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Abstract

The study of neutrino oscillations using low energy events from the
IceCube detector is dependant on reliable event selection and accurate
event reconstruction. The current methods are slow and computation-
ally expensive and are also hard to update and improve upon.

Machine learning methods are well suited for many of these tasks,
as they are fast and computationally inexpensive but require large
amounts of training data, of which there is plenty in the IceCube exper-
iment. While most machine learning methods struggle with the irreg-
ular IceCube data, graph neural networks (GNNs) – machine learning
algorithms based on mathematical graph theory – hold especially great
potential, as they take advantage of the sparse and non-Euclidean ge-
ometry of IceCube data and can tackle the great variation in signal
input size.

In this thesis, methods based on GNNs are applied for a series of
classification and reconstruction tasks on low energy IceCube events.

Reconstruction of the event interaction time is tested using differ-
ent methods of transformations of the target variable, finding that a
non-linear QuantileTransformer is necessary to obtain satisfying per-
formance on the irregularly distributed variable. Separation of events
by detector noise events and particle events and separation by track-
and cascade-like events is also implemented. The classifiers are com-
pared with the current event cleaning pipeline, finding that the GNN
approach produces samples of higher purity with higher efficiency.

Pulse level cleaning of the events from the noisier IceCube Upgrade
detector is demonstrated, showing that the sophisticated GNN outper-
forms competing methods and produces an event sample with satisfy-
ing purity and efficiency. The cleaned pulses are used for reconstruc-
tion of energy and direction, demonstrating that the pulse cleaning
counteracts the increased noise rates in all regimes except very low
energy events and some cascade-like events.

All these improvements should enable IceCube to take the lead in
precision on the measurements of q23 and Dm23 in the next half decade.
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Introduction

The goal of this thesis is to explore the possibilities of using Graph
Neural Networks (GNNs) for reconstruction of low energy neutrino
events in the IceCube detector. When neutrinos interact in the ice,
their charged particle products produce Cherenkov radiation which is
observed by the 5,160 Digital Optical Models (DOMs). Due to the ir-
regular geometry of the IceCube detector array and the sparse nature
of low-energy events, GNNs are believed to be suited for event analy-
sis, and previous works have already obtained results that are superior
to current methods for a variety of tasks. Additionally, with the cur-
rent methods, reconstructing all events recorded by IceCube takes 3

months using 1000 CPUs. With GNNs, this can be done in 8 hours
on a single CPU. Better and faster event reconstruction will allow for
better understanding of neutrinos and their behavior beyond the Stan-
dard Model of Particle Physics, such as the oscillation parameters.

The first chapter will give a brief overview of the Standard Model,
the history of neutrinos and the concept of neutrino oscillations, and
an introduction to other phenomena important to IceCube.

The second chapter describes the IceCube experiment, the current
and future detector array and the current reconstruction methods.

The third chapter introduces machine learning and GNNs, and also
introduces the IceCube GNN group, the GraphNeT group.

The fourth chapter is the first chapter of results and analysis. Here,
the pitfalls and possibilities of regressing the interaction time variable
using feature scaling is examined.

The fifth chapter shows how GNNs can be used to replace parts or
all of the OscNext event cleaning process.

The sixth chapter concerns the IceCube Upgrade detectors, and
training a GNN to separate noise from physics on a pulse level to
mitigate the increased noise associated with it.

In the seventh chapter, the cleaned Upgrade pulses from chapter six
are used to perform reconstruction, in order to properly quantify the
effect of the noise cleaning.

In the end, all of the above is discussed along with future ideas,
dreams and challenges.
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1Challenges in Particle Physics

Contents

1.1 The Standard Model . . . . . . . . . . . . . . . . . . . . . 1
1.2 Neutrinos and Oscillations . . . . . . . . . . . . . . . . . . 3

1.2.1 The Mystery Particle . . . . . . . . . . . . . . . . . 3
1.2.2 Oscillating Neutrinos . . . . . . . . . . . . . . . . 4
1.2.3 Neutrino Mass and Sterile Neutrinos . . . . . . . 6

1.3 Cosmic Rays . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Charged/Neutral Current Decays . . . . . . . . . . . . . 9
1.6 Energy Loss and Cherenkov Radiation . . . . . . . . . . 10

This thesis concerns the neutrinos, their fascinating behavior and the
study of them through the IceCube detector. To preface these investi-
gations, this sections provides and overview of the current landscape
of particle physics and some of the answered questions that occupy
particle physicist today, as well as an introduction to the phenomena
that makes it possible to study of neutrinos through the IceCube de-
tector array.

1.1 The Standard Model

Since the ancient Greeks and most likely earlier, scientists have sought
to understand the fundamental building blocks of the world we live in.
Through modern particle physics, a coherent description of matter and
the interactions that govern its behavior is presented in the Standard
Model of Particle Physics . In the Standard Model, the matter and
forces of our universe are reduced to combinations of 17 particles with
corresponding antiparticles and four fundamental forces. The particles
are arranged in two main groups, the fermions which have a spin of
1
2 and represent the building blocks of matter and the bosons which
have integer spin numbers and mediate the interactions through the
four fundamental forces.
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The fermions are further categorised in two subgroups, known as
the quarks which have an electric charge of either 2

3 or � 1
3

1 and bind1 With the corresponding antiquarks
having charges of � 2

3 and 1
3 , respec-

tively.
together through the strong force to form hadrons like protons and
neutrons (which are baryons) and pions and kaons (which are mesons)
and the leptons which again consist of the 3 "electon-like" particles
with an electric charge of � 1, the electron, the muon and the tauon,
and the neutrally charged neutrinos of which there exist one for each
of the electron-like particles.

The three of the four fundamental forces are explained by the Stan-
dard model: The electromagnetic force mediated by the photon , the
weak force mediated by the Z and W � bosons, and strong force me-
diated by the gluon . The �nal boson, the Higgs boson H0 which
represent the �eld that gives mass to all the particles 2 as part of the2 Except the neutrinos, which will be dis-

cussed in Section1.2. electroweak symmetry breaking. The fourth fundamental force, grav-
ity is not included in the Standard Model 3.3 It is not yet known, if a corresponding

particle (like a graviton) exists to me-
diate the gravitational force. If it was
found, it would mean the discovery of
quantum gravity.

All the matter fermions and force carrying bosons are shown in
Figure 1.1, with the quarks in green, the leptons in blue, the gauge
bosons in orange, and the Higgs in yellow. Thin outlines indicate
which fermions interact through which forces.

Figure 1.1: The Standard Model of Parti-
cle Physics.
Image made in Adobe Illustrator with inspi-
ration from[1].

The particles of the lepton family only interact through the the elec-
tromagnetic force and the weak force, while the quacks also interact
through the strong force[ 2]. This relationship is visualised in Figure
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1.2 with blue lines connecting particles that interact with each other.

Figure 1.2: Schematic of the interactions
of the particles of the Standard Model.
Image made in Adobe Illustrator with inspi-
ration from[3].

1.2 Neutrinos and Oscillations

Perhaps the strangest and most elusive group of the 17 fundamental
particles are the neutrinos. Initially thought to be massless, these un-
charged leptons interact exclusively through gravitation and the weak
force, the �rst of which is very weak and the second of very short
range. The weakness of their interactions makes them virtually unde-
tectable despite them being among the most abundant particles in the
universe. About 100 trillion solar neutrinos pass through our bodies
every second.

Many neutrinos originate from nuclear fusion processes in the Sun,
while others are the product of radioactive decays, and others still are
created constantly in cosmic ray interactions in our atmosphere 4. On

4 See Section1.3.Earth, high intensity neutrino beams are created and studied using
particle accelerators. While the neutrinos' unwillingness to interact
makes them hard to study, it also makes them the excellent cosmic
messengers. As the trajectories of neutrinos are not disturbed by as-
trophysical magnetic �elds and dust, reconstructing their paths can
allow us to trace their source and probe the farthest reaches of the
universe[4].

1.2.1 The Mystery Particle

The neutrinos were initially theorised as a solution to experiments in
the early nighteenhundreds that suggested that the energy spectra of
electrons and positrons produced in b+ and b� decays5 5 While Eq. 1.1 looks like proton decay,

but can only happen inside nuclei. A
free proton will never decay this way.p+ �! n0 + e+ (1.1)

n0 �! p+ + e� (1.2)

were continuous rather than discrete as would be expected with the
electron inheriting the bulk of the energy difference as kinetic en-
ergy[5].

In a lecture in Zürich in 1957, German physicist Wolfgang Ernst
Pauli suggested that the beta decays might not be two-body problems
at all, but that a third unseen particle was involved and responsible for
the distribution of electron energy. Conservation of charge and angular
momentum restricted this particle to neutral charge and spin 1

2. In
addition, this mystery particle had to have no mass and to interact
only through the weak force[ 6].

This description �ts that of the neutrinos in Section 1.16, and indeed 6 Except for not having any mass. This
controversy is a central part modern re-
search on neutrinos and the work done
by IceCube, and will be addressed in
Section 1.2.2.

the particle responsible for the continuous energy problem turned out
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to be what is today known as the neutrino. Its existence was con-
�rmed for the �rst time in 1956 by Cowan and Reines, by studying
the hypothesised mechanism of the inverse beta decay in which an
electron antineutrino collides with a proton and form a positron and a
neutron

n̄e + p+ �! e+ + n (1.3)

Cowan and Reines used photomultiplier tubes (PMTs 7) to detect7 These will be important later.

gamma rays from the interacting products of the inverse beta decay to
con�rm that the decay had occurred and consequently that the electron
antineutrino had to have existed[ 7, 8].

1.2.2 Oscillating Neutrinos

In addition to the electron neutrino, the existence of the muon neutrino
was con�rmed in 1962by Lederman, Schwartz, and Steinberger. The
tau �avour was not theorised until 1975when its charged counterpart,
the tau lepton, was discovered. The �rst hints of the existence of a third
neutrino �avour came from the now famous Homestake Experiment.
Of�cially named Brookhaven Solar Neutrino Experiment, the goal of the
experiment was to measure the �ux of of neutrinos emitting from fu-
sion processes in the Sun, and indeed it was the �rst to successfully
do so. It was in continuous operation from 1970 until 1994 and was
headed by astrophysicists John N. Bahcall who performed the theo-
retical calculations prior to the experiment, and Raymond Davis, Jr.
who designed the experiment. When comparing the predicted rates
of neutrino detection to the experimental observations, only about a
third of the expected amount of neutrinos were detected. The de�cit
was eventually established to be caused by the phenomenon of neu-
trino oscillations , which were �rst suggested by Bruno Pontecorvo in
1957[9, 10, 11].

Neutrino oscillations are, according to current understanding, a
consequence of the fact that the eigenstates of neutrino propagation
differ from the eigenstates of the weak neutrino interactions 8 which8 Elaborated in Section 1.5.

are the associated with the �avour of the neutrino. We will represent
the �avour of a neutrino a as a superposition of mass eigenstatesk:

jnai = å
k21,2,3

U �
ak jnki (1.4)

where Uak are elements of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS )
matrix

0

B
@

Ue1 Ue2 Ue3

Um1 Um2 Um3

Ut 1 Ut 2 Ut 3

1

C
A , (1.5)
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a unitary 9 matrix that speci�es the mixing strength of each �avour 9 Under the assumptions of the Standard
Model. Unitarity is de�ned by U†U = I .and mass state combination. An n � n unitary matrix will have n2 free

parameters, which in the case of the PMNS matrix 10 becomes3 mixing 10 This is under the assumption that the
neutrino is a Dirac particle. Treating it
as a Majorana particle, where their mass
term is not invariant under rephasings
of the neutrino �eld, 2 additional CP
phases are needed.

angles and 6 complex phases, 5 of which can be absorbed as phases
of the lepton �elds resulting in 4 free parameters. The most common
parameterisation of the PMNS matrix is the three mixing angles q12, q13

and q23 and the complex phase dCP which should be zero if neutrino
oscillations are to obey charge-parity symmetry 11. 11 This is theorised to not be the case. CP

violating neutrinos could help explain
the asymmetric distribution of matter
and antimatter in the universe[ 12].

Using the shorthand ci j = cos
�
qi j

�
and si j = sin

�
qi j

�
, the resulting

matrix is

0

B
@

Ue1 Ue2 Ue3

Um1 Um2 Um3

Ut 1 Ut 2 Ut 3

1

C
A =

0

B
@

1 0 0
0 c23 s23

0 � s23 c23

1

C
A

0

B
@

c13 0 s13e� idCP

0 1 0
� s13eidCP 0 c13

1

C
A

0

B
@

c12 s12 0
� s12 c12 0

0 0 1

1

C
A (1.6)

The matrix has solutions on the form

jy (t)i = e� iEt jy (0)i (1.7)

with y being the quantum state and E the energy of the neutrino.
Adjusting Eq. 1.4 accordingly, the time evolution of neutrino of �avor
a can be written as

jna(t)i = å
k21,2,3

U �
ak jnk(t)i (1.8)

To obtain the probabilities of oscillation, the mass eigenstates in Eq.
1.8 must be expanded in the weak eigenbasis, by inverting the PMNS
matrix using the unitary condition

jnki = å
b2e,n,t

Ubk
�
�nb

�
(1.9)

The probability of a neutrino oscillating from �avour a to �avour b
at time t, can be found by inserting Eq. 1.7 and Eq. 1.9 in Eq. 1.8

P(na �! nb) =
�
� 
 nb

�
�na

� �
�2

=

�
�
�
�
�



nb

�
�

 

å
k21,2,3

U �
ake� iEkt å

l 2e,n,t
U l k

!

jnl i

�
�
�
�
�

2

=

�
�
�
�
� å
k21,2,3

U �
akUbke� iEkt

�
�
�
�
�

2

= å
k,l21,2,3

U �
akUbkUalU

�
bl e

� i(Ek� El )t (1.10)

Instead of treating the neutrinos as a wave packet12, we assume that 12 Which has been done in [13] and is for-
tunately phenomenologically equivalent
to the result obtained here.
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that the neutrino states propagate as plane waves with equal momenta,
pk = pl = p. Using E2 = p2 + m2, we rewrite the energy difference

Ek � Ej = p

0

@

s

1 +
m2

k
p2 �

s

1 +
m2

l
p2

1

A

�
m2

k � m2
l

2p
(1.11)

where the square roots have been Taylor expanded keeping only the
�rst terms. Converting to units of the speed of light (and approximat-
ing that the neutrinos propagate a this speed, covering a distance L in
time t), we get t = L and E � p, and using Dm2

kl = m2
k � m2

l we can
rewrite the phase terms of 1.10

e� i(Ek� El )t � 1 � 2 sin2

 
Dm2

kl L
4E

!

+ i sin2

 
Dm2

lkL
2E

!

(1.12)

which leaves the full oscillation probability

P(na �! nb) = dab � 2 å
k,l21,2,3

Re
�

U �
akUbkUalU

�
bl

�
sin2

 
Dm2

kl L
4E

!

+ å
k,l21,2,3

Im
�

U �
akUbkUalU

�
bl

�
sin2

 
Dm2

lkL
2E

!

(1.13)

From Eq. 1.13 it can be concluded that the probability of oscilla-
tion depends on the energy and the distance traveled by the neutrino,
the square of the mass differences between the �avour states, and the
elements of PMNS matrix. An example of this relation is shown in
Figure 1.3, where the probability of oscillation from nm to nt for nm

neutrinos created in Earths atmosphere and detected in the IceCube
detector is plotted as a function of their energy and their zenith an-
gle qzenith , which corresponds to the distance traveled from the atmo-
sphere, L = 2Rcos(qzenith ), where R is the radius of the Earth. This
relation is why accurate reconstruction of energy and angle are of great
importance for determining the elements of the PMNS matrix[ 14, 15,
16].

Figure 1.3: The probability of a nm neu-
trino created in Earth's atmosphere and
detected in the IceCube detector oscillat-
ing to a nt before reaching the detector
as a function of its energy and zenith an-
gle, which is is a proxy for distance trav-
eled.
Image from[17]

1.2.3 Neutrino Mass and Sterile Neutrinos

Since the neutrino oscillations require the �avour states to be linear
combinations of the mass states, a direct consequence of the discovery
of neutrino interactions is the indications that neutrinos must have
mass. As mentioned in Section 1.1, in the Standard Model, neutrinos
are described as massless point particles. In the current framework, all
fermions except for the neutrinos have been found to exist in both left-
handed and right-handed states, while the left-handed neutrino states
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has been observed. This lack of right-handed neutrino states means
that the neutrinos cannot be massive. One of the simplest extensions
of the Standard Model that would explain this 13 is to add the missing 13 And other well-established observa-

tional phenomena such as the matter-
antimatter asymmetry of our Uni-
verse[18].

right-handed neutrino (and left-handed antineutrino) singlets. These
neutrino states would mix with the other three massive states, but not
interact through the weak interactions, earning them the name sterile
neutrinos . An additional theory, the see-saw mechanism describes
how the currently known neutrinos acquire their mass by mixing with
a very heavy iteration of the sterile neutrinos called as heavy neutral
leptons (HNLs)[ 18, 19].

1.3 Cosmic Rays

Every second, the atmosphere of the Earth is bombarded by charged
particles from the cosmos. Their origins range from relatively nearby
locations like the Sun and our own galaxy to distant galaxies. The
energy spans a large range from MeVs to EeVs and its distribution is
shown in Figure 1.4. Upon contact with the Earth's atmosphere, the
particles interact with the with the atomic nuclei in the atmosphere
(e.g. 16O, 14N, and 40Ar) producing a shower of particles, consisting
mostly of light and unstable mesons that decay further into secondary
products. The radiation from these cosmic rays are detectable on the
surface of the earth[20, 21].

Figure 1.4: The energy distribution of
cosmic rays.
Image from[22]

Being the lightest of the family, the pions are by far the most nu-
merous of the mesons produced in the showers. They appear in both
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their neutral ( p 0) and charged (p + and p � ) variants, which primarily
undergo the decay processes

p 0 �! g + g (98.82% of the time) (1.14)

p + �! m+ + nm (99.99% of the time) (1.15)

p � �! m� + n̄m (99.99% of the time) (1.16)

and thus are the principal contributor to the �ux of neutrinos in the
energy range relevant to the study of neutrino oscillations. In addi-
tion, the muons produced in these decays will also 14 contribute to the14 Given that they don't make it all the

way to the detector without decaying,
which they often will as explained in
Section 1.4.

neutrino �ux as they decay into electrons

m� �! e� + n̄e + nm (100% of the time) (1.17)

Figure 1.5: Schematic of a cosmic ray
pion decay.
Image from[23]

A schematic of the pion decay chain is shown in Figure 1.5.
At larger energies, other mesons like the kaon (K+ and K� ) become

increasingly prevalent. These are also of interest to neutrino studies as
they decay as

K+ �! m+ + nm (63% of the time) (1.18)

K+ �! p 0 + e+ + ne (5% of the time) (1.19)

and similarly for the K� meson. The decay of Eq. 1.19 accounts of a
signi�cant amount of electron neutrinos. At higher energies still, the
D mesons appear. These are of interest due to their large rest mass
which allows them to decay into tau leptons , which again produce tau
neutrinos during hadronic decay

t � �! mt + ( 1 or more p ) � (64% of the time) (1.20)

Figure 1.6: Distribution of cosmic ray
secondary products (mesons) and the re-
sulting muons and neutrinos. The D me-
son frequency is scaled up by 109 to il-
lustrate the negligibility of its contribu-
tion and explain the absence of the tau
neutrino.
Image from unpublished work by A. Fe-
dynitch and R. Engel[24]
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This means that the overall neutrino �ux is also expected to contain
tau neutrinos. In practice though, the tau contribution to the atmo-
spheric neutrino �ux is so many orders of magnitude lower than its
muon and electron counterparts, that it has never been measured. A
summary plot of the distributions of cosmic ray secondary products
and the resulting muon and neutrino �ux is shown in Figure 1.6, with
the D meson �ux scaled up by 10 9 and the tau neutrinos completely
absent[22, 25, 26].

1.4 Muons

Aside from the neutrino, the muon is a strong contender for most rel-
evant particle, to anyone involved with the IceCube detector. As seen
in Section 1.3, the atmospheric muons are the dominating byproduct
of almost every step of the meson decay process. These muons travel
through the atmosphere at relativistic speeds giving them a long de-
cay time that makes them abundant on the surface of the Earth and
allows them to travel several kilometers before stopping due to en-
ergy loss and decaying. This makes them the primary source of (non-
instrumental) noise in the IceCube detector, and a major target in the
efforts described in Section 2.6.1 as well as in this work. It also makes
them a possible calibration tool, especially muons that stop and de-
posit all their energy inside this detector 15. 15 A possibility that will be explored in

efforts related to this work, but is left un-
treated in this thesis except for consider-
ation in the event selection process.

Their long decay time also make muons special as a product of
neutrino interactions. Its sibling, the t lepton, has a lifetime t t = 0.29�
10� 12 s and will in the low energy regime have a characteristic travel
length of ct t � 87 � 10� 6 m16. The stable electron on the other hand, 16 Ignoring relativistic time-dilating ef-

fects.is too light to travel far in the detector array. Employing E = gm0, the
energy loss can be described as a function of particle mass using the
generalised Larmor formula descried in Section 1.6 in the relativistic
limit

dE
dx

µ m� 6 (1.21)

which results in the electron quickly depositing all of its energy as
Bremsstrahlung. Consequently, the muon has the perfect balance of
long decay time and mass to travel furthest in the detector, which – as
we shall see – provides the muon neutrino charged current interactions
with a unique event signature[ 27, 28].

1.5 Charged/Neutral Current Decays

As hinted in Sections 1.1 and 1.2, the neutrinos interact only through
the weak nuclear force17, mediated by the Z0 and W � bosons. The 17 And gravity, as all particles do.

two force carriers give rise to two different types of interaction, the
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charged current (CC) weak interaction and the neutral current (NC)
weak interaction. The interactions can be visualised with the use of
Feynman diagrams , a pictorial representation of the mathematical ex-
pressions that describe particle interactions. The interaction vertices
that hold the most interest in experimental particle physics are shown
in Figures 1.7 and 1.8.

Figure 1.7: Feynman diagram of the
interaction vertex of a charged current
weak interaction in which a neutrino is
transformed into a charged lepton of the
same �avour ( a) through the exchange of
a charged W boson.

Figure 1.8: Feynman diagram of the
interaction vertex of a neutral current
weak interaction in which a neutrino is
transformed into a neutrino of the same
�avour through the exchange of a neu-
tral Z boson.

Figure 1.7 depicts a CC process, in which a neutrino is transformed
into a charged lepton of the same �avour ( a) through the exchange of
a charged W-boson. The reverse process is also allowed, transform-
ing a lepton into a neutrino of the same �avour. Figure 1.8 shows the
interaction vertex of an NC interaction, in which a neutrino is trans-
formed into a neutrino of the same �avour through the exchange of
a neutral Z-boson, depositing about half of its energy in the Z-boson.
It is common to distinguish between CC and NC events in neutrino
experiments, as the primary lepton in the CC interaction is generally
detectable, while in the NC interaction the primary neutrino is gen-
erally not detectable, decreasing the total amount of detectable light
from the interaction by a factor 2[29].

1.6 Energy Loss and Cherenkov Radiation

Particles in the IceCube detector are not observed directly, but are
instead detected through the phenomenon of Cherenkov radiation,
which travels in their wake as a clue of their presence. When a charged
particle moves trough a dielectric medium, it loses energy as is trav-
els in the form of photons, due to the disruption in the polarised
surroundings caused by the displacement of the particle. Figure 1.9
shows the energy loss of a muon travelling in copper as a function of
its momentum. While relationship between energy loss and and en-
ergy depends on the medium, and the IceCube detector uses ice and
not copper as stopping medium, the two have similar stopping power
and can be used interchangeably for illustration purposes.

In the central part of Figure 1.9, below 100 GeV, is the Bethe (or
Bethe-Bloch) regime, where the primary source of energy loss is ioni-
sation, the energy loss is described by the Bethe relation

�
�

dE
dx

�
= Kz2 Z

A
1
v2

�
1
2

ln
2mev2g2Wmax

I2 � v2
�

(1.22)

where z is the charge number of the particle, Z is the atomic number, A
the molar mass and I the mean excitation energy of the medium, Wmax

is the maximum energy loss of a single collision and K = 4p NA r2
eme.

Muons with energy below 50 GeV lose their energy quickly due to
Coulomb interactions and are thus rarely seen in the IceCube detector,
except when they are the product of neutrino interactions.
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Figure 1.9: The energy loss of a muon
travelling through copper as a function
of particle momentum, showing the ion-
isation (Bethe) regime in the central part
of the image (red) and the radiative
regime to the right (yellow).
Image from[30]

For energies greater than 100 GeV, the energy loss is dominated by
radiative effects such asBremsstrahlung which, when derived classi-
cally, takes the form18 18 A generalisation of the Larmor for-

mula[ 31].
dE
dt

=
2
3

e2g6
�

�v2 � (v � �v)2
�

(1.23)

where e is the elementary charge, l is the Lorentz facor l = ( 1 �
v2/ c2) � 1/2 and �v is the time derivative of the particle velocity. To
compare this to Eq. 1.22, which is position derived rather than time
derived, one must simply take the muons to be in the relativistic limit
(where t � x in units of c)[30, 31].

Figure 1.10: Diagrammatic representa-
tion of the Cherenkov radiation, show-
ing the particle trajectory in red from left
to right and the direction of the propa-
gation of constructively interfering light
in orange. The angle theta can be calcu-
lated from the right triangle de�ned by
the travelling distances bct and cicet.
Image from[32]

When a charged superluminal 19 particle travels through a dielectric 19 A particle travelling at a greater veloc-
ity than the speed of light in the medium
in question ( v > cmedium ). This does
not contradict special relativity, as v <
cvacuum .

medium, the photons emitted travel slower than the particle, leading to
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a buildup of constructively interfering wavefronts at a �xed angle with
respect to the trajectory of the particle as shown in Figure 1.10. From
the geometry of �gure one can deduce the angle from the distance
travelled by the particle, bct20, and the distance propagated by the20 Where b is a common way of describ-

ing the particle velocity in the relativistic
regime, as a fraction of the speed of light
in vacuum b = vparticle / c.

wave with phase velocity cice
21 emitted at t = 0, which will be cicet.

21 Here denoted cice since ice is the
medium in question.

The angle q is described by

cosq =
cicet
bct

=
c
n
bc

=
1

nb
(1.24)

where n = c
cice

relates the refractive index n to the speed of light in
vacuum and medium (ice).

Figure 1.11: Cross section of a cone of
Cherenkov radiation from a muon event
observed in the Super-Kamiokande ex-
periment, clearly showing the circular
shape.
Image from[33]

As the result, the light emitted will appear as a moving cone trav-
elling at the speed of the particle. When wieved in the plane perpen-
dicular to the particle trajectory, the light will be detectable as well-
de�ned circles as shown in Figure 1.11. This phenomenon is called
Cherenkov radiation 22, and any particle physics experiment involv-

22 After Soviet scientist Pavel Cherenkov,
who received the 1958 Nobel Prize for
being the �rst to detect it experimen-
tally in 1934, although Marie Curie had
observed it in a highly concentrated ra-
dium solution in 1910[34, 35].

ing a transparent dielectric medium can use Cherenkov radiation to
observe and describe particle interactions. It is used in Imaging Atmo-
spheric Cherenkov Telescopes (IACTs) to detect high energy gamma
radiation with the atmosphere as detection medium, whereas neutrino
detectors like IceCube, as mentioned, use large volumes of water in
either frozen or liquid state to detect Cherenkov light from neutrino-
nucleus interactions[35, 32].
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As the name suggests, IceCube is shaped as a hexagonal cylinder.
Jespersen, Schauser, Severin & Vinther,2021

The studies featured in this thesis concern the IceCube Neutrino Ob-
servatory, and the effort to study netrino oscillations through low en-
ergy IceCube neutrino events. This chapter describes the experiment
and the detector array with a focus on the current event cleaning and
reconstruction methods, event signatures, and the upcoming IceCube
Upgrade.

2.1 The Largest Neutrino Telescope in the World

Encompassing a cubic kilometer of the antarctic ice sheet near the
Amundsen–Scott South Pole Station, the IceCube Neutrino Observa-
tory is a one-of-a-kind detector, designed to study the universe through
the detection of neutrinos. With the �rst string being deployed in 2005
and construction �nishing on December 17th 2010, by 2013, IceCube
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had detected 28 neutrinos that likely originated outside our solar sys-
tem[36]. While the main target of IceCube is to study extreme as-
trophysical phenomena such as supernovae, gamma-ray bursts, black
holes and neutron stars, data from the detector also allows for study
of the neutrino itself[ 37, 38]. This is the exact purpose of the IceCube
OscNext group which this work is an extension of. With accurate
reconstruction of the energy, direction and �avour composition of at-
mospherics neutrinos, the oscillation parameters described in Section
1.2.2 can be calculated more precisely than ever[39]. A visualisation
of the IceCube detector array is shown in Figure A. 2 in the Appendix,
and a more schematic overview is shown here in Figure 2.1.

Figure 2.1: Overview of the IceCube de-
tector array, depicting original IceCube
strings and DOMs (green), DeepCore
strings and DOMs (red) and the dust
layer (gray band).
Image from[40]
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2.2 DOMs

The original structure of IceCube consists of 5,160 spherical optical
sensors called Digital Optical Modules ( DOMs , shown in Figure 2.2),
deployed evenly on 86 hexagonally distributed strings at depths be-
tween 1,450 and 2,450 meters as indicated by the green dots in Figure
2.1. Between the 2,000 and 2,100 meters lies the so-called dust layer,
a band of less pure ice that distorts the light passing through it more
than the rest of the ice sheet. The dust layer was unknown during the
inception of IceCube, but newer generations of DOMs are placed with
it in mind.

Each DOM is equipped with a photomultiplier tube ( PMT ) capable
of detecting the Cherenkov Radiation of the superluminal particles
travelling though the ice. When triggered, the DOM will record the
interaction for 0.43ms or 6.4ms depending on the internal digitiser and
transmit the digital data to the counting house on the surface above the
array. The current generation of DOMs are built with a single sensor
pointing down in order to primarily detect neutrinos[ 41].

Figure 2.2: Original IceCube Digital Op-
tical Module (DOM).
Image from[42]

Figure 2.3: IceCube Upgrade mDOM.
Image from[43]

2.3 Extensions

2.3.1 DeepCore

One of the major �aws discovered after comission of the IceCube
project, was the inadequacy of its hexagonal grid of sensors. The regu-
lar grid allows for speci�c angles where particles can tunnel unnoticed
down the rows of DOMs as indicated by the purple arrow in Figure
2.1. In an effort to remedy this, the �rst upgrade to IceCube, DeepCore
was constructed. Consisting of 480new DOMS on 6 new strings in the
central part of the detector primarily below the dust layer, DeepCore
increases sensor density and breaks the discrete symmetry of the orig-
inal structure[ 44]. The DeepCore strings are represented as red dots in
Figure 2.1.

2.3.2 IceCube Upgrade

During the arctic summer of 2022/ 23, another 7 strings are scheduled
to be installed in the DeepCore region. Carrying around 700detectors,
it will feature 2 new DOM types: The Multi-PMT Digital Optical Mod-
ule (mDOMs ), and the Dual Optical Modules ( D-Eggs). The mDOM
(shown in Figure 2.3) has 24 PMTs distributed evenly across its sur-
face, and as such provides more information on the direction of the
incoming signal. The D-Eggs have a PMT pointing down like the orig-
inal DOMs as well as PMT pointing directly up, and are expected to
shed more light on the properties of the hole ice, the new ice around
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the strings that is a result of the drilling process.
With the IceCube upgrade, noise is an increasingly large problem,

especially in the low energy regime. The main source of noise in Ice-
Cube is the decay of radioactive isotopes (40K and isotopes from decay
chains of 238K, 235K and 232T) present in the DOM pressure vessel or
the PMGs themselves. The decays both deposit energy in that glass
that produces scintillation photons, and produce electrons which emit
Cherenkov radiation, both of which trigger the PMTs. One of the tasks
of this thesis is to �lter signal from noise at the individual PMT level,
to allow the upgrade data to be used for low energy reconstruction.

IceCube Upgrade is the forerunner of and even larger envisioned
extension of IceCube, IceCube Gen2, proposed to double the number
of DOMs over 8 cubic kilometers of ice[ 45].

2.4 Simulation

Similarly to many other �elds of physics, IceCube uses simulations for
a lot of its studies. Simulation is is very useful in the �eld of particle
physics, which involves interactions where the outcome is based on
probabilities. Monte Carlo (MC) simulation describes the approach of
simulating chains of probabilistic events in order to gain knowledge of
the distribution of the �nal outcome.

Since the actual data from the IceCube detector is unlabeled, and
the supervised reconstruction algorithms used in this work requires
large amounts of labeled data for training, the approach is to train of
MC simulated examples and reconstruct the real data using the trained
model. Consequently, it is crucial that the MC simulation accurately
represents the complex interactions of neutrinos and other particles
inside the detector.

The simulation of events in DeepCore and IceCube upgrade are di-
vided into separate stages covering the full chain of interactions from
cosmic rays generating showers in the atmosphere, to photons pro-
duced by neutrino interactions in the ice sheet. The library of algo-
rithms is rather extensive, but in the �eld of low energy neutrinos
reconstruction, the following three are the most important.

2.4.1 CORSIKA

The COsmic Ray SImulation for KAscade, or CORSIKA , is a relatively
old algorithm that simulates background muons from from cosmic
ray interactions in the atmosphere. It performs detailed simulations
of primary particles including protons, light nuclei and photons and
their interactions with the atmosphere which is represented in �ve lay-
ers with different densities and seasonal variations. The products of
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the interactions are then propagated to the surface of the earth, tak-
ing into account the energy losses, scattering, and de�ection in Earth's
magnetic �eld. The interactions of these secondary particles and their
products make of the �nal part of the air shower . IceCube uses COR-
SIKA by selecting muons with a direction that causes them to travel
though the IceCube detector. It could be used to simulate neutrinos in
the same way, but due to the small cross-section of neutrinos, this is
extremely inef�cient[ 46].

2.4.2 MuonGun

While detailed and accurate, the simulations of CORSIKA are com-
putationally expensive and not very �exible. MuonGun is developed
based on the results of CORSIKA simulations and bypasses the the
simulation of the full shower. Instead, it starts the simulation on the
very edge of the detector and has the ability to create large samples of
data at low computational cost[ 47].

2.4.3 GENIE

The GENIE generator is used in IceCube to simulate neutrinos in the
1 GeV to 1 TeV energy range. The events are generated from a power
law spectrum and forced to interact with electrons or nuclei inside the
detector. Interactions are simulated with respect to neutrino �avour
and energy, and covers elastic scattering, quasi-elastic scattering, res-
onance production, and deep inelastic scattering with deep inelastic
scattering being the dominant interaction type for energies > 10 GeV.
The results are propagated out of the nucleus while allowing hadrons
to re-interact before exiting the nucleus[ 48].

2.5 Events in Data

Regardless of origin in Monte Carlo simulation or real data, or of pass-
ing level 2 or level 7, IceCube events are recorded and stored in .i3
�les , a highly �exible (and consequently quite complex) �le format
unique to the IceCube collaboration. Each event in IceCube becomes
a frame in an .i3 �le, and each frames holds all recorded features of
the event, information on whether the event has passed certain crite-
ria, and information on its origins if known. It is common within the
oscillation group to perform work directly on .i 3 �les, but owing to the
predecessors of this work, the standard practice within the GraphNet
group 1 is to extract the desired features from .i 3 �les and save them 1 See Section3.4.

in SQLite2 databases for faster access. For each event, any number of 2 A fast and (very) popular SQL database
engine written in C[ 49].DOMs may record a signal, so the observed features are saved for each

DOM, making for a feature matrix of �xed length (number of features)
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and variable height (number of DOM pulses). The most common fea-
tures extracted and used for training of neural networks in this work
are shown in Table 2.1[50].

Table 2.1: Important event features used
for GNN reconstruction divided into
currently available features and features
that is only be available in Upgrade data.

Feature Variable Description Data Type

dom_x The x coordinate of the DOM position �oat
dom_y The y coordinate of the DOM position �oat
dom_z The z coordinate of the DOM position �oat
dom_time The time of recording of the event �oat
dom_charge The charge recorded by the DOM �oat
rde Relative dom ef�ciency �oat
pmt_area The PMT surface area �oat

Upgrade only features

string Index unique to each string integer
pmt_number Index unique to each PMT on a given DOM integer
dom_number Index unique to each DOM on a given string integer
pmt_x The x unit vector of the PMT direction �oat
pmt_y The y unit vector of the PMT direction �oat
pmt_z The z unit vector of the PMT direction �oat
pmt_type The type of DOM integer

Most of the features should be self-explanatory, but the DOM charge
and relative DOM ef�ciency are somewhat speci�c to the IceCube data
collection process:

DOM charge describes the total charge recorded by the DOM, and
is determined by integrating the whole waveform measured in the in-
terval de�ned by the leading and tailing edges. The leading edge is
the slope between the bins where 10 and 90% of the �rst measured
peak are reached extrapolated to the baseline. The trailing edge is the
point where the waveform drops below 10% of the �rst peak for the
�nal time. An illustration of the calculations can be seen in Figure
A.3 in the Appendix. The �gure is borrowed from the IceCube Fea-
tureExtractor documentation[ 51] where a detailed explanation of the
calculation can also be found.

Relative DOM ef�ciency is a measure of the DOM's electrical sen-
sitivity to light, decribed by the quantum ef�ciency relative to the rest
of the DOMs. The quantum ef�ciency is the ratio between the number
of charge carriers collected at the PMT terminal and the number of
photons hitting the PMT's photoreactive surface[ 52, 41].

2.6 Current Methods

The cleaning and reconstruction methods currently employed in Ice-
Cube are complex, reliable, thought-through and often based directly
physical observations and models. Many of them are also slow, and
with room for improvement in performance as well as speed. Based
on previous work on this subject, this work is based on the hypothe-
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sis that Neural Networks can improve or outperform several of these
routines. This section describes what we are trying to beat.

2.6.1 Cleaning

Multiple levels of both hardware software �ltering exist within the Ice-
Cube data stream to �lter out noise and eventually unwanted particle
such as muons. The data selection pipeline developed and utilised
by the Oscillation Group which is also used in this work, is split into
seven layers of cleaning from inital trigger to �nal selection. The rate
of events at levels 2-7 are shown in Figure 2.4.

Level 1, Initial Trigger: When a DOM records a photoelectric sig-
nal above its baseline, the �rst limiter of what gets recorded is the
Hard Local Coincidence (HCL), a pairwise comparison of the DOM
and each of its neighbours. If two neighbouring DOMs report a signal
within � 1ms, it is likely that the light detected stems from a physical
event in the ice, such as Cherenkov radiation from a neutrino interac-
tion. This process is common for the entire collaboration. For neutrino
events, the Single Multiplicity Trigger (SMT) �lter is used to keep all
events with at least 8 instances of local coincidence.

Level 2, DeepCore Filter: The part of the selection process spe-
ci�c to the Oscillation Group begins with the Level 2 DeepCore �lter.
This �lter is speci�cally designed to select events that have the po-
tential to come from low-energy neutrino interactions, by looking for
events with more than three single multiplicity triggers (SMT 3). Then,
the Seeded Radius-Time SRT cleaning algorithm, which is based on
special relativity, is applied as well as a veto that eliminates events
associated with atmospheric muons.

Level 3, Simple Muon & Noise Cuts: At this level, a number of
predetermined cuts on low-level variables are applied to ef�ciently re-
move noise and muons. The cuts take into account mainly the number
of hits and a pusle series and their distributions and time and space.

Level 4, BDTs: At this stage, the data is classi�ed as either pure
noise, muons or neutrino candidates using Boosted Decision Trees
(BDTs). BDTs are a simple type ML classi�cation algorithm, and it is
possible to use machine learning at this stage because the cuts at level
3 ensure good agreement between data and MC.

Level 5, Muon Corridor Cuts: By this point, almost all of the noise
and the majority of the muons will have been eliminated from the
sample. The remaining muons are dif�cult to identify, because they
usually the ones that pass through the corridors of IceCube described
in Section 2.3.1 and indicated by the purple arrow in Figure 2.1. For
this reason, a corridor cut module provides directional cuts that elim-
inate 97% of the muons at Level 4 at the cost of 48%of the neutrinos.
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Figure 2.4: The event rate of each par-
ticle type and noise at each level of the
OscNext data cleaning process.
Image from[25]

Level 6, Event Reconstruction: At Level 6, the data rates are �nally
low enough for reconstruction software to be applied. The current
method for high-quality reconstruction is RetroReco and is described
in Section 2.6.2.

Level 7, Final Selection: Using the reconstructed event features
from level 7, the remaining muons are removed using another BDT[ 25].

2.6.2 RetroReco
*As seen from a spherical coordinate
transformation of its interaction vertex.

Table 2.2: Important reconstructed vari-
ables in the OscNext analysis. Truth Variable Description Data Type

energy The energy of the particle �oat
position_x The x coordinate of the interaction vertex �oat
position_y The y coordinate of the interaction vertex �oat
position_z The z coordinate of the interaction vertex �oat
azimuth The azimuth angle of the particle's interaction vertex* �oat
zenith The zenith angle of the particle's interaction vertex* �oat
pid The type the particle using the convention from [ 53] integer
interaction_type The type of interaction (charged of neutral current) integer
interaction_time The time of the interaction �oat

Pulse level variables

truth_�ag Pulse level noise/physics �ag integer

The current implemented method for event reconstruction is RetroReco,
an algorithm based on reconstruction tables , large multidimensional
tables constructed by simulating a particular light source at many loca-
tions and orientations in the array and running each simulation many
times. A given event hypothesis can be compared to the tables by inter-
polating them to obtain a probability density function (pdf) of photon
observation time for each individual DOM. This is summarised in the
likelihood function that sums the probabilities of observing a number
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Figure 2.5: Left: Track-like event sig-
nature in the IceCube detector. Right:
Cascade-like event signature in the Ice-
Cube detector.
Image from[55]

of photons in a certain time bin, given a corresponding photon expec-
tation which is derived from the event hypothesis. Maximising this
likelihood provides the most likely parameters describing the event.
The most relevant variables reconstructed by RetroReco that also fea-
ture in this work, are shown in Table 2.2[54].

2.7 Event Signatures

It is common within IceCube to distinguish neutrino events by the
physical shape of the trace their interactions make in the detector array,
sometimes known as the event signature . The two major neutrino
event signatures observed in IceCube are track-like and cascade-like
events3. The event signature of a neutrino interaction is determined 3 Other, more complex signatures exist,

but are not relevant to this work.by the �avour of the neutrino and the type of interaction (charged or
neutral current).

Track-like event signatures are left by the charged current interac-
tions of muon neutrinos and a small fraction of tau neutrinos. In the
nm charged current interaction, a muon is created, and as discussed in
Section 1.4, muons have a long enough lifetime to not decay immedi-
ately and suf�cient mass to travel a signi�cant distance in the detec-
tor before losing all of its energy to Bremsstrahlung. As a result, the
Cherenkov radiation of the muon product can be observed along its
trajectory in the detector following the interaction as a cylindrical light
beam. The tau lepton produced in the tau neutrino charged current
decay is massive enough to decay as

Figure 2.6: Decay modes of the tau lep-
ton decay. Several pions may be created
(as combinations of u's and d's) but here
only the m� n̄mu mode is of interest.
Image from[56]

t � �! nt + m� + n̄m (17.39% of the time) (2.1)

as shown in Figure 2.6, producing a muon with enough energy to leave
a track-like signature. An example of the track-like event signature is
displayed on the left in Figure 2.5[30, 57].

Cascade-like events include all neutral current interactions as well
as the charged current interactions of electron neutrinos and the ma-
jority of tau neutrinos. These decays are very localised in the detec-
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Figure 2.7: Overview of the possi-
ble neutrino interaction types and their
event signatures.
Image from[25]

tor and produce hadronic and electromagnetic showers that appear as
spherical light pattern in the detector. These are generally harder to
reconstruct as they lack the clear directional asymmetry of track-like
events[58]. A summary of the possible neutrino interactions and their
signatures is shown in Figure 2.7.



3 Machine Learning in IceCube

Contents

3.1 Neural Networks . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 Graph Neural Networks . . . . . . . . . . . . . . . . . . . 25

3.2.1 Graphs . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.2 Message Passing . . . . . . . . . . . . . . . . . . . 27
3.2.3 GNNs as a Generalisation of CNNs . . . . . . . . 27

3.3 Training Neural Networks . . . . . . . . . . . . . . . . . . 28
3.3.1 Loss Function . . . . . . . . . . . . . . . . . . . . . 29
3.3.2 Optimising . . . . . . . . . . . . . . . . . . . . . . 31
3.3.3 Training, Validation and Testing . . . . . . . . . . 31
3.3.4 Batching . . . . . . . . . . . . . . . . . . . . . . . . 32

3.4 GraphNeT . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.4.1 DynEdge . . . . . . . . . . . . . . . . . . . . . . . . 33

3.5 Preprocessing . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.5.1 Data Selection . . . . . . . . . . . . . . . . . . . . . 34
3.5.2 Feature Transformation . . . . . . . . . . . . . . . 35

3.6 Performance Measures . . . . . . . . . . . . . . . . . . . . 36

The tools used in this work to improve the reconstruction of IceCube
events is a part of the vast �eld of data analysis methods known as ma-
chine learning, which concerns models that are able learn from data,
make decisions and discover patterns with minimal human interfer-
ence. Not at all a knew scienti�c �eld 1, it has gained a lot of traction in 1 The term was coined in 1959by IBM re-

searcher and computer science pioneer
Arthur Samuel[ 59], and by 1963 a rein-
forcement learning machinehad learned
to play Tic-Tac-Toe[60].

recent years – with an estimated 100articles per day on the on the pop-
ular public repository of research papers, Arxiv[ 61]. As many of the
tools involve mainly matrix operations, machine learning also emerg-
ing within in the �eld of high energy physics, where data rates are
ever increasing and the need for novel GPU based methods increasing
with them[ 62].

Like many other types of algorithms, machine learning algorithms
are designed to accept some input and produce an answer. The in-
put could be an image, and the answer could be whether or not the
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