Master of Science in Applied and Engineering Physics

Constraining New, Heavy, Long-Lived
Charged Particles using the IceCube
Neutrino Observatory

A First Sensitivity Study to Constrain the Stau Mass Using a Novel
Technique Developed for Neutrino Telescopes

Jan-Henrik Schmidt-Dencker

Experimental Physics with Cosmic Particles
Faculty of Physics
Technische Universitat Minchen

15. July 2021

Supervisor:
Prof. Dr. Elisa Resconi
Tutors:
Dr. Christian Haack
Stephan Meighen-Berger






Declaration of Authorship

| hereby declare that the thesis submitted is my own independent work. All direct or
indirect sources used are acknowledged as references. | am aware that the thesis in
digital form can be examined for the use of unauthorized aid and in order to determine
whether the thesis as a whole or parts incorporated in it may be deemed as plagiarism.
For the comparison of my work with existing sources | agree that it shall be entered in a
database where it shall also remain after examination, to enable comparison with future
theses submitted. Further rights of reproduction and usage, however, are not granted
here. This paper was not previously presented to another examination board and has not
been published.

Eidestattliche Erklarung

Ich versichere an Eides Statt durch meine eigenhandige Unterschrift, dass ich die vorlie-
gende Arbeit selbstandig angefertigt habe. Die aus fremden Quellen direkt und indirekt
tbernommenen Gedanken sind als solche kenntlich gemacht. Ich weif3, dass die Arbeit in
digitalisierter Form daraufhin tGberpriift werden kann, ob unerlaubte Hilfsmittel verwendet
wurden und ob es sich —insgesamt oder in Teilen —um ein Plagiat handelt. Zum Vergleich
meiner Arbeit mit existierenden Quellen darf sie in eine Datenbank eingestellt werden und
nach der Uberpriifung zum Vergleich mit kiinftig eingehenden Arbeiten dort verbleiben.
Weitere Vervielfaltigungs- und Verwertungsrechte werden dadurch nicht eingeraumt. Die
Arbeit wurde weder einer anderen Priifungsbehdérde vorgelegt noch veréffentlicht.

Jan-Henrik Schmidt-Dencker Ort, Datum






CONTENTS

Abstract . . . . . . . . . vii
Acknowledgements . . . . . .. ... iX
1 Introduction . . . . . . .. . ... 1
2 Beyond the Standard Model: The Stau in Supersymmetry . . . . ... .. .. 3
2.1 Supersymmetry . . ... e e e e e 4
22 TheStau . . . . . . . .. e e 6
2.3 Stausearches . . . . . . . . ... 10
3 Cosmic Rays and AtmosphericCascades . . . . . . .. ... ... ....... 11
3.1 CosmicRays . . . . . . . . e 13
3.2 AtmosphericCascades . . . . . . . . . . . ... 15
3.3 Multi-Messenger Astronomy . . . . . . ... 18
4 The IceCube Neutrino Observatory . . . . . . . ... ... ... ... ...... 21
41 The Detector . . . . . . . . . . . e e 21
4.2 AnalyseswithlceCube . . ... ... ... ... ... ... ... 24
4.3 Event Reconstruction & Topologies . . . . . . .. ... ... ... ... ... 24
44 StausinlceCube. . . . . . . . . . e 26
5 Particle and Detector Simulation . . . . .. ... ... ... ........... 29
5.1 Stau Flux at Detector Surface . . . . . . . . .. .. ... ... ... ...... 30
5.2 Particles inside the Detector . . . . . .. ... . ... ... ... ... 32
5.3 Event Reconstruction . . . . . . ... ... .. 32
5.4 Background. . . . . ... 35
5.5 EventSelection . . . . ... . . ... 38
5.6 Calculations . . . . . . . . . . .. 39
6 Findings . . . . . . . . ... e 43
6.1 Event Reconstruction . . . .. ... ... .. ... 43
6.2 Effective Area . . . . . . . . e 46



CONTENTS

6.3 StauRates . . . . . . .. 49
6.4 StauMassLimit . .. ... ... ... .. 51
7 Conclusion . . . . . .. 55
8 Outlook and Improvements . . . . . . ... ... ... .. ............ 57
8.1 Potential ofthe Analysis . . . . . . . . . . ... . 57
8.2 Improved Energy Estimator . . . . . . . ... ... o 59
8.3 Improvements Outside the Analysis . . . . . . .. ... ... ... ...... 62
A Supplementary Material . . . ... ... ... .. ... .. ... ... ... .. 65
A1 MCSamplesandCuts . . . ... .. ... . . .. 65
A.2 NLSP Condition and Stau Mass Matrix . .. ... ... ............ 65
A3 Parameters CRModel . . . . ... .. ... .. 66
A.4 Travel Length Simulationinlce . . . . ... .. ... ... ... .. ...... 66
Bibliography . . . . . . . . . 71

vi



ABSTRACT

In this thesis, we explore the capability of neutrino experiments to detect heavy, charged,
long-lived Beyond Standard Model particles. For the demonstration of the technique,
we perform an example Monte Carlo analysis using the lceCube Neutrino Observatory.
There we set limits on the supersymmetric partner of the tau lepton, the stau. To make
these limits as model independent as possible, we assume that stau’s are produced via
Drell-Yan interactions between cosmic rays and the atmosphere.

The stau, appears in some models as the next-to-lightest supersymmetric particle. In
most cases, this makes it a long-lived particle able to travel macroscopic distances and
reach the IceCube detector. When traveling through the detector, the usually heavy staus
(m = O(100) GeV) then produce long, dim tracks. Independent of their primary energy,
the stau tracks appear as low-energy muons. A potential stau signal would then appear
as an excess of minimally ionizing tracks.

The background of our analysis are muons produced in hadronic interactions in the at-
mosphere and muons from neutrino interactions in the ice. In our study, we calculate an
IceCube sensitivity of 62.9 GeV, demonstrating the capability of the analysis to constrain
new physics. Reaching the theoretically possible sensitivity of ~500 GeV still requires
further improvements, some of which are demonstrated in this work.
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1 | INTRODUCTION

The Standard Model of Particle Physics (SM) provides a self-consistent framework to
describe most of the currently known fundamental forces and particles. Numerous ob-
servations however, indicate the incompleteness of the Standard Model and create the
urge for elaborate extensions. Approaches that incorporate a more complete picture of
our universe appear plentiful and long for their exploration. When theories are able to pre-
dict a measurable quantity like a new particle or parameter, experiments can be designed
to particularly search for the newly postulated physics. Sometimes however, experiments
with different purpose are able to engage in the search for new physics as well.

In this thesis, we demonstrate the potential of existing neutrino observatories to constrain
physics Beyond the Standard Model (BSM). We make and example for the IceCube neut-
rino observatory to evaluate the discovery potential of the supersymmetric partner of the
tau lepton, the stau, following the theoretical predictions of [1].

We give an introduction to supersymmetry and discuss the parameter space of the stau
inside the model. There we explain the circumstances that make the stau detectable in
the first place and which features we exploit for our analysis. In this work, we assume that
staus are produced in Drell-Yan interactions in cosmic ray (CR) air showers. After the ex-
plicit description of the stau production, we go into detail about the nature of air showers.
We comment their evolution in the atmosphere and shortly point out the significance of
their detection for physics in the context of multi-messenger astronomy.

This is followed by a detailed description of the detector and its working principle. We
mention a small selection of analyses carried out with the detector and explain the differ-
ent event topologies. In this regard, we also discuss the event signature of staus inside
the detector.

The next chapter is dedicated to the simulations carried out in this thesis. We start with
the details on the stau flux simulation at the detector surface. Thereafter, we state the
details on our particle simulation of staus and muons inside the detector as well as the
response of the detector to the signal. In addition, we explain the reconstruction meth-
ods used and give an overview on the background of our analysis. With the definitions
of signal and background, we proceed to the details of our event selection and how it
affects the respective distribution. To complete our simulations chapter, we specify the



CHAPTER 1 INTRODUCTION

calculations that make up our signal acceptance and define the x? measures used in the
analysis.

After we explained the details of our analysis methods, we present their results using
Monte Carlo (MC) simulation data. In this step, we demonstrate the feasibility of this
novel approach by showing the sensitivities to constrain the stau mass with the IceCube
neutrino observatory. With all of this, we illustrate the relevance of this technique using
existing neutrino telescopes.

In the last two chapters, we present our conclusions and give an outlook on the future
potential of the analysis. Therefore, we identify potential sources of improvement and as-
sess their impact by illustrating an example. To conclude, we discuss the impact of future
neutrino telescopes in order to make the analysis competitive with collider experiments.



2 | BEYOND THE STANDARD MODEL: THE
STAU IN SUPERSYMMETRY

The Standard Model of particle physics describes every elementary particle and most of
the forces, that we have come across so far. It has been developed over many years and
is to this day still the most accurate and precise theory explaining non-gravitational inter-
actions ([2—7]). With a framework of fundamental symmetries and the characterization of
interactions it remains a good description for most observations and has been validated
by many experiments.

Although no other particles besides those predicted by the SM have yet been discovered,
numerous indications suggest BSM physics. Despite its comprehensive contents, the SM
lacks explanations for several phenomena. These phenomena include for example grav-
ity, rotation curves of galaxies [8], the distribution of the cosmic microwave background [9]
or massive neutrinos [10, 11].

For example, the study of rotation curves from galaxies yields a discrepancy if the gravit-
ational force of the visible mass were to account for the centripetal force alone. In other
words, the observed rotation velocity of objects in a stable spiraling galaxy is too high
for the visible mass. While there are other theories that for example suggest a modifica-
tion of Newtonian dynamics (see [12, 13]), an explanation using a higher mass density is
favored by many physicists.

From models with higher mass density it follows that the baryonic matter of the SM ac-
counts for only about 5% of the constituents of the universe. This raises questions about
the other 95%, not included in the SM. However, also the Hierarchy problem, i.e. the
maintenance of mass hierarchy between weak scale, grand unified theory and Planck
scale (Myear < Maur, Mpianck), remains unsolved within the SM. Especially in this re-
gard, the principle of Supersymmetry (SUSY) provides an elegant solution.

This chapter starts with a short introduction to the principle of SUSY and one of its repres-
entatives. Explanations are held short and only cover the basics needed with regards to
the topic of this thesis (for a review see [14]). The selected model covered is the minimal
supersymmetric extension to the Standard Model (MSSM) where some scenarios pro-
pose the stau to be a long-lived particle. Another section provides a more detailed view
on the particle in question itself, the stau. Besides its basic properties, the production
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process and the particles propagation through matter are explained. The final section
of this chapter mentions and explores other search attempts for the stau. This includes
collider based searches as well as searches for parallel tracks in neutrino telescopes.

2.1 SUPERSYMMETRY

Any model connecting particles and fields with different spin is called supersymmetric.
More specific, any theory that is invariant under transformations that connect particles
whose spins differ by 1/2 underlies the SUSY principle [15].

SUSY introduces a higher level of symmetry that links fermions and bosons. As a con-
sequence of this, every SM particle has a supersymmetric counterpart of the opposing
kind (fermion = boson). The supersymmetric partners of fermions are hereby often re-
ferred to with an ’s’ in front whereas the bosons get an Italian ending on ’ino’. All of the
SM particles and the main SUSY sparticles can be seen in Figure 2.1.

PARTICLES SPARTICLES

Quarks Leptons Squarks Sleptons

sencin GO G @ Ao 0 ©

Top guark Bottom quark Tau Neufrino vy stop Sbottom stau Sneutrino v

Ao G0 O @ O God 0 ©Q

Charm quark  Strange gquark Muon Neutrino vy Charm squark Strange squark  Smuon Sneutrino vy

e GO 0 @ 2 Ghdh O o

Up quark Down quark  Electron Neutrino ve Up squark Down squark  Selectron  Sneutrino ve

T Boe o 8o

Photon W' Z bosons Gluons Graviton Photino Wino,Zino 6Gluinos Gravitino
Higgs bosons Higgsinos

Figure 2.1: The Standard Model particles and their supersymmetric counterparts. [16]

Note that this is the depiction of one model using SUSY and that not every model neces-
sarily includes these particle. he focus in this thesis lies on the supersymmetric partner of
the tau lepton, displayed in this picture as the second from the top right corner, the stau.

For SUSY to be an exact symmetry of nature, SM particles and their superpartners would
be degenerate in mass and would have already been observed [17]. This suggests that
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SUSY is a broken symmetry at some mass scale A. Up to A, the SM is valid and can
be seen as a low-energy effective-field theory [14]. The assumed energy range of SUSY
breaking has a direct influence on the parameters of the models and can range from
10% GeV to 10'2 GeV [18]. If A lies in the higher energy regime, i.e. >10'° GeV, the
lightest supersymmetric particle (LSP) would be a neutralino. For A lower than 10'° GeV
and a model that extends to include gravity, the LSP is the gravitino [18, 19].

SUSY breaking at higher mass scales (>10'° GeV) causes problems at maintaining the
gauge hierarchy. Although it is possible with fine tuning of bare parameters, it is regarded
to be an unnatural treatment and was meant to be avoided in the first place [14]. The
stability of the gauge hierarchy can however be maintained when the breaking is only
soft [20]. Origin and fundamentals of the SUSY breaking mechanism remain without an
explanation to this day.

Hence, as per the motivation to introduce SUSY, namely for solving the Hierarchy prob-
lem, a breaking at TeV scale is favored by many models. One example of this is the
MSSM that was initiated by the SUSY SU(5) Grand Unified Theory from Dimopoulos and
Georgi [21] but also from Sakai [22].

MSSM As per its name, the MSSM features the smallest possible increase in field
content among the SUSY models. Apart from the supersymmetric partners of every SM
particle, only the fields of two complex Higgs-doublets are added to the SM (Figure 2.1).

In the Lagrangian, baryon (B) and lepton (L) number violating terms are introduced and
would allow processes like proton decays [15]. To compensate for that, an additional
symmetry is required, R-Parity. R-parity is formulated as:

Pg = (—1)3B-0+29, 2.1)

where S is the spin of the particle [23]. This symmetry assigns an even parity to all SM
particles and gives an odd R-parity to the supersymmetric partner. When R-parity is con-
served, this means two things. One, sparticles are only produced or annihilated in pairs
providing the basis for double track motivated searches (section 2.3). The second implic-
ation is that decays of superpartners ultimately lead to the production of the LSP [24].

In its most general form, the MSSM is defined by ~ 124 independent physical parameters,
mostly due to the soft-supersymmetry-breaking sector [25]. From those, 105 are newly
introduced because of the model whereas 18 correspond to SM parameters. The last
parameter is a Higgs sector parameter which is analog to the SM Higgs mass [14]. Many
of the 105 parameters however, are restricted by observations.

Besides the Hierarchy problem, SUSY theories like the MSSM often provide a partial
explanation for the existence of Dark Matter. Through the introduction of R-parity, the
decay of the LSP into any SM particle is forbidden making it a stable particle. Usually
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a stable LSP with its weakly interacting, massive nature is assumed to be a promising
candidate for non-baryonic matter. Even though the LSP of SUSY models cannot solely
account for the energy density assigned to Dark Matter, it represents part of the solution.
In addition, many SUSY theories have a framework for the gauge coupling unification at
very high energies and also accommodate for gravity, whereas the SM is not able to do
so0. [14, 15] Each and every feature represents a motivation for research in the direction
of SUSY theories.

The focus of this thesis lies on the discovery of staus, the supersymmetric partners of
the tau lepton (Figure 2.1). They are particularly interesting as in some models they are
long-lived particles. Only then is it possible for the stau to travel macroscopic distances
and reach a well-shielded neutrino detector. This scenario happens in models where the
gravitino is the LSP and the stau is the next-to-lightest supersymmetric particle (NLSP).
As the gravitino is the SUSY partner of the graviton and only takes part in gravitational
interactions, the decay of the charged stau is suppressed by the scale of supersymmetry
breaking, making it a long-lived particle [18, 19]. Hence, the emphasis when discussing
the stau properties in section 2.2 concentrates on the very models where the stau is the
NLSP to the gravitino.

2.2 THE STAU

Models with the gravitino as the LSP, can typically have three different NLSP’s depend-
ent on the choice of the parameters. The most popular ones are the neutralino and
the stau, whereas the sneutrino is less famous because of its very restricted region of
parameters [26]. A NLSP is unstable and decays into its SM partner and the gravitino.
Despite being unstable, there are scenarios where a NLSP is long-lived and able to travel
macroscopic distances. In [26] we find a condition for which the stau is lighter than the
neutralino and therefore represents the NLSP. The formula is stated and shortly explained
in section A.2.

Many of the details on particle properties can be derived from simulations of the big
bang nucleosynthesis (BBN). If the lifetime of a NLSP exceeds the duration of BBN (~
1s), its decay could have produced energetic particles that dissociate the background
nuclei and ultimately affect the primordial abundance of light elements noticeably [27]. In
some scenarios the rate of decays is high enough to result in a failure of the primordial
nucleosynthesis. Another crucial reaction with the NLSP X~ is

(*HeX )+ D =5 Li+ X, (2.2)

where the X~ forms a bound state and produces °Li. Depending on today’s abundance
of 614, properties of X, in particular its lifetime, can be constrained [28]. Constraints
given by an intact BBN mechanism and other sources were studied in [29, 30] and sug-
gest the stau as the favoured NLSP candidate.
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Another equivalent but simpler expression as Equation A.1, tells us that the nature of
the NLSP is defined by the relation between the universal gaugino mass mg and the
universal scalar mass m; /,. For mo < m, 5 the stau is lighter than the neutralino (stau
mass mz ~ 0.387m, ;) [27]. The same reference supposes a stau lifetime between
1 x 103s and 5 x 10%s from catalyzed BBN constraints in order for the mechanism to work
but not be too strong to spoil the result.

In the first place, the other sleptons, selectron and smuon, could be the NLSP as well.
However, because of mixing effects in the mass matrix related to tan (5 the stau is the light-
est among the three generations [26]. It is also the tan 8 mixing together with the gaugino-
higgs mixing that determines the overall polarization of the stau (L eft or R ight) [31].

Figure 2.2: Feynman diagram of a Drell-Yan process on the production of staus in our
analysis. In our case, the two outgoing leptons are a pair of staus 7.

PRODUCTION As the stau production via strong interaction processes is already well
covered by collider experiments, we concentrate on the production by the Drell-Yan pro-
cess. Figure 2.2 shows a Feynman diagram which represents an example of such a
Drell-Yan process. A quark and an anti-quark of two hadrons annihilate to produce a
lepton and its anti-partner [32]. Also pairs of sleptons like the stau can be produced
through this process. Additionally, the assumption of a stau production solely from Drell-
Yan processes has two main advantages [33].

* Drell-Yan processes only depend on two parameters of the MSSM, namely the stau
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mass m; and the stau mixing angle 6 respectively. For the latter we use the one
defined by the MSSM model in MadGraph [34].

» Due to the independence of many MSSM parameters and its omnipresence in
nature, a definite discovery potential can be determined and with that also an ex-
clusion limit on m:.

A depiction of the interaction cross section of the process with respect to the stau mass
is shown in Figure 2.3. The plot contains data generated by MadGraph [34] for the pp —
Z*,v* — 777~ interaction at two different beam energies. We see that higher proton
beam energies lead to a higher overall cross section for the stau production. Additionally,
we see an exponential decrease for the production of stau pairs when incrementing the
assumed stau mass.

Unlike the tree-level cross sections for proton beam collisions shown in Figure 2.3, our
analysis assumes staus to be produced by cosmic rays (protons) hitting the atmosphere
(air). This difference between proton-proton and proton air collisions creates the need
for a correction of the cross sections. In order to generalize the MadGraph data to the
proton-air collision cross section, we use the Glauber formalism [35, 36].

== 5TeV
= 15 TeV

Cross Section [pb]
S

=
o
|
v

1076

100 200 300 400 500 600 700 800 900 1000
Mass [GeV]

Figure 2.3: Stau mass dependence of the cross section for the stau production at proton-
proton collisions. Displayed is the data of two different beam energies simulated by Mad-
Graph [34]. Note, that the displayed cross sections are tree-level data. For higher orders
and corrections see [37].
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PrRoOPAGATION When passing through matter the stau loses energy due to ionization
and radiation processes. A formulation of the average energy loss of a charged particle
traveling a distance X [g/cm?] is given through

dE

—— = 4(E) +b(E)E, (2.3)

where a and b depend on the traversed material and the particle passing through. Hereby
a(FE) represents the energy loss due to ionization and b(F) accounts for radiation or
stochastic losses. In general, staus traversing matter behave similar to muons. The
only significant difference is the mass of the particles. Whereas muons have a mass of
105 MeV the stau mass is assumed to be in the hundreds of GeV or even TeV range. lon-
ization losses are independent of the mass, meaning that a,,(E) ~ az(E). Stochastic loss
mechanisms, namely pair production, bremsstrahlung and photonuclear interactions, de-
pend on the mass of the particle. Thereby the differential cross sections of pair production
and photonuclear interactions scale linearly with the mass, whereas for bremsstrahlung
we observe a scaling with the mass squared [38].

For our analysis, we thus approximate that b,,(E)m, ~ bz(E)mz [39]. Scaling the mass
dependent stochastic energy losses by a stau mass of 100 GeV results in the energy loss
behavior from Figure 2.4. This plot demonstrates the difference in energy loss resulting
from the suppression of stochastic processes by the stau mass. Even in regions where
the muon energy loss is strongly dominated by stochastic processes, the stau follows the
ionization losses of the muon. Assuming an even higher stau mass than 100 GeV, results
in a higher suppression of the stochastic losses. The curve would thus follow the muons’
ionization losses even more closely.

== Muon Muon ionization losses
= STau (m=100 GeV) Muon stochastic losses
””’
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Energy [GeV]

Figure 2.4: Comparison between the energy loss of a stau and a muon in ice, using
Equation 2.3 and [40] for values of ¢ and b.
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2.3 STAU SEARCHES

Many previous efforts towards finding hints of SUSY have utilized the properties of the
stau as the NLSP. Though the gravitino is assumed to be a stable particle, its large mass
and its charge have made the stau a more convenient target. In the following, we explain
the two essential types of searches that are sensitive to stau signatures resulting from
those properties with the same goal as our analysis.

CoOLLIDER SEARCHES Collider experiments like the LHC use proton-proton collisions
to look for BSM particle signatures. Thereby the ionization energy loss (Figure 2.4) and
time of flight related properties that are influenced by the significantly higher mass of the
slepton work as a signal for the analysis [41]. With the cross sections from Figure 2.3,
one is able to calculate the expected amount of produced staus.

For that the presence is directly linked to the mass of the stau, an absence of stau sig-
natures thus excludes a region of possible stau masses. As of the nature of the cross
section dependence, lower masses typically yield a higher cross section since less en-
ergy is required for their production. Hence, the absence of signatures gives a lower
limit on the stau mass. The current limit set by the LHC using the ATLAS detector is
430 GeV [41] at 95% confidence level.

DouBLE TRACK SEARCHES In contrast to the collider based searches, this approach
uses existing large scale neutrino telescopes, operating on the principle of Cherenkov
light detection (more detailed description in section 4.1). The staus in this analysis are
usually produced in the earth and lead to so called up-going’ double tracks.

Double track searches exploit the characteristics of conserved R-parity (section 2.1) to
generate sleptons in pairs. A large boosting of the stau pair leads to a very small angle
between the sparticles. This on the other hand, causes two separated, almost parallel
tracks. The separation at the detector depends on the boosting angle and the distance
between interaction vertex and the detector.

The boosting factor and therefore the separation is defined by the properties of the in-
cident particles. The higher their energy, the smaller the angle and the separation of the
staus at detector level. In SM processes only few interactions result in parallel tracks of
muons which makes the detection of an excess of parallel tracks a distinctive signature
for BSM physics [18, 42].

Due to the strong boosting, stau track separations are low, even for large distances to
the detector. Specifically for IceCube, most of the tracks are separated by less than ~
50 m [43]. However to resolve double tracks in IceCube, separations of more than ~
130 m are required [44]. This results in the omission of the majority of the signal.

10



3 | Cosmic RAYS AND ATMOSPHERIC CAS-
CADES

From the first indication to our current state of knowledge, it has been a long-winded path
for Cosmic Rays (CRs). After Victor Hess discovered increasing ionization losses when
rising to the sky in a balloon in 1912 [45], speculation began over the nature of the cause.
It started disputes from leading physicists all over the world arguing whether particles or
radiation are responsible for this phenomenon. During that time, not many particles were
known and Hess’ findings encouraged the research towards a completely new field. The
efforts towards CR research yielded the discovery of unknown particles and formed into
what we now recognize as Multi-Messenger Astronomy.

Today we know, that the earth’s atmosphere is exposed to radiation and particles origin-
ating from all over the universe. The term CR is hereby still not used distinctively and
sometimes relates to particles only, while another time it includes radiation as well. We
will however, use the expression only as the plurality of energetic particles hitting the
atmosphere.

Over a broad range of the energy spectrum, CRs and their composition are well char-
acterized by experiments. Only for the highest energies, experimental data drifts apart
and is no longer in agreement. This produces an ambiguity about the nature of the CR
acceleration in that energy region and its apparent cut-off.

It is assumed that most particles originate from outside our solar system, but still within
our galaxy [46]. The source of CRs becomes particularly interesting when analyzing the
high energy range of the spectrum. No conclusive mechanism is able to explain particle
energies up to 1020 eV. The motivation is hence high for a precise investigation of the
origin of those particles.

This chapter starts by explaining the characteristics of CRs. It provides a description of
atmospheric cascades as a result of CR interactions in the atmosphere. Furthermore, we
address and explain the origin of the signal and background of this analysis. Finally, we
include a short introduction to Multi-Messenger Astronomy and emphasize its importance
for future discoveries.

11
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Figure 3.1: Two different representations of the Cosmic Ray spectrum proportional to the
energy of the incident particle. The plot on the top includes proton-only measurements
for the range below 100 TeV, whereas the bottom plot is restricted to all-particle measure-
ments. In the first graph, the flux is multiplied by the particles energy, which is a common
way to depict the event rates, as energy measurements usually have a precision 6 F, pro-
portional to the energy [46]. In order to enhance the features of the spectrum the flux is
usually multiplied by the energy to a higher order (here 2.7). The representation of that is
shown in the second graph. Data was taken from [47-54]
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3.1 Coswmic RAYS

3.1 Cosmic RAYS

Approximately 1000 particles per square meter and second hit the atmosphere with
~90% of those CRs being protons [46]. Their arrival direction spreads around the earth
almost isotropically, due to astrophysical magnetic fields [55].

Figure 3.1 includes two standard ways to view the flux of CRs proportional to the en-
ergy of the incident particle. The top depicts the raw flux data multiplied by the energy
from different experiments over the whole energy range. In the bottom graph the data
is multiplied by a factor of E>7 and focuses on energies above 10’4 eV. We see that the
multiplication by E27 in the bottom plot enhances the famous features, ’knee’ (10'%eV -
10'6eV), "ankle’ (10'8eV -10'°eV) and the sudden cut-off, of the CR flux.

One way to model the spectrum is represented by building the sum over all individual
spectra that contribute to the CR flux. The behavior of the different nucleus species i is
modeled by a power law spectrum with «; ; that cuts of exponentially at a characteristic
rigidity R.; [56]. Through the introduction of different origins j for the populations, in-
cluding an unknown source of high energy protons, it is possible to explain almost every
feature with the rigidity (R Equation 3.2) of the particle species. The all-particle spectrum
is then given by

3
i E
%) = S e (— ’ Rc’j) | (3.1)
]:
where Z; represents the electric charge and a; ; are the normalization constants. A table
on the specific parameters used in the model is found in section A.3.

KNEE Around 4 PeV, the energy spectrum steepens and forms the so called ’knee’.
Supported by models and data, the knee marks the onset of cut-off energies for the indi-
vidual elements in the galactic CR component [57]. Assuming that the elements descend
from Supernova Remnants and were accelerated by the shock front, the acceleration
mechanism reaches its limit close to the knee [46]. The reason for a thinning out instead
of a simple drop of the CR flux is the different cut-off energies of the elements and species
accounted for in Equation 3.1.

In the acceleration process the maximum energy is related to the electric charge Z of
the particle. Because of this, Peters proposed that the composition of the CR spectrum
would change above the knee and held the magnetic rigidity R responsible:

pc E
== — 2
R Ze Ze’ (3-2)

with FE, the total energy of the nucleus, over the charge Ze [58]. Particles with higher
charge can attain higher energies in the acceleration and will thus be cut-off later. The

13



CHAPTER 3 CosMmIC RAYS AND ATMOSPHERIC CASCADES

CR composition then tends towards heavier nuclei and is no longer dominated by protons
as lighter elements die away first [59]. Following through with the this explanation, we get
to a point where also the element with the highest rigidity of galactic origin reaches its
cut-off energy. This point is believed to be the ankle of the spectrum.

ANKLE The ankle marks the point of the spectrum where the original power law (~ 2.7)
applies again and the curve flattens. In contrast to the well-established theory to the knee
of the spectrum, the region from ankle to the ultimate cut-off still underlies speculation.
Reason for this is mainly the low statistics arising from a combination of low flux and few
experiments.

Although the onset energy of the ankle feature is well-established, the discrepancy in the
data thereafter allows for two possible explanations related to the nature of the cut-off. [60]

* In a scenario where the ultra high energy region of the CR spectrum corresponds to
an almost pure proton composition, the ankle can be interpreted as e™e™ pair pro-
duction losses of the CMB. Hereby the cut-off is consistent with the one described
by the Greisen-Zatsepin-Kuzmin(GZK) effect.

» The second scenario relates the ankle to the transition from galactic to extra galactic
CRs. Hereby the ultimate cut-off is assumed to be of a maximum energy nature.

CuT-OFF The explanation for the cut-off of the CR spectrum and the background of the
ankle are entangled. In a maximum energy scenario the extra galactic particles are accel-
erated to reach the highest energy possible in their astrophysical environments [46, 61].
Hereby the ankle is viewed as the onset of the remaining extra galactic CR component.

Another explanation was provided by Greisen [62], Zatsepin and Kuzmin [63]. Photons
from the cosmic microwave background make the Universe opaque to high energy pro-
tons. The first resonance of this mechanism appears for a proton energy of ~ 50 EeV
being close to the observed cut-off by experimental data. This mechanism is called the
GZK effect and is based on the assumption that the ultra high energy part of the CR
spectrum is dominated by protons [55].

The available data on the two eventualities is inconsistent. Whereas data from TA SD
is compatible with a pure proton composition of the CR flux, the Auger data suggests a
bias towards heavier nuclei. Hence, TA SD [64] supports the prospect of seeing the GZK
effect, while Auger data [65] emphasizes a maximum energy scenario [60].

A combined analysis of the two data sets in [66] was able to explain some of the discrep-
ancies by comparing the MC simulation procedures. Both experiments used different
hadronic interaction models and different fluorescence models for their simulations. Al-
though this explains why both experiments claim a different composition of the CRs, the
varying behavior of the cut-off remains unclear.

A closer look on the anisotropy of the CR spectrum can yield a decision between the two
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possibilities. The effects in question, influence the level of anisotropy in the high energy
CR sky. An observation of a highly isotropic CR-sky would conflict with a pure proton
composition. This combination is only feasible when assuming strong galactic and extra
galactic magnetic fields [60]. Otherwise the maximum energy scenario is favored.

As the CR spectrum spans over a large energy range (~ 1 GeV to 100 EeV), several
different experiments and techniques are needed to cover for it. Notice, that the data in
Figure 3.1 for the energy range below 10'* eV shows measurements of proton CRs only.

Below a few hundred TeV data is gathered by the Alpha Magnetic Spectrometer (AMS) at
the International Space Station [47] and the balloon-borne experiment CREAM at the top
of the atmosphere [48]. Protons are hereby measured directly before they have a chance
to interact with the particles in the atmosphere. Other experiments like Pierre-Auger [53]
follow a ground based approach to register air showers from atmospheric cascades (see
section 3.2).

The different approaches become necessary for the combinations of flux and energy of
the particle. For low energy particles, the triggered air shower is almost entirely absorbed
by the atmosphere on its way to the surface. Ground based experiments would not be
able to measure enough secondary particles for an accurate energy reconstruction and
are thus unsuitable. The high flux of low energy CRs however, enables a smaller detector
size and makes space based approaches feasible.

In contrast to low energy CRs, the flux for higher energy particles steeply decreases.
While at approximately 100 GeV we get 1 particle/m?/s, at energies of some PeV
(10" eV) we merely get 1 particle/m?/a. At even higher energies ~ 10 EeV (10'° eV) the
flux comes down to 1 particle’lkm?/a, creating the necessity for large scale telescopes.

These large telescopes measure the light emerging from so called air showers and the
fluorescence light caused by the secondary particles produced in the shower. Air showers
evolve as a cascade of particles in the atmosphere triggered by an initial primary CR
interaction. Through the different populations of arriving particles and their energies the
experiment infers the properties of the primary. A more detailed view on air showers or
atmospheric cascades is given in the following section.

3.2 ATMOSPHERIC CASCADES

When a CR, referred to as the primary, hits the particles in the atmosphere, it initiates
a chain reaction and disperses its energy into the creation of other particles, called sec-
ondaries. Primaries, heavier than protons, may also decay into other particles which then
trigger an air shower. An exemplary sketch of the arising particle cascade caused by a
primary CR can be seen in Figure 3.2.

Depending on nature and energy of the primary, the air shower takes on different shapes
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CHAPTER 3 CosMmIC RAYS AND ATMOSPHERIC CASCADES

Figure 3.2: Schematic of an atmospheric particle cascade. A CR primary hits the top
of the atmosphere and triggers a chain of other particle interactions. What percentage
of particles arrives on the surface of the earth depends mainly on the properties of the
primary.

and possesses varying particle populations. These characteristics are used by experi-
ments to differentiate between the primaries and yield their energy. The data gathered
provides insights not only about the details of the primary. It can also be put to use in
research concerning neutrino oscillations [67] or the neutrino mass hierarchy [68]. To
use the data and extract this information, an accurate description of the physics within
the particle cascade is required.

The propagation of secondary particles towards the surface involves decays, interactions
and consecutive energy losses. Only with detailed knowledge about the processes, can
we obtain an estimate on the individual particle fluxes at a detector. This becomes ne-
cessary when tracing the individual flux components back to the incident primary.

However, the particle fluxes at the height of the detector depend on the interactions and
decays of every particle involved in the cascade. This makes theoretical estimates suffer
from all deviations in the actual physical properties [55]. In order to achieve an accurate
enough treatment despite that, a semi-analytical approach involving coupled cascade
equations can be useful [46].
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A first conceivable approach of modeling the individual particles might be a MC sim-
ulation. This involves the propagation of each individual secondary particle and the
cascades triggered by their interactions. Such an effort is done and provided by COR-
SIKA [69]. Simulating each and every particle of an air shower is however computationally
expensive and time consuming. Hence, despite the higher accuracy of MC approaches,
sometimes a more practical treatment by a set of coupled cascade equations is sufficient.

Coupled cascade equations handle the treatment of air showers by describing the av-
erage particle fluxes at different levels of the atmosphere [46]. This approach offers a
computationally less exhausting and fast way of simulating the full cascade down to the
detector level. Furthermore, the calculation within seconds enables the study of particle
populations at every level being influenced by different parameters of the particles, for
example the lifetime.

The downside of using cascade equations resides in the assumption that all generated
particles proceed to the next level. Despite the possibility for secondary particles to es-
cape the shower, they are propagated to the earth. The transverse dispersion of the
cascade is thereby currently completely disregarded. So called-3D effects however, are
sub-dominant for energies above a few GeV and prove the cascade formalism to be valid
above these energies [55].

Additionally note, that calculations of cascade equations are not statistical and do not ac-
count for any fluctuations. For the modeling of individual particle showers this approach is
impractical as the equations only provide predictions concerning average particle fluxes.
As we are not interested in exact shower topologies, our analysis benefits form an applic-
ation of matrix cascade equations over elaborate MC simulations.

S1AU PRODUCTION The Feynman diagram from Figure 2.2 shows the production mech-
anism of the stau. Given that the incident particles provide enough energy to produce a
pair of staus, the Drell-Yan process can happen at any depth in the atmosphere. Any
interaction between a primary or secondary hadron h of an air shower with a nucleon in
the atmosphere has the potential to result in the production of staus. This potential is
realized in the probability P,

h,nucleon
Aoz

PME) ~ (3.3)

h,air
total
The probability consists of the relation between the cross section for stau generation
UZ’"UCZEO" and the total cross section of & with air 0“7, A hereby represents the average

total *
number of nucleons in a nucleus of air and is set to 14.6 for our calculations.

Although it is possible for the stau to be produced in every depth, it is more likely to
emerge from a primary interaction. Furthermore, we assume that most of the energy
of the primary is converted into the production of the stau [38]. One possible way for
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the discrimination between signal and background could thus be a lack of secondary
particles.

BACKGROUND When using the atmosphere as an ultra high energy collider, a multitude
of particles is produced besides the ones desired. An atmospheric cascade induces a
lot of background for experiments not particularly interested in the primary or the shower.
Especially neutrino telescopes like the lceCube Neutrino Observatory, deal with a lot of
background from the atmosphere.

In Figure 3.2 we see a small variety of the produced particles by atmospheric air showers.
The most dominant background for neutrino telescopes is represented by muons and
neutrinos of all flavors. As per their origin they are usually referred to as atmospheric
muons and atmospheric neutrinos.

In our case, the stau signal inside the detector (section 4.4) is similar to the signature
of muons. This makes muons from atmospheric showers and from atmospheric muon
neutrino interactions our main background. More details on the background are given in
section 5.4.

3.3 MULTI-MESSENGER ASTRONOMY

Although the discovery of CRs initiated important discoveries, the ultra high energy of
some and their origin still remains a mystery. No object in our galaxy has yet been
observed to produce particles of energies on the order of EeV. The search for their origin
however, becomes difficult when their way through the universe is influenced by magnetic
fields. In this case, their arrival direction at the top of the earth’s atmosphere does not
point back directly to their origin. Thus, a stand-alone search only with CR telescopes,
makes a discovery of potential sources difficult.

However, the assumption that environments with an acceleration power like this generate
auxiliary particles allows further investigations of the CR sky. Figure 3.3 displays this
scenario with two other messengers next to CRs (red), namely Gamma rays (blue) and
neutrinos (green)."

The sketch illustrates the deflection of CRs on their way to the earth. In contrast to that,
Gamma rays and neutrinos take a more direct path. Similar to CRs, Gamma rays pro-
duce air showers as well. The extension and population of the shower thereby indicates
whether it was caused by a Gamma ray or a CR. However, even if the directional inform-
ation of the incident Gamma could be reconstructed perfectly, many Gamma rays will be
absorbed while traveling through the universe.

This emphasizes the potential of the third messenger, the neutrino. Due to its small

"Note that gravitational waves are also considered to carry information about these environments but will
not be explained in more detail.
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3.3 MULTI-MESSENGER ASTRONOMY

cross section the neutrino travels a long way without interacting. Its charge-less nature
preserves it from deflections due to magnetic fields and through the small undetermined
mass it is also insensitive to large energy densities. Many experiments thus grasp on the
opportunity to search for high energy neutrinos in order to gather their robust directional
information pointing back to their source. An explanation on the working principle of the
neutrino telescope used in this thesis is given in the next chapter 4.

Gamma rays -

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

They are charged particles and
are deflected by magnetic fields.

* X

Figure 3.3: Multi-Messenger Astronomy [70]
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4 | THE ICECUBE NEUTRINO OBSERVATORY

The idea of having a large volume neutrino telescope arises from the motivation to detect
very high energy neutrinos with low flux. Results of previous smaller experiments drove
the notion for a telescope with a target material of one cubic kilometer. Experimental
studies from Baikal [71], AMANDA [72] and ANTARES [73] proved the concept of a setup
in water, solid or liquid, to analyze high energy neutrino events. However, similar to the
high energy CRs in Figure 3.1, high energy neutrinos from astrophysical sources have a
very low flux [74]. Thus, in order to detect the weakly interacting neutrinos large scale
telescopes are needed.

High energy neutrinos are of particular interest because their sources are identical with
the origin for high energy CRs [75, 76]. In contrast to other particles, neutrinos interact
only weakly with matter so that their path is not affected through mechanisms we know
of. Their reconstructed direction can thus point us towards astrophysical sources emitting
high energy particles. However, their low interaction probability and lack of charge that
make them travel long distances without being deflected also make them hard to detect.

This chapter addresses the detector used in the analysis, the lceCube Neutrino Obser-
vatory (IceCube). An in-depth description of the detector is provided by [77]. In addition
to the working principle of the detector, we explain the different event topologies observed
by IceCube. As a conclusion to this chapter, we describe the behavior of the stau inside
IceCube and show a typical event view for our signal.

4.1 THE DETECTOR

IceCube is a neutrino telescope on cubic kilometer scale in the ice of Antarctica. The
measurement principle is the detection of Cherenkov light (see Cherenkov Light). Cher-
enkov photons are registered by photo multiplier tubes (PMTs) which are embedded in
digital optical modules (see Digital Optical Module (DOM)). Conjoined with the spacial
information of the DOMSs, the data is used to reconstruct the properties of the events hap-
pening in the detector. These properties include for example the topology, energy and
the direction of the event.
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DIGITAL OPTICAL MoDULE (DOM) A DOM is the fundamental source of data acquisi-
tion for the IceCube detector. It mainly consists of a downward-facing 10 inch PMT, a light-
emitting-diode (LED) Flasher Board and a Main Board enclosed in a glass sphere [77].
Via cable the DOMs are connected to the research facility located at the surface of the
ice. Over this connection the timestamped and pre-processed signals are transferred for
further processing [77].

CHERENKOV LIGHT Any charged particle traveling through a material faster than the
phase velocity of light produces Cherenkov photons. This phenomenon was first de-
scribed accurately by Cherenkov in 1937 [78]. He found a relation between the opening
angle 6 of the light cone, the particle’s velocity v and the refractive index of the material
n:

1
cos(0) = B’ 4.1)
where 8 = v/c. An extensive part on the theoretical description and explanation was
given by Frank and Tamm [79].

The wavelengths of the emerging photons are distributed over the whole spectrum of
visible light. Their peak, however, lies in the blue regime at about 420 nm [80]. Despite
Cherenkov radiation being less relevant for the energy loss in a material, it still is the
dominant source for radiation in the visible region [81]. This property is hence used for
the detection of high energetic charged particles passing through matter.

In order to detect the Cherenkov photons more easily and cover large volumes, the choice
of a suitable material is essential. Water and ice have proven to be beneficial, especially
regarding the multiplicity of natural occurrences. Namely for large detector volumes, the
use of a naturally existing target and Cherenkov medium is necessary. The long absorp-
tion length over a broad volume of ice (see [82]) and the infrastructure at Antarctica make
the south pole a well suited location for a neutrino telescope.

Since neutrinos are neutral particles and interact over the weak force, IceCube is
only able to measure secondary particles emerging from a neutrino interaction. It
is the charged secondaries, which radiate Cherenkov light and are thus registered
by the detector. However, due to the low interaction cross section of neutrinos
(~103 cm?/GeV [83, 84]) and the power law spectrum for the neutrino flux, a detec-
tion of measurable secondaries induced by high energy neutrinos is challenging. To
compensate both cross section and flux, neutrino telescopes ought to have a large scale
instrumentation of materials, such as the cubic kilometer of volume for IceCube.

The IceCube detector has essentially four main features. There is the In-lce array, which
includes DeepCore as a second feature and then there are IceTop and the IceCube Lab
(ICL). A schematic of those including the precursor AMANDA is pictured in Figure 4.1.
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Figure 4.1: Schematic representation of the IceCube Neutrino Observatory at the South
Pole including a depiction of the precursor AMANDA

Most relevant for the following analysis is the In-Ice array. The array has 5160 DOMs
distributed on to 86 strings. 78 of which are evenly spaced in a hexagonal shape with
separations of 125 m. Every string holds 60 DOMs in 17 m distance and is installed
vertically in the ice from 1450 m up to 2450 m underneath the surface.

The other eight strings build DeepCore. This subset has a more compact coverage of the
ice and has string spacings between 41 m to 105m. On each string, the 50 DOMs on the
bottom are separated by 7 m and range from 2450 to 2100 m below the surface. The other
ten DOMs are spaced 10 m apart and go up to 2000 m. With the more dense spacing
between strings and DOMs, DeepCore is constructed to detect and resolve neutrinos
with much lower energies. The design is thereby optimized for energies between 10 GeV
and 100 GeV [77].

IceTop is a cosmic air shower array located at the surface. 162 ice-filled tanks are instru-
mented with PMTs to detect the Cherenkov radiation from particles of air shower events.
They are sampled in 81 stations, covering approximately the same grid of the In-Ice array.
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4.2 ANALYSES WITH ICECUBE

The ultimate goal of IceCube is the detection of high energy neutrinos from astrophysical
origin. This search is linked to the discovery of their sources as we currently lack explan-
ations for the high energy of those particles. Efforts towards finding high energy neutrino
sources are published as "Point Source Searches’ [85].

The huge volume in the ice overlooked by PMTs however, opens many more possibilities
for different kinds of research. Right from the beginning, the detector was also used to
study for example neutrino oscillations [86] and search for supernovae [87], Dark Mat-
ter [88], magnetic monopoles [89] and other exotic particles .

Many other complementary studies target the understanding of in-ice effects concerning
photon propagation as well as background source estimations (e.g. [90, 91]). These are
of particular interest when estimating the systematic uncertainties of the detector. For
this regard, the modeling of ice properties is still the object of ongoing research within the
IceCube collaboration and undergoes constant improvement [92].

4.3 EVENT RECONSTRUCTION & TOPOLOGIES

Depending on the interaction channel and neutrino flavor the nature of the event inside
the detector varies. In general, IceCube differentiates between two basic topologies of
signal: tracks and cascades.

CASCADE This event signature is characteristic for charged-current interactions in-
volving v, and v, and for all neutral-current interactions. The Cherenkov light seen by
the detector comes almost solely from electromagnetic and hadronic showers in the ice.

In the charged-current case of v., electromagnetic showers from the outgoing electron
account for the majority of the deposited energy. Alongside electromagnetic showers,
charged-current interactions trigger hadronic particle showers as well. In comparison to
electromagnetic showers, hadronic showers show a reduced Cherenkov light yield. Due
to the formation of more neutral and heavier particles only a fraction of their energy is
converted into light-producing particles (~80% Cherenkov photon yield per GeV [93]). In
an average total the charged-current reaction deposits more than 90% of the v.’s energy
inside the detector [94]. For the inference of the initial neutrino properties, a high energy
conversion is very valuable.

While charged-current interactions produce both types of shower inside the detector,
neutral-current interactions initiate hadronic showers only. We know that the hadronic
shower per se deposits less energy already, but in case of a neutral current interaction
most of the energy escapes the detector with the scattered neutrino. On average, only
roughly a third of the initial neutrino energy is deposited inside the IceCube detector [94].
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Energy reconstruction for cascade like events is much easier than for track events, espe-
cially if the whole event is contained inside the detector volume. Namely in this case, a
calorimetric approach is applicable and simplifies the energy estimation. The energy de-
posited inside the detector corresponds directly to the energy associated with the type of
neutrino interaction. Nevertheless, it is impossible for IceCube to resolve the differences
between neutral- and charged-current cascade events. Hence, every energy reconstruc-
tion estimate represents a lower limit on the incident neutrino energy.

In addition to the v. charged-current and the all flavor neutral-current interactions, there
is another slightly different cascade event type. The charged-current interaction of the
v, can produce what is often referred to as a ‘double bang’. Hereby the first interac-
tion and the decay of the produced 7 cause well separated cascades joined by a track.
Whereas IceCube is not able to resolve the very localized cascade event showers (length
~10 m [94]), it is able to resolve the separation of the double bang if the energy is high
enough.

Another possibility of the v, interaction is a cascade followed by a track. This happens
when the interaction causes a first cascade and the + decays into a muon. Both features
of the v;’s charged-current interaction make it possible to look for them specifically.

TRACKs Compared to cascade events, the energy reconstruction of tracks is more com-
plicated. Along its way through the ice, any charged particle produces a track of Cher-
enkov light. In IceCube, mostly muons are expected to traverse the detector and leave a
track like signal. Their origin could be a charged-current interaction of v, but also an air
shower in the atmosphere.

Muons with low energies (< 300 GeV see section A.4) have a travel length shorter than
the extent of the detector. Hence, when generated within the detector volume, they will
deposit all their energy inside. This makes it easy to estimate their initial energy with a
calorimetric approach.

Above this energy, however, the muon track will not be fully contained inside the volume
of the detector. In this case, the energy reconstruction has to rely on the differential
energy loss rate, i.e. the energy lost in each loss process of the particle. As only part of
the entire muon track leads through the detector, the muons point of origin is unknown.
Unless the track does not start inside the detector, it may have traveled a long distance
before entering it. On its way, the muon already lost part of its energy. Therefore, the
energy reconstruction only provides a lower bound to the energy of the neutrino that
presumably caused the interaction.

Besides this, the energy reconstruction from the various loss processes holds a multi-
tude of possibilities. The average energy loss is described by Equation 2.3 and involves
ionization and stochastic losses. For high muon energies (= 1 TeV), the energy loss
is dominated by stochastic processes (for example bremsstrahlung, pair production Fig-
ure 2.4). The average energy loss rate increases approximately linearly but follows no
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consistent pattern as of the nature of the loss processes. Muons with the same energy
undergo different stochastic processes throughout their way inside the ice and will leave
different energy loss patterns in the detector. [94, 95]

4.4 STAUS IN ICECUBE

When a stau is generated in a CR air shower via the Drell-Yan process described in
section 2.2 it encounters continuous energy loss. As for muons, Equation 2.3 describes
the energy loss and differentiates between losses of stochastic nature and losses due to
ionization. Because of its large mass, stochastic processes are highly suppressed during
the propagation of the stau. Hence, the main part of energy loss is thus due to ionization.

Figure 2.4 shows the difference between the energy loss of a muon and a stau. Through-
out the plotted range, the energy loss of the stau stays close to the ionization losses of
the muon. While stochastic losses start to dominate the energy losses of muons, the
stau’s losses still compare to a low energy muon.

When comparing the resulting energy deposition of the two particles in Figure 4.2, the
effect on the difference in the particle’s energy loss becomes evident. We see a steady
linear increase until the energy where muon and stau are able to travel a longer distance
than the extent of the detector (~ 280 GeV and 310 GeV respectively, see Figure A.1).
As soon as this point is reached, the energy deposition drifts apart.
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Figure 4.2: Energy deposition inside the detector of a muon and a 100 GeV stau. With
the data of the energy loss in Figure 2.4, we calculate the deposition of the particle when
traversing the detector (1 km of ice).
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According to Figure 4.2, any stau above ~ 280 GeV leaves approximately the same
energy inside the detector independent of its initial energy. The energy reconstruction of
IceCube will therefore recognize any stau as a low energy muon.

This behavior is illustrated by the event view of a MC stau event in Figure 4.3. There
we show an example of a stau track in the IceCube detector. The simulated stau has
been initialized with an energy of 23 TeV at a zenith angle of 88.7°. Afterwards, it was
reconstructed to an event with 573 GeV and a zenith direction of 88.5°. Altogether, this
event view is exemplary of a stau event and emphasizes the working principle of our
analysis.

Figure 4.3: Depiction of a MC stau event in the IceCube detector. The stau was initial-
ized with an energy of 23 TeV at a zenith angle of 88.7° and has been reconstructed to
573 GeV with a direction of 88.5°in zenith.
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On their way through the detector muon and stau emit Cherenkov light. The amount of
light emitted is proportional to the energy lost [95] and depends on their energy when
entering the detector. The PMTs of the detector register the emitted Cherenkov photons
and the information is grouped to events. Series of events then undergo different recon-
struction algorithms and pass through several filter levels of an event selection process
in order to get the most pure sample of the desired signal.

For the stau signal of our analysis, we exploit the suppression of stochastic losses by the
stau mass (section 4.4) and search for an excess of low energy events. Regarding this
definition, a region with an advantageous signal over background ratio is necessary in
order to yield a significant result.

In Figure 5.1, we show the presumably most sensitive region for our signal according to
theoretical predictions by [1]. Shown is the simulated signal and background data with
respect to the incident zenith angle assuming two different stau masses. The background
distributions in combination with the signal allow for a clear view on what angular bins the
analysis is most sensitive to.

In the following chapter, we provide information on our simulation details regarding the
complete process from stau production over stau event detection to sensitivity measure-
ments. The first section covers the generation of staus happening at the primary inter-
action and inside air showers. Here, we also explain the subsequent propagation of the
staus towards the detector. Combined, production and propagation then yield the stau
flux at the surface of IceCube.

Thereafter, we provide details on the behavior of staus and muons inside the detector
and explain the reconstruction algorithm and event selection used in our analysis. This in-
cludes a more fundamental handling of the propagation and light emission of the particles
in ice and the detector’s response to it.

After a description of our background sources, we explain the working principle of our
used event selection. Here we go into detail about the different layers of the selection
and the influence on stau signal and background. The final section is dedicated to the
calculation of the signal acceptance in form of effective areas which represents a key part
of our analysis. Furthermore, we explain how they are applied to yield the event rates of
staus and provide two different measures for x2-measures used in our analysis.
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Figure 5.1: Predicted number of stau and muon events in IceCube per year as a function
of the arrival direction in form of the zenith angle. The data was courteously provided
by [1]. For the stau events a pure Drell-Yan production and masses of 100 and 200 GeV
have been assumed, dark and light blue respectively. The muon events are shown separ-
ately and divided in their contribution from hadronic interactions (gray, dashed) and from
neutrino interactions (orange, dash-dot). The shaded regions of each curve show the
model uncertainties.

5.1 STAU FLUX AT DETECTOR SURFACE

To determine the rate of staus at the detector [%}, we simulate the stau generation in
air showers and propagate them to the surface of IceCube. We start with a model for
the primary cosmic ray flux and generalize the proton-proton cross section described in
section 2.2. The combination of both provides us with the number of staus generated in
the primary interaction.

Although we expect staus from primary interactions to account for the majority of the
flux, we also simulate the production in secondary interactions. Therefore we model the
evolution of the air shower with MCEq ([96]) and isolate the proton flux at different slant
depths. At every level of penetration we apply the probability PZ(E) from Equation 3.3 to
the proton flux and obtain the number of staus produced.

This method is only applicable because of the low cross section for the stau production.
Namely for it to be valid, the amount of energy lost due to the stau generation ought to be
insignificant compared to other shower processes. For higher cross sections, the influ-
ence of a stau generation process on the evolving shower would no longer be negligible
and require a different calculation.

So far, the simulations provide us with the energy dependent stau flux at different heights
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in the atmosphere. For an energy dependent stau flux at the detector surface, it is neces-
sary to propagate the stau over the remaining way. From every depth we thus calculate
the energy lost on the remaining path according to Equation 2.3. In the end, we merge
the stau fluxes that were propagated from every level of the atmosphere to obtain a con-
tinuous flux spectrum at detector level.

The simulations were done for different stau masses from 50 GeV up to 1000 GeV at
zenith angles form 70°to 100°. A representation of the stau flux at the detector surface
for a stau mass of 100 GeV and three different angles is shown in Figure 5.2. We observe
that higher incident angles yield a lower stau flux at the detector. This is the result of the
increasing amount of material staus need to overcome for an increasing zenith angle
(Figure 5.4). At lower angles, staus do not lose as much energy on their way to the
detector as it is the case for higher angles. Hence, more staus survive the journey and
contribute to the flux at the detector. The sharp feature of the stau flux observed for any
angle is related to a current software requirement of relativistic staus.

In the simulation process we use a combination of flux (Sibyll2.3c [97], EPOS-LHC [98],
QGSJET-1l [99] and DPMJET-1Il [100]) and interaction models (Gaisser-Hillas H3a,
H4a [56] and Gaisser-Tilav Gen 3 and 4 [101]). From the results, we construct an av-
erage primary flux value, that is used in our analysis. In our case of a sensitivity study
that neglects systematic uncertainties this treatment is sufficient, especially when looking
at the errors of the energy reconstruction.
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Figure 5.2: The flux of staus at the IceCube detector for three different directions in zenith
angle assuming a mass of 100 GeV.
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5.2 PARTICLES INSIDE THE DETECTOR

From theory we know that muons and staus produce track signatures inside the detector
(see section 4.3). We also expect staus of any energy to imitate the track signal of low
energy muons. In order to validate our theories, we evaluate how the detector responds
to passing muons and staus.

We generate 500 000 events of evenly distributed random direction and energies between
100 GeV and 10 TeV that follow a £~ power law. For the particle propagation through the
detector and the corresponding energy loss simulations we use the PROPOSAL pack-
age [102]. Based on the energy loss pattern, photons are generated and propagated via
the CLSim package [103].

During this process, assumptions about the depth dependent absorption and scattering
lengths in the ice have to be made. The values used for the simulation in this work
are found in the description of the ice model in [82]. After the Photon propagation, the
response of the individual DOM modules is simulated. Charges and arrival times meas-
ured are noted and saved in the format of actual experimental data to be processed by
event reconstructions and selections later on.

5.3 EVENT RECONSTRUCTION

The reconstruction of energy and direction takes up a crucial role in the analysis. Based
on the time, location and amount of hits registered by the DOMs, software infers the
decisive parameters of the event. This iterative process usually starts with a first guess
pattern recognition, followed by advanced likelihood algorithms.

In the following we restrict ourselves to the reconstruction technique of track signatures
for that both, signal and background, produce tracks inside the detector. More details on
the event types observed in IceCube can be found in section 4.3.

The energy estimation of through-going muon tracks is complex and only provides lower
limits because of the indefinite travel length before and after the detector. In contrast to
that, the angular reconstruction profits from the extent of the track and its large amount
of hit DOMs.

ANGULAR RECONSTRUCTION (SplineMPE) The estimation of directional information is
based on a combination between likelihood algorithm, probability density function (PDF)
and a first guess muon track parametrization. Caused by the interplay between different
methods for all three components, we observe variations in the result. While some com-
binations are computationally extensive, they are also more accurate in their estimation.
We restrict ourselves to the explanation of a small variety of individual methods for each
component. Primarily, however, we focus on the combination used for our analysis.
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Before applying specific likelihood functions, a first track hypothesis (H) is established.
H models the track as a particle at the speed of light ¢. The path is further parameterized
by a directional unit vector d and a point of origin x( at to. This parametrization neglects
the stochastic energy losses of the particle and serves as a first guess pattern for many
likelihood reconstructions related to IceCube, including the one used in our analysis.

H:x(t)=(t—1ty) - c-d+ xo. (5.1)

In Figure 5.3 we show schematically the path of a charged particle from the track hypo-
thesis, together with the Cherenkov light sent out towards the DOMs. We see illustrated,
that the Cherenkov photons are scattered on their way through the ice and reach the
DOMs later than they would in vacuum. The delay of a photon is thereby not only de-
pendent on the travel length of the photon but also on the local optical parameters of the
ice (see section 5.2).

Figure 5.3: Depiction of the propagation of Cherenkov photons emerging from a charged
particle traveling through a medium. As an example we show two DOM modules that
capture the Cherenkov light at different times, depending among other things on the
geometry of the track and the optical ice properties.

In order to improve the resolution of the first guess track hypothesis, we consider the dis-
played scattering effect in Figure 5.3. Because of the random nature of light propagation,
an exact analytical solution is no longer feasible and the most probable track is estab-
lished with maximum likelihood approaches. This results in the optimization of the five
free parameters defining the track in H (xo = (z,y, 2),d = (0, ¢)).

For convenience, we define the time residual ¢, that represents the difference between
the observed arrival time ¢ 5,4 @nd the geometrically possible arrival time t4c,.

tres = Lobserved — tgeo- (52)

The PDF can then be expressed as a function of the time residual (p(t}es|@y,, H)). We
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then construct a first likelihood of every detected pulse j at every DOM £ with position
x: [104]

NDOJMS NPulses,i

Lsppan= [] I p(teslmr H). (5.3)

i J

The likelihood function is indexed SPFE All, as it is constructed as a Single-Photo-Electron
(SPE) likelihood using all PMT pulses of each DOM. However, it has been established that
the usage of all pulses from a DOM, makes the likelihood function sensitive to unwanted
PMT effects. In this regard, it is beneficial to use only the first of all pulses from the
respective DOM. The photon that triggers the first pulse of a PMT usually exhibits the
least amount of scattering processes and is thus more robust against systematical errors
from optical properties [104].

In the end, the PDF is then modified and used to form the Multi-Photo-Electron likelihood
(MPE) [95]:

00 NPulses,i_l
Npowms

Lap= ] o) Noseos | [ oltlen. H)de . (54

' e
As a next step, the MPE likelihood is interfaced with a parametrization of the PDF function
p for the photon arrival times. This can be done analytically with the Pandel function
from [105] (see also [95]) or with smooth spline functions interpolating between location

dependent simulations of the arrival times [106].

Altogether, it turns out, that the usage of the analytical Pandel function is computationally
less extensive than using spline-based PDFs. However, interfacing spline-based PDFs
yields the best angular resolution in combination with the MPE likelihood. This approach
is called SplineMPE and will be our angular estimator throughout the analysis.

ENERGY RECONSTRUCTION (SplineMPE_TruncatedEnergy) The nature of the energy
losses of staus and muons and how they compare are described in section 2.2. Through-
going tracks of any particle type deposit only part their energy inside the detector. The
unknown point of origin and the remainder of energy when leaving the detector make a
calorimetric approach unsuitable. Another consequence, makes any estimator of energy
only a lower bound on the particles energy at their generation vertex.

The particles energy can only be inferred from the fraction of the path that leads through
the detector. An energy estimation for track signatures therefore relies on the differential
energy loss dF /dx described by Equation 2.3. In [107] both, a conventional approach for
the energy estimation with dE'/dx and an alternative using the truncated mean of dE/dz
is explained.

34



5.4 BACKGROUND

In either approach, the photoelectron yield is expected to be directly proportional to the
energy loss of the particle. For the conventional approach, one builds the sum over
all photoelectrons registered by all DOMs along the track (Nypserved).- NOW, assuming a
track with a fixed energy loss of 1 GeV/m, one calculates the overall expected number
of photoelectrons registered for this case (Negpectea)- In the end, the dE/dx value of the
track is equal to

N,
“observed 1 GeV/m. (5.5)

expected

dE/dx =

This linear relationship works well as an approximation for energies above ~ 1 TeV [107].
The obtained values however, still show a large spread that is explained by the stochastic
losses. As of the non-linear nature of the stochastic losses, many events will be re-
constructed to a higher energy. In order to remove the bias a truncated mean energy
estimator is introduced.

For the truncated mean energy estimator, every event track is segmented by planes per-
pendicular to the direction, binning every sensor accordingly by their location [107]. Sim-
ilar to the conventional approach, dE/dx is determined by the ratio of the observed over
the expected amount of photoelectrons (see Equation 5.5). However, the ratio is now
calculated for each bin separately. The fraction of bins with the highest ratios are selec-
ted and discarded in an optimized manner discussed in [107]. In the end, the truncated
dE/dz energy estimator uses again the sum of all observed and expected photoelec-
trons over what bins are left of the track and determines the energy of the particle with
the resulting truncated mean of dE/dzx.

If the truncated mean estimator uses SplineMPE for the segmentation of the track, we
end up with what is called SplineMPE_TruncatedEnergy. This energy estimator is used
throughout the analysis and will be shown as reconstructed energies in this work unless
otherwise stated.

5.4 BACKGROUND

The most dominant sources of background are muons produced in hadronic interactions
in the atmosphere (atmospheric muons) and those produced in neutrino interactions (at-
mospheric neutrinos). Background distributions vary depending on energy and incident
angle. This alteration is often related to the material and the distance the particles have
to pass through before they reach the detector.

For a simplified IceCube scenario, different materials and their distances have been plot-
ted in Figure 5.4. We distinguish between three overall types of materials that particles
traverse on their way to the detector. The different sources of background are thereby
affected differently by each material.
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Figure 5.4: Approximation of the different materials passed in the way to the detector in
relation to the zenith angle. The representation is based on the assumption of 80 km of
atmosphere surrounding the earth covered with a 3.5 km layer of ice/ water.

Staus are expected to behave like low energy muons (section 4.4) making a separation
between the two signals difficult. An indication for staus is thus an excess of low energy
muons registered by the detector. For this reason, a precise knowledge and modeling
of our background is very important. In addition, the low stau flux resulting from the low
cross section (Figure 2.3) necessitates a low background to make an excess significant.
We thus consider the following two main sources for muons at IceCube and assess their
contribution to the background of our analysis.

ATMOSPHERIC MUONS Muons from atmospheric showers make up a direct source of
background for our analysis. Especially in the low energy region, where staus and muons
behave the same, they represent the majority of background events. The amount of
muons produced in an atmospheric shower exceeds the one required for a possible de-
tection of an excess by far. After their generation however, muons undergo permanent
energy losses and are eventually stopped before they even reach the detector.

A 10° GeV muon loses 30% of its initial energy by traveling one kilometer in ice (Fig-
ure 4.2). When looking at the distance the particles have to travel before they reach the
detector (Figure 5.4), we see that for an increasing zenith angle more and more energy
is lost on the way. Thus, the background from atmospheric muons decreases steadily
when approaching the horizon (zenith = 90°). At some point, the passage through the
composition of materials stops every muon produced in an atmospheric shower outside
of the detector. Even high energy muons will not be able to reach the detector anymore
and the detector is shielded against atmospheric muons.
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The atmospheric muon estimate (gray, dashed) of Figure 5.1 rests upon this theory and
predicts no significant rate of muons from hadronic interactions above 84°. This is sup-
ported by an investigation of the atmospheric muon flux measured by lceCube in [108].
Reconstructed zenith angle and reconstructed energy indicate a cut-off at ~ 84°, which
is in good agreement with the predictions. Above this angle, the amount of atmospheric
muons registered by the detector becomes negligible and other sources of background
become relevant.

MuoNs FROM NEUTRINOS Regardless of their origin, muon neutrinos pose a notice-
able source of background. Our analysis hereby concentrates primarily on atmospheric
and astrophysical muon neutrinos. Although neutrinos of other flavors are capable of
producing muon track signatures similar to staus, their contribution to the background is
negligible and is thus disregarded completely..

As our stau signature compares to a low energy muon, any interaction of a muon neutrino
potentially accounts for our background. Only muons that arise from an interaction within
the detector ('starting tracks’) can be discriminated against stau tracks. Reason for this,
is that in our analysis staus are only produced in air showers and will thus never leave a
starting track inside the detector.

However, the muon background at the detector resulting from the astrophysical and atmo-
spheric neutrino fluxes consists of an interplay between many properties. Not only do the
neutrino fluxes itself vary for different zenith angles and energies. Conditional upon the
geometry and with it the surrounding mass of target material, the fluxes of astrophysical
and atmospheric neutrinos translate differently into the muon flux that accounts for the
background at the detector.

While muons lose energy continuously, neutrinos travel long distances without interacting
because of their low interaction cross section. If the neutrino flux however is high like
the atmospheric flux, enough muons are produced to hide the stau signal. How many
neutrinos ultimately commute into muons however, depends on the distance traveled in
the different materials. Form their generation vertex, the muons lose energy and have to
propagate the remaining way in order to account for the background. In Figure 5.1 the
muon background from neutrino interactions is displayed in orange (dash-dot)

More details on the handling of background are found in the section about the Event
Selection. There we reflect on the influence of the selection on the different sources of
background events.
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5.5 EVENT SELECTION

The construction of an event selection in IceCube involves a long, enduring process.
Bearing in mind the scope of this thesis, we thus decide to use an existing selection that
incorporates a large overlap with the specifications of our stau search. The chosen event
selection, is optimized for neutrino induced through-going tracks of muons, whose in-
vestigation necessitates a significant reduction of the main background from atmospheric
muons (2= 2 kHz) [109].

Both event signature and background source partially match the requirements of an event
selection for our analysis. Staus appear in form of minimally ionizing, through-going,
muon like tracks (see section 4.4) and part of our background is represented by atmo-
spheric muons (Figure 5.1). However, another background source of our analysis con-
sists of neutrino induced muon tracks. Hence, for the purpose of a first sensitivity study
this event selection is sufficient but remains unoptimized.

Many of the MC events generated in our simulation, produce insufficient DOM hits in
order to be processed by the reconstruction algorithms. A first event selection is thus
performed by a trigger, choosing only events with enough photons registered by the PMTs
of the detector. In the event selection used for our analysis, two additional levels (Level2,
Level3) are introduced after the trigger to clean out unwanted background events (for
details see [110, 111]). Further improvements on the selection are made with the aid of
supervised machine learning techniques, explained in [104, 109] and introduce the event
selection’s Final Level.

The various filter levels of the event selection aim for a pure sample of muons induced
by atmospheric neutrinos. After the trigger level, Level2 and Level3 the remaining events
are too plentiful to perform accurate reconstruction algorithms with reasonable resources.
Cuts are thus applied on quantities that supply sufficient information and take small com-
putational effort.

In the Level2 filter, events with extremely high energy Vv with a poor fit result from the
SPEFirst algorithm interfaced with the Pandel PDF (section 5.3) are thrown out [104].
Level3 cuts target more specific parameters with information about the event topology.
These include for example, the number of DOM hits in a given time window or the dis-
tance between first and last DOM with directly projected photons on the reconstructed
track [104].

In combination with a general cut selecting only zenith angles 6 above 85°, the event
rate is reduced to ~ 1.5 Hz [109]. The aim of the angular cut is to select a region with a
theoretically low background of atmospheric muons. As the distance towards the detector
and through the ice increases with increasing # more and more atmospheric muons fail
to reach the detector. Investigations of [108] support a cut off at # 85°to be reasonable.

At this point, the rate dropped low enough that more accurate reconstruction methods be-
come feasible. However, mis-reconstructed atmospheric muons still make up the majority
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of the signal region [109]. To further clean the sample and reach the Final Level of the
event selection, two boosted decision trees (BDTs) are trained that distinguish between
signal and mis-reconstructed background events [104, 109].

Each of them takes on a different role in the cleaning process. One of the trees cleans
the remaining events form mis-reconstructed cascade event topologies (section 4.3). The
other one filters out tracks caused by atmospheric muons. In combination this achieves
a sample purity of 99.87% [109].

In order to set the event selection in context with our sensitivity study, we look at Fig-
ure 5.1. There we see, that our most sensitive region concerning the arrival direction is
between 82°and 85°in zenith angle. Through the cut-off of events below 85°in the event
selection, this region becomes thus inaccessible for our analysis. How big of an effect
this has on our results is discussed in chapter 8.

5.6 CALCULATIONS

All subsequent processing in this work involves only the events that remain on the Fi-
nal Level of the event selection, unless otherwise stated. Those events passed every
introduced cut described in the previous section 5.5 and serve as our best sample. With
this sample of events we illustrate the resolution of the angular and energy reconstruction
method used in our analysis for staus and muons. In addition, we use the event sample to
calculate the signal acceptance in form of effective areas. Convoluted with the simulated
stau flux at the detector, the effective areas then provide us with the rates for our stau
signal.

EFFECTIVE AREAS Effective areas are a representation of how well a certain particle
type is detected and how much of an area is thus covered by the detector. They are
calculated with the remainder of the events after the event selection Ny;,,q; (Final Level),
the MC events in total N, and the etendue E of the detector. E characterizes the
spread of light able to reach a given object in area and solid angle. In our case, the object
is the IceCube detector, which we approximate by a cylinder with height 1400 m and a
radius of 700 m for the calculation of £ in our analysis. The equation for the effective area
A is then written as

_ E- Nfinal

A= ———
4m - Niotal

(5.6)

This formula yields an overall effective area for the respective particle type. However,
effective areas change for different zenith angles and energies. The cuts of our event
selection influence Ny, directly. Depending on zenith and energy, varying amounts
of events survive the cuts and lead to a difference in effective area. In addition, the
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etendue E depends on the selection of the zenith angle 6. So for an angle selection
0s = Omin — Omas OUr formula for the effective area looks like this:

_ E(@S) ' Nfinal(os)
27 - (€08(Omin) — €05(0maz)) - Niotal

A (5.7)

An additional selection of an energy range, yields the effective areas for different energy/
zenith bins that are used throughout our analysis. With our definition, it is possible to
calculate the effective areas at every level of our events selection, simply by exchanging
Nyinai by the amount of events at the desired level.

CHI>-MEASURES The multiplication of the effective areas in the energy/ zenith bins and
the simulated stau flux at the detector surface from section 5.1 yield the stau signal rates
(Rsignat)- Together with the rates of the background (Rpackground), We can calculate a first
naive x? value for each individual bin on the energy/ zenith grid.

R2,
X2 _ 7 Signal . (58)
Background

The resulting x?-map is used to illustrate the most sensitive region and gives a rough
estimate on the power of the analysis. Our analysis however, aims for a more elaborate
sensitivity on the stau mass. We are thus looking for a significant excess to accept the
hypothesis of the existence of the stau. With increasing mass, we see a decrease in
cross section, meaning fewer stau events for higher masses. A significant excess with
90% confidence level is therefore directly linked to the assumed mass of the stau. Over
this connection, we determine the mass limit up to which we can exclude the existence
of a stau, as we otherwise would have observed an excess in events.

For the calculations of our mass limit sensitivity, we bin our signal and background rates
in energy and zenith angle (Rgsignai, RBackground) @and create a 2D grid for both signal and
background. We generate 1 x 10° outcomes (Rp.isson) fOr €ach bin of the grid with an
underlying Poisson distribution where X is equal to the signal and background rate. With
1 x 10° Poisson outcomes for signal and background in every bin, we calculate a x? for
each individual bin according to

2 (RPoisson - RBackground>2
X° = 7 . (5.9)
Background

Afterwards we sum the bins of the grid for each of the 1 x 10° different outcomes for
signal and background and obtain an overall x? value for every outcome. With 1 x 105 x?
values for both signal and background, we create two different y? distributions. We now
require that the median of the x2 background distribution equals the 10" percentile of the
x? signal distribution. For each mass, we then find the multiplication factor that satisfies
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the equation when applied to the signal rates. The mass at which the multiplication factor
is equal to one represents the current sensitivity of our analysis.
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6 | FINDINGS

In this chapter we present the findings of our analysis and the included MC simulation.
We start off with the resolution of our event reconstruction methods for energy and angle
(section 5.3). Afterwards we show the effective areas of muons and staus and illustrate
the influence of the event selection (section 5.5). In addition, we show the effective area
of staus in three zenith bins (85°+0.5° 90°+0.5°, 95°+0.5°) that concur with the angles
in our illustration of the stau flux from Figure 5.2.

Together with the stau flux at the detector surface, effective areas yield the rates of our
stau signal. The rates are displayed individually and in comparison with the background
source of muon tracks induced from atmospheric neutrinos.

With the combination of signal and background we calculate and display x> measures on
a 2D grid of zenith angle and energy bins. From the y? maps of different stau masses we
are able to extract a sensitivity and illustrate the state of our analysis.

6.1 EVENT RECONSTRUCTION

In section 5.3 we describe the working principle of our reconstruction methods for angle
and energy. Figure 6.1 shows the resolution in zenith angle for stau and muon events
with the SplineMPE reconstruction. For each particle type, the respective bars illustrate
the 68% region around the median (orange) in the respective energy bin. In the dis-
played energy range, the angular resolution of the muon (light blue) improves steadily
with increasing energy. For the staus (dark blue), no event of the first energy bin survives
the event selection, hence no bar is displayed. After some fluctuations, we observe a
convergence to stable median angular difference of around 1°.

Both observations are well explained by the nature of the energy deposition for the differ-
ent particles. Higher energy muons deposit more energy inside the detector, triggering
more DOMs and thus producing more detailed information to perform calculations upon
(Figure 4.2). The more information is given to the reconstruction algorithm the better
its performance. Hence for the muon, we see an improving angular resolution at higher
energies because it deposits more and more energy on its way through the detector.

From Figure 4.2, we know that the stau’s energy deposit inside the detector shows no
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Figure 6.1: Resolution in zenith angle for stau and muon events using the SplineMPE
reconstruction (section 5.3). The bars represent the 68% region around the median (or-
ange). No stau events are reconstructed in the first energy bin, hence no bar can be
displayed.'?

significant change after it is able to traverse the detector completely (~280 GeV). This
peculiarity makes the angular resolution approach a stable median value for energies
above ~1100 GeV. The gap between the point where we would expect no more inform-
ation to be added and thus the resolution to be stable, at 280 GeV, and 1100 GeV is
caused by essentially one thing.

For once, one has to keep in mind that not all of the theoretically deposited energy is
registered by the DOMs. An interplay between absorption, scattering and the PMT effi-
ciency causes a lower photon count. Thus, less information is gathered by the detector
than is theoretically provided by the deposited energy. In combination with the efficiency
of the reconstruction algorithm, this leads to an increased point of convergence for the
staus angular resolution.

The energy resolution of stau and muon events using the SplineMPE_TruncatedEnergy
estimator described in section 5.3 is depicted in Figure 6.2. At the top, we see the energy
reconstruction for staus and its independence on the true energy, where in the bottom
plot we see the result of an intact energy estimation of muons with a small bias at low
energies.

Both subplots agree with theoretical predictions and confirm previous considerations.
While we see the desired linear correlation between true and reconstructed energy
for muons, the staus are reconstructed to an energy band between 100 GeV and
~2000 GeV, independent on their injected true energy. This behavior illustrates the dif-
ference in energy loss and thus the energy deposition (Figure 2.4, Figure 4.2).
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The suppression of stochastic energy losses causes staus to deposit only a fraction of
their actual energy inside the detector. Compared to the muon, the energy loss of the
stau seems constant for the energy range we are interested in (100 GeV - 1x10° GeV).
Hence, the reconstruction algorithm estimates the stau energies as if it were low energy
muons. The fact of that reassures us on our excess event search in the low energy region.

For increasing stau energies, the deposited energy theoretically increases with a fraction
of ~ 1/mz from the stochastic energy losses (Figure 4.2). With our energy resolution, we
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Figure 6.2: Resolution in energy for stau (top) and muon (bottom) events using the
SplineMPE_TruncatedEnergy reconstruction (section 5.3). The plots show a 2D histo-
gram with the reconstructed energy on the y-axis with respect to the true MC energy on
the x axis. Each column of true energy is normed with its sum of events. On the right
side, we show the marginal distributions of the events, being the sum over every row.'?
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CHAPTER 6 FINDINGS

are able to observe this increase for energies above 10* GeV. There we notice a shift of
the reconstructed energy distribution to higher reconstructed values.

Overall, the reconstruction methods prove well for our analysis and enable us to proceed
on our excess event search in a zenith region between 80° and 95° and reconstructed
energies between 100 GeV and 1000 GeV. However, we notice a bias with the recon-
struction of low energy muons that accumulate in our region of interest. Regarding our
sensitivity, this accumulation will lower the signal to background ratio for later x? calcula-
tions.

6.2 EFFECTIVE AREA

In section 5.6 we describe the meaning and calculation of effective areas shown in the
following plots. Figure 6.3 and Figure 6.4 illustrate the influence of the different layers
from our event selection (section 5.5) on the effective areas of muons and staus.

Data, labeled Generation Level, uses all generated MC events, whereas other displayed
levels already include cuts and use only processed events. For every stage of our event
selection we tighten our cuts on the events and thus alleviate our effective areas as seen
in Figure 6.3 and Figure 6.4. For the muon effective areas in Figure 6.3, we include data
from previous studies concerning muon effective areas in orange colors. These data
indicate Level2 and Final Level events from the used event selection and show good
agreement with the data from our own muon sample. We see this as a validation of our
simulation chain and assume that the calculations of our stau effective areas are correct
as well.
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Figure 6.3: Effective area of muon events at different levels of the event selection.3#
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Figure 6.4: Effective area of stau events at different levels of the event selection.3*

In both plots, we note a fundamental difference that concurs with our previous findings
(section 6.1). Similar to the muon resolutions of angle and energy, Figure 6.3 shows im-
proving muon effective areas with increasing muon energy at all filter levels. The effective
areas for staus on the other hand, build a plateau and stay constant independent of their
energy (Figure 6.4).

This behavior is another reflection of the difference in the energy loss and deposition of
muon and stau, seen in Figure 2.4 and Figure 4.2. As soon as the stau has enough
energy to traverse the detector completely, the energy deposition does not increase any
further. For muons, more energy is deposited and thus more events are recognized to
account for the effective area. Stau events on the other hand, look the same independent
of their energy, resulting in a constant effective area.

From the direct comparison between stau and muon effective areas in Figure 6.5, we
infer that even before stochastic losses dominate the muon energy loss, stau effective
areas are smaller. This discrepancy is due to our event selection that is not optimized for
the minimally ionizing stau signature and instead searches for muon tracks. Note, that
here again, we are able to resolve the small increase of the suppressed stochastic energy
losses of staus as a slight increase in effective area towards higher energies.

Next to the display of muon and stau effective areas at different filter levels, we look at
the stau effective areas binned specifically in three different zenith angle (Figure 6.6). We
have chosen three angle bins in intervals of 5°beginning at 85° zenith, which is the lower
cut-off of our event selection. From the comparison between the 90°and 95° data points,
we argue that higher angles somewhat yield a higher effective area, at least in our angular
range. However, the large difference to the effective area at 85° (O(2) magnitudes) is
caused by another effect, namely the cut-off of the event selection.
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The chosen zenith bins for the representation of the effective area align with the selected
bins from the stau flux in Figure 5.2. We see there, that the stau flux attenuates with
higher zenith angle while it is the opposite for the effective area. The convolution of both,
effective area and flux gives us the stau rates. In this regard, it is particularly interesting
to see, whether the higher flux for smaller angles compensates their lower effective area.
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Figure 6.5: Effective area of stau and muon events. 24
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Figure 6.6: Effective area of stau events at Final Level for three specific zenith bins
(85°, 90°and 959).14
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6.3 STAU RATES

6.3 STAU RATES

In the following we show the stau rates composed of effective area and stau flux in various
different representations. We show a 3D representation of the stau rates in our region of
interest to obtain a better view on the topology, as well as configurations of the integrated
rates over angle and energy. The integrated rates are shown to reveal features of the
energy reconstruction and our event selection.

Figure 6.7 shows the stand-alone stau rates for an assumed stau mass of 100 GeV on a
energy/ zenith bin grid in 3D. On the side planes we show the marginal distributions as a
sum over the respective dimension.

As a result of the event selection, we see our stau signal only in zenith bins above 85°in
zenith angle. We additionally notice the desired accumulation in the lower energy regime,
which is due to the constant energy deposition. From the marginal distributions, we infer
that if the staus were to have a mass of 100 GeV, IceCube should see an excess of
around six events per year in an energy range between ~450 GeV -700 GeV. On the
other side, when summing over the energies, IceCube should see an excess five events
per year in a zenith angle range between 87°and 88°.

6.2 S3

80

4.5
4.0 geNV

35
3.0 (gne® rec®
2.5 \ogXQK

" 10,90
(77 o
94

2.0

Figure 6.7: 3D representation of the stau rates on a energy/ zenith binned grid with
integrated rates over energy and angle on the respective x-z and y-z plane.’

In Figure 6.8 we portray the integrated rates over angles from 80°to 95° with respect to
the reconstructed energy. We compare the rates for stau signals assuming a 50 GeV and
a 100 GeV stau mass with the muon background induced by atmospheric neutrinos. This
gives us a better overview on the rates in our region of interest and reveals the desired

features of our energy reconstruction.
Comparing the stau rates of the different masses, we notice a strong reciprocal depend-
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ence as expected from Figure 2.3. The stau rates differ by one order of magnitude for a
doubling of the mass difference. Our bin with the highest amount of events is shown here
more clearly compared to the previous plot and spans a range between ~ 450 GeV -
700 GeV.

As expected, the distribution of our signal appears similar to the distribution of events
in the marginal plot of the energy resolution (Figure 6.2). In fact, also the bins with the
highest event count are concordant. This affirms the coherence of our analysis.

As for the distribution of the stau signal, we see the peak of the background in the same
bin as the accumulation in the energy resolution plot of the muon (Figure 6.2). Thus,
the peak of the background distribution is partly caused by the reconstruction bias at
lower muon energies. The difference between signal and background in this configuration
amounts to a little more than one order of magnitude for assuming a stau mass of 50 GeV
and more than two orders of magnitude for a stau mass of 100 GeV.

= STau (M=50 GeV) STau (m=100 GeV) - Atmospheric Neutrinos

103
© 102
3 10
q)
-t
© |
o

10!

0
10102 103 104 10°

Reconstructed Energy [GeV]

Figure 6.8: Event rates of staus for masses of 50 GeV and 100 GeV and the atmospheric
neutrino background integrated over angles from 80°to 95° zenith.'-8

Viewing the rates in an angular configuration in Figure 6.9, we notice the most apparent
feature of our event selection. Signal and background, both incorporate a sharp cut-off for
events below 85°. The trend of smaller rates for higher stau masses is observed here as
well and yields approximately the same difference in rate for the same increase in mass
(~one order of magnitude). However, we see that the difference between signal and
background has shrunk in this configuration. In our most sensitive bins, the difference is
now even less than one order of magnitude, for the 50 GeV stau signal.

For the display in Figure 6.9, we select only events with reconstructed energies between
100 GeV and 1000 GeV. We choose this selection as from our energy reconstruction we
know that most of our events are reconstructed into that region. Figure 6.8 backs this
fact and shows that only part of our signal is cut out, whereas our background is affected
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Figure 6.9: Event rates of staus for masses of 50 GeV and 100 GeV and the atmospheric
neutrino background.’->8

most by this cut. To get a better view on the sensitive bins, we introduced a x? measure
in section 5.6 that is used and shown in the next section.

6.4 STAU MASs LimIT

One indicator for the most sensitive bins is the x> measure constructed with Equation 5.8.
In Figure 6.10 and Figure 6.11 we use the rates of stau signal and muon background for
each bin and calculate the respective x? on the energy/ zenith bin grid. Note, that our two
representations of x2-maps are made with the rates for two different masses and varying
years of observational data.

In Figure 6.10 we compare the rates of 100 GeV staus to the muon background over one
year of data. The most significant bin in this configuration lies between 86° and 87° in
zenith angle and between ~450 GeV -700 GeV in energy. From the display we observe
a circular attenuation of the x? values around the maximum. Additionally, we recognize
the cut-off from our event selection.

The sum over the x? values gives a preliminary estimate on the power of our analysis. In
order for the analysis to become significant at 90% confidence level, we require the sum
over all x2 values of the map to be >2.71. From the values in Figure 6.10, we draw that
we do not reach the said threshold with our combination of stau mass and duration. Thus,
we have to increase the rates of our signal by for example assuming lower stau masses
with the data of a longer time period. An example of the resulting effect is displayed in
Figure 6.11.

There we assume a stau mass of 50 GeV and an observation over ten years, concordant
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Figure 6.10: x2-map for a energy/ zenith grid assuming a signal of 100 GeV staus over
1 year. x? is calculated according to Equation 5.8.18

with the time IceCube has been taking data. The topology of the x? distribution over
the energy/ zenith grid stays the same, while the values increase by a factor of ~1000.
Overall, both plots concur with the theoretical predictions and the previously shown plots.

In addition, we check the most sensitive bin from the y?-map against the one with the
highest rate. In this process, we recognize that when looking at the energy configuration
in Figure 6.8 both bins are equal. However, in the angular view (Figure 6.9) they differ
and the most sensitive bin is at a lower zenith angle than the highest rate. From both
observations we are able to draw conclusions on the improvement potential discussed in
chapter 8.

First however, we proceed to the calculation of our mass sensitivity for the current state of
the analysis. We see from the 2 values in Figure 6.11, that we would be able to exclude
a stau mass of 50 GeV. Already the x? value of the most significant bin overcomes the
threshold of 2.71 for the 90% confidence level. Though this treatment of data is correct,
it is not very accurate and representative as event rates are subject to Poisson fluctu-
ations. Hence, for a more accurate sensitivity, we use the more elaborate x> measure
from Equation 5.9 that incorporates 1 x 10° Poisson outcomes of signal and background
distribution.

In Figure 6.12 we then depict the addressed multiplication factors from section 5.6 with
respect to the assumed stau mass on the x-axis. The intersection of the curve with a
multiplication factor of one marks the sensitivity for the mass limit. With our current re-
construction methods and the existing event selection, lceCube would be able to exclude
stau masses < 62.9 GeV with ten years of data and neglecting systematic uncertainties.
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Figure 6.11: x2-map for a energy/ zenith grid assuming a signal of 50 GeV staus over 10
years. x? is calculated according to Equation 5.8.18
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Figure 6.12: Sensitivity on the stau mass our analysis would be able to reach for 10 years
of operational data, neglecting systematic uncertainties.!-8
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7 | CONCLUSION

In this thesis we performed a feasibility study for a novel concept to constrain BSM physics
using the IceCube Neutrino Observatory. We described the theoretical fundamentals as
well as the working principle of the detector and its reconstruction algorithms. With MC
simulations and the application of an existing event selection, we were able to present
sensitivities on the constraint of the stau mass with the current state of the analysis.

In detail, we are looking for a significant excess of low energy events in a region between
100 GeV and 1000 GeV over a remaining muon background in a region of zenith angles
between 80° and 95°. The excess is thereby caused by the supersymmetric partner
to the tau lepton, the stau, which is produced via Drell-Yan processes by comsic ray
interactions in the atmosphere. For our analysis, we restrict ourselves to SUSY models
where the stau is a long-lived particle and is thus able to propagate to the detector after
its production.

Our signature inside the detector is, due to the suppressed stochastic losses of the stau,
a minimally ionizing track. Low energy muons produce similar signals in the detector
and thus account for our background. However, due to the suppressed stochastic losses
staus are able to penetrate further than muons, through any material. This feature defines
our region of interest to incident zenith angles around the horizon. The source of the
background in our region of interest comes from atmospheric muons and atmospheric
neutrinos, whereat the atmospheric muons are cut out with our choice of event selection.

After our extensive study we conclude that with the current state of the analysis and neg-
lecting systematic uncertainties, lceCube would be able to exclude the possibility of staus
with masses < 62.9 GeV at 90% confidence level. This demonstrates the ability of the
excess event search to constrain BSM physics, however, urges for a more elaborate im-
plementation of the analysis. The theoretically possible limit of ~500 GeV is assumed
to be realized for a background-free detector. In order to achieve this limit, the following
chapter presents potential improvements that include for example a fitted energy estim-
ator and event selection.

55






8 | OUTLOOK AND IMPROVEMENTS

Although we are not able to show a direct competitiveness with collider experiments at
the current state of our analysis, we emphasize our demonstration of the feasibility and
the working principle of the technique. With an unoptimized event selection and energy
estimator, we obtain a sensitivity in the same order of magnitude as current limits. The
current state of the analysis however, stays behind the proposed potential of the tech-
nique [1]. In the following, we thus analyze and interpret the results with respect to the
future potential of the analysis. Additionally, we invoke an implementation of a partial
improvement to the energy estimator.

8.1 POTENTIAL OF THE ANALYSIS

In Figure 8.1, we illustrate the ratio between the theoretical predictions from [1] and the
results of our analysis. On the y-axis we show the predicted rates Rp,cqgiction divided by
the ones obtained from our analysis R 4,41ysis- FOr better comparison, we depict this data
in the same angular range between 82°and 90 °as the predicted values in Figure 5.1. The
ratio of the atmospheric neutrino background is marked in orange (dash-dot), whereas
the difference of the stau signals is shown in blue (solid).

Looking at the comparison, we notice that for angles smaller than 85° the ratio for staus
increases. Although we are not able to show data for the background ratio in that region,
the overall shape of background and signal ratios are in agreement. The increase of
the staus below 85°is an immediate result of the cut-off from the event selection, which
suppresses the signal strength in that region. When looking at the similar shape of the
curves, we see that the the cut-off likely affects zenith bins above 85° as well. Namely,
before we see a stabilization of the ratios above 87°, we observe increased values from
85°to 87°. A suppression of the rates by the event selection leaking into our signal region
is a possible explanation for this behavior.

Another conclusion we draw from Figure 8.1 becomes evident when looking at the dif-
ference between signal and background ratios. The similar shape of the distributions is
caused by the same property of the event selection. For higher angles, we see the ratio
of the background approaching a value of one, indicating an accurate background es-
timation. When looking at the ratio of the signal, we see the same stabilizing nature of
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Figure 8.1: Event rate ratio for stau signal assuming a mass 100 GeV and atmospheric
neutrino background with respect to the zenith angle. The difference on the y-axis is
obtained by the division of the predicted data [1] over the rates calculated in this analysis.

the curve, approaching however a value > 10. This observation hints a large potential of
improvement for the stau signal acceptance.

From the comparison of the rates of our analysis to the theoretical predictions, we derive
two main sources of improvement. As seen in Figure 5.1, the region of interest spans
from 82°to 90°in zenith angle, with the most sensitive region being between 83°and 85°.
The existing event selection used incorporates a cut below 85°in zenith angle and thus
excludes the theoretically most sensitive bins. In addition, we assume from Figure 8.1
that the influence of the sharp cut-off leaks into higher zenith bins as well. This results in
a lower stau rate and thus a worse signal to background ratio. Opening up the analysis to
lower zenith angles resolves this issue and unlocks the full potential of our analysis with
respect to the zenith range.

Another complementary improvement of the event selection targets an increased signal
acceptance. In general, this leads to a higher higher stau rate and brings the analysis
closer to or even further than theoretical predictions.

The extension to lower angles however, adds another source of background, that would
currently dominate the exact extended region of our stau signal. Due to the misrecon-
struction of events to higher angles, more background events from atmospheric muons
appear in our region of interest than theoretically predicted. Hence, extending the region
of interest goes hand in hand with an additional background discrimination to be made.

The current analysis incorporates no active background discrimination. We use an event
selection that is optimized for muon tracks and benefit that stau events mostly survive to
the Final Level of the selection. When arranging the event selection in the other direction
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and training a boosted decision tree towards our stau signal in the detector we will be able
to get a better signal to background ratio. This approach will not only increase our signal
acceptance but also help us to discriminate against the newly introduced background of
atmospheric muons.

An additional improvement that we draw from Figure 6.8 targets a better energy estima-
tion. As we assume the distribution of the reconstructed stau energy to be a sharp peak,
an improved energy estimator would resolve this peak more decisively. Similar to the
event selection, an energy estimator could be trained particularly for our type of signal.
This targets a more powerful energy distribution of our signal and leads to a better signal
to background ratio for the most sensitive bins.

With respect to the reconstruction bias of the background that overlays with our signal,
an improved energy estimator for our low energy signal might be able to eliminate this
automatically. This feature adds on to the improved signal to background ratio for that the
background events are more spread out. An improved energy estimator for low energy
staus would thus provide two complementary benefits for the analysis.

The impact and interplay of all proposed improvements is hard to determine. In Fig-
ure 8.1 however, we see that an optimized event selection might already be able to bring
the analysis to the potential of the predictions. Additional improvements, for example the
implicit background discrimination of a stau event selection or an improved energy estim-
ator set free an additional potential of the analysis. Altogether, we are confident that the
combination of improvements will lift the analysis to world-leading limits.

8.2 IMPROVED ENERGY ESTIMATOR

The previous section addressed and interpreted the results and derived potential sources
for improvement. To test the potential of at least one proposed improvement within the
scope of this thesis, we decide to use an existing energy estimator that promises to be
more suitable for lower energies. This leads to a better resolution of the expected peak
of the stau signal and additionally eliminates the bias for muons at low energies.

We apply the energy estimator on part of our MC stau events (2.5 million) and check its
impact on our analysis. The addressed energy estimator was introduced in [112] and
assigns energy values using Deep Neural Networks (DNNs). Additionally note, that the
implementation of our own stau-track-optimized energy estimator, exceeds the scope of
this thesis but ought to be even more powerful.

In Figure 8.2 we show the energy resolution of the new energy estimator for our stau
sample (top) and the DNN muon background sample used (bottom). As proposed we
see the two desired effects of the energy estimator when compared to the resolution of
the previous one in Figure 6.2. We observe a more defined peak for the stau energies
and the elimination of the low energy bias for the muons. However, we notice another
effect for the muon background that we do not go into detail at this point. For now, we
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Figure 8.2: Resolution in energy for stau (top) and muon (bottom) events using the DNN
energy reconstruction. The plots show a 2D histogram with the reconstructed energy on
the y-axis with respect to the true MC energy on the x axis. Each column of true energy

is normed with its sum of events. On the right side, we show the marginal distributions of
the events, being the sum over every row.%’

just remember that the new energy estimator improves our estimation in the way we want
and proceed with the steps of our analysis.

The proposed behavior becomes even more apparent when looking at the comparison of
the rates in Figure 8.3. In this plot, we show the rates for a stau with mass 50 GeV and the
background, similar to Figure 6.8. However, in this configuration we compare the rates
of signal and background for two different energy estimators. The solid lines indicate
the estimation by the standard SplineMPE_TruncatedEnergy estimation, while the dot-
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dashed lines present the rates when applying the DNN reconstruction. We see, that not
only the stau rates affirm the expectation of a more sharp and condensed peak, also the
background events are shifted and more evenly distributed in our region of interest.
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Figure 8.3: Rate comparison between 50 GeV stau mass and background for
SplineMPE_TruncatedEnergy(solid) and DNN (dash-dot) energy reconstruction.®”

Now, we follow through our analysis steps and calculate the x? values for each bin using
the rates of our new energy estimator, assuming a 50 GeV stau mass and ten years of
data. Analogous to the standard energy reconstruction with these parameters, we obtain
a x? map shown in Figure 8.4. We see, that the absolute values are similar to Figure 6.11,
however the shape has changed and shifted to smaller energies. As expected, we see no
apparent effect in angular distribution and sensitiveness for a new energy reconstruction
method. For the energy distribution on the other hand, we notice a more condensed
distribution of the sensitive bins. Where the significant region spun over three to four
bins in Figure 6.11, we now see a reduction to only two. Additionally, we observe a
shift of the most sensitive bin to a smaller energy bin when using the improved energy
reconstruction.

All of the above encourages us to calculate a mass sensitivity and see how much of
an improvement we get with the DNN energy estimator. This is shown in Figure 8.5,
where we present the multiplication factor necessary for the rate of staus at given mass
to become a significant outcome. We show here, the old sensitivity (solid) next to the
one with improved energy estimator (dash-dot) and notice an improvement of 2.2% to
64.3 GeV.

This improvement validates our theory, although it is not able to make a significant differ-
ence. In order to asses the power of this overall improvement, we have to consider that we
use an existing energy estimator constructed for muons. Additionally,we use only ~10%
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Figure 8.4: Sensitivity on the stau mass our analysis is able reach for 10 years of opera-
tional data.®”

of our available data set and therefore lack the statistical significance for a representative
assessment. The latter is being addressed in the near future.

Overall, we see an improved resolution at lower energies and the elimination of the bias.
This is what facilitates an improvement in the first place. A better resolution of the stau
energy, leads to a more defined structure of our excess and is thus more significant. In
addition, the resolution of the low energy bias for muons implicates a more flat distribution
of the background and therefore a lower event count in our signal region. In Figure 8.2
however, we notice the low statistics of the stau sample in form of an unusual behavior at
lower true energies and a different form of bias for the background reconstruction. Those
effects likely reduce the performance of the energy estimator in terms of our analysis.
In conclusion, we are able to demonstrate the potential of an improved energy estimator
and emphasize that an energy estimator designed particularly for stau tracks results in a
bigger leap in the sensitivity.

8.3 IMPROVEMENTS OUTSIDE THE ANALYSIS

Our feasibility study demonstrates an alternative to collider experiments in order to con-
strain the physics of heavy, charged, long-lived BSM patrticles using existing neutrino tele-
scopes. The almost model-independent approach enables the search for a large range
of particles, similar to the stau. In addition, the analysis is not limited to ice as a target
material but is applicable in water-based telescopes as well. The model independence
and the unrestricted application in all neutrino telescope facilitates many combinations
of searches. A combined analysis of these searches would have a great opportunity to
exceed the limits of collider experiments.
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Figure 8.5: Improved sensitivity on the stau mass our analysis would be able to reach
for 10 years of operational data, neglecting systematic uncertainties and using the DNN
energy estimator.8”

Furthermore, the improvement or development of new large scale neutrino telescopes,
such as lceCube-Gen2 [113], P-ONE [114], KM3NET [115] and Baikal-GVD [116] prom-
ises great prospects for neutrino astronomy. However, any improvement of a telescope
targeting a larger volume, a better reconstruction at low energies is expected to further
improve our analysis as well.
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A | SUPPLEMENTARY MATERIAL

A.1 MC SAMPLES AND CUTS

' using the remaining events on Final Level from a sample of 20 million stau events.
2 using the remaining events on Final Level from a sample of 500 thousand muon events.

3 using the remaining events on each level (Generation, Trigger, Level2, Final Level) starting with
a MC sample of 500 thousand events.

4 using only events with a simulated zenith angle between 85°- 105°
5 using only events with a reconstructed energy between 100 GeV-1000 GeV

6 using the remaining events on Final Level from a sample of 2.5 million stau events with DNN
energy reconstruction

7 using the remaining events on Final Level from the simulated background sample in [112] with
DNN energy reconstruction

8 using the remaining events on Final Level from the simulated background sample in [104]

A.2 NLSP CONDITION AND STAU MASS MATRIX

The equation is only referred to for the completeness and will not be part of a fundamental discus-
sion as this is not relevant for the topic of this thesis. A detailed derivation and explanation can be
found in the reference.

66 ot (My) 11 M?
P — = A o (M)~ ]2,
> 5ma =2 9T wean - L peadh)ingg]

(A1)

Hereby M; corresponds to the Bino-mass, N is the messenger index defined in [26] and M
represents the mass scale of supersymmetry breaking. A combination of moderate values for N
and small M (e.g. N = 1.7 for M = 105 GeV) enables the change of the NLSP from neutralino to
stau. Large M (10'2 GeV) however, also require a large N (>5) for the stau to be long-lived. For
a higher mixing tang, the stau can be the NLSP for even smaller N in Equation A.1.
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APPENDIX A SUPPLEMENTARY MATERIAL

The stau mass matrix according to [26] is:

s (m%L +mZ—(3— sin” Oy ) cos 26 M2 m.(A; — ptan 3) ) . (A2)

mz = m, (A, — ptan f) mZER +m?2 — sin? Oy cos 28M?%

A.3 PARAMETERS CR MODEL

The following table lists the cut-offs R., the power law indices ~; ; and normalization constants
a; ; for Equation 3.1. The values are taken from [56].

Originj | R. v p He CNO Mg-Si Fe
~vforj=1 - - 1.66 1.58 1.63 1.67 1.63
j=1 4PeV seeline1 7860 3550 2200 1430 2120
j=2 30 PeV 1.4 20 20 13.4 13.4 13.4
j=3 2 EeV 1.4 1.7 1.7 1.14 1.14 1.14
protons only | 60 EeV 1.6 200 0 0 0 0
A.4 TRAVEL LENGTH SIMULATION IN ICE
= Muon 315.1 GeV = STau (m=100 GeV) 277.8 GeV
107
€
=
510!
(o)}
c
3
o
©
=
10°
102 103 104
Energy [GeV]

Figure A.1: Comparison of the travel length in ice with respect to the initial energy for
muons and staus (m=100 GeV). For the simulation we assume an energy loss according
to Equation 2.3 with data from [40].
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