channels of neutrinos with matter, compare section
2DOM = digital, optical module, see chapter



2 High-Energy Neutrino Astrophysics

Neutrinos unique cosmic messengers and provide new opportunities to explore the
universe.

This chapter motivates neutrino astrophysics and emphasizes how key questions in particle
physics are addressed.

Moreover, the detection principle of the IceCube South Pole Neutrino Observatory shall
be explained.

2.1 Cosmic rays

Even more than 100 years after the discovery of cosmic rays by Victor Franz Hess in
1912 [24] the location and manner of high-energetic cosmic ray production still remains
unclear [35].

Cosmic Rays consist predominantly of protons with a fraction of roughly 80%. The
remaining components are basically atomic nuclei (e.g. « particles, iron nuclei) with
some traces of electrons and anti particles [43].

All the named particles have a charge and, therefore, can be deflected by magnetic fields
on their journey through space [I1]. This makes it difficult to allocate cosmic rays to
their sources by the means of their arrival directions.

Measurements show that the energies of cosmic rays reach up to 102! eV, compare fig.
The following discussion of the cosmic ray energy spectrum is based on [35]:

The spectrum can be described by a broken power law of the form E~%. In the low
energy range up to about 1PeV, the power index equals 2.7 until the slope of the
spectrum steepens at the so called "knee" to o = 3.1. It is assumed that this first break
in the spectrum is based on the transition from galactic to extragalactic accelerators.
Nevertheless, there are known galactic processes which could possibly accelerate cosmic
rays up to energies between 1017 and 10'%%eV. For energies above 105 eV the cosmic
ray spectrum changes its slope back to o = 2.7. This behavior is often referred to as the
"ankle". Nearly all cosmic rays with higher energies must have an extragalactic origin
due to the fact that their gyroradius exceeds the size of the milky way and, therefore
would, even if produced in the Galaxy, escape it immediately. Ultimately the cut-off of
the cosmic ray spectrum is probably explained best by the Greisen-Zatsepin-Kuzmin
cut-off (,GZK cut-off“) which describes the production of the A*-resonance due to
the interaction of protons with the cosmic microwave background (CMB) at energies
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Figure 2.1: Energy spectrum of cosmic rays up to 102 GeV with its characteristic features
(,knee“ and ,ankle*). Taken from [§].

> 10%eV:
p+ycmp — AT (2.1)

, see fig.

Thus, the question arises, which particular galactic and extragalactic sources accelerate
cosmic rays?

On the galactic side, it is believed that the major contributor to cosmic particle ac-
celeration are supernova remnants (SNR) [25][35]. Here, shock fronts from supernova
explosions propagate into the interstellar medium and particles gain energy by multiple
scattering between shock fronts. This mechanism is known as ,first order fermi accelera-
tion“ [15][7]. Furthermore, other sources could be pulsars and binary systems where one
of the partners is a neutron star or a black hole [35].

Possible candidates for extragalactic sources are Active Galactic Nunclei (AGN), Gamma
Ray Bursts (GRB) and starburst galaxies [6].

2.2 Neutrinos as cosmic messengers

Before addressing reasons which lead to the conclusion that neutrinos are cosmic mes-
sengers and in which manner neutrinos are produced it is argued why photons like the



2.2 Neutrinos as cosmic messengers

previously mentioned protonsﬂ reach their limits, especially in terms of identifying cosmic
ray sources.

The propagation of Photons in space is limited due to scattering with the CMB and the
cosmic infrared background (CIRB), see fig. [26]. Thus, photons in the PeV energy
regime can reach only distances of a few 100 kpc, the size of a galaxy. This is a drawback
as photons in this energy range are not expected in leptonic processes and, therefore,
would be an unambiguous evidence for hadronic acceleration in a source [37].
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Figure 2.2: Propagation horizon of cosmic messenger particles dependant of their energy.
Attenuation of photons by CMB & CIRB (blue) and attenuation of protons
by the CMB (red). Taken from [26].

Neutrinos are nearly masslessﬂ particles which have neither an electric nor a color charge,
almostﬂ no magnetic moment and interact almost only weakly [I0]. The cross sections
oyp for neutrino-nuclei interactions lie typically in the range of 10738 cm? and increase
with the neutrino energy [I8]. These properties lead to the conclusion that neutrinos are
ideal cosmic messengers since they can, therefore, escape optically thick sources, travel
cosmic distances without interacting with the CMB and don’t get deflected by magnetic
fields [10]. Hence, neutrinos loose basically no information on the way from source to
observer.

Yor any other charged particle
2e.g. my, < 26V 43
3subject of current research, see for instance [4]
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High-energy neutrinos are expected to be produced in hadronic accelerators due to the
interaction of accelerated protons with surrounding matter or radiation fields:

p+nucleus - 7+ X 7w {nt, 7,7} (2.2)
+y—= AT = 4P (2.3)
P Tt +n '
with the ensuing decays and their branching ratios
70 = vy (98.823 + 0.034%) (2.4)
=+ v (Uy,) (99.98770 + 0.00004%) (2.5)

pE = et 4+, (1)) + ve () (~ 100%).

This makes the discovery of neutrinos in a point source to a clear evidence of hadronic
acceleration [35],[43]. Furthermore, the just mentioned neutrino production channels
imply a flavour ratio of roughly v, : v, : v, =1:2:0 at the source but due to neutrino
oscillations, the flavour ratio on arrival at earth turns into v : v, : v, =1:1:1 [35].
In conclusion, neutrino astronomy is an important element to understand the origin and
acceleration mechanisms of cosmic rays.

2.3 Neutrino detection with Cherenkov detectors

All the advantages of neutrinos from section hold the disadvantage that neutrinos
are challenging to detect due to the fact that they only interact via weak interaction.
Therefore, it is necessary to measure secondary particles to detect neutrinos. Their weak
ability to interact is reflected by the small cross sections, for instance the neutrino-proton
cross section [48]:
El/

7P ™ Gev
As a result of these small cross sections, large detectors are required to measure a
statistical significant amount of neutrinos [23].
In IceCube, the dominant neutrino interactions in the detection material are basically
deep-inelastic scatterings with nucleons via the neutral current (NC) or the charged
current (CC) branches of the weak interactiorﬁ which is based on the mass of the
interaction partner, energy and flavour of the incoming neutrino [10],[9], see also fig.
The peak in fig. is the so called Glashow resonance which describes the resonant
scattering of v, + e~ — W™ but yet has not been detected with IceCube [46] and,
therefore, won’t be discussed here more explicitly.

10738 cm?. (2.7)

4gauge bosons — NC: Z°, CC: W*
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Figure 2.3: (a) Computed dominant neutrino-induced interaction cross sections in the
Standard Model (SM). Taken from [9]. (b) Schematic Feynman graphs of
deep inelastic neutrino-nucleon interactions above GeV Energies. Taken from
[10].

In these deep-inelastic neutrino-nucleon interactions, charged leptons [ are produced [10],
vy (V) + nucleon — 1 (Z) +X (CC) (2.8)

vy () + nucleon — v () + X (NC) (2.9)

where | € {e, u, 7} and X denotes a hadronic component, possibly even a hadronic shower
(see figure fig. for the affiliated Feynman graphs).

In Cherenkov detectors like IceCube the charged particles, created in this kind of
interactions, are detected via the Cherenkov effect [23].
The Cherenkov radiation is a phenomenon which occurs when a charged particle propa-
gates through matter with a lager velocity v than the phase speed of light in the medium
— and can be seen as an optical analogue to the sonic boom. The atoms along the particle
trajectory are polarized and if the stated velocity barrier is exceeded the excited spherical
waves interfere coherent to a light cone. Hereby created photons can be measured in
optical transparent mediaﬂ The opening angle 6 of this so called Cherenkov cone is given
by
1
=5
where 3 = 2 and n(A) stands for the wavelength dependent refractive index of the crossed
matter. Furthermore, the number of Cherenkov photons per path length x and per

cos(0) (2.10)

Se.g. ice or water
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wavelength A can be calculated to

2 2
dN_27Taz (1 1 ) (2.11)

ded) )2 - B2.p2

with the fine structure constant « and the number z of elementary charges e that a
charged particle carries. Thus, short wavelengths are prefered in the Cherenkov spectrum
[39],[35],[23].

In CC-interactions of neutrinos the energy is transferred to the created lepton and the
nucleon target, compare eq. . The latter produces in turn a hadronic shower. Both
the lepton and the hadronic shower produce light via Cherenkov radiation. A hereby
created muon in the O(TeV) — O(PeV) range leaves a kilometer-long track signature in
the detection material until it decays [23].

Electrons and mostly taus as well as NC-interactions lead to the so called ,,cascade
event“ signature. Electrons interact after a short propagation length with the surround-
ing detection material and produce an electromagnetic shower which again emits light
due to Cherenkov radiation. This makes it impossible to resolve the hadronic and the
electromagnetic shower resulting in the detection of one coherent cascade. The event
topology of the tau lepton is energy dependent as the decay length of the tau is energy
dependent. For higher PeV energies the tau propagates several hundred meters until it
decays, producing a second shower. This is called the ,,double bang" signature. With
lower energies the decay length of the tau decreases, making it more difficult to distinguish
between the two showers. As a result the double bang signature has yet to be identified.
The length of a cascade event increases with the logarithm of the cascade energy and is
typically in the order of 5 — 20m [35][23][14]. A illustration of track and cascade events
can be found in fig.

~ km-long muon tracks from v, ~ 10m-long cascades from v, v.

. .

/@t/ - Y7m A%
T T ° - /s

Figure 2.4: Event signatures in IceCube: Muon tracks created in CC-interactions with
v, (left) and cascades produced by CC-interactions from v, & v, and NC-
interactions (right). Taken from [23].



3 IceCube South Pole Neutrino
Observatory

The IceCube South Pole Neutrino Observatory is a kilometer-scale high-energy Water-
Cherenkov detector based on the Cherenkov effect. It is localized near the Amundsen-Scott
South Pole Station in Antarctica. IceCube is a multipurpose detector in the sense that
it not only performs high-energy Neutrinoastrophysics with the In-Ice-Array but also
investigates e.g neutrino oscillation parameters with its sub-array DeepCore and studies
cosmic-rays with the air shower array IceTop [2], compare fig.

This chapter focuses on composition, geometry and goals of the IceCube In-Ice Array and
its planned high-energy extension, the High-Energy Array of IceCube-Gen2. In addition
to that, the current and two possible future light sensors are presented.

50m

1450 m

2450 m
2820 m

IceCube Lab

IceTop
81 stations / 162 tanks
324 optical sensors

IceCube In-Ice Array

86 strings including DeepCore
5160 optical sensors

DeepCore

8 strings optimized for lower energies +
7 standard central strings

480 + 420 optical sensors

Eiffel Tower
324 m

T issemasssste s s

Bedrock

Figure 3.1: Schematic view of the IceCube South Pole Neutrino Observatory and its
In-Ice Array, DeepCore and IceTop. Taken from [2].



3 IceCube South Pole Neutrino Observatory
3.1 IceCube In-Ice Array

The IceCube In-Ice Array is the main component of the IceCube South Pole Neutrino
Observatory. It consists of 86 vertical strings deployed in the antarctic ice below the
surface at a depth of 1450 — 2450 m [2]. This location was chosen as it provides suitableE]
optical ice properties in the ice layers at this depths in terms of light scattering and
absorption] [23].

A total of 5160 digital optical modules (DOMs), which measure the Cherenkov radiation,
are distributed on these strings. The horizontal spacing between the strings is mostly
125 m while the vertical spacing between the DOMs on a string are 17 m, leading to a
hexagonal detection volume of roughly 1km?, see fig. This geometric properties were
chosen to optimize the detector for neutrino energies in the range of O (TeV) — O (PeV)
The goals targeted with IceCube are measuring the neutrino energy spectrum in the
stated energy range, detect high energy cosmic neutrinos and identify cosmic neutrino
point sources to improve the understanding of cosmic rays [20].

Although no neutrino point sources could be identified yet due to insufficient statistics
[1], a diffuse cosmic neutrino flux was discovered in 2013 [32] and confirmed until now
with a significance of > 60 [50].

As the main intention of neutrino astronomy is to identify point sources in order to
understand origin and acceleration mechanisms of cosmic rays, larger and newer detectors
than IceCube are necessary to accomplish this goal. A possible realization of this
requirements is the IceCube extension Gen2 [33], see section

3.1.1 IceCube DOM

The IceCube DOM is light sensor and the main data acquisition instrument of the
IceCube neutrino telescope. A schematic layout of the DOM is shown in fig. and the
basic operation principle is outlined in the followingﬂ The hole device is encompassed
by a spherical glass house to protect the technical components from high pressures and
penetration of the surrounding ice. Incoming Cherenkov photons are detected by the 10”
downward-facing photomultiplier tube (PMT) which represents the core of the system
[2]. Subsequently, the from the PMT measured waveforms are digitized by the main
board due to information loss with analog signal transmission to the surface [23].

This digital signal is transmitted via the penetrator to the IceCube Lab, see fig. on
top of the ice where its further procession takes place [2].

Beyond, the instrumentation includes a LED flasher board to probe the ice properties as
well as for calibration purposes, like verification of the time respones and measuring the
position of the DOM [2].

Lclear ice layers; in ice trapped air bubbles are compressed due to the high pressures [23]
Zmeasured absorption length of blue light in antartic ice at a depth of 1450 — 2450 m: > 200 m [23]
3a detailed overview of the IceCube DOM can be found in [2]

10



3.2 Importance of cascade events in IceCube
3.2 Importance of cascade events in IceCube

Cascade events play an important role in IceCube. They are the dominant event topology
in the detector. The reason for this are the above-mentioned dominant interaction
channels of neutrinos with matter. Therefore, the only occuring channels leading to
a track event are the CC-interaction from v,,’s and extremely high-energy vjau’s with
nucleons. All other mentioned channels lead to cascade-like event signatures, produced
by electromagnetic and hadronic showers in the ice [3].

Moreover, cascade events allow good energy reconstructions as they can be fully contained
in the detector due to their compact event signature [40].

In the process of identifying cosmic neutrinos cascade signatures play a significant role.
The so called HESE(High-energy starting event)-analysis is one possible way of filtering
background events which consist of atmospheric muons and neutrinos produced by the
interaction of cosmic rays with nuclei in the atmosphere. This type of event selection
subsists of two analysis steps. The first one is the starting event selection. Here, a
part of the detector is defined as a so called veto region, see fig. Every event which
deposits its first photons in this region is rejected. As a result only events which start
in the detector are retained. This leads to the filtering of muon tracks of atmospheric
origin since they begin to produce Cherenkov radiation in the ice on their path outside
of the detector. The second step is a high-energy event selection which rejects events
with energies under a certain threshold. This selection is based on the expectation that
astrophysical neutrinos have a harder spectrum than the atmospheric neutrinos. The
HESE-analysis was used in the discovery of the diffuse cosmic neutrino flux in 201@ [32].

—_—— : : : : . : -~-1450 m
: vetoregion IgpmegterSE |
* ﬁducial voflume:
\125 meters e
' ’ v i~2085m
: I 80 meters : |
\ : T 2165 m
. vetoregion . fldUCEal vallume
. . : : o 10 meters H : 5(7.2450 m
Top Side

Figure 3.2: IceCube detector with veto region (grey) in top view (left) and side view
(right). Taken from [32].

A big drawback of cascade events are their bad angular errors of directional reconstruction

4dataset with 28 events from HESE-analysis consisting of 21 cascades and 7 tracks

11



3 IceCube South Pole Neutrino Observatory

in the range of ~ 10 — 20° [3]. Therefore, directional reconstructions for cascade events
are a topic of interest in order to better identify point sources with this detection channel.

3.3 lceCube-Gen2: High-Energy Array

IceCube-Gen2 is a proposed extension of the existing IceCube detector, see fig.
Among other components, this expansion includes a new detection Array with a size
of approximately 7 — 10km?, namely the High-Energy Arrayﬂ It will be realized by
roughly doubling the currently operating strings, justified by the ice properties found in
the IceCube detection volume [33].

Figure 3.3: Schematic overview of IceCube-Gen2, including IceCube (red), the High-
Energy Array (blue), DeepCore (purple) and PINGU (green). Taken from
https://gallery.icecube.wisc.edu/internal/.

With this geometry the High-Energy Array aims at neutrino energies above 100 TeV. A
primary goal of this experiment is the detection of a large amount of neutrinos above the
stated energy threshold, allowing a better understanding of the astrophysical neutrino
flux and more importantly the identification of neutrino point sources. The predicted
size of the detector provides for instance also the potential of measuring GZK-Neutrinos
which are produced in the decay of AT (compare eq. ) or Neutrinos from the Glashow
resonance [33].

5final size depends on choosen DOM and string spacing

12
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3.3 IceCube-Gen2: High-Energy Array

3.3.1 PDOM and mDOM

For IceCube-Gen2 several new DOM-designs have been considered and proposed. Two
promising concepts are the PDOMﬂ (PINGU DOM) and the currently developed
mDOM (multi-PMT DOM) which shall be presented in the following [47],[10].

The PDOM is the continuation of the IceCube approach by harboring one 10”-PMT
which is basically the same used in the low energy array DeepCore. DOMs in DeepCore
hold a higher quantum efficiency than the modules in the rest of the IceCube In-Ice
Array. The basic idea of this kind of detector design is to maintain the reliability and
to use the empirical values provided by the DOMs used in IceCube on the one side and
updating outdated and obsolete components on the other side. Differences between the
PDOM and the IceCube-DOM are displayed in fig. [47],[10].

Penetrator

LED Flasher
Main Board
Delay Board
__ Waist Band
= /7 Pressure Sphere
"// Mu-metal cage
J) Silicone Gel
PMT Photocathode
lceCube DOM IceCube-Gen2 / PINGU DOM

Figure 3.4: Schematic comparison of the IceCube-DOM (left) and the PINGU optical
module (PDOM) (right). Differences highlighted in colour. Black labels:
identical components, green labels: redesigned components, red label: dis-
missed component. Taken from [10].

The mDOM concept distinguishes fundamentally from that of the PDOM and is based
on the design of the optical module which was designed for KM3NeT. Instead of one
downward-facing PMT with ~ 27 coverage the mDOM houses 24 3”-PMTs with an angular
acceptance of almost 47, compare fig. Furthermore, the effective photocathode
area of the mDOM is more than doubled compared to the PDOM while the price per
photocathode area is aimed to be equal. Exemplary advantages of this novel module
design are, in addition to the higher photocathode area and the improved angular
acceptance, better photon counting, an intrinsic directional sensitivity and the possible
use of local coincidences to suppress noise like the dark rate [10],[36].

Soften also referred to as GEN2-DOM, like for instance in [10]

13
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main
electronics
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Figure 3.5: Artistic representation of the planned multi-PMT optical module (mDOM).
Black support structure removed in upper hemisphere for illustration purposes
of the internal components. Taken from [49].
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4 Reconstruction methods

The fundamental physical quantities measured in IceCube are the number of photons
arriving at a DOM and their arrival time. Thus, IceCube is basically a photon-counting
experiment where the interesting neutrino properties have to be determined with the
information about the counted photons. A general approach to reconstruct physical
events in such counting experiments is the Maximum-Likelihood-Method which will
be presented in the following chapter. Subsequently, the method is put in context of
IceCube(-Gen2) directional reconstructions for cascade events.

4.1 Maximum-Likelihood-Estimation

The Maximum—Likelihood—Methocﬂ (ML-Method) is a technique to estimate parametersﬂ
of a physical hypothesis or model for given uncorrelated data [19].

This estimation builds up on the likelihood (function) £ . L is a probability density
function (PDF), evaluated for the data x, depending on the parameters 6 and with
respect to an underlying physical hypothesis. This function is maximized in order to
estimate the parameters 6 [13].

The fruition of the ML-Method depends crucially on the model that describes the
examined issue and not only allows a comparison of different hypothesis but also requires
competition between them to identify the best fitting parameters. Assuming a physical
model is described by the PDF f, then, the likelihood £ can be written for identical and
independent data events as a product of f, evaluated at the data points z;:

L(0;z) = Hf (x4;0) (4.1)

[19]. Since the values of £ can be very small and to avoid possible numeric issues, the
logarithmic value of £ is often used. This is justified by the monotonic behaviour of
the logarithm which maintains the extrema of an arbitrary function [I3]. Moreover, in
practice, the negative logarithmic likelihood is minimized to obtain the maximum of £
[19].

In this thesis, two different approaches for the likelihood function in counting experiments
are used. Both can be obtained by modifying the general formulation in eq. as will
be argued in the following.

'also referred to as Maximum-Likelihood-Estimation (MLE)
2e.g. direction, energy or vertex position of an incoming neutrino in the case of IceCube
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4 Reconstruction methods

A standard continuous (unbinned) likelihood function, like the one just mentioned in
eq. (4.1]), can be provided with more information by taking the number N of observed
events into account. Therefore, besides the information about the shape, new information
about the normalization is added to the likelihood. This can be realized by multiplication
with an overall Poisson factor:

“Aot . \N
e Mot - Aoy

N
- [/ @:0) (4.2)
' i1

where A\io; denotes the total number of expected events [19].

Likelihoods in general, extended with an factor that includes the normalization are called
sextended likelihood“ functions [5]. Therefore, the function in eq. is referred to as
the ,extended unbinned likelihood*“ function.

The second form of the likelihood function used in this thesis can be obtained from
eq. by transforming the PDF f (z;;0) into a version with discrete bins (binned)
under consideration of the normalization which leads to:

Nbins e*Ai . )\fz

11 ki

i=1

(4.3)

with the number of bins Ny;,s, the observed number of events in a bin k; and the expected
number of events in every bin );. This approach is known as ,Poisson likelihood* [19].
If, subsequently, the number of bins is set Nyins = 1 the introduced likelihood loses its
time dependency and the resulting function only depends on the normalization.

The Poisson likelihood and the extended unbinned likelihood are the formulations of
interest in this thesis. From the these two likelihoods the latter holds more information
than the first, and is therefore more sensitive. This higher amount of information is
explained by the circumstance that the latter depends on the ,binned approximation“ of
a PDF, one bin per DOM, instead of the continuous version [19].

Error estimation on parameters

To judge the validity of estimated parameters in the ML-Method an error estimation is
mandatory. A possible way to obtain such an error on a parameter is to determine the
so called n% confidence interval. This interval contains the best estimate of a parameter
in n% of an infinite amount of pseudo-experiments [19].

To obtain a n% confidence intervaﬂ in the context of MLE one can do a likelihood
profile scan as introduced by [41] for directional muon track reconstructions. Here, the
directional parameters are varied around the maximum of the likelihood function while all
other parameters are set to their best-fit-estimate. This variation takes place in a rotated
coordinate system where the directional parameters can be seen as euclidean. Parameters
in relation to this rotated coordinate system will be equipped for the remainder of this

3or confidence ellipse in the case of 2 degrees of freedom
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4.2 Directional reconstructions for cascade events in IceCube

thesis with a ,d* prefix (e.g. ¢ — dp). The shape of the likelihood function for large
sample sizes near the maximum is approximately Gaussian. Therefore, a paraboloid is
analytically fitted to the likelihood ,,scan“ where the involved fit parameters not only
determine the form of the fitted paraboloid but also can be used to define a 1o confidence
ellipse, so that an error on the parameters can be estimated. The boundaries of the
confidence interval correspond to a specific likelihood value which can be obtained from
the considerations in section [6.1]

4.2 Directional reconstructions for cascade events in lceCube

Cascade event reconstructions in IceCube require to introduce the concept of ,time
residual PDF“s. This kind of PDF indicates the probability for Cherenkov photons to
arrive at a DOM as a function of the time, starting at the first moment light can causally
arrive at the module. The underlying physics hypothesis for the time residual PDF
considers e.g. position and energy loss processes of the cascade as well as the propagation
of photons in the antarctic ice [19],[22].

The PDF is evaluated for every DOM in the detection array depending on vertex position,
energy and direction of the neutrino event. A resulting cascade is assumed as point-like
in the used reconstructions, justified by the small cascade lengths in proportion to the
spacing of the IceCube(-Gen2) strings. Therefore, the overall likelihood L which has to
be maximized in order to obtain the parameters # that describe the final reconstructed
event is acquired by multiplication of the likelihood functions £; in every single DOM:

Npowm

Lo)=[[ £ (4.4)
=1

[19]. In this thesis, £; is given by egs. and ([4.3).

The direction ¥ of an neutrino event is defined by its azimuth angle ¢ and zenith angle
¥ on the sky. To put the quality of a directional reconstruction into perspective it’s
necessary to compare the reconstructed direction V.. with the true direction Uy, .
The relevant physical quantity hereby is the angular error AV¥ between reconstruction
and truth. AW indicates the angular distance between two points on a sphere, and is
thus also called the ,true error® of the reconstructed event. It can be computed via:

cos (AW) = cos (Birue) €08 (Orec) + Sin (Bgrue) sin (Otrue) €08 (Vtrue — Prec) - (4.5)

At the end of section it was explained in which manner an error estimate on recon-
structed directional parameters can be obtained. The confidence ellipse determined by
this method is characterized by its major and minor axis o1 & o9. These two errors can
be averaged to receive the so called ,paraboloid error®

o -0}

o=\ "5 (4.6)
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4 Reconstruction methods

which can be used to define the so called ,,pull® %. The pull is used as a crosscheck for
reconstruction methods and the median of it is expected to be constant over event energy
for good reconstructions. The ideal value of the pull is roughly 1.177. This resolves from
the considerations that ¢ corresponds to a 39% quantile of a two dimensional gauss while
U on average specifies the 50% quantile. The latter is by a factor of 1.177 larger than
the first one [19].
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5 Dataset & Simulation

The data which was used for the purpose of this thesis is the Monte-Carlo simulated
,Dataset 20030 It consists solely of v, events in a neutrino energy range of 10 — 10° TeV
with a spectral index of —1.4. In addition to that the dataset is based on a assumed
spacing of 240 m between the Gen2 strings [34].

The Dataset 20030 also contains MCPE (monte carlo photo electron) level pulses where
merely photon creation, propagation and their detection in the PMTs (including quantum
efficiency and wavelength acceptance) of a DOM is simulated [30]. This allows studies
without DOM-related effects. Furthermore, further processed pulses which represent
realistic light pulses were contained in the dataset. This procession includes the
application of ,DetectorSim“ on the data to get the response of the PMTs in the DOMs
to the light [27]. Moreover, thermal and nonthermal noise, produced by decays in PMTs
and DOM glass and subsequent scintillation, in IceCube is necessary and realized via the
sVuvuzela“ application [29],[31]. Lastly, a ,BaseProc“ module needs to be applied to the
data which among other first reconstruction steps calibrates waveforms and provides the
realistic cascade light pulses in a for the utilized reconstructions necessary form [2§]. In
this context,,realistic* means that the extension of a cascade with its secondary particles
and the propagation of the emerging photons is considered.

5.1 Event selection

An energy selection and further cuts were applied to the dataset in order to gain a sample
with 100 Gen2 events in each of the six half decades in the neutrino energy range from
10 TeV — 10 PeV, leading to an overall number of 600 events. After the energy selection,
two cuts were applied to obtain an event sample that contains solely Gen2 events: first,
an event should trigger photon hits in no more than 50 DOMSs of the IceCube In-Ice Array.
This number can’t be set to zero since the in IceCube generated noise itself produces
hits in DOMs which don’t have their origin in a neutrino event. The concrete number of
50 is motivated by the investigation of the histogram with the number of IceCube DOMs
triggered,,,Nchannels”, which can be found in fig. Normally, the first peak contains all
events where only noise in the IceCube In-Ice Array is detected. For this dataset, this
isn’t the case due to faulty noise generation which leads to a higher number of noise hits
than usual. Therefore, it was necessary to apply a generous cut at n¢hanneis = 90 in order
to effectively remove all standard IceCube events. The last applied cut was to require
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5 Dataset & Simulation

triggered photon hits in at least four Gen2 strings n¢rings,Gen2. This was done to get
only events which don’t lie at the edge of the detector and deploy a reasonable amount of
photons in the Gen2 part for event reconstructions. The corresponding histogram with
the number of Gen2 strings triggered by an event in the dataset is displayed in fig.
An overview of the event selection can be found in table (.1l

number of cut | applied cut

#1 energy selection
#2 Nchannels in IC'86 S 50
#3 Nstrings,Gen2 > 4

Table 5.1: Applied cuts to the dataset. nepanners in IC-86 denotes the number of standard
IceCube DOMs triggered by photons of an event while 144yings,Gen2 stands for
the triggered number of Gen2 strings.

— Nchannels = 50

104

102

150

Nehannels

Figure 5.1: Distribution of IC-86 DOMSs triggered by photons ncpanners for the pre-cuts
dataset, limited to the range of 0 — 300. Applied cut ncpanners = 50 displayed
by red vertical line.

The post-cuts histograms with the energy spectra for each half decade can be found in
fig. while the ones for the number of strings hit in Gen2 as well as the number of
DOMs hit in IceCube can be found in the figs. 5.4 and [5.5]
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5.1 Event selection

—— Mstrings, gen2 =4

counts

10

Nstrings, Gen2

Figure 5.2: Distribution of number of Gen2 strings triggered by photons nrings,Gen2 for

the pre-cuts dataset. Applied cut ngpings Gen2 = 4 displayed by red vertical
line.
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Figure 5.3: Neutrino energy distribution for each of the six half decades in the post-cuts
dataset.
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5.4: Distribution of the number of IC-86 DOMs triggered by photons nchannels
for each of the six half energy decades in the post-cuts dataset.
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Figure 5.5: Distribution of the number of Gen2 strings triggered by photons nirings,Gen2
for each of the six half energy decades in the post-cuts dataset.
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5.2 Generation of idealized light pulses
5.2 Generation of idealized light pulses

The light pulses in the dataset 20030 were simulated for mDOMSs. As a cross check and
to simulate light for the PDOM, a simple way to generate idealized light pulses was
used. This technique is explained in following.

In order to understand the principle of this method it is necessary to introduce the
concept of spline tables. As mentioned in section the time residual PDF indicates
the probability for Cherenkov photons to arrive over time. In reconstructions this PDF
is evaluated for every optical module (OM) to maximize the likelihood, and therefore
determine the parameters of an event. In practice, the time residual PDF isn’t computed
during the maximization process but beforehand for all kind of different event parameter
combinations, like for instance vertex position or shower energy. Spline functions are
fitted to these discrete evaluations of the likelihood and saved in tables, the so called
spline tables.

If the cascade event properties are known, as in the used dataset, the spline tables provide
the mean amplitude of the corresponding photon hit distribution. In this context, the
cascade is considered point-like. The retrieved amplitude is used to size up the number
of hits in an OM with respect to a Poisson distribution.

Furthermore, one can obtain the time residual PDFs for every OM from the spline tables.
The estimated number of hits in an OM is subsequently utilized to evaluate the time
residual PDF, and thus to sample the light pulses in an OM.

To take into account that the effective photo cathode area of the mDOM is roughly twice
as big as the one of the PDOM, compare section the mean amplitude of the photon
hit distribution for the PDOMs was scaled with a factor of 2.2.
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6 Results

The following chapter presents the results of the directional reconstructions for the
cascade dataset 20030.

First, likelihood scans for some example events as well as the angular error and pull
medians of the realistic pulses will be shown and discussed as a ,,proof of concept®.

6.1 Proof of concept

In order to proof that the reconstruction concept operates as expected four different
events in the regime of ~ 10 TeV, compare table were reconstructed for the mDOM
with the Poisson and extended unbinned likelihood hypothesis (see chapter . These
reconstructions were performed on idealized light pulses and on realistic light pulses, see
chapter 5 The properties of the event reconstructions, namely the angular error AW
and the number of minimization steps, for the idealized and the realistic pulses can be
found also in table

Moreover, likelihood scans as introduced in section [4.1] were created for the events
which are displayed in figs. and [6.2) for the idealized pulses and in figs. [6.3] and [6.4] for
the realistic pulses. The thereby plotted test statistic is defined by the quantity

A= —2-log (f) — —9(log (L) — log (Lo)) (6.1)
0

where Ly is the maximized likelihood function dependent on all its m parameters, in-
cluding direction, vertex position, energy and dependend on the used hypothesis time.
Whereas £ in the numerator is set fixed in b parameters which maximize Ly, leaving
k = m — b variable parameters. In this context of directional cascade reconstructions,
k is given by the two directional parameters ¢ & 1, respectively dp & dlﬂ This test
statistic is an approximatiorﬂ of the usually used test statistic where £ is maxmimized
in the b parameters for every examined combination of the k parameters. According
to Wilk’s theorem A converges to the x?-distribution with k& degrees of freedom in the
case of high statistics. This can be used to obtain the in the plots stated 50% and 95%
confidence intervals (CI) [19].

Furthermore, the minimization steps are illustrated in the plots. Hereby, the coordinate

1d80 = Ptrue — P, dy = ﬂtruc -9
2 Approximation because the other parameters are fixed
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6 Results

system of the reconstruction is orientated such that the start point of each minimization
lies at dp = 0° & dv¥ = 0° and equals the true direction of the neutrino event. The end
point of the minimization, respectively the found minimum, can be found in the middle
of a scan. In order to allow a comparison between the scans, the displayed test statistic
was compressed in each plot to a scale beginning at the found minimum which is zero
due to the construction of A in eq. , leading up to a value of ten.
In general, the plotted likelihood scans show largely smooth behavior of the likelihood
functions which is desirable since it provides a robustness for the localization process of
the minima [44].

The scans for the realistic pulses sometimes seem to have narrower minima than the

(a) idealized pulses

‘ energy [GeV] ‘ AVpgisson [deg] ‘ AW nbinned [deg] ‘ TN Poisson

Tunbinned
event 0 | 10675.8 63.68 58.97 314 1173
event 1 | 10646.1 3.01 16.13 292 505
event 2 | 10545.9 1.48 48.80 282 1017
event 3 | 10145.8 12.64 54.96 380 351
(b) realistic pulses

‘ energy [GeV] ‘ A\:[lPoisson [deg] ‘ A\:[}unbinned [deg] ‘ NPoisson Nunbinned
event 0 | 10675.8 8.41 17.98 200 253
event 1 | 10646.1 30.37 9.16 329 571
event 2 | 10545.9 12.06 254 333
event 3 | 10145.8 4.33 178 287

Table 6.1: Reconstruction properties of the four example events where AWpgisson &
AV nbinned Stand for the angular error while npgisson & Munbinned denote the
number of minimization steps of the Poisson and extended unbinned likelihood
hypothesis.

idealized pulses.

However, it has to be mentioned that the shown likelihood scans display merely a two
dimensional projection of a higher dimensional likelihood function which also depends on
event energy and vertex position of the neutrino interaction. This aspect justifies that
the exact contour of the minima in the scans shouldn’t be overvalued in terms of judging
the quality of a reconstruction.

Comparing the true error of the Poisson likelihood reconstructions AWUpgisson With the one
from the extended unbinned likelihood reconstructions AW pinned leads to the finding
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6.1 Proof of concept
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Figure 6.1: Likelihood scans for the directional parameters dp & di for events 0 & 1
of the event reconstructions with the Poisson (left) and extended unbinned
hypotheses (right), each based on the idealized pulses. The plotted test
statistic A = —2 (log (L) — log (L)) is compressed, beginning at the minimum
value Apin and leading up to Apin + 10. Furthermore, the minimization steps

(grey) with its start (yellow) and end point (green) are displayed. Additionally,

the 50% & 90% confidence intervals (CI) are plotted (black).
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Figure 6.2: Likelihood scans for the directional parameters dy & di for events 2 & 3
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of the event reconstructions with the Poisson (left) and extended unbinned
hypotheses (right), each based on the idealized pulses. The plotted test
statistic A = —2 (log (L) — log (Ly)) is compressed, beginning at the minimum
value Apin and leading up to Apin + 10. Furthermore, the minimization steps
(grey) with its start (yellow) and end point (green) are displayed. Additionally,
the 50% & 90% confidence intervals (CI) are plotted (black).
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Figure 6.3: Likelihood scans for the directional parameters dp & di for events 0 & 1

of the event reconstructions with the Poisson (left) and extended unbinned
hypotheses (right), each based on the realistic pulses. The plotted test
statistic A = —2 (log (L) — log (Ly)) is compressed, beginning at the minimum
value Apin and leading up to Apin + 10. Furthermore, the minimization steps
(grey) with its start (yellow) and end point (green) are displayed. Additionally,
the 50% & 90% confidence intervals (CI) are plotted (black).

29



6 Results

event 2 - Poisson

>y
[
)
D
e
—20 L i steps
start point/true minimum
—30 e end point/ffound minimum
—20 -10 0 10 20 30
dp[deg]
event 3 - Poisson
30
20
— 10
o
L]
=
D
©

-10
2,

—-20 C

—-30 =20 -10 0O 10 20
depl[deg]

w

—2(log(L) —log(Lq))
dd[deq]

=Y

N

d9[deg]

B
—2(log(L) —log(Lo))

8]

event 2 - extended unbinned

20

8=

3

10 S
69

0 |
43
-10 5
~

=20 21

=30 ‘ : . ! : 0

-10 0 10 20 30 40
de[deg]
event 3 - extended unbinned 10
30

20 8 =
=
)
10 6 2
|
0 =
4 5
S
=10 ~
2 |

—-20

-20 =10 0O 10 20 30
do[deq]

Figure 6.4: Likelihood scans for the directional parameters dy & di for events 2 & 3
of the event reconstructions with the Poisson (left) and extended unbinned
hypotheses (right), each based on the realistic pulses. The plotted test
statistic A = —2 (log (L) — log (Ly)) is compressed, beginning at the minimum
value Apin and leading up to Apin + 10. Furthermore, the minimization steps
(grey) with its start (yellow) and end point (green) are displayed. Additionally,
the 50% & 90% confidence intervals (CI) are plotted (black).
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6.1 Proof of concept

that AWpgisson < AWunbinned. This is against the expectation that an unbinned likelihood
should yield better reconstruction results than a binned approach with only one bin
due to the higher amount of information which a continuous construction inherits. A
potential reason for this could be that the extended unbinned hypotheses leads to a
complex likelihood function with several local minima, the used minimization algorithm
gets stuck in one of them, and therefore the global minimum isn’t found. Investigations
in this context are presented in section [6.1.1] Furthermore, it has to be recognized that
the reconstruction are based on the assumption of a point-like cascade without extension.
Thus, the physical hypothesis is technically an approximation, and therefore can lead to
wrong results for the realistic pulses.

In order to really test a reconstruction method a sufficient number of reconstructed events
over a large energy range is necessary. This requirement is fulfilled by reconstructing all
600 events of the dataset.

As mentioned before, the most important parameter of interest in directional reconstruc-
tions is the true error AW and its behavior over energy. To investigate it the energy
medians for each of the half decades which are provided by the dataset were computed
and plotted against the corresponding medians of AW. In addition, the pull %, where
o denotes the paraboloid error, was examined by also plotting the medians of the pull
over the energy medians.

AV is expected to decrease for higher energies as the number of photons arriving at the
DOMs rises. Therefore, the amount of available information increases which leads to
more convenient likelihood functions, and thus better reconstructions. As stated at the
end of section [4.2] the pull is expected to be constant over energy and has a ideal value
of 1.177.

The results of the Poisson reconstructions based on the realistic pulses are shown in
fig. and discussed in the following. AW decreases from the first energy ,.bin“ to the
second one but after that a kind of ,oscillating” behavior of the curve occurs. This
isn’t compatible with the expectation of a steady decrease of the course. A possible
explanation could be the idealizing assumption of the reconstruction that the cascade
is point-like, contrary to the approach of the realistic pulses where the expansion of a
cascade is taken into account. Since the length of a cascade increases with the energy, the
point-like assumption of a cascade gets more and more insufficient. This effect competes
with the improvement of a reconstructions with higher energies due to the higher amount
of accessible information and could possibly lead to the fluctuating behavior. However,
under consideration of the 14% & 86% quantiles of the true errors, see fig. it stands
out that the fluctuation is probably due to statistic fluctuations. The computed pull also
does not fulfill the expectation of a constant behavior over energy since it increases for
higher energies. Due to two events in the 1 — 5PeV range where the paraboloid error
didn’t yield a finite value the median of the pull for this energy bin was calculated with
98 instead of 100 events. The low values of % in the low energy regime implies a large
paraboloid error compared to the true error. As a possible reason for this could be named
that the Gaussian approximation in the minimum of the likelihood doesn’t apply if the
minimum isn’t found or the number of data events is too low. Thereby, the paraboloid
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fits would yield large errors. For higher energies, the pull exceeds the expected ideal
value of 1.177.

The unexpected and in the scope of this thesis irremediable behavior of the true error
curve for the realistic pulses lead to the decision to use the idealized pulses for the further
course of this thesis as these pulses yield better results as will be presented in section
section

6.1.1 Investigation of the minimization process

As mentioned before, the worse true error of the extended unbinned likelihood compared
to the Poisson likelihood could be due to a minimization issue where only a local minimum
is found. Therefore, the used minimizers and possible alternatives are introduced.

The first minimizer to name is ,,migrad“ of the Python iminuit package which is basically
a variable metric algorithm [42]. Variable metric optimizers build up on the Newton-
Raphson method and approximate the thereby used inverse of the Hessian matrix [16][38].
Another used minimizer is provided by the Python package ,,emcee“ which is based
on a Markov chain Monte Carlo (MCMC) method. MCMC optimization algorithms
offer the possibility to leave local minima since their minimization steps usually have
a non-zero probability to accept values which are less extreme than the previous ones.
Therefore, there is a chance for the optimizer to leave a found local minimum [17][21].
A third alternative minimizer is given in ,BOBYQA*“ of the NLopt package. BOBYQA
is a derivative-free optimizer for bound constraint optimization problems [12][45].

As a preliminary remark, all of the subsequent minimization procedures for the different
likelihoods follow a pure energy fit to reduce the actual minimization steps.

The minimization for the Poisson likelihood in the mDOM case of the idealized pulses
as well as the previously presented realistic pulses was done with 500 steps of migrad
followed by 800 steps of emcee. Steps stand in this context for the approximate maximal
number of minimization steps until the algorithms stop which normally results in less
actual optimization steps as presented in table [6.I] The Poisson likelihood based on the
idealized pulses for the PDOM and the extended unbinned approaches for PDOM &
mDOM, again performed on the idealized pulses, were each minimized with 2000 steps of
migrad.

In order to check if the minimization algorithm gets stuck in local minima during the
optimization process of the extended unbinned likelihood function events 2 & 3 were
each reconstructed on the idealized pulses with two different minimization procedures.
These events were chosen since they provide the largest discrepancy between AWV nbinned
and AWpgigson Of the four test events, compare table

The first attempt was made by using three times 2000 steps of migrad and 800 steps of
BOBYQA, leading to a total amount of sixE] minimizers in a row. The resulting likelihood
scans are plotted in fig. together with the corresponding scans from fig. True error
and number of actual minimization steps are entered in table The new minimization

3respectively seven minimizers if one counts the energyfit in the beginning
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Figure 6.5: (a) True error AV & (b) pull % over event energy for the mDOM Poisson
reconstruction with the realistic pulses. Ideal pull median value of 1.177 is
plotted in grey.
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Figure 6.6: True error median AV with 14% and 86% quantiles, displayed by purple
colored area, over event energy for the mDOM Poisson reconstruction with
the realistic pulses.

process compared to the regular minimization shows effectively no difference. Only the
plotted minimization steps and the actual number of minimization steps differ. They
imply that the minimizer methods find these possibly local minima early and stay in

them for the rest of the process.
As a second effort, the two events were reconstructed with 2000 emcee and 2000 migrad

‘ AV nbinned [deg] ‘ Tunbinned ‘ AWV npinned [deg] ‘ Tunbinned
event 2 | 48.80 1561 event 2 | 48.67 2962
event 3 | 54.96 789 event 3 | 57,60 2513
(a) 3-(migrad 2000 + BOBYQA 800) (b) (emcee 2000 + migrad 2000)

Table 6.2: Reconstruction properties of the example events 2 & 3 where AV binned &
Nunbinned denote true error and number of minimization steps of the extended
unbinned likelihood hypothesis. (a) minimization procedure with three times
migrad with 2000 and BOBYQA with 800 steps. (b) minimization via 2000
steps emcee followed by migrad with 2000 steps.

steps. This approach was used in order to take advantage of the further stated possibility

to evade local minima with MCMC based optimizers like emcee. The corresponding
likelihood scans are displayed in fig. [6.8] while the reconstruction properties are presented
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Figure 6.7: Likelihood scans in directional parameters dy & di for the reconstruc-
tions of events 2 & 3 with the extended unbinned hypotheses, based on
idealized pulses. Comparison of the minimization procedures between the
standard minimization with migrad 2000 (left) and the minimization with
3 - (migrad 2000 + BOBYQA 800) (right). The plotted test statistic
A= —2(log (L) —log (Ly)) is compressed, beginning at the minimum value
Amin and leading up to Apin + 10. Furthermore, the minimization steps (grey)
with its start (yellow) and end point (green) are displayed. Additionally, the
50% & 90% confidence intervals (CI) are plotted (black).
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Figure 6.8: Likelihood scans in directional parameters dy & di for the reconstruc-
tions of events 2 & 3 with the extended unbinned hypotheses, based on
idealized pulses. Comparison of the minimization procedures between
the standard minimization with migrad 2000 (left) and the minimization
with (emcee 2000 4+ migrad 2000) (right). The plotted test statistic
A= —2(log (L) —log (Ly)) is compressed, beginning at the minimum value
Amin and leading up to Apin + 10. Furthermore, the minimization steps (grey)
with its start (yellow) and end point (green) are displayed. Additionally, the
50% & 90% confidence intervals (CI) are plotted (black).
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in table As in the previous case: apart from the minimization steps and their
affiliated higher numbers no significant difference of the reconstructed direction can be
observed.

These equal results without improving the angular error lead to the conclusion that the
worse true errors of the extended unbinned likelihood compared to the Poisson likelihood
probably aren’t a consequence of the optimization process but of other unidentified
issues with the reconstruction method. Further examination of this problem is therefore
necessary in the future.

6.2 Angular error & pull for idealized light pulses

After showing that the principle of the reconstruction works at least on a basic level as
expected the results of the reconstruction method for the application on the idealized
pulses of the whole dataset are presented and discussed.

The results are presented and compared to their expectations for the PDOM & mDOM
individually first and compared to each other afterwards. The true error AV and the
pull % are here the quantities of interest.

6.2.1 PDOM

During the reconstruction process of the dataset for the PDOM, a low number of events
yielded errors when writing the files, and therefore aren’t included in the following. This
affected one event of the Poisson likelihood and two events of the extended unbinned
likelihood reconstruction. Additionally, two events of the Poisson likelihood produced
paraboloid errors with ,NaN“ as value which thus couldn’t be included in the computation
of the pull.

The resulting angular error AV and pull % over energy for both likelihood approaches
are displayed in fig. AV shows for each of the hypothesis the expected behavior
that the true error decreases with increasing energy with the exception of the first two
energy bins of the Poisson likelihood reconstruction. Here, an enlargement of the angular
error takes place. Moreover, the extended unbinned likelihood exhibits a better angular
resolution. This is expected due to the higher amount of information which the extended
unbinned likelihood considers. Merely the 10 — 50 TeV bin indicates a slightly better
resolution for the Poisson likelihood. This coincides with the observations of the mDOM
likelihood scans in the low energy range, see section While both hypotheses start
with a true error of AW ~ 16° in the lowest energy bin the extended unbinned likelihood
improves up to a value of roughly 1.3° whereas the Poisson approach improves only up to
approximately 3.3°. The AV¥ median values for the energy bins are displayed in table
The pull for both PDOM likelihoods shows neither the prediction of a constant curve nor
the expected ideal value of 1.177. Instead, the curves increase with growing energy until
they fall off for the higher energies. Furthermore, the pull has throughout smaller values,
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especially for the Poisson likelihood hypothesis, which suggests a large paraboloid error
0. An attempt to explain this behavior can be found in section ﬂ Nevertheless, % of
the extended unbinned access has for the middle energy bins reasonable values near the
expectation of 1.177.

6.2.2 mDOM

Equally to the PDOM reconstructions, some events delivered errors in the writing process
of the mDOM reconstruction files. This includes a total of nine events for the Poisson
reconstructions and 16 events of the extended unbinned approach. Further, two events
which were reconstructed with the extended unbinned likelihood provided ,,NaN“ values
as an outcome for the paraboloid error, and thus had to be dropped for the pull calculation.
The corresponding plots for the angular error and the pull are displayed in fig.
Overall, the true errors AV of both mDOM reconstruction methods show a decrease
with growing energies which corresponds to the previously mentioned expectations.
However, for the low energies, the Poisson approach of the reconstruction yields better
angular errors, starting with roughly 8.3°, than the extended unbinned approach with
approximately 15.0°. As stated before, on the one hand this isn’t compatible with the
general expectation that the extended unbinned likelihood should yield better angular
errors. On the other hand this observation is consistent with the findings of the test
event reconstructions in the low energy range for the mDOM (section where similar
behavior could be observed. For higher energies the curves of the Poisson and the
extended unbinned likelihood reconstructions align with a slight advantage for the latter
at < 2°. An overview of the medians of AV for each energy bin can be found in table [6.3
The pull % of the mDOM reconstructions isn’t consistent with the expectations of a
constant curve. After an increase in the low energy regime the curve of the extended
unbinned pull flattens for higher energies and decreases finally. The Poisson pull shows
also an increasing behavior with the energy but then flattens only for the highest displayed
energies. The concrete values of % for the Poisson likelihood approach are smaller than
the ideal value of 1.177, in particular for the lowest energies. The extended unbinned
pull values are larger than the just mentioned values of the Poisson pulls and are close
to the ideal value of 1.177 for the middle energies but fall off for the lowest and highest
investigated energies. As mentioned in the previous sections, the small values of the pull
imply a high paraboloid error due to insufficient paraboloid fits of the likelihood minima.

6.2.3 PDOM vs. mDOM

In the following, a comparison is drawn between the previously individually presented
reconstructions of the PDOM and mDOM. In fig. plots of the true error AW and the
pull % over energy with the Poisson and extended unbinned likelihood reconstructions
for PDOM and mDOM can be found.

First of all, it can be stated that, mostly, the mDOM reconstructions yield smaller
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Figure 6.9: (a) True error AV & (b) pull % over event energy for the PDOM Poisson
(blue) and extended unbinned (green) likelihood reconstructions, applied to
the idealized pulses. Ideal pull median value of 1.177 is plotted in grey.
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Figure 6.10: (a) True error AV & (b) pull % over event energy for the mDOM Poisson
(orange) and extended unbinned (red) likelihood reconstructions, applied
to the idealized pulses. Ideal pull median value of 1.177 is plotted in grey.
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angular errors AW than the PDOM reconstructions. This applies for both likelihood
approaches, even though the results of the PDOM extended unbinned reconstruction
align with the outcome of the mDOM extended unbinned and turn out better than the
results of mDOM Poisson reconstruction in the higher energy regimes. Furthermore,
the true error plot shows in the low energy range that the mDOM Poisson likelihood
provides the smallest angular difference between true and reconstructed direction of all
tested reconstruction methods. For the lowest energy bin 10 — 50 TeV, the extended
unbinned method for the mDOM slightly outperforms both PDOM approaches. Over
the course of the curve up to the 100 — 500 TeV bin, the difference between the extended
unbinned likelihoods of PDOM and mDOM is approximately constant at values around
1.3° — 1.7° while the distance between these two curves and the Poisson likelihood curve
of the PDOM enlarges to a maximum of roughly 7° — 9°. For the highest reconstructed
event energies a true error median of approximately 1.8° could be obtained through the
Poisson likelihood for the mDOM while through extended unbinned approach for PDOM
and mDOM roughly 1.3° & 1.4°. The Poisson likelihood for the PDOM decreases with
higher energies only down to ~ 3.3°. The values of AV for each energy bin are entered
in table [6.3

In order to put the medians of the true errors AV into perspective, the 14% and 86%
quantiles of each bin for the different reconstructions were computed. The corresponding
plots which can be found in fig. for the Poisson reconstructions and in fig.
for the extended unbinned reconstructions of each DOM display the area between the
respective two quantiles marked in color. The 14% quantile limits thereby the top while
the 86% quantile restricts the bottom of the colored area. The previous observations
that the mDOM yields smaller AV in the used reconstruction than the PDOM are
basically confirmed by the plots. This is reflected in the Poisson reconstructions by the
clearly smaller 86% quantiles of the mDOM reconstruction compared to the PDOM
86% quantiles. The same behavior is recognizable for the 14% quantiles but not quite
as significant. In the case of the extended unbinned reconstructions, the 86% quantile
curves lie closer to each other such that only tendencies are recognizable which imply a
slightly smaller curve for the mDOM over all energy bins except for the first one. Here,
the 86% median of the PDOM extended unbinned approach yields better true errors. For
the 14% quantiles no significant difference is visible between PDOM and mDOM.

The expectations of the pull % mostly couldn’t be fulfilled by neither the PDOM nor the
mDOM reconstructions. This includes the non-constant behavior of all curves which falls
off for the low and high energy bins, except in the case of the mDOM Poisson likelihood.
Here, the curve is approximately constant for the two highest energy bins. The courses of
the PDOM and mDOM pulls resemble for each of the both likelihoods while the extended
unbinned curves lie above the Poisson curves. Furthermore, the pull values which are
overall too small compared to the ideal value of 1.177 have to be mentioned. These
imply large paraboloid errors for all reconstructions while merely the pull values in the
mid-energy regime of the extended unbinned reconstructions for PDOM and mDOM fall
in a range near the optimum.
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Figure 6.11: True error median AW¥ with 14% and 86% quantiles enclosing the colored
areas, over event energy for the PDOM (blue) & mDOM (orange) Poisson
reconstructions with the idealized pulses. The respective medians of AW are
represented by the continuous lines in the corresponding colors.
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Figure 6.12: True error median AV with 14% and 86% quantiles enclosing the colored
areas over event energy for the PDOM (green) & mDOM (red) extended
unbinned reconstructions with the idealized pulses. The respective medians
of AW are represented by the continuous lines in the corresponding colors.
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Figure 6.13: (a) True error AV & (b) pull % over event energy for the PDOM as
well as the mDOM likelihood reconstructions, applied to the idealized

pulses.Ideal pull median value of 1.177 is plotted in grey.
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energy bin AWVppom,poisson | AWppoM,unbinned | AYmboMm,Poisson | AYmDOM,unbinned
10 — 50 TeV 15.9° 16.6° 8.3° 15.0°

50 — 100 TeV 17.0° 10.3° 6.0° 8.6°

100 — 500 TeV 8.9° 4.5° 4.3° 3.2°

500 TeV — 1 PeV | 7.3° 2.7° 3.0° 2.5°

1 -5PeV 6.0° 2.8° 2.9° 2.5°

5 —10PeV 3.3° 1.3° 1.8° 1.4°

Table 6.3: Rounded true error medians for the neutrino energy bins of the dataset where
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AVYppOoM,Poissons AYPDOM,unbinned denote the true error median for the Poisson
and extended unbinned likelihood approaches of the PDOM reconstructions
while AW,poM, Poissons AYmDOM,unbinned denote the true error median for
the Poisson and extended unbinned likelihood approaches of the mDOM
reconstructions.



7 Conclusion

In this thesis, shower events for the proposed Gen2 optical modules PDOM and mDOM
were reconstructed. Concretely, this was done for 600 events over an energy range of
10TeV — 10PeV. The dataset was obtained through three cuts. The first one was an
energy selection, leading to six half decades in the previously stated energy range. A
second cut was given by the requirement that the number of triggered standard IceCube
DOMs in the IC-86 array by an event is smaller than 50 in order to accept only events
which are located in Gen2. Lastly, it was demanded that the events should trigger at
least four Gen2 strings, and therefore deploy a sufficient number of photons in Gen2 for
the event reconstruction. The used reconstruction methods are based on the Maximum-
Likelihood-Estimation with two different likelihood function approaches: the extended
unbinned likelihood, where amplitude and time information enters, and the Poisson
likelihood where only the overall amplitude is taken into account. These reconstructions
were mostly performed on idealized light pulses as the realistic pulses showed unexpected
and faulty behavior which is an issue that has to be addressed in the future. In order to
allow a fair comparison between PDOM and mDOM, the number of photons detected by
the PDOM was scaled up by a factor of 2.2 to compensate its smaller effective photo
cathode area.

It was shown that the reconstructions work on a basic level for the idealized and the
realistic pulses of a pure mDOM Gen2 High-Energy Array by examining the likelihood
scans of four example events in the low energy regime. Here, the likelihoods showed
smooth behavior although the Poisson reconstructions provided mostly smaller angular
errors AW between the true direction and the reconstructed direction than the extended
unbinned approach. This observation contrasts with the expectation that the extended
unbinned formulation should yield better true errors than the Poisson one due to higher
amount of information an unbinned approach inherits. It was therefore investigated if
this behavior is a result of a minimization problem where only a local minimum instead of
a global minimum is found. This assumption couldn’t be verified by testing two different
minimization procedures with more minimization steps and different numeric minimizers.
It remains thus an unsolved problem which has to be examined in future studies.

The reconstructions on the PDOM light pulses showed the expected behavior concerning
the angular error AV. Here, both likelihood approaches improved with increasing energy
and the extended likelihood approach yielded smaller AV medians compared to the
Poisson likelihood reconstruction with exception of the lowest energy bin 10 TeV — 50 TeV
which shows the opposite, but can be statistical fluctuation. The mDOM reconstructions
display the same decreasing behavior of the true error over increasing energies. However,
the Poisson reconstruction provides unexpected smaller angular errors than the extended
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unbinned reconstructions for the three energy bins 10 TeV — 50 TeV, 50 TeV — 100 TeV
& 100 TeV — 500 TeV. This observation coincides with the observations of the mDOM
likelhood scans for the test events and stay an issue which has to be investigated in the
future.

The results show that the mDOM reconstructions provide up to ~ 50% smaller angular
errors than the PDOM reconstructions for both likelihood approaches which could be
confirmed for the Poisson approach while the extended unbinned likelihood showed mostly
the same tendencies under consideration of the 14% & 86% quantils. All reconstruction
approaches start at the 10 TeV — 50 TeV bin with a true error median of roughly 15° —
17°, except the mDOM Poisson likelihood which provides a remarkable ~ 8° true error
median in this lowest energy bin. With increasing energies, the angular error medians
improve for the reconstructions and align above 1PeV while providing angular error
medians of 1° — 2° at the 5 PeV — 10 PeV bin. Merely the PDOM Poisson likelihood true
error curve doesn’t align and delivers a true error median of ~ 3° in the highest energy
bin.

Furthermore, the pull for the reconstructions was investigated. All of the pull curves
don’t show the expected constant behavior over energy, increase with the energy and
fall off or stay only constant for the highest energies. The values of the pull were for
all reconstructions smaller than the theoretically motivated value of 1.177, especially
for the Poisson reconstruction approach of both optical modules. This indicates a high
paraboloid error as probably a result of bad paraboloid fits in the estimation process of
o. However, these high errors are currently not fully understood and their correction
remains a task of the future.

Overall, these are the first results for cascade directional reconstructions with the mDOM.
They indicate, that under idealized conditions, the mDOM performs qualitatively in
line with the expectations. In the future, it will be important to handle realistic photon
propagation, correct the uncertainty estimation, and identify the problem with the
extended unbinned likelihood.
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