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1 Introduction

Astronomy is often described as the oldest science practiced by humans. Long before the develop-
ment of sophisticated scienti�c methods or mathematical concepts, people looked up at the night sky
and used the stars for timekeeping and navigation. Later, technological advances such as the tele-
scope, which collects more light, and the spectrometer, which analyzes the wavelengths of starlight,
expanded the range of astronomical observations.

It was not until the 20th century that the era ofmulti-messenger astronomybegan. In contrast to tradi-
tional astronomy, which relies mainly on light as a source of information, multi-messenger astronomy
combines complementary signals — including gravitational waves, cosmic rays, and neutrinos — to
gain a more complete understanding of astrophysical phenomena. Instead of observing only the pho-
tons produced in an event, researchers now search for other messengers that can be traced back to the
same origin. Each messenger has its own advantages and challenges.

This thesis focuses onneutrinos, which interact only via the weak interaction. Unlike photons or
charged particles, they can escape dense astrophysical environments and travel vast distances through
the universe without being absorbed or de�ected. While charged particles are bent by magnetic �elds
and thus lose directional information, and high-energy photons can be absorbed over long distances,
neutrinos remain largely unaffected — aside from �avor oscillations. Their weak interaction makes
them ideal astrophysical messengers. In particular, high-energy neutrinos are often referred to as a
smoking gunfor hadronic processes, because from the standard model it is expected that they are
only produced in signi�cant amounts through interactions involving protons or other hadrons. Unlike
gamma rays, which can also be produced in leptonic processes and are easily absorbed, neutrinos
offer a clearer and more direct link to cosmic ray acceleration.

However, the very property that makes neutrinos so valuable — their low interaction rate — also
makes them incredibly dif�cult to detect. To overcome this, massive detectors are required. One of
the largest of these is the one-cubic-kilometer IceCube detector [1], located at the South Pole.

IceCube detects neutrinos indirectly by measuring Cherenkov light emitted by secondary charged
particles. This light is observed by photomultiplier tubes (PMTs) enclosed in optical modules and
deployed deep into the Antarctic ice. However, not all detected photons originate from neutrino in-
teractions — a signi�cant portion stems from noise sources, primarily radioactive decays in the glass
of the optical modules. This noise can interfere with tasks such as reconstructing the neutrino's di-
rection. Therefore, effective noise-cleaning methods are essential.

Although IceCube currently employs well-established algorithms based on time-space cuts to sup-
press noise, these methods face limitations when applied to the upcoming IceCube-Gen2 detector [2].
IceCube-Gen2 will have a signi�cantly increased number of optical channels and higher noise rates,
requiring more scalable and adaptable approaches.

This thesis investigates an alternative strategy based onGraph Neural Networks (GNNs). Deep
learning methods, especially those designed to process structured data such as graphs, are promising
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tools for addressing complex, high-dimensional problems like noise classi�cation in neutrino detec-
tors. The speci�c goal of this work is to assess the suitability of a GNN-based noise cleaning method
— using the DynEdge architecture — considering only the IceCube-Gen2 optical array, and not con-
sidering the strings of the original IceCube experiment, since the used optical modules are different.
For this purpose, based on a previous work for the IceCube-Upgrade [3], a GNN is trained and its
performance evaluated for the future IceCube-Gen2 detector. This work can be regarded as a proof of
concept, exploring the conditions under which such a model could offer an advantage over classical
cleaning techniques.

This thesis begins with a theoretical introduction to the IceCube and IceCube-Gen2 detectors, the key
ideas of machine learning, and the GraphNet framework in Chapters 2 and 3. Subsequently, Chapter 4
describes the process of training a GNN-based model for the purpose of noise cleaning. In Chapter 5,
the model's performance is evaluated and compared to the traditional IceCube noise cleaning method.
The thesis concludes with a summary and outlook in Chapter 6.
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2 Neutrino Astronomy

This chapter provides the theoretical foundation for understanding IceCube and the IceCube-Gen2
optical array, offering an introduction to the sources of background noise in their optical modules and
the classical approach to noise cleaning in IceCube.

2.1 Neutrinos and Their Properties

In the Standard Model, neutrinos come in three different �avors:� e, � � and� � , each one associated
with a corresponding charged lepton: the electron, muon and tau. After the postulation made in 1930
by Wolfgang Pauli [4], the �rst experimental evidence of neutrinos occurred in the 1956 Poltergeist
experiment [5]. Neutrinos oscillate in �avor as they propagate, a discovery awarded with the 2015
Nobel prize [6]. A direct consequence of this phenomenon is that neutrinos have mass. Still, the
exact mass has not been measured to this day. There is, however, an upper limit for the neutrino mass,
resulting from the KATRIN experiment [7]. For instance, the most recent upper value for the electron
neutrino mass has been set tom� � 0:45 eVat a90%con�dence level [8].

Out of all standard model particles, neutrinos are the second most abundant ones in the universe, being
outnumbered only by photons. The high-energy neutrinos that IceCube aims to detect are believed to
originate mostly from pion and kaon decays, which result from hadronic interactions in some of the
most extreme environments in the universe [1].

One of the main goals of neutrino astronomy, and thus of IceCube, is to trace the sources ofhigh-
energy cosmic rays. These highly energetic particles, most of which are protons, were discovered by
Victor Hess in the early 20th century as a form of ionizing radiation [9]. During a balloon �ight, Hess
observed that the ionization rate increases with altitude, indicating that the radiation must originate
from outer space. In a later experiment conducted during a solar eclipse, he demonstrated that this ra-
diation could not be traced back to the Sun, suggesting that it must have galactic or even extragalactic
origins.

However, the precise sources of cosmic rays remain one of the great unsolved mysteries in physics.
Neutrino astronomy offers a promising way to address this question. It is believed that high-energy
cosmic rays are produced in some of the most extreme environments in the universe, such as active
galactic nuclei (AGNs). Since hadronic interactions are expected to occur in these environments, the
production of high-energy neutrinos is a natural consequence.

While neutrinos are electrically neutral and do not interact via the electromagnetic or strong forces,
and their small mass makes them barely affected by gravity, they do interact through the weak inter-
action. In the context of neutrino detection in high energy ranges, deep inelastic scattering processes
are most relevant, which can occur for both charged and neutral current. A neutrino� ` (antineutrino
�� ` ), with ` indicating the corresponding lepton �avor, interacts with a nucleon N upon collision, ex-
changing either a W-boson (Charged Current, CC) or Z-boson (Neutral Current, NC). In the former
case, the interaction yields a lepton` � (antileptoǹ + ) and a hadronic cascade X. The lepton` can be
an electrone, a muon� , or a tau� , depending on the �avor of the interacting neutrino. In the latter
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case, the neutrino's �avor remains unchanged, and the interaction produces a hadronic cascade [10]:

(—)

� ` + N
W �
���! `� + X (CC);

(—)

� ` + N
Z0

��!
(—)

� ` + X (NC):

2.2 Principles of Neutrino Detection

Figure 2.2.1: Wavefronts of a particle trav-
elling at a speed beyond the speed of light in
a medium interfere constructively, produc-
ing Cherenkov radiation. The angle� de-
pends on the particle's velocity. Image taken
from [11].

While the low interaction rate of high-energy neutrinos is
a major advantage, it also creates signi�cant challenges for
their detection, the reconstruction of their paths, and ulti-
mately the study of their origins. To overcome this, large-
volume detectors are used to observe high-energy neutri-
nos.
Neutrinos are detected indirectly by means of secondary
charged particles produced in neutrino interactions via the
Cherenkov effect [12]: If a charged particle propagates
in a dielectric medium at a speed faster than the speed
of light in this medium, the wavefronts produced by the
rapidly moving particle interact constructively, creating
Cherenkov radiation. The conically shaped waves are car-
ried along the particles path, and the particle's speed can
be characterized by the angle� between the path traveled
and the wavefront of the emitted light. This can be seen in
�gure 2.2.1, where the angle� is given by:

cos� =
v! t
vpt

=
1

�n
;

wherev! is the velocity of the Cherenkov wavefront,t is the time,vp is the velocity of the particle,
n is the refractive index of the medium, and� = vp=c is the particle's velocity in units of speed of
light.

In addition to requiring a dielectric medium, a neutrino detection medium must also be transparent so
that Cherenkov photons can propagate and be detected. Water in all its forms is an excellent candidate,
as it meets both criteria and occurs naturally in large quantities on Earth, enabling the construction of
kilometer-scale detectors.

2.3 The IceCube and IceCube-Gen2 Detectors

The IceCube Neutrino Observatory [1] is an astrophysical experiment located at the South Pole, aim-
ing to detect cosmic neutrinos. It has been in operation since 2011. The detector consists of 86
strings deployed into the Antarctic ice at depths between 1450 and 2450 meters, with 60 attached
Digital Optical Modules (DOMs) on each string. In total, the instrumented volume of the detector
covers approximately one cubic kilometer. Each DOM contains a large photomultiplier tube (PMT),
making it sensitive enough to detect single photons. In the coming years, several extensions of the
detector are planned, rendering it more sensitive to neutrinos at both the lower and higher energy
regimes. In addition to the IceCube Upgrade [13], which is scheduled for deployment during the
Antarctic summer of 2025/26, one major planned extension is IceCube-Gen2 [2]. Figure 2.3.1 shows
a schematic view of the layout in which the IceCube-Gen2 strings will be deployed.
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Figure 2.3.1: Diagram of the string positioning in the IceCube-Gen2 optical array.
The optical module shown on the left-hand side, the Gen2DC-16, is displayed in an
exploded view in Figure 2.3.2. Image courtesy of the IceCube Collaboration.

For the IceCube-Gen2 optical array alone, the detector volume will increase to approximately eight
cubic kilometers. Furthermore, a radio array and a surface air shower array will be added. The main
goals of IceCube-Gen2 are the following [14]:

• Resolve the high-energy neutrino sky from TeV to EeV energies.

• Investigate cosmic particle acceleration through multi-messenger observations.

• Reveal the sources and propagation of the highest energy particles in the Universe.

• Probe fundamental physics with high-energy neutrinos.

In contrast to the Digital Optical Modules (DOMs) which are already deployed and being used in
IceCube, the IceCube-Gen2 optical array will be featuring advanced modules containing multiple
PMTs, allowing for at least four times more effective area and intrinsic angular resolution. One
design candidate is the Gen2DC-16. This candidate features 16 4-inch diameter PMTs within an
elongated glass vessel. An exploded view can be seen in Figure 2.3.2. The �nal module design to be
deployed in the IceCube-Gen2 optical array has not yet been �nalized.
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