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Abstract

Through the detection of faint traces of light induced by neutrino interactions, neutrino
telescopes can identify neutrinos of extraterrestrial origin, characterize their astrophysical
sources, and shed light on fundamental questions regarding the elusive particle itself.
As such, this class of experiments exists to provide a unique view of the universe using
neutrinos and to shed light on the many unanswered questions pertaining to its nature. The
discovery of neutrino oscillations in 1998 gave direct evidence of neutrinos being massive
particles, which represents the first known departure from the Standard Model of Particle
Physics. Consequently, the neutrino, and by extension neutrino telescopes, represent a
frontier in both astronomy and particle physics.

Following the early success of the IceCube Neutrino Observatory, the first giga-ton
neutrino telescope, a current global effort is focused on building second-generation
telescopes, providing a glimpse of a near future where a multitude of telescopes will exist
in complement. A key challenge in their operation is solving inverse problems—collectively
known as event reconstruction—that infer neutrino properties such as energy, direction,
and interaction type from detected light patterns.

This thesis investigates the application of deep learning to neutrino telescopes, with a
focus on the development of a detector-agnostic deep learning library to facilitate cross-
experimental collaboration on the common inverse problems. Additionally, the thesis
presents DYNEDGE, a graph neural network leveraging techniques from geometric deep
learning, specifically designed to handle the sparse and irregular detector geometries
commonly seen in neutrino telescopes. On a sample used to study neutrino oscillations
within IceCube, it is shown that DyNEpGe may improve the reconstruction of central
physical attributes by upwards of 20%, decrease sample contamination from atmospheric
muons by a factor 8 without a loss in signal retention, at several orders of magnitude faster
than existing techniques. A status on an ongoing effort to measure atmospheric neutrino

oscillation parameters <3, 3, and the normalization factor using 11 years of IceCube
measurements reconstructed with DyNEDGE is given, which suggests improvements in
sensitivity of upwards of 21% in some measurements as compared to existing reconstruction
techniques. Finally, the thesis presents projected sensitivities of the coming extension of
the IceCube detector, known as IceCube Upgrade, to the atmospheric neutrino oscillation
parameters using reconstructions from DyNEpGe and a new novel deep-learning based
cleaning technique based on DyNEDGE to remove the significantly increased noise rates that

the threefold increase in PMT channels from the Upgrade introduces.



Zusammenfassung

Durch den Nachweis schwacher Lichtspuren, die durch Neutrinowechselwirkungen erzeugt
werden, konnen Neutrinoteleskope Neutrinos extraterrestrischen Ursprungs identifizieren,
ihre astrophysikalischen Quellen charakterisieren und grundlegende Fragen hinsichtlich
des schwer fassbaren Teilchens selbst beleuchten. Als solche existiert diese Klasse von
Experimenten, um eine einzigartige Sicht auf das Universum mithilfe von Neutrinos zu
ermoglichen und Licht auf die vielen unbeantworteten Fragen beziiglich seiner Natur
zu werfen. Die Entdeckung von Neutrinooszillationen im Jahr 1998 lieferte direkte Hin-
weise darauf, dass Neutrinos massive Teilchen sind, was die erste bekannte Abweichung
vom Standardmodell der Teilchenphysik darstellt. Folglich stellen das Neutrino und in
Erweiterung auch Neutrinoteleskope eine Grenze sowohl der Astronomie als auch der
Teilchenphysik dar.

Nach dem friihen Erfolg des IceCube-Neutrinoobservatoriums, des ersten Gigatonnen-
Neutrinoteleskops, konzentriert sich eine aktuelle weltweite Initiative auf den Bau von
Teleskopen der zweiten Generation, was einen Ausblick auf eine nahe Zukunft bietet, in der
eine Vielzahl an Teleskopen komplementér existieren wird. Eine zentrale Herausforderung
beim Betrieb dieser Instrumente ist das Losen inverser Probleme — zusammenfassend
als Ereignisrekonstruktion bezeichnet — bei denen Neutrinoeigenschaften wie Energie,
Richtung und Wechselwirkungsart aus detektierten Lichtmustern abgeleitet werden.

Diese Dissertation untersucht die Anwendung von Deep Learning auf Neutrinoteleskope,
mit dem Schwerpunkt auf der Entwicklung einer detektorunabhéngigen Deep-Learning-
Bibliothek zur Forderung der experimentiibergreifenden Zusammenarbeit bei gemein-
samen inversen Problemen. Zusétzlich stellt die Dissertation DyNEDGE vor, ein Graph-
Neuronales-Netzwerk, das Techniken aus dem geometrischen Deep Learning nutzt und
speziell dafiir entwickelt wurde, mit den spérlichen und unregelméfsigen Detektorgeome-
trien umzugehen, die typischerweise bei Neutrinoteleskopen vorkommen. Anhand einer
Stichprobe, die zur Untersuchung von Neutrinooszillationen im Rahmen von IceCube
verwendet wird, wird gezeigt, dass DyNEDGE die Rekonstruktion zentraler physikalischer
Eigenschaften um iiber 20% verbessern, die Kontamination der Stichprobe durch atmo-
sphérische Myonen um den Faktor 8 reduzieren kann — ohne Signalverluste — und dies
um mehrere Grofienordnungen schneller als bestehende Techniken. Es wird der Stand
eines laufenden Projekts zur Messung der atmosphéarischen Neutrinooszillationsparameter

<§2, 23 sowie des -Normalisierungsfaktors auf Basis von 11 Jahren IceCube-Daten
dargestellt, die mit DyNEDGE rekonstruiert wurden. Diese deuten auf eine Verbesserung
der Sensitivitdt von tiber 21% bei einigen Messungen im Vergleich zu bestehenden Rekon-
struktionstechniken hin. Schliefilich prasentiert die Dissertation projizierte Sensitivitaten
der kommenden Erweiterung des IceCube-Detektors, bekannt als IceCube Upgrade, auf
die atmosphérischen Neutrinooszillationsparameter — basierend auf Rekonstruktionen
mit DYNEDGE sowie einer neuen, neuartigen Deep-Learning-basierten Reinigungsmethode,
die ebenfalls auf DYNEDGE basiert und die erheblich erhéhten Rauschraten adressiert, die
durch die Verdreifachung der PMT-Kanile im Upgrade verursacht werden.



Preface

Since Wolfgang Pauli in 1930 interpreted the continuous electron energy spectrain decays as evidence of a
light, neutral particle, the neutrino has been a frontier in both astronomy and particle physics [1]. Following
the discovery of the neutrino by Cowan and Reines in 1956 [2], dozens of neutrino experiments have been
built to shed light on the elusive nature of the neutrino, and as a result, significant progress has been made
over the decades in addressing the many fundamental questions related to the neutrino. The discovery of
neutrino oscillations in 1998, for which the Nobel Prize in Physics was awarded in 2015, provided direct
evidence of neutrinos being massive particles, implying the first known departure from the Standard Model
of Particle Physics (SM). As a result, neutrinos play a prominent role in the search for physics beyond the SM,
and many open questions pertaining to their nature remain unanswered [3].

Today, the neutrino is known to be the second most abundant particle in the universe, and is produced in a
wide variety of natural environments, including astrophysical bodies, such as in the Sun and in supernovae
[4]. Over the recent decades, a growing interest in the neutrino as a cosmic messenger has resulted in
the construction of a class of experiments known as neutrino telescopes which use neutrinos to provide a
unique view of the universe that is not obtainable through conventional observations of light. To mitigate
the small neutrino interaction cross section, and the low cosmic neutrino flux, neutrino telescopes are
typically constructed with instrumented volumes on the cubic-kilometer scale, making them among the
largest human-made objects by volume [5].

Since the completion of The IceCube Neutrino Observatory in 2012 [6], the first cubic-kilometer-scale neutrino
telescope, neutrino telescopes have made significant contributions to both neutrino physics and astronomy
[7-14]. In light of the early success, a worldwide effort is ongoing to construct multiple next-generation
neutrino telescopes, providing a hint of a near future where a wide range of telescopes will coexist in
compliment [15].

In parallel to the rapid progression of neutrino telescopes, the field of deep learning has seen a dizzying level
of advancement on a similar time scale, from the publication of AlexNeT in 2012 [16] for computer vision to
the natural language processing revolution embodied by the release of ChatGPT in late 2022 [17]. Owing to
a high degree of generalizability, the rapidly accumulating variety of deep learning techniques stemming
from deep learning research have significantly impacted society and science, and fields such as experimental
particle physics have continuously adopted deep-learning-based techniques for improving scientific analysis
and general detector operations. At the LHC, such methods were key elements in the discovery of the Higgs
boson at the LHC in 2012 [18, 19], and are prominently used to solve a class of inverse problems collectively
known as jet tagging & reconstruction, which bears close resemblance to a set of critical inference problems
known as event reconstruction in neutrino telescopes [20, 21].

The circumstances above set the stage for the main topic of this thesis—deep learning for neutrino tele-
scopes—with three primary objectives. First, to adopt and adapt geometric learning methods for the IceCube
Neutrino Observatory and evaluate their performance against traditional techniques. Second, to support
neutrino physics domain experts in applying these methods to studies of neutrino oscillations in IceCube
DeepCore and IceCube Upgrade. Third, to contribute to the development of an open-source deep learning
library for neutrino telescopes that is both detector-agnostic and designed to accommodate the rapid evolution
of deep learning paradigms.

Chapter 1 introduces neutrino telescopes broadly and briefly describes the neutrino, the detection principle,
and the characterization of three analyses of atmospheric neutrino oscillations that are central to the thesis.
In Chapter 2 key concepts from deep learning is introduced within the context of event reconstruction and is
conceptually compared to traditional techniques relying on maximum likelihood estimation. In Chapter 3 the
open-source deep learning library GraphNeT is introduced, to which significant contributions have been made
through this thesis, and central design concepts and technical details are shown. In Chapter 4 and Chapter 5
an algorithm for neutrino event reconstruction, based on geometric learning, is introduced, compared against
existing techniques and projected sensitivities to the three analyses are shown partly for IceCube DeepCore
and fully for IceCube Upgrade, a planned extension of the IceCube Neutrino Observatory.
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Neutrino Telescopes

In this chapter, we visit the origin of the neutrino signals (Section 1.1),
the detection principle in neutrino telescopes (Section 1.2), how these
detections require reconstruction (Section 1.4) and highlight how these
reconstructed observations are used in neutrino physics and astronomy.
Along the way, details speci c to IceCube are emphasized as those are
most relevant to this work.

1.1 Sources of Neutrinos

Since the neutrino was rst proposed in 1930 by Wolfgang Pauli as a
solution to the continuous energy spectra observed for electron emission
in  decays and later discovered in 1956 by Cowan and Reines, the elusive
particle has been a frontier in both particle physics and astronomy [1, 2].
In astronomy, the neutrino has intrinsic value as a cosmic messenger, as
it may reach Earth from the edge of the universe without absorption or
de ection, providing a unique view of the cosmos. In particle physics,
the current description of the neutrino is known to be incomplete, and
precise measurements of neutrinos are required to answer fundamental
guestions regarding the neutrino itself with potentially far-reaching im-
pacts on related elds of physics, which may lead to profound changes in
our understanding of the universe [22]. Following the neutrino discovery,

Figure 1.1: The Grand Uni ed Neutrino
Spectrum (GUNS), which depicts the
expected neutrino ux at Earth, is cate-
gorized into di erent ux components.
The ux is integrated over direction and
summed over avors. Solid lines repre-
sent neutrinos, and dashed lines indi-
cate antineutrinos. Presented with minor
modi cations from [5].

much progress has been made in identifying sources of neutrino emis-
sions, their production mechanisms, estimation of expected ux, and
the construction of an array of di erent experiments capable of probing
the many orders of magnitude of energy that the neutrino emissions are
expected to span [23]. But much remains unknown! The so-called "Grand
Uni ed Neutrino Spectrum" (GUNS), which has seen several iterations,
categorizes the energy-dependent neutrino ux observed at Earth by its
origin, and a current version of the GUNS can be seen in Figure 1.1.

In Figure 1.1, the expected neutrino ux at Earth is shown for di erent
categories of both arti cial (nuclear reactors) and naturally neutrino
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Direct measurement on thermal solar
neutrino emission has not been made

but is theorized to exist for ! ¢,

bremsstrahlung and Compton scattering

5].

emitting sources. Solid lines represent neutrinos, whereas dashed lines
indicate antineutrino ux. Overlaid solid and dashed lines indicate
emissions of both. The ux is averaged over the direction and summed
over neutrino avor, which means oscillation e ects (elaborated upon

in Section 1.1.1) are not included. Most of the categories in Figure 1.1 is
below the detection threshold of current neutrino telescopes (denoted
with a blue line around 1 GeV), and a short summary of these follow
below.

At very low energies, approximately between 10 © and 10 ! eV, the
Cosmic Neutrino Background (CNB) and the Big-Bang Nucleosynthesis
(BBN) are two theorized neutrino emission sources from the very early
universe that is currently out of reach for existing neutrino detectors. The
CNB, or so-called relic neutrinos, is analogous to the cosmic microwave
background, and the expected ux contains two monochromatic emission
lines of non-relativistic neutrinos with energies equivalent to the second
and third mass eigenstate. The BBN contribution originates from unstable
isotopes during the nucleosynthesis epoch of the universe. At higher
energies, nuclear neutrino emissions from the Sun, which radiates about
2.3% of its nuclear energy as neutrinos, are experimentally found. In fact,
solar neutrinos provided the rst hints of neutrino avor oscillations [24].
Geoneutrinos originate from radioactive decays in the Earth and were
measured in 2005 [25], and the Di use Supernova Neutrino Background
(DSNB) covers di use neutrino emission from core-collapsing stars but
is not fully known. Experimental limits on DSNB exist, and the rst
observations of neutrino emissions from supernovae date back to 1987
[26], and none has been observed since due to the low rate of 1.63 046
core-collapsing supernovae per century within the Milky Way [27].

Neutrino telescopes are typically sensitive to interactions starting from
a few GeV, indicated by the blue band in Figure 1.1, and the two main
categories of neutrino signals above the detection threshold are atmo-
spheric and cosmic neutrinos, which is elaborated upon in the following
sections.

1.1.1 Atmospheric Neutrinos & Cosmic Rays

On the 7th of August 1912, Victor Hess ascended to around 5200 km in
his balloon, armed with two modi ed electroscopes capable of counting
ionizing radiation.

Contrary to popular belief at the time, he found that the radiation
increased with altitude and that the intensity appeared unchanged when

the sun was set. He concluded "The results of the present observations
seem to be most readily explained by the assumption that a radiation of very
high penetrating power enters our atmosphere from abf@#3" Around the
same time, Domenico Pacini drew similar conclusions from lowering an
electroscope enclosed in a copper box to depths of 3 meters in the sea
[30]. These ndings lead to the discovery of cosmic rays, now known to

be highly energetic charged particles originating from outer space. They

are primarily composed of protons but also heavier nuclei, such as iron
[28].

The expected ux of primary cosmic rays can be seen in Figure 1.2 for
protons (red), iron (blue), helium (olive) and oxygen (green). Here, the
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Figure 1.2: The expected ux at Earth
of primary cosmic rays from the Global
Spline Fit (GSF) model overlaid with mea-
surements from relevant experiments.
Errorbars represent both statistical and
systematic uncertainties, whereas bands
denote one standard deviation. Both the
elemental and group ux are shown for
oxygen and iron, and the smallest ux
without error band represents the ele-
mental ux. The plot is modi ed from
[28].

expected ux from the Global Spline Fit (GSF) model is shown overlaid
with measurements from relevant cosmic ray experiments [28].

When the primary cosmic ray enters the atmosphere, it is likely to interact
with the nuclei within it, producing a so-called atmospheric air shower.
These air showers are a cascade of particle interactions induced by the
primary cosmic ray, which involves mesons, such as and |, that
further decay into leptons, such as neutrinos and muons. These are
referred to as atmospheric neutrinos and muons, as air showers within
the atmosphere produce them. These atmospheric neutrinos are used
to measure properties of the neutrino in neutrino telescopes, whereas
the atmospheric muons are typically considered unwanted background
in such studies. Techniques for distinguishing between atmospheric
neutrinos and muons are highlighted in later chapters (Section 4 and
Section 5). A simple illustration of the evolution of an air shower induced
by a cosmic ray can be found in Figure 1.4. Because most meson decays

Figure 1.3: Individual components of the down-going atmospheric muon and neutrino ux from meson decay. Colored curves represent
contributions from individual meson decay channels. The uxes are categorized into lepton components at creation and are, therefore,
not oscillated. Presented without modi cations from [31].

produce a muon and a muon neutrino (e.g. [ ! ), and that
the subsequent muon decay to an electron- and muon neutrino pair
(e.g. ' 1 4¢ 4", the muon neutrinos are created at a higher rate
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Figure 1.4: lllustration of a simple air
shower.

Several subsequent neutrino experi-
ments conrmed the solar neutrino
de cit measured at the Brookshaven ex-
periment, such as Sudbury Neutrino Ob-
servatory (SNO) [37]

than electron neutrinos in the atmosphere. The individual meson decay
channels' contribution to the atmospheric muon and neutrino ux can
be seen in Figure 1.3. As visible from Figure 1.3, the ratio of electron
neutrinos to muon neutrinos vary with energy, and is roughly 1 : 3 at 10
GeV.

A distinction is made between conventional ux (which originates from
kaon and pion decays) and prompt ux, which originates from decays
of heavier mesons that decay almost immediately. The production of
neutrinos from air showers comes from the heavier mesons and is thus
signi cantly smaller. The prompt ux has not yet been measured [32,
33].

The ux depicted in Figure 1.3 does not describe the expected observed
neutrino ux at a location on Earth, as observational e ects, such as avor
oscillations and matter e ects, are not included. These are elaborated
upon in the next section.

Neutrino Oscillations

Neutrino oscillations, rst proposed as a convenient solution in 1957
[34] to a de cit of solar neutrinos by 1/3 in the Brookhaven experiment
[24], describes how the neutrinos may change avor as they propagate,
and was con rmed experimentally in 1998 [35, 36]. In the standard
three- avor formulation, the relation takes the form:

o4 a ‘o *asm ola
- ®=g 1 * 2 * 37 -2® (1.1)
« = 1 F 2 35 « 34

which describes the rotation of the mass eigenstates g8 82 »1—2-3%into

avor states 8 2 »— — Y4The rotation matrix U is known as the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix and the conventional
parameterization is

@% 0 0, © 23 0 B3 48 % ©212 B. 0,
* = 223 Bzg® - 0 1 0 ® - 212 212 0®
O Bz 23, (B3 48% 0 213 L « O 0 1
(1.2)

where Bgg= sin' g§ and 2g9= cos' g§and o, is the CP-violating phase.
As seen in Equation 1.2, the matrix containst -diagonal elements, which

means for each neutrino avor state j i = g* jEd a particular linear
combination of all mass eigenstates is associated. The time evolution (or
spatial translation) of a avor state j i can convieniently be described by

the propagation of the three mass eigenstates, each of which constitute a
wave-packet, i.e. a plane wave solution to Schrdédingers equation on the
form j gCi = expt 8Ce\°j g0%,where representsthe Hamiltonian
operator. Because the mass states have di erent eigenvalues, the evolution
of each state is di erent, leading to a changing linear combination of mass
eigenstates. Therefore, a pure avor statej = i may evolve (oscillate)
into a dierent avor state j = 4i as the linear combination change
during propagation.



In vacuum, the Hamiltonian in the mass eigenstate basis is given by

0 0 0 0 0
1 a l a
E02= o , 0® Z_E% <2 0 ® (1.3)
«0 0 3= QL 0 <Z-

where < ggz é g and represents the energy associated with the
neutrino avor state. The probability for ! in vacuum can be
estimated as

% ! ©°=jh jexp' 8 yalj ij? |

X <3
* 5 b _exp 85—
9-: . 2

2
X <9 eV2km

* § F F _.exp 127 8——
-9 :
9 GeV

(1.4)

where < ggand goare the oscillation parameters, which require mea-
surement, and ! = 2 Crepresent length of travel between creation and
point of detection [12]. In addition to the oscillation parameters, one can
see in Equation 1.4 that the transition probability is driven by the !«
ratio. As an observer at Earth, the observed neutrino ux per- avour
would therefore depend on the distance and neutrino energy. Vacuum
transition probabilities for %3 ! cand % 4! ° for di erent
neutrino energies and travel distances are shown in Figure 1.5.

The probabilities are given for 2, 10 and 100 GeV neutrinos and ! is
quanti ed in terms of the radius of the Earth. I.e., baseline values close
to O indicate atmospheric neutrinos created in the immediate vicinity of
their detection, whereas baselines with values of 2 and above represent
neutrinos created in the atmosphere on the opposite side of Earth from
where they were detected. By combining insights from Figure 1.3 and
Figure 1.5, one can begin to phrase a general expectation of what an
observer on Earth would measure. For example, at 10 GeV, due to the
approximate 1 : 3 avorratioof 4and  atcreation from meson decays,
combined with the transition probabilities seen in the middle panel

1.1 Sources of Neutrinog 7

Figure 1.5: Vacuum transition probabili-
tiesof %4 ! °(leftyand %4 4! °
(right) using NuFit 5.2 [38] best- t 0s-
cillation parameters for 2 »2-10-100Ya
GeV.
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Figure 1.6: lllustration of the Preliminary
Earth Model (PREM) with four layers
[39]. The zenith dependence on the travel
length ! is added.

Figure 1.7: Transition probability of

! from the perspective of The Ice-
Cube Neutrino Observatory, using the
4-layer PREM model and simulated neu-
trino interactions. The probability is pa-
rameterized using the inclination angle,
which de nes the matter density and
baseline! . Courtesy of Tom Stuttard.

of Figure 1.5, one would expect to observe a ratio of electron to muon
neutrinos of roughly 1 : 15, by averaging % ! °and % 4! 2°
over distance. Similarly, due to the negligible ux of at creation in the
atmosphere, combined with the relatively high transition probabilities
of ! at energies below 100 GeyV, it is likely that observed  at
these energies are the result of oscillations. For atmospheric neutrinos
exceeding 100 GeV, the e ects of oscillations appear negligible for all
baselines.

However, the transition probabilities in Figure 1.5 assume that the neutri-
nos travel in a vacuum, and are therefore missing the known oscillation
enhancement caused by matter e ects. The matter e ects introduce an
additional term  to the Hamiltonian  <gcca® Eo2l  which repre-
sents the matter-induced potential. Consider the scenario depicted in
Figure 1.6. Here, a neutrino is created in the atmosphere and traverses
through several density layers of the Earth before it is detected. These
layers represent the 4 matter density pro les in the Preliminary Earth
Model (PREM) [39]. The corresponding transition probabilities are af-
fected by two di erent matter e ects, known as parametric resonance
and the Mikheev-Smirnov-Wolfenstein (MSW) resonance. In parametric
resonance, the oscillation phase is modi ed by the periodic change in
electron-matter potential. The periodic change in potential is caused by
the neutrino entering and leaving the di erent density layers of Earth,
leading to an altered oscillation probability [40]. In contrast, the MSW
resonance signi cantly increases the oscillation amplitude at certain en-
ergies [41]. The magnitude of the matter e ects depends on the neutrino
path through Earth, as it de nes the matter densities experienced by the
neutrino. The neutrino path w.r.t. to a detector can be parameterized via
the inclination w.r.t. the observer, denoted by  ,enitn in Figure 1.6, which
also approximates the baseline! .
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In Figure 1.7, the transition probability for ! is shown from the
perspective of The IceCube Neutrino Observatory (elaborated upon in
Section 4), using the 4-layered PREM model. The neutrino interactions
are simulated, and the probability is parameterized using cos' zenith®
and neutrino energy . In these coordinates,cos' ,enith® = 1represents
straight up-going neutrinos, i.e., neutrinos with a baseline of ! 2" gn.
In a vacuum, the oscillation lines form a regular, uninterrupted pattern,
whereas the matter e ects induce the perturbations of the lines seen
around5-10GeV and 15 cost ,enith®5 0e7.

Figure 1.7 represents an idealized oscillation signal at Earth, as the
neutrino energy and inclination are assumed to be perfectly known, and
no background is present. In practice, the neutrino energy, inclination, and
other physical properties require estimation, which introduces sizeable
uncertainties that result in a version of Figure 1.7 where the oscillation
lines are hard to visually identify and is further altered by the neutrino
ux, which is not accounted for in Figure 1.7 (see Section 1.4, Section 4
and Section 5).

Neutrino Mass Ordering, 23, < §2 and normalization
from Atmospheric Neutrino Oscillations

The fact that neutrinos oscillate is direct evidence of neutrinos being
massive particles, which marks the rst known physics beyond the
Standard Model of particle physics. Precise understanding of neutrino
masses is important not only in the context of the neutrino itself, as it
is related to the characterization of whether neutrinos are Majorana or
Dirac particles, but has implications for other elds of physics, such as
cosmology, where neutrino masses enter in dark matter theories and the
evolution of the early universe [3, 42].

As seen from the transition probabilities in Equation 1.4, oscillation
experiments are sensitive not to the absolute masses of the neutrino
but instead to the squared mass di erences. Still, neutrino telescopes
may provide key insights into open questions pertaining to the neutrino
masses. One prominent example is the measurement of the neutrino mass
ordering, also known as the neutrino mass spectrum or neutrino mass
hierarchy. Through the study of matter e ects experienced by neutrinos
in the Sun, it is known that <2 7+4 10 ° eV? is positive, which

translatesto 1 5 », but the sigzn1 of <%, 25 10 3eV?remains
unknown [38]. This leaves two possible scenarios for the ordering of
neutrino masses, where 3 is either the lighest or heaviest mass eigenstate.
Normal ordering (NO) is by convention <15 <, 5 <j3whereas inverted
ordering (I0)is <35 <15 <3, and an illustration of the two scenarios

is seen in Figure 1.8.

The two possible mass ordering scenarios can lead to very di erent Figure 1.8: lllustration of the two pos-
results in areas that rely on neutrino masses, such as neutrino oscillations Z'ebézr?;l:]g'gz tmhzsssig?]”i?”"f eenanos,
(Equation 1.4) and determination of the Dirac or Majorana nature of =
neutrinos through neutrinoless double llx_r;ta decay (0 )which measures
an e ective Majorana mass j< | = | . * i_scj [44, 45]. Other examples

include cosmological models [43] which relies on the sum of the neutrino
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Figure 1.9: The sum of neutrino masses
as a function of the lighest neutrino mass
eigenstate for both the normal and in-
verted ordering scenarios. Cosmological
Limits from [43]

P P . . :
masses g= <g Where the two mass ordering scenarios lead to quite

8
di erent results, as illustrated in Figure 1.9.

In Figure 1.9 the sum of neutrino mass eigenvalues are shown as a function
of the lighest neutrino mass eigenstate for both the normal ordering
(blue) and inverted ordering (orange). The sum can be parameterized
using known mass splitting and the assumed lightest neutrino state, i.e

<

X q q (1.5)

=<3l <20j <2ji <21j <2j1 <2
By using best- t values from NuFit 5.2 [38] for the mass splittings, the
absolute value of the lightest neutrino mass eigenstate, whose value
is unknown, is varied across a wide range of possible values. Loose
cosmological constraints from 2024 [43] are overlaid for both mass
ordering scenarios. As seen from Figure 1.9, the two mass orderings lead
to very di erent values for the sum of neutrino masses, around 0.1 eV for
10 and 0.06 eV for NO.

The MSW e ect allows neutrino telescopes to probe the ordering of
the neutrino mass eigenstates using atmospheric neutrinos. At around
6 GeV, the MSW e ects greatly enhance the oscillation amplitude for

! 4 in the case of normal ordering, whereas ¢ ! ¢, is enhanced
for inverted ordering [46]. While neutrino telescopes typically cannot
distinguish between neutrinos and antineutrinos, their di erence in
ux and cross section leads to measurable di erences in the number of
neutrinos observed between the NO and 10 scenarios (See Section 5).
Currently, experimental data favors normal ordering by 2.7  [47], and the
wrong ordering is expected to be rejected by 5  within 10 years through
joint studies in, for example, lceCube and JUNO [48].

In addition to the mass ordering, the atmospheric neutrinos observed
by neutrino telescopes can be used to measure the »3, < 3, oscillation
parameters in standard atmospheric oscillation studies. As seen from
Figure 1.5, the atmospheric oscillation signal is to rst order driven
by ! transitions for which the probabilities in vacuum can be
approximated by
'

<21
w | °  cog 13sint2 ,%sin 127—3L (1.6)
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While both angles i13and »3 parameterize the transition probability
in Equation 1.6, i3 is typically xed at the best- t point of oscillation
experiments utilizing neutrinos from nuclear reactors, as they have
superior sensitivity to 13 [46].

In addition to the standard oscillation study, a scaling factor, known as
the normalization, of the PMNS elements seen in Equation 1.4 can be
estimated. By adding a scale factor to these elementst _§ _§ _* _),
two questions are being probed in e ect. If the scaling factor deviates from
one, it would indicate an o -nominal cross-section for charged-current

interaction, which is known only to  O'10% precision [12]. However,
should the scaling factor be less than 1, it could additionally indicate
yet-unknown avor states not included in the PMNS matrix. Such states
are known as sterile neutrinos, which are among the candidates for dark
matter [49].

1.1.2 High-Energy Cosmic Neutrinos

Not long after the discovery of the neutrino, the idea emerged that
neutrinos pose ideal cosmic messengers and could provide insight
into the origin of cosmic rays, as the decay processes described for
atmospheric neutrinos (Section 1.1.1) may take place in the cosmos,
producing a neutrino inbound to Earth. These interactions are the result

of two primary cosmic ray interactions: proton-proton collisions with
nearby gas, or photon-proton interactions with ambient radiation and
may be produced within the cosmic ray source during acceleration,
the periphery of the cosmic ray source or in the cosmic voids through
interaction with background radiation.

A commonly considered scenario assumes the decay of pions to be the
dominating astrophysical production mechanism at the source, yielding
a avorratioof ( 4, , )ofl:2:0 atthe source [11]. However, over

Figure 1.10: The observed avor ratio

( & 4) as a function of the !+ ratio
in astronomical units. The average ex-
pected avor ratio stabilizes at  (1:1:1)
for distances above 0.01 pc for neutri-
nos with energy of 1 PeV. Bands depict
one standard deviation of the oscillation
parameters. Shown here without modi -
cations from [50].

cosmic distances the oscillation e ects alter the observed avor ratio
to (2:1:1). In Figure 1.10, the avor ratio ¢ 4 is shown as a function
of the ! « ratio. Here it can be seen that the ¢ 4 ratio approaches 1
for su ciently large !+ . Neutrinos with 1 PeV of energy that travels
distances equal or larger than 0.02 pc will have equal contribution from
each avor to the high energy cosmic neutrino ux.

The rst detection of high-energy cosmic neutrinos was made by IceCube
in recent times [51 53], and these observed neutrinos span the TeV to
PeV energy range. The expected number of up-going atmospheric and



12 | 1 Neutrino Telescopes

Figure 1.11:Number of expected inter-
actions in IceCube categorized by atmo-
spheric (blue) and astrophysical (orange)
origins per estimated energy bin. Curves
are overlaid with measurements from
9.5 years of data from IceCube. Modi ed
from [55].

astrophysical neutrinos per estimated energy bin in IceCube is shown
in Figure 1.11. The curves are overlaid with 9.5 years of measurements
from IceCube. The up-going region de nes arrival directions where the
neutrinos passed through the Earth before reaching the detector, and
therefore limits detection to half of the observable sky. This practice
is common, as the other half of the observable sky is dominated by
atmospheric muons [54].

From Figure 1.11, a few of the challenges in neutrino astronomy can be
seen. First, the expected number of neutrinos with astrophysical origin is
orders of magnitude lower than atmospheric neutrinos. Since Figure 1.11
shows the expected number of neutrinos across all up-going directions, i.e.
intherange 1 cos' ,nith® O, the expected number of astrophysical
neutrinos from a particular pointin the sky is signi cantly lower. Secondly,
because the interactions in a detector from astrophysical and atmospheric
neutrinos are identical, distinguishing between neutrinos of astrophysical
or atmospheric origin is challenging. In IceCube, a so-called signalness
score for a neutrino detection is de ned as

=signal

Signalness= .7

=signal I =background
where =gignal and =packground represent the number of signal and back-
ground events at a particular point in the sky. The background contains
both atmospheric neutrinos and muons. Real-time monitoring of neu-
trino interactions in IceCube seeks to identify interactions of potential
astrophysical importance and issue real-time public alerts to enable
follow-up searches by the wider astronomy community using, for exam-
ple, gamma-ray telescopes. The best category of alerts requires a signal
score of at least 50%, which only around 10 interactions satisfy annually,
on average [56].

The observed astrophysical neutrino ux is expected to originate from
sources spanning cosmological scales, such as star-forming-galaxies
(SFGs) and active galactic nuclei (AGNs) [5]. Despite these detection



challenges, evidence of neutrino emissions from the galactic plane and
NGC1068 has been found by IceCube in recent times [7, 8].

Relations to Gamma Ray Emissions

When cosmic ray protons interact with the background radiation via
21 wg! =T Tor?1 pg! 2?1 9 neutral and charged pion
secondaries are created. When the neutral pions decay ° ! I ,a
ux of gamma ray photons is created, while the charged pions decay
to three neutrinos as described in Section 1.1.1. Gamma rays are highly
energetic photons in the KeV to MeV range, and is detectable by gamma
ray telescopes such as Fermi Large Area Telescope (Fermi LAT) [57]. The
ratio of neutral to charged pions is 1:1 for these interactions, and energy
threshold for the pion creation can be estimated as

2<,< | <?
-8 <<4—<24 (1.8)

where »— representthe proton and photon energy and <, denotes the
proton masses. For photons in the optical spectrum, i.e. with energy 2 eV,
the resulting proton energy threshold for creating a pionis 5 10’ GeV,
which is well within the 10° 10 GeV energy spectrum for cosmic
rays seen in Figure 1.2. Similarly, pions may be created in proton-proton
collisions such as 21 2! 20 21 ©°2i 21 2i =7 ' and
21 21 21 1  witharatio of charged to neutral pions of 1:2. The
energy threshold for pion production in p+p collisions can be estimated
as .

< I« | 4<5°

28 <5l T 1.3 GeV (1.9)

which is signi cantly lower thanthe 21 pkg channel [55, 58].

As aresult, sources bright in gamma rays are expected to be sources of
cosmic neutrinos, and the ratio of charged to neutral pions can be used
to establish an approximate connection between the production rate of
both signals

1X 2g 1 o 28 1 oy, (1.10)
= —» = .
3 4 ‘=2
where the & gis the corresponding production rate in units of %\,S is
the ratio of charged-to-neutral pionsand  — represents the neutrino

and gamma ray energy, respectively [59].

Despite this clear theoretical connection between neutrino and gamma ray
emissions, evidence suggests that the extra-galactic source composition
invoked by Fermi-LAT appears incompatible with the observed cosmic
neutrinos by IceCube in the 10 - 100 TeV energy range, suggesting that
the origin of extragalactic neutrino and gamma ray emissions are not
identical [5].

1.1 Sources of Neutrino

13
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Figure 1.12: Tree-level Feynman dia-
grams for the three main interaction pro-
cesses contributing to the total neutrino
cross-section. QE denotes interactions
with entire nucleons. RE represents the
excitation of nucleons that leads to bary-
onic production (R). DIS covers interac-
tions with su cient energy to interact
directly with individual quarks in the nu-
cleon, leading to hadronic showers (X).
Modi ed from [60].

1.2 The Detection Principle in Neutrino
Telescopes

Following the introduction of the two main sources of signal in neutrino
telescopes, namely atmospheric neutrinos (Section 1.1.1) and cosmic
neutrinos (Section 1.1.2), we now turn our attention to the technical
details pertaining to the neutrino telescopes.

Instead of observing the neutrinos directly, neutrino telescopes rely on
detecting charged particles induced by neutrino interactions through
the weak force. When the interaction occurs in a transparent dielectric
medium, such as ice or water, the charged particles may move faster than
the corresponding phase velocity of light, resulting in the emission of
Cherenkov radiation observable by instrumentation.

Brie y on Neutrino Interactions

The neutrino interactions come in two fundamental forms. Charge-current
(CC) interactions are mediated by the charged W boson and describe the
scenario where the incoming neutrino is converted to a lepton with the
same avor. The neutral-current (NC) interactions are mediated by the
neutral Z° boson and describe the case where the incident neutrino is
converted to a neutrino of identical avor. The energy of the outgoing
neutrino is altered with respect to the incident neutrino depending on
the kinematics of the NC interaction. In the case of neutrino telescopes,
where the incident neutrino is moving, and the detection medium can
be considered stationary, the outgoing neutrino carries a fraction of the
energy of the incident neutrino.

The CC and NC interaction channels are further subdivided into cate-
gories depending on the nature of the scattering, each of which contributes
to the total neutrino interaction cross-section. The processes of highest
relevance for this work are:

#- = 1g of v ( of 1 (o (1.11)
Where QE, RES, and DIS represent (quasi) elastic scattering, baryonic
resonance production, and deep inelastic scattering, respectively. Their

corresponding tree-level diagrams can be seen in Figure 1.12.

QE covers scattering processes with entire nucleons, which may be
liberated from the atom, but the nucleon stays intact. The term "elastic”
is usually used to denote the NC process as it conserves the kinematic
energy, whereas kinematic energy in the CC process is spent creating the
charged lepton.

RES includes scattering processes where nucleons are not liberated
from the atom but instead excited, leading to the production of baryons
(denoted by R in Figure 1.12) which further decay.

DIS span interactions where the neutrino has su cient energy to interact
with individual quarks in the nucleon, which leads to a hadronic shower
(denoted by X in Figure 1.12) [61, 62].
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Figure 1.13:Cross sections of (¢ omitted for DIS, RES, QE) for elastic/quasi-elastic (QE), baryonic resonance (RES), deep inelastic
scattering (DIS) and Glashow Resonance interactions. Data is manually digitized from [62, 63]. Discontinuity between 107 to 10° GeV is
caused by di erences in cross-section calculations. Contains small artifacts from the digitization process.

As seen in Figure 1.13, the individual contributions of RES, QE, and DIS
to the total neutrino cross-section vary greatly with the energy of the
incident neutrino. Neutrino telescopes are sensitive down to a few GeV
with no clear upper limit [64]. At lower energies, roughly between 0.1 - 70
GeV, both RES and QE contribute to the total cross section and, therefore,
require accurate modeling in the low energy range. At 1 TeV and beyond,
DIS is the dominant interaction type, and contributions from QE and
RES can therefore be ignored [62, 63].

Ataround 6.3 PeV the antineutrino-electron interactions &1 4! ¢1 ¢
and &1 4! &1 4 are resonantly enhanced. The resonance was
theorized by Sheldon Glashow in 1960 while staying at the Niels Bohr I had the pleasure of meeting Glashow at

Institute [65]. In 2016, IceCube observed a Glasshow Resonance event e 100th anniversary of the Niels Bohr
[13] Institute in 2022. After a grandiose re-

ception at the town hall in Copenhagen,
Prof. Troels C. Petersen and | walked
with Glashow from the central square to

Cherenkov Radiation the old university building for the subse-
quent lectures, in deep conversation on

anything but physics!
The Cherenkov radiation is emitted not by the charged particles them-

selves. Instead, it is an emerging, conic wavefront from constructive
interference by light emitted by the surrounding molecules when they If the speed of the charged particles is
return to their ground state after being excited by the moving, charged less than the phase velocity of light in

article. as illustrated in Fiqure 1.14 the medium, the circular wavefronts will
P ! 9 U not overlap, resulting in no interference.

Pavel Cherenkov, after whom the phenomenon is named, showed that
the angle between the direction of travel of the charged particle and the
resulting wavefront is given by

1

1 0 —
cost = —15

(1.12)

where : = %and =1 °denotes the wavelength-dependent refractive index
of the medium. lllya Frank and Igor Tamm further developed the theory of
the Cherenkov e ect. They succeeded in relating the number of expected
Cherenkov photons to the velocity of the charged particles, the so-called
Frank-Tamm relation, here given in its original 1937 formulation:

#2 s5c>=5" 2 - = 1 (113)
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Figure 1.14:lllustration of a Cherenkov
cone. A charged particle moves through
a dielectric medium, and light emitted
from molecules returning to their ground
state is emitted as circular wavefronts
that interfere constructively, producing
the Cherenkov cone with opening angle
2.

Figure 1.15:lllustration of a Photo Multi-
plier Tube (PMT). A Cherenkov photon
liberates a photo-electron from the pho-
tocathode, which is accelerated towards
the dynode by the electric elds in the
PMT. When hit, the dynode releases ad-
ditional electrons that, in turn, hit other
dynodes, resulting in an ampli ed signal
detected at the anode.

The arrival time distribution of
Cherenkov radiation can have features
on the ns-scale [71]

Here, # 7 >c>=-gepresents the expected number of emitted Cherenkov
photons within the spectral region de ned by wavelength boundaries

1and . Variables ;, =, and denote the travel length, the dielectric
medium's average refractive index, and the ne structure constant,
respectively [66].

Both the length of travel ; and the velocity ratio : = % in Equation
1.13 depends on the energy of the incident neutrino, and the resulting
Cherenkov photons, therefore, carry information about the neutrino. In
addition, Equation 1.13 suggests that smaller wavelengths produce a
higher light yield. However, due to exponentially increasing absorption

in dielectric mediums below 300 nm, known as the Urbach tail [67],
neutrino telescopes are most often optimized for detection in the 300 nm
- 600 nm range [68]. For media with anisotropic optical properties, the
equations 1.12 and 1.13 become less simple [69].

Detecting Cherenkov Photons

Since the rst detection of neutrinos in 1956, photomultiplier tubes
(PMTs) have seen wide use in neutrino experiments, including neutrino
telescopes [70]. The instrumentation in neutrino telescopes consists
of long cables, informally known as linesor strings, that carry optical
modules (OMs) with one or more PMTs. PMTs are sensitive single-photon
detection instruments that amplify single photons into a readable analog
current. They are comprised of a glass housing in which a vacuum is
created, and as illustrated in Figure 1.15, a single incident Cherenkov
photon may liberate an electron in the photocathode via the photoelectric
e ect. Once liberated, the so-called photo-electron is accelerated towards
the dynodes that, in stages, amplify the signal. The ampli ed signal
reaches the anode as an accumulated charge, and the corresponding
voltage is read out.

Several technical speci cations exist to characterize PMTs, and a few are
mentioned here:

E Quantum E ciency (QE): The overall e ciency in the photocathode
is usually between 18% - 35%, meaning that the vast majority of
Cherenkov photons arriving at the PMT are undetected even for
PMTs with high e ciency.

E Noise Rate: Both thermionic emissions in the photocathode and
radioactive decay in the glass housing lead to noise-induced signals
at the anode. The total noise rate in a PMT is usually several kHz
but varies with both temperature and time.

E Transit Time Spread (TTS): Because the photoelectron has to physi-
cally move through the PMT, the corresponding signal is delayed
with the transit time of the photo-electrons. The transit time uctu-
ates by several ns (typical values are between 2 ns - 5 ns), and the
spread of the transit time distribution is the intrinsic time resolution
of the neutrino telescope .

E Photocathode area: The total area of the photocathode, which
de nes the size of the PMT. Usually between 3" to 10" for neutrino
telescopes.

The characteristics mentioned above are not independent. For example,
the noise rate of a PMT is expected to increase as a function of both
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