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Abstract

Free fractionally charged particles are predicted in several extensions of the Standard
Model of particle physics. They could have been produced in the early universe, in violent
astrophysical processes or as a result of cosmic ray interactions in the upper atmosphere.
Multiple experiments have searched for such particles with no evidence thus far.

The IceCube Neutrino Observatory is a Cherenkov detector instrumenting a cubic kilometer
of deep antarctic ice, suitable to search for particles carrying a fraction of the elementary
charge. A previous IceCube analysis has shown a reduced trigger efficiency for particles
with a charge of e/3 compared to higher analyzed charges. Due to the quadratic dependence
of photon production processes on the charge, significantly less photons are emitted with a
decreasing charge, resulting in faint tracks as a characteristic signature for these particles.
The Faint Particle Trigger was developed to enhance the detection efficiency for faint
signatures. It incorporates single isolated hits in the trigger decision, which are not used by
the standard triggers that work on correlated hit pairs. The FPT was successfully deployed
at South Pole and improves significantly the trigger efficiency for a broad range of charges,
while increasing the event rate by a factor 1.004. This includes a relative improvement by
a factor of 1.55 for a charge of e/3, compared to the standard triggers.

The consecutively developed Faint Particle Filter further reduces the trigger rate of

100 Hz to approximately 8 Hz while keeping 85% of the triggered events for a charge of

e/3. Implications by the Faint Particle Trigger and Filter are discussed.
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Zusammenfassung

Freie Teilchen mit gebrochenzahliger Ladung werden in mehreren Erweiterungen des
Standardmodells der Teilchenphysik vorhergesagt. Sie konnten im friihen Universum, in
hochenergetischen astrophysikalischen Ereignissen oder als Produkte von Wechselwirkun-
gen kosmischer Strahlung in der oberen Atmosphire entstanden sein. Viele verschiedene
Experimente haben nach diesen Teilchen gesucht und bisher wurde keins gefunden.

Das IceCube Neutrino Observatorium ist ein Cherenkov-Licht Detektor, der aus mehr als
5000 optischen Modulen besteht, die im tiefen antarktischen Eis eingefroren sind. Der
Detektor kann Teilchen mit gebrochenzahliger Ladung nachweisen. Eine frithere Analyse,
die nach Teilchen mit einer Ladung zwischen %e bis %e unter der Annahme eines isotropen
Flusses in der Nihe des Detektors gesucht hat, hat eine signifikante Reduzierung der Trig-
gereffizienz fiir Teilchen mit einer Ladung von %e festgestellt. Der Grund dafiir ist, dass die
Standardtrigger nur korrelierte Trefferpaare (HLC Treffer) analysieren und nicht isolierte
Einzeltreffer (SLC Treffer). Aufgrund der quadratischen Abhéngigkeit der produzierten
Photonen zur Ladung des Teilchens produzieren Teilchen mit einer Ladung von %e domi-
nant SLC Treffer. Deshalb wurde der "Faint Particle Trigger" unter der Verwendung von
Signalevents mit mindestens zehn Signaltreffern entwickelt. Dieser analysiert fiir seine
Entscheidung auch SLC Treffer. Vier Schnittvariablen wurden entwickelt, die Detektor-
rauschen und zu helle Signaturen entfernen. Dies fiihrt zu einer relativen Verbesserung der
Triggereffizien bei einer Ladung von %e von 1.55. Die Ereignisrate in IceCube wird dabei
um einen Faktor von 1.004 erhoht und der Trigger hat eine Rate von ungefihr 100 Hz.
Der "Faint Particle Trigger" wurde am 28. November 2023 erfolgreich am IceCube Experi-
ment in Betrieb genommen. Die Triggerrate besteht aus einigen Hertz an Detektorrauschen

und wird von atmosphirischen Myonen dominiert. Um die Rate weiter zu senken, wurde
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der "Faint Particle Filter" entwickelt, der die Triggerrate auf ungefidhr 8 Hz reduziert und
85% der getriggerten Ereignisse von Teilchen mit einer Ladung von %e durchlisst.

Die relativen Verbesserungen auf Trigger- und Filterlevel wurden fiir Simulationen von
Ladungen, bis zu der tiefesten simulierten Ladung von %e, analysiert. Dafiir wurden
neue Ereignisse simuliert und auch die mit weniger als zehn Signaltreffern analysiert.
Die Resultate zeigen das IceCube zwischen einer Ladung von %e und l—loe signifikant an
Triggereffizienz verliert. Des Weiteren zeigt ein direkter Vergleich zur vorherigen Analyse
relative Verbesserung von 1.42 und 1.82 auf Trigger- und Filterlevel fiir eine Ladung
von %e. Der selbe Vergleich wurde fiir ein anisotropes Szenario durchgefiihrt. In diesem
Szenario wird jedes simulierte Ereignis mit einer Uberlebenswahrscheinlichkeit gewichtet,
die von seiner Masse, Energie und dem durch die Erde zuriickgelegten Weg abhiingt.
Zuletzt wurden erwartete Ereignisraten fiir ein bestimmtes Modell berechnet, das Fliisse
von Teilchen mit gebrochenzahliger Ladung prognostiziert. Diese ersten Berechnungen
unterliegen einer grolen Unsicherheit und deuten darauf hin, dass die kleinste Ladung,
fiir die in IceCube analysierbare Anzahlen an Ereignissen zu erwarten sind, eine Ladung

zwischen %e und oberhalb von %e ist.
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Introduction

Within the Standard ModelSM) of particle physics quarks, carrying a fraction of the
elementary charge, always appear in composite objects carrying an integer charge, due to
color con nement. Free Fractionally Charged ParticlE€IS) only appear in several ex-
tensions of th&sM, with different charge predictions. The theoretical motivation, previous

searches and properties of such particles are summarized in chapter 2.

The IceCube detector is a cubic kilometer neutrino detector consisting of more than 5000
Digital Optical Modules DOMS) in the deep antarctic ice. The detector and corresponding

simulation framework used to simulate FCPs are explained in chapter 3 and chapter 4.

A search for particles with charges betw@to %e in a broad mass range, assuming an
isotropic ux of FCPnear the detector, was previously conducted with IceCube. It was
found that the trigger ef ciency signi cantly decreases for charge%aa)fcompared to
higher analyzed charges. This shortcoming is explainable by the fact that the IceCube
standard triggers base their decisions on correlated hit pairs, so called Hard Local Coinci-
dence HLC) hits. Due to the quadratic dependence of the charge of the non-negligible
light production processes, the lower charged particles dominantly produce isolated hits,
so called Soft Local Coincidence (SLC) hits.

This initiated the development of the new Faint Particle Trigg&T), using simulation of

high quality* FCPs with a charge o%e, that also analyzes tH&l_C hits. Four cut variables

were constructed to remove detector noise and too bright signatures, which are discussed

LFCPs simulation that produce a suf cient amount of signal hits to be reconstructable



2 1. Introduction

in chapter 5. The trigger analyzes all hits of the DeepCD¥€)(sub-array and signi cantly
improves the signal ef ciency by a factor of 1.55. TRBTrate is approximately 100 Hz

and increases the evémate in IceCube by a factor of 1.004.

The test of thé=-PTalgorithm at the South Pole Test SysteaiPT S and test data runs with

the IceCube detector before the nal deployment at 28 November 2023 are discussed in

chapter 6.

TheFPTrate consists of a few Hz of noise contribution and is dominated by atmospheric
muons. The rate is further reduced to approximately 8 Hz, while keeping 85% of the
triggeredFCP events, with the newly developed Faint Particle FilteP. The FPF

splits events in two branches, where the rst one focuses on removing detector noise
contributions in events that are dim in the entire detector. The second branch removes
events that are bright in the detector and only produce a few outlier H€jmppearing

as dim signatures to the FPT.

The improvements at trigger and lter level are discussed in chapter 8 for a broader range
of simulated charges down Ege, using newly simulated events that do not satisfy a
speci ¢ quality cut. It is found that IceCube signi cantly looses detection ef ciency
between charges (%I‘eto %Oe. A direct comparison to the previous IceCube analysis is
done, resulting in relative improvements of 1.42 and 1.82 for a charée aftrigger and

Iter level respectively. Furthermore, the same comparison is conducted for a non-isotropic
scenario in which each event is weighted by a survival probability dependent on the mass,
energy and path length traversed through the earth to reach the detector.

Lastly, a Millicharged ParticleMCP) model dependent estimation on the number of
expected events in IceCube per year at trigger and lter level is calculated. These rst
estimates, which are subject to large uncertainties, indicate that for the analyzed charges,

the lowest charge for which a suf cient amount of events is expectéé.is

2An event can consist of multiple triggers that red close in time



Theory

In this chapter th&&M of particle physics and extensions that include fir€° are in-
troduced. Furthermore, the light production processes and the passage of these patrticles
through the Earth are discussed. This is followed by the introduction to extensive air

showers, initiated by Cosmic Ray (CR) interactions in the upper atmosphere.

Figure 2.1: The Standard Model of particle physics
The standard model of particle physics, showing three generations of quarks and leptons,
along with the fundamental bosons. Taken from [1].
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2.1 The standard model of particle physics

The SM of particle physics is a Yang-Mills theory [2] developed in the latter half of the
20th century. Through an interplay of theoretical predictions and experimental ndings,
relativistic quantum eld theories for three of the four fundamental forces were formulated.
Elementary particles are categorized into fermions, which carry half-integer spin and
constitute matter, and bosons, which carry integer spin and serve as force carriers, mediating
interactions among fermions (see Figure 2.1). Extensive discussions and calculations can

be found in the literature [3—6].

2.1.1 Bosons

The mathematical description of ti$ is a gauge theory for which the Lagrangian is
invariant under local symmetry transformation. Important Lie groups describing these
symmetries include the U(N) and SU(N) groups, consistinjo&ndN? 1 generators,
respectively. The standard model is a non-abelian gauge group invariantSuw(®¢

SU(2)L U(1)y local symmetry transformation. The local symmetries introduce in total
12 gauge bosons corresponding to the 12 generators of the gauge groups. These are 8
gluon elds from theSU(3)c group, the massledd;;W»; W5 elds from the SU(2). group

and the massless B eld from thé(1)y group. Particles are excited states of the elds,
which are de ned at all points in spacetime.

The Brout-Englert-Higgs mechanism is a process by which particles acquire mass via
spontaneous symmetry breaking and was independently found by three groups [7-9] in
1964. It predicted a massive scalar eld, the Higgs boson, which was experimentally
con rmed in 2012 [10].

In the 1960s, theoretical work by Sheldon Glashow, Abdus Salam, and Steven Weinberg
established the uni ed description of electromagnetic and weak interactions through the
electroweak theory. This theory predicted that after spontaneous symmetry breaking,

the weak interaction would be mediated by three massive vector bosans {And a
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massless photogresponsible for mediating the electromagnetic force [3, 11, 12].

O 1 O 10 1

%D g %cosqw quWX%) g

singw CoSOw W5

W = 1e>—§(w1 A

TheW are linear combinations &4 andW, elds and the photon and Z bosons linear
combinations of\5 and the B elds.qy is the Weinberg angle and the bosons of the weak

interaction now carry the familiar masses.

2.1.2 Fermions

Fermions are described by Weyl elds with left or right-handed chirality combined in a
Dirac spinor. Four of these for the up (charg%e)‘ and down quark (%e) and electron
(charge ofe) and electron neutrino (neutral) are present in3e The two additional
generations are copies of the original elds resulting in the (u,d) (c,s) and (t,b) quarks.
Furthermore the lepton generation come in pairs resulting m)egmnyy,) and ¢ ,n;). The
difference between the generations are the masses of the elds. Why this is limited to three

is not understood.

2.1.3 Interactions

The strong interaction, mediated by massless gluons is effective up to distances of approxi-
mately 1 fm, binding the constituents of nucleons. Only quarks are subject to the strong
force. This interaction is mediated by gluons, with color charge as the conserved quantity.
Color charge is carried by quarks and gluons, enabling gluon self-interactions. This results
in con nement, meaning quarks always combine into color-neutral particles and cannot
propagate freely. Consequently, no free fractionally charged particles appear in the SM.
The electromagnetic interaction is mediated by the massless photon, with an in nite range
that decreasing distance. This interaction occurs between charged particles, which either
repel or attract each other.

The weak force is responsible for avor changing processes within the quark and lepton



6 2. Theory

families. It can be mediated in a Charged Curré) interaction by the charged W
bosons or in a Neutral CurreiC) interaction via the neutral Z boson. Neutrinos interact
solely via the weak force. Due to the large boson masses it is a short ranged force of about
10 8m. This interaction is chiral, distinguishing between left- and right-handed fermions,

withW bosons only coupling exclusively to left-handed particles for reasons yet unknown.

2.2 Beyond the standard model

The SMis tested with high precision. Nevertheless, it can not explain all observed phe-
nomena which indicate the need for Beyond the Standard Model (BSM) physics.

The SM is not compatible with the theory of general relativity and thus does not account
for gravity. Furthermore, neutrinos are massless irSiewhich is falsi ed by observed
neutrino oscillations [13], which imply that at least two neutrinos have non-zero mass.
The SM also lacks a mechanism to explain the observed matter-antimatter asymmetry [14]
indicating BSM physics.

The LCDM model is the most widely accepted cosmological model for explaining the
structure and evolution of the universe. According to this model, baryonic matter con-
stitutes only about 16% of the universe's total matter content [15], with the remainder
accounted for by cold dark matter. The existence of cold dark matter is supported by
measurements of galaxy rotation curves [16, 17] and gravitational lensing effects [18]. In
theL CDM model, total energy is composed of approximately 5% baryonic matter, 26%
dark matter, and 69% dark energy [19].

The unexplained quantization of charge within 8 can be addressed by Grand Uni ed
Theory GUT), which unify the electroweak and strong force at high energies [20]. Those
theories predicting the quantization of charge imply the existence of magnetic monopoles
[21], which were rst predicted in &UT [22] in 1974. Despite extensive searches [23],
no magnetic monopole has been discovered so far.

The searches fdfCP (discussed in section 2.3) and magnetic monopoles searches are
connected, because the discovery of one could potentially exclude or limit the predictions

of the other. Both searches explore the fundamental nature of charge.
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2.3 Fractionally charged particles

In the SM, all charges appear as multiples of the d-quark's charge. Although quarks have
fractional charges, they always combine into color-singlet composite particles with integer
charges. This empirical rule of charge quantization lacks a theoretical basis within the
SM. Therefore, while free fractionally charged particles are not explicitly forbidden by the
theory, they do not naturally occur and are instead proposed in several extensions of the
SM. Observation of such a particle would provide evidence for BSM physics.

The Georgi-Glashow model,@QUT that uni es the electroweak and strong interactions,
was introduced in 1974. It organizes t8M fermions into the sum of a 5-dimensional
fundamental representation and a 10-dimensional representation [24]. This model intro-
duces 12 new bosons, effectively two types with three different avors, which can also
be charge-conjugated. As these bosons mediate interactions between quarks and leptons,
they carry non-integer charges. The X has a chargieaind the Y ofie. This speci ¢

GUT allows proton decay, which con icts with experimental results on the protons life-
time [25]. Extensions of this model predict particles with chargebeafnd e [26]. In

more complex symmetry groups as SU(7) [27], SU(8) [28], SO(14) [29] and SO(18) [30]
fractionally charged particles appear as well. These particles could have been produced in
the early universe, in violent astrophysical events or in cosmic ray interactions in the upper
atmosphere [31].

A previous IceCube analysis searched for well motivated chargée éf—: and%e, ina

mass range between 10 GeV to 100 TeV, without focusing on a speci ¢ production scenario
[32]. The assumptions on the potential signal are that these behave leptonically like muons,
have a long lifetime and will not rapidly decay in the detector and they follow an energy
spectrum with spectral indexof 21,

An additional assumption was an isotropic ux near the detector, which creates tension
within parts of the scanned parameter space due to the propagation through the earth of

these particles. This is further discussed in section 2.6.

Ispectrum de ned as in Equation 2.4
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2.3.1 Summary of searches

FCPsearches have been conducted at xed target [33], collider [34—36], and telescope
experiments with no evidence for such particles [31]. The former two search for the
production ofFCPin collisions. The latest LHC result searching f6€CP at a center

of mass energy of 13 TeV in CMS data sets an upper limit of 95% con dence level for
particles up to a mass of 640 GeV (60 GeV) for charge$eqfse) [36].

An upper limit comparison of model independent searches from telescopes can be seen
in Figure 2.2. The sensitivity is quanti ed by an incoming ux close to the detector.
Since the LSD [37], MACRO [38], and Kamiokande [39] detectors did not consider mass
dependence in their analyses, their results are represented as straight lines. An unpublished
MACRO result [40] is not included in this comparison. The assumptions underlying these
limits are consistent with those made in the last IceCube analysis. The IceCube results

showed a sensitivity that is approximately ten times stronger in parts of the parameter

Figure 2.2: Upper ux limits for FCP for multiple experiments
Comparison of the upper limits on the FCP ux from multiple detectors. The IC86 lines
correspond to the unpublished limits from [32]. Taken from [32].
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space. The weakest IceCube limits were primarily observed for particles with a charge of
%e due to signi cantly lower trigger ef ciency at this charge compared to higher charges
[32]. The development of thEPT explained in chapter 5 is based around simulation of

charges ofe.

2.4 Millicharged particles from the atmosphere

Figure 2.3: Schematic view of a millicharged particle produced in the atmosphere.
The cosmic ray interaction results in the production of heavy mesons or an intermediate
virtual photon or Z. These can decay to MCP reaching the detector.

In recent years, the production mechanismMafPs in the atmosphere have been studied
[41-43], as visualized in Figure 2.3. These particles are referred MC#s, as the
parameter space being explored includes charges that are much smaller than the elementary
charge. The anomalous charge is typically denoted,bwyhich is also used frequently

throughout this thesis.

MCPs are motivated by dark matter models. They are produced by the kinetic mixing of a
new gauge boson satisfying a U'(1) symmetry and the photon [44, 45].

Large-volume detectors, such as IceCube, can search for multiple scattering signatures of
MCPs, with IceCube’'s sensitivity estimated to cover masses above approximately

5 GeV [41]. However, a model-dependent search speci calyM@Ps has not yet been
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conducted in IceCube. Flux predictions MECPs, as shown in Figure 2.4, indicate two
primary atmospheric production processes relevant to IceCube's detectable mass range.
The rst process involves the decay of neutral mesons produced by high-eG&gy
collisions with atmospheric nuclei (explained in section 2.7). For the parameter space
relevant to IceCube, thie meson (m = 9.4 GeV) is the dominant contributdCPs must

have a mass below half of the meson’'s mass, allowing tteedecay directly into a pair of

MCPs [43].

The second process is the Drell-Yan production mechanism, which becomes signi cant for
MCPs masses above 4.7 GeV, as seen in Figure 2.4. This mechanism prbtitiegpairs

through the decay of a virtugkZ, produced by quark/anti-quark parton scattering [43].

Figure 2.4: Atmospheric ux prediction for millicharged particles
Predicted integrated ux oMCP separated in different production scenarios. Taken from
[43].

The uncertainty in th#1CPs ux is primarily driven by the chosen cosmic-ray and hadronic
interaction models used to calculate the production rates of mesons [41]. The largest source
of uncertainty arises from the hadronic interaction model, leading to variations M@irs

ux ranging from 16% to 68% [41]. These ux predictions are utilized in section 8.4 to
calculate expected event rates in IceCube for different charges. The uncertainties in the
ux predictions themselves are not accounted for in this thesis, which would be done in

a dedicated analysis. The provided numbers are a rst estimate to search for the lowest
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charge that IceCube could be sensitive for under this model.

2.5 Light production processes

The particles considered in this thesis carry a fractional charge and are signi cantly more
massive than a muon. Their detection in IceCube depends on the production of photons in
ice, which occurs through various mechanisms, as explained below.

The dominant mechanism for light production is the Cherenkov effect, whereby these
particles emit photons directly. Additionally, photons can be produced both directly and
indirectly through processes such as ionization, pair production, photo-nuclear interactions,
and bremsstrahlung. The mass dependence of these processes enters the equations in a

non-trivial manner, which is analyzed further insubsection 2.5.6.

2.5.1 Cherenkov effect

The Cherenkov effect occurs when a charged patrticle travels through a dielectric medium
at a speed greater than the speed of light in that medium, as illustrated in Figure 2.5 [46].
The speed of light in a given medium is expressed.as %, wherecy is the speed of

light in vacuum andh the refractive index of the material. As the particle travels through
the medium, it polarizes the material, inducing a net polarization due to its speed. When
the medium de-excites, it emits coherent radiation known as Cherenkov radiation. The
Cherenkov angle, which depends on the refractive index, can be derived from Huygens'

principle [47], resulting in an angle of approximatejly 41 ° for ice:

1
cofq)= -

The wavelength dependent photon emission per path is given by the Frank-Tamm formula

[48]:

=2a7—> 1 —— (2.1)
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Herea is the ne structure constant, z the charge of the particléhe wavelength and

b is the fraction of the speed of light in vacuum that the particle travels at. I%he
factor results in dominant emission in the ultraviolet UV region of the spectrum. Due
to the quadratic dependence on charge, the particles considered in this thesis emit fewer
Cherenkov photons than muons. Furthermore, the mass (m) of the particle does not affect

the number of emitted Cherenkov photons.

Figure 2.5: Schematic view of the Cherenkov effect
Schematic view of the Cherenkov effect, resulting in the photon emission under the
Cherenkov anglg. Taken from [49].

2.5.2 lonization

The Bethe-Bloch equation describes the mean rate of energy loss of charged heavy particles
and is shown in Equation 2.2 [15]. This is the process of charged particles passing through
a medium transferring energy to an electron of the atom. This energy transfer can result in
the release of a free electron, which may produce Cherenkov light if it receives a suf cient

amount of energy, along with the ionization of the atom.

dE _ KZZz 1 1 . 2meC?b 2g°Winax

dx Ab2 2 |2

b2 d(bg) (2.2)

o K: K 4pNarZmec?.

Whax the maximum energy transfer in a single collision, z is the charge of the incident
particle, | the mean excitation energy of atoms aiidg) the density correction term

accounting for the polarization of the medium at high velocities.
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The charge dependence is quadratically in the energy loss by ionization. This is also visible
in the Feynman diagram in Figure 2.6, where B@Phas one vertex contributing to the

amplitude matrix element.

2.5.3 Pair production

Pair production describes the production of an electron positron or muon anti-mudn pair
when a virtual photon is radiated of the primary particle in the eld of an atomic nucleus.
The cross-section formula and further information about all parameters can be found in the
corresponding paper [50]: The cross-section shows a quadratic dependence on the charge,

which is also seen in the Feynman diagram in Figure 2.6.

2.5.4 Photonuclear interaction

In the process of photonuclear interaction hadrons are produced, by the inelastic scattering
of a lepton with an atomic nucleus via a virtual photon exchange. This interaction is
illustrated in the Feynman diagram shown in Figure 2.6. The diagram indicates a quadratic
dependence of charge on the cross-section, a relationship that is also detailed in the

corresponding parametrization [50].

2.5.5 Bremsstrahlung

Bremsstrahlung describes the process by which a charged particle loses energy in the
electric eld of another charged particle, resulting in the emission of a photon. The
cross-section can be parameterized as the sum of an elastic component and two inelastic
components [51]. The cross section show$ dependence and is suppressedryof the
particles mass. Th#* dependence is also visible in the corresponding Feynman diagram

in Figure 2.6 where theCP shows two vertices. For the simulation conducted in this

thesis this makes bremsstrahlung a negligible light production process.

2The cross-section for muon pair production is estimated % 4€* times lower than for electron pair
production [50] and the process is not considered in the simulation in this thesis.
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Figure 2.6: Feynman diagrams for energy losses
Shown are the Feynman diagrams for ionization (a), pair production (b), photonuclear
interaction (c) and bremsstrahlung (d). X represents a hadronic remnant, q charged and n
neutral particles.

2.5.6 Energy losses for fractionally charged particles

For particles with anomalous charge and higher mass compared to the muon, bremsstrahlung
becomes negligible, as it scales withand is suppressed bg?. All other secondary
processes exhibitZ scaling and more complex mass dependence. In the context of light
production, charge remains the dominant factor.

The energy losses due to ionization, pair production, and photo-nuclear interactions in ice,
for a simulated mass of 10 Gé¥nd varying charges, are shown in Figure 2.7. For sub-
TeV muons, where ionization dominates, the ionization loss is approxim@agdyGe\Em.

For a particle with charge fractiam= 1=3 the energy loss is expected to decrease by an
order of magnitude, which is con rmed in Figure 2.7.

Comparing ionization losses across different charges reveals the expedegabndence,
scaling, with the highest contribution fer= 2=3. The crossover point, where pair pro-
duction becomes the dominant loss mechanism in ice, occérsigt GeV for ane of

2/3,6 10° for ane of 1/2 and7 10° for ane of 1/3. Thus, for energies exceeding roughly

10* times the particle's rest mass, pair production dominates energy loss. This transition

3Throughout the thesis all masses appear in natural unitshritic = 1
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occurs at a similar point for muons.

Photonuclear interactions become more signi cant than ionization for energy thresholds of
10° GeV(e = 2/3), 2 10° GeV (e = 1/2) andd 10° GeV (e = 1/3). However, photonuclear
processes remain less important than pair production, especially for particles with lower

charge. The energy losses for particles with masses of 10 GeV and 100 TeV, both with a

Figure 2.7: Energy loss processes comparison for a xed FCP mass
Comparison of ionization (blue), pair production (green) and photonuclear interactions
(red) for a xed FCP mass of 10 GeV. Each contribution is showrefof 2/3 (solid) 1/2

(dashed) and 1/3 (dotted).

xed charge fraction ok = 1=3 are shown in Figure 2.8. While the shapes of the curves
remain the same, they shift along the x-axis. The intersections of the energy loss curves
occur at the same multiples of the particle's rest mass for both cases. This implies that for
very massive particles at relativistic energies, secondary processes contribute less signi -
cantly to energy loss. Consequently, a 100 TeV particle moving at relativistic speeds can
travel much farther than a 10 GeV particle at the same speed, leading to a more isotropic
ux, as discussed in section 2.6.
It can be concluded that light emission processes from secondary interactions become
dominant only at very high energies. Due to the simulated energy spectrum, these pro-
cesses occur infrequently in the simulations used in this thesis @f6 of the events
explained in section 5.1). While delta electrons created by ionization are more abundant (
5% of the events explained in section 5.1) in the simulation, the primary mechanism for

light production is the emission of photons through the Cherenkov effect, as discussed in
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subsection 2.5.1. Therefore, although the photon production processes described here are

accounted for, they do not drive the overall light emission.

Figure 2.8: Energy loss processes comparison for a xed FCP charge
Comparison of ionization (blue), pair production (green) and photonuclear interactions
(red) for a xede of 1/3. Each contribution is shown a mass of 10 GeV (dotted) and
100 TeV (solid).

2.6 Survival probability for fractionally charged particles

To account for the varying path lengths that particles traverse through the Earth, which
arise from the randomized zenith angles, it is essential to consider this propagation. The
distance traveled by a particle through the Earth to the center of the IceCube detector

(explained in chapter 3) can be expressed as follows:

q
D= (R d)2cogq+d(2R d) (R d)cos

R is earth's radius set to 6356.8 km, d the depth of the detector center set to 1950 m and

g is the zenith angle. The mean free path is calculated by:

EE) EEN

Ei Es |

dE/ .y

R= iIn —W(E')
rb dE(E
dx( f)
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%(Ei;f) corresponds to the average energy losses at the initial and nal energies after
the particle has propagated to the center of the detectds.the mass density of the
material and is set to 0.916(% corresponding to ice. The cross sections for the energy
loss processes are calculated using PROpagator with optimal Precision and Optimized
Speed for All LeptonsFROPOSAL [52, 53]. In this calculation, the density does not
vary with zenith angle. Due to the spectral shape of the simulated particles, high energies
are suppressed in this simple model. For almost all charge-mass combinations, zenith
angles above F0are suppressed at the lower energies of the corresponding spectra. Up to
a zenith angle of 9 ice is the appropriate material description. Thus, except for a few
high-energy events occurring below the horizon, the simpli ed model is suifable.

The survival probability is then the ratio of the mean free path divided by the traversed

length [41].

Dcogg

P=exp R(Ei; e;E¢)

(2.3)

The survival probability is calculated for a particle that has suf cient energy to travel an
additional 500 m after being propagated to the center of the detector and is above the
Cherenkov threshold. A survival probability plot for the zenith angle and energy range of
aFCPwith a mass of 1 TeV and= 1=3is shown in Figure 2.9. It can be observed that

for all energies, the survival probability exceeds 50% alimsg; = 0:125 Below this

value, the survival probability decreases rapidly due to the increasing distance the particle
must travel, which can only be compensated for by higher energies. As a result, there is a
large area below the horizon where no signal is expected.

Given the spectral index (2 for this mass in this thesis) of the energy spectrum, most events
are concentrated within an energy rangel®f GeV. Consequently, the expected ux
belowcosg = 0:125is negligible, leading to a non-isotropic ux for this charge-mass
combination. It is worth noting that there is some expected ux near and slightly below
the horizon. This region is typically a sweet spot for analyses in IceCube searching for

exotic signatures, as the dominant atmospheric muon contributions can be signi cantly

4In the future, a zenith-dependent average density that accounts for the different layers of the Earth's core
crossed can be implemented.
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Figure 2.9: Survival probability for a FCP with a mass of 1 TeV araf 1/3
The survival probability is shown for a cosine zenith range and the total energy of the
FCP.

Figure 2.10: 50% survival probability contours for FCPs vath 1=3
The 50% survival probability contours are shown for masses of 10 GeV (blue), 1 TeV
(black) and 100 TeV (red). The y-axis shows the initial total energy. The dashed lines show
the minimum energy of the simulation sample. The energy value at which the contours end
is the maximum simulated energy. For each mass the area between the minimum and
maximum simulated energy corresponds to the total ux for the given energy range.
Contours ending beforeosg = 1 have lower values than 50% in the uncovered area.
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reduced due to the large ice overburden at these angles.

To analyze the in uence of thECPmass on the isotropy of the ux, the 50% survival
probability contours for different masses are plotted in Figure 2.10. As shown in Figure 2.9,
the approximately 50% survival probability sharply divides regions of high and low
suppression. For each sample, the minimum and maximum simulated energies vary, as
indicated by the dashed lines at the ends of the corresponding contours.

For the 10 GeV sample, a signi cant fraction of the parameter space has a survival
probability of less than 50%, covering more than half of the total area for that sample.
As the mass increases, this area shrinks due to the suppression of energy losses at high
energies, resulting in higher survival probabilities. Therefore, an increasing mass leads to
a more isotropic Ux.

To analyze the in uence of the charge of tR€Pon the isotropy of the ux, the 50%
survival probability contours for different charges are plotted in Figure 2.11.

It can be observed that as the charge decreases, the ux becomes more isotropic due to
the z2 dependence of energy loss processes.eForl=10, no signi cant contributions

below the horizon are expected. Combining the two effects, one can conclude that the ux

is expected to be the more isotropic the heavier the particle, and the smaller the charge

Figure 2.11: 50% survival probability contours for FCPs with m= 10 GeV
The 50% survival probability contours are shown &of 2/3 (blue), 1/3 (black) and 1/10
(red). The y-axis shows the initial total energy. Contours ending befusg = 1 have
lower values than 50% in the uncovered area.
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is. For the follow up of the previousCPsearch in IceCube the most isotropic scenario
corresponds to a charge mass combination of 100 Te\earid./3. For a potential MCP
search no isotropic ux is expected due to the mass range of the models, which were

analyzed for 5 GeV in this thesis.

2.7 Cosmic rays

PrimaryCRs are stable particles accelerated by astrophysical sources, consisting primarily
of protons (90%) and smaller amount of heavier nuclei, electrons and positrons [54].
SecondanCRs are produced through interactions of prim@fygs with interstellar gas or

atmospheric nuclei. The energy spectrum of CRs follows a power law:
—=E ¢ (2.4)

with spectral indexg and ranges from GeV to EeV as shown in Figure 2.12. The spec-
trum exhibits distinct features where the spectral index changes. The knee is located at
approximatelyl0%® GeV where the index steepens from approximately 2.7 to 3.1 [55].
This change may indicate a transition from galactic to extragalactic sources. The ankle
feature appears at approximatély?*® GeV corresponding to a further hardening of the
spectrum [56]. A steep fall-off is observed at approximagI§0'° GeV. At these energies

the cosmic ray protons have enough energy to prodie r@sonance with the cosmic
microwave background photons, limiting the propagation range and offering an explanation
for the cut off.

At the energy of the knee one expects one particlengguer year. Consequently, satellite
experiments are not feasible for directly detecting prinfalRg at these energies. There-
fore, the properties of high energy prima@yRs can only be inferred from secondaries

produced in the atmosphere measured with large ground based detectors.
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Figure 2.12: The Cosmic Ray energy spectrum
The Cosmic ray energy spectrum as measured by multiple experiments is shown. Taken
from [57].

2.7.1 Extensive Air showers

CRs impinge on the Earth's atmosphere and interact with atmospheric nuclei and thereby
produce secondary particles. This interaction initiates a cascade due to the decay or further
interaction of these secondary particles, resulting in a cascade composed of hadronic,
electromagnetic, neutrino, and muonic components, as shown in Figure 2.13.

Muons are the dominant particles observed from air showers at sea level due to their high
mass, which suppresses energy losses (such as bremsstrahlung) compared to electrons, as
well as their relativistic speeds and a lifetime of approximately®.2viuons produced
vertically above IceCube, with a minimum energy of about 400 GeV at ground, can reach
the detector due to the 1.5 km ice shield. Together with the neutrinos generated in the
cascade, these two components can be detected, as they result from the decay of charged
pions @) and kaons (K).

The pions originate from the interaction of cosmic rays with protons or neutrons in the

atmosphere. The produced neutral pions primarily contribute to the electromagnetic
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component through their decay into two photons. In contrast, charged pions, which have a
longer lifetime, have a higher probability of interacting again, leading to the production of

additional charged pions and kaons. The charged pions predominantly decay to [15]:

p* !l m +ny

p ! m+nny

The most relevant kaon decays are [15]:

K ' m +nmnm (63:6%)

K 1 p +p° (207%)

The decay of charged pions and kaons feeds the muonic and neutrino component, which

can be detected by IceCube, dominated by the muon contribution.

Figure 2.13: Schematic view of an extensive air shower
Schematic view of an extensive air showers, resulting in a neutrino, muonic,
electromagnetic and hadronic component. Taken from [55].
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The IceCube Neutrino Observatory

The IceCube Neutrino Observatory, discussed in this chapter, is located at the geographic
South Polé. It is a cubic-kilometer, multi-purpose detector (see Figure 3.1) and consists of
5160DOMs deployed on 86 vertical strings at depths between 1.5 and 2.5 km within the
Antarctic ice. Such a large detection volume is necessary to compensate the low interaction
cross section of neutrinos, resulting in suf cient neutrino count rates for statistical analyses.
IceCube's main purpose is to detect astrophysical neutrinos [59] and study their sources
[60—62]. Also, neutrino oscillation studies, cosmic ray measurementB&Ntsearches

are conducted.

Figure 3.1: The IceCube Neutrino Observatroy
Schematic view of the IceCube Neutrino Observatory, consisting of IceTop, the IceCube
in-ice array and DC. All detectors are connected to the IceCube Lab (ICL). Taken from
[58].

1The y-axis of the right-handed IceCube coordinate system points towards Greenwich (UK) and the
x-axis 90 clockwise from the y-axis. The z-axis is perpendicular to the ice surface, pointing upwards. The
center of the coordinate system can be found in the literature [58].
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3.1 The Antarcticice

The Antarctic glacial ice serves as the detection medium for IceCube. It has formed over ap-
proximately 165,000 years through snow accumulation and compaction, resulting in a dense
crystal structure [63]. Produced photons undergo depth-dependent scattering and absorp-
tion as shown in Figure 3.2. Within the detection volume, the absorption ranges up to 400 m,
and the scattering length up to 100 m [64]. To calibrate for this, in-situ calibration measure-
ments, using light from Light Emitting Diode& EDs) boards that are located within each
DOM are used [66]. A notable

feature is the dust layer at approx-

imate depth of 2000 to 2100 m,

where high dust concentrations

signi cantly degrade the optical

properties as shown in Figure 3.2.

3.2 IceCube

The IceCube in-ice array is de-
signed to detect high-energy as-
trophysical neutrinos, consisting

of 78 strings arranged in a hexag-

onal grid (see Figure 3.2), eaCII}igure 3.2: Schematic top and side view of IceCube
with 60 DOMs. The 125 m string and DC

spacing and 17 m verticZOM Top view of the detector (top) with highlighted DC

spacing together results in a IOWerstring selection. The side view (bottom) shows the

energy detection threshold of ap- DOM positions on DC and IceCube strings.

proximately 100 GeV. Highlighted are the veto, dust layer and DC regions.
The depth dependent inverse of the absorption and
scattering coef cients are shown in the left panel.

Taken from [65].
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