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Abstract

Muons are the dominant particle type measured in almost every underground
experiment mainly driven by the high production rate of muons in cosmic-ray
induced air showers as well as the long muon range. Due to their stochastic
propagation behavior, they can remain undetected with minimal energy losses in
veto regions while producing a signal-like signature with a large stochastic energy
loss inside a detector. Therefore, accurate description of theoretical models and
precise treatment in simulations as well as a validation of the cross-section with
measurements are required.

In this thesis, systematic uncertainties in simulations of high-energy muons were
analyzed and improved, which can be divided into three parts. The theoretical
models of the cross-sections were revised and radiative corrections for the pair
production interaction were calculated. In a next step, the Monte-Carlo simulation
library PROPOSAL was completely restructured in a modular design to include
more accurate models and corrections. Due to its improved usability through the
modular design and its accessibility as free open-source software, PROPOSAL is now
used in many applications, from large simulation frameworks, such as the CORSIKA
air shower simulation, to small simulation studies. The third part consisted of a
feasibility study using PROPOSAL to measure the bremsstrahlung cross-section
from the energy loss distribution, which can be measured in cubic kilometer-sized
detectors. For a detector resolution similar to that of the IceCube neutrino telescope,
the bremsstrahlung normalization was estimated with an uncertainty of +4 %.

Kurzfassung

Myonen sind der dominierende Teilchentyp, der in fast allen Untergrundexperi-
menten gemessen wird, hauptsichlich bedingt durch die hohe Produktionsrate von
Myonen in durch kosmische Strahlung induzierten Luftschauern sowie die grofie
Myonenreichweite. Aufgrund ihres stochastischen Propagationsverhaltens kénnen
sie mit minimalen Energieverlusten unentdeckt durch Vetoregionen propagieren und
innerhalb des Detektors mit einem grofien stochastischen Energieverlust eine signal-
artige Signatur erzeugen. Daher sind eine genaue Beschreibung der theoretischen
Modelle und eine prézise Behandlung in Simulationen sowie eine Validierung des
Wirkungsquerschnitts mit Messungen erforderlich.

In dieser Arbeit wurden systematische Unsicherheiten in Simulationen hochener-
getischer Myonen analysiert und verbessert, was in drei Teile unterteilt werden
kann. Die theoretischen Modelle der Wirkungsquerschnitte wurden iiberarbeitet und
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Strahlungskorrekturen fiir die Paarproduktionswechselwirkung wurden berechnet. In
einem néchsten Schritt wurde die Monte-Carlo-Simulationsbibliothek PROPOSAL
in einem modularen Design komplett umstrukturiert, um genauere Modelle und
Korrekturen einbeziehen zu kénnen. Aufgrund der verbesserten Nutzbarkeit durch
den modularen Aufbau und der Zugénglichkeit als freie Open-Source-Software wird
PROPOSAL inzwischen in vielen Anwendungen eingesetzt, von grofien Simulations-
Frameworks, wie der Luftschauer-Simulation CORSIKA, bis hin zu kleinen Simulati-
onsstudien. Der dritte Teil bestand aus einer Machbarkeitsstudie unter Verwendung
von PROPOSAL zur Messung des Bremsstrahlungsquerschnitts aus der Energiever-
lustverteilung, die in kubikkilometergrolen Detektoren gemessen werden kann. Fiir
eine Detektorauflésung, welcher der des IceCube-Neutrinoteleskops dhnelt, wurde
die Bremsstrahlungsnormalisierung mit einer Unsicherheit von +4 % abgeschétzt.
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Muons have been first discovered in cloud chamber observations in 1936 [AN36].
Due to their propagated range, energy loss profile and deflection, their signature in
the detector didn’t match the behavior of an electron or a proton. In particular, it’s
the range of muons, that they can propagate through large volumes of media before
they lost all of their energy, which makes them special and interesting for nearly
all particle detectors on earth. Muons are the only particle type from cosmic-ray
induced air showers that can reach detectors located deep underground. Therefore,
they are the dominant measured event signature for underground experiments and
often seen as an unwanted background. With the high rate of cosmic-rays hitting
the atmosphere, their secondary muons contribute to a third of the natural radiation
consumption for humans on earth.

But these muons can also be used for indirect measurements of cosmic-rays. In the
context of astroparticle physics or multi-messenger astronomy, cosmic-rays are just
one type of messenger discovered in 1914 [Hes12]. Electromagnetic waves are by
far the oldest approach to observe the sky, mainly at optical frequencies. In the
20th century also other wavelengths of the electromagnetic spectrum from radio
frequencies to y-rays were used to further understand astrophysical processes in
Multi-Wavelength studies. The 21st century, especially the last decade revealed
two further messengers, “neutrinos” and “gravitational waves” making the 2010s a
golden decade for astronomy. And maybe in this century, another type of messenger
can be unveiled, the Dark Matter.

All of these messengers need to get combined to extract the full picture and get
a deeper understandings of astrophysical processes. One example of how the
advantages and disadvantages can get combined is the observable horizon. While
the neutrinos only lose their energy due to the expanding universe, resulting in the
horizon of ¢/u, ~ 4 GPc, the observable distance for gravitational waves depends
on the total mass of the binary system [Abb+20b]. However, protons and photons
interact with the diffuse electromagnetic cosmic background [HMS18], limiting their
horizon depending on their energy [Des06]. The strongest attenuation is driven by
the Cosmic Microwave Background (CMB) limiting the distance of PeV photons
to 10 kPc, which is barely the distance to our galactic center, and ZeV protons to
10 MPc, which just includes the nearest galaxies [DGR13]. The CMB is considered



1 Introduction

to be a left-over from the big bang when the temperature drops below the critical
value to perform electromagnetic pair production and annihilation. Due to the
expanding universe, the temperature of the CMB is today at 2.7 K [Zyl+20].

Besides these fixed limitations for the incoming messenger flux, the detection and
analysis methods have been steadily developed to gather more information and
increase the sensitivities leading to the current knowledge on particle physics and
astronomy. Although many new astroparticle experiments or enhancements are
planned, the size of most particle detectors converge to their possible limits. Further
large increases of detection volumes depend on large increases of investments, which
are challenging and are often not in relation to the gain of sensitivity. Therefore the
software improvements including the simulation and reconstruction methods become
more important to keep up with the new detectors and to improve the sensitivity
for the existing ones.

One part of these soft-improvements consists of modern methods of computer science
and statistics to analyze the data using e.g. machine learning approaches to extract
and reconstruct the measured events. The other part consists of more accurate
theoretical calculations and more flexible simulations including these accurate
models and being adaptive to the different demands of the experiments to reduce
the systematic uncertainty.

This work focuses on the latter part to reduce the systematic uncertainty for the
muon simulation and provide this to diverse types of experiments. Since, there is no
astrophysical source, sending a test beam of messengers to calibrate the detection,
simulations are necessary to understand the measured data. A precise description
of the stochastic behavior of muons is therefore crucial for cosmic-ray and neutrino
detectors as muons are the dominating event signature.

In Chapter 2 the generation and in 3 the detection processes of muons measured on
Earth is presented introducing the demands for muon simulations. In chapter 4 the
muon interactions and their uncertainties are discussed and in 5 the developments of
the revised simulation library PROPOSAL is described. In chapter 6 a simulation
study to measure the muon bremsstrahlung is presented before giving an outlook in
chapter 7 enrolling the possibilities for further analysis based on this work.



Regarding the natural generation processes, muons with energies above a GeV
detected at the surface are produced by cosmic-ray or neutrino interactions. While
muons with these energies can still be produced at particle physic experiments, at
energies above several TeV, even the strongest accelerator experiment, the LHC, is
not powerful enough to create such energetic muons. Those high energetic muons
can only be created by cosmic-rays or neutrinos.

At the Earth’s surface, most of the muons are going downward, originating from
interactions of cosmic-ray in the atmosphere. After ((10*) meter-water-equivalent
(mwe) even the highest energetic muons lost all of their energy and stop before
they decay [Zyl+20]. Therefore all muons propagating longer distances through the
Earth will get absorbed. Only neutrinos can travel through the Earth without any
interaction and can convert to their charged leptonic counterpart just before the
surface. Therefore muons seen in a detector going downward most-often originate
from cosmic-rays while upward-going muons originate from neutrino interactions.

2.1 Cosmic-Ray induced Muons

Cosmic-rays hit the atmosphere with a rate of 1kHz/m? and consist mainly of
Protons (75 %), Helium (17 %) and heavier nuclei [GER16]. Depending on the energy
range these ratios are shifted towards the heavier nuclei, mainly iron, dominating
at higher energies. The cosmic-ray spectrum is shown in Figure 2.1 together with
models describing the composition of the nuclei.

2.1.1 Cosmic-Ray Energy Spectrum

The energy spectrum of incoming cosmic-rays, shown in Figure 2.1b, is focusing
above the GeV energy range where most of the particles are produced outside of
our solar system. Until energies of roughly a GeV the main source of measured
cosmic-ray events originates from our sun with a variable event rate depending on
the sun’s activity. Cosmic-rays from outside of our solar system are screened by the
Heliosphere.



2 Muon Generation

p He o* Fe*
30 Ni
Fe
@Co
25 T?."M"
Ca - i
201 S Sc
s .ok
e Cl
N 151 Si ‘p
Mg ,Al
101 ONe‘. Na
C -. F
54 Be ’ b
« B
p He .L'
1
0 [ )
0 1 2 3 4
InA

(a) Composition of the cosmic-rays grouped nearly equally in their logarithmic mass
between proton and nickel. The size of the circles denotes the flux ratio compared to the
leading element in each group. [Dem+-18]

o HAWC
<& TUNKA
O IceCube
v KG

vV TA

O Auger

—_
(o]
S

= [

103 J

1021 /4

A
A

Fy
AA )4 He O* [ Fe* [ total

Juis/(GeV m? ssr)~! X (Exin/Ge V)20

a ACE-CRIS *PAMELA ¥ Spacelab-2 ¢ HE.S.S.
¢ HEAO e AMS-02 = CREAM

1 ;

D0 100 107 107 107 10° 100 107 106 10°
Ekin/GeV

(b) Global Spline Fit of the measured all-particle cosmic-ray energy spectrum. For

Oxygen and Iron the data points represent the measured elemental flux and the model

lines are shown without error bars for the elemental flux and with error bars for the group

flux. [Dem+19]

1010

Figure 2.1: The energy spectrum of the cosmic-rays from the GeV range to the
GZK-cutoff. Up to a PeV, space-based detectors measure the cosmic-rays directly
being able to differentiate between the compositions. Above a PeV, ground-based
detectors measure the cosmic-rays indirectly via air showers.



2.1 Cosmic-Ray induced Muons

Above a GeV, the magnetic fields of the sun are not powerful enough to accelerate
particles to such high energies and galactic sources are the main source of cosmic
rays. The main type of cosmic accelerators is considered supernova remnants (SNRs).
Supernovae occur on average once in a century in our galaxy, while their shock
waves propagate hundreds of years into the interstellar medium. The particles with
these energies are considered to undergo the so-called Fermi acceleration, a shock
acceleration resulting in a power-law spectrum E~7 with an index of v = 2. Due
to interaction losses and the probability to escape the galactic magnetic field the
spectrum gets steeper and results in a measured spectral index of 2.7 on Earth. SNRs
can accelerate particles up to a PeV, a region called the knee of the spectrum.

Above the knee and until the so-called ankle at an EeV yet unknown galactic sources,
probably Pulsars or Quasars become dominant resulting in an increased measured
spectral index of 3.1. Above the ankle sources inside our galaxy are not powerful
enough to accelerate such high energetic particles and extragalactic sources, e.g.
Active Galactic Nuclei, become the main contributor. The resulting spectral shape
flattens again to an index of 2.6. At around 1 x 10?° eV the protons interact with
the photons of the CMB to a Delta resonance, resulting in the GZK-cutoff of the
energy spectrum, predicted by Greisen, Zatsepin and Kuz'man [Gre66; ZK66].

2.1.2 Cosmic-Ray induced Air Shower

When cosmic-rays reach the Earth they interact with the dense medium of the
atmosphere. Depending on the energy and the composition of the particle, the
height of the first interaction is at 10 km to 15km. The secondary particles of this
interaction again interact with the atmosphere resulting in a particle cascade or air
shower that consists of thousands or even billions of particles. These showers can be
categorized into hadronic, muonic and electromagnetic shower components, which
are illustrated in Figure 2.2a.

The electromagnetic shower component consists of electrons, positrons and
photons. Starting e.g. with a high energy photon the two main gamma interactions
are the production of an electron-positron pair, also called the Bethe-Heitler process,
and Compton Scattering. While the latter is just important for the deflection, the
pair production is the important process for the shower development. The produced
electrons and positrons dominantly lose their energy via bremsstrahlung, creating
again a high energy photon. The Positron can also annihilate with the atomic
electrons creating a photon pair, which is a sub-dominant process.

The cycle of photon pair production and electron/positron bremsstrahlung continues
until the bremsstrahlung photons are below an MeV and therefore not energetic
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Figure 2.2: Development of a cosmic-ray induced air shower. To the left the
different sub-showers divided into an electromagnetic, a muonic and a hadronic

component is shown. To the right the contribution of these sub-showers and
particles during the shower development is shown.



2.1 Cosmic-Ray induced Muons

enough to create an electron/positron pair. Due to the high number of charged
particles (c.f. Figure 2.2b) that are created, this shower component produces the
dominant amount of the Cherenkov light and is also important for the radio signal
of a shower. The production of a muon pair is a sub-dominant process as the muon
mass is 200 times higher than the electron mass decreasing the phase space and is
therefore not important for the electromagnetic shower development. However, it is
a non-negligible process regarding the number of produced muons inside the shower,
while the main production originates from the hadronic shower.

The hadronic shower component mainly consists of the lightest mesons, charged
Pions and Kaons (m,. ~ 140MeV,mg. ~ 494MeV [Zyl4+20]). Due to their
relatively long lifetimes of 7,.. = 26 ns and 7,+ = 12ns, they propagate and lose a
significant amount of their energy through interactions before they decay. Pions
decay mainly into muons, as their rest mass is just slightly higher. Kaons either
directly decay into muons (or electrons) or first decay into Pions, which then decay
to muons and neutrinos. The energy losses during the propagation of the Pions and
Kaons lead to a steepening of the resulting muon and neutrino energy spectrum to
a spectral index of 3.7. The muons or neutrinos originating from these processes
are called conventional atmospheric muons or neutrinos.

In addition to Pions and Kaons also short-lived mesons and baryons are produced
in hadronic showers. They consist mainly of mesons with a charm quark, like the
D-Meson, of A-Baryons and unflavored mesons, while the latter do not often decay
into muons and muon neutrinos. Due to their short lifetime (7 < 1 ps), they do not
lose energy during their short propagation and directly decay. The resulting energy
spectrum of the decay products is therefore similar to the primary spectrum as the
spectral index does not change. Although these processes are sub-dominant, the
flatter spectral index of the resulting muons and neutrinos makes them relevant at
higher energies. Due to the direct decay of the hadrons, which mainly consist of
charmed mesons, the resulting muons or neutrinos are called charmed or prompt
atmospheric muons or neutrinos.

The muonic shower component mainly originates from the hadronic shower
component and produces just a few secondaries compared to the other shower
particles. The high muon mass ratio compared to the electron also decreases the
interaction probability as the bremsstrahlung cross section is proportional to 1/m?2.
Combined with the relatively high lifetime, the muon range through dense media is
the highest, neglecting neutrinos, making them the biggest background for all particle
detectors even if they are located deep underground. Except for detectors placed at
high altitudes, they are the only shower component for inclined showers measured
on the Earth’s surface, neglecting the electromagnetic radiation like Cherenkov light,
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Fluorescence light or the radio signal. The resulting muon and neutrino energy flux
from cosmic-ray induced air showers is shown in Figure 2.3.
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Predictions of the atmospheric muon and neutrino flux at the surface
using matrix cascade equations. [Fed+15]

A longitudinal shower profile and the contribution of the different sub-shower types
is shown in Figure 2.2b. An increasing number of particles at the beginning of the
shower development can be seen as well as a decreasing part when more and more
bremsstrahlung photons are too low energetic to produce an electron-positron pair.
The resulting maximum of the longitudinal shower profile X, .. at roughly 5km for

vertical showers varies for the different primary particle types and energies making
it an important feature to classify the primary particle.

Another important feature to estimate the energy of the primary particle is the num-
ber of muons detected at the Earth’s surface. Unfortunately, there is a discrepancy
between the number of muons measured in air shower detectors, which exceeds the
number of muons produced in air shower simulations starting at primary energies of
106 eV [Dem+19]. That is seen across multiple experiments with a significance of
8, known as the Muon Puzzle [Alb+21].

It is considered, that most of the discrepancy arises from the uncertainties of the
hadronic interaction models. While most of the models are influenced by accelerator
measurements from e.g. the LHC, these models provide good agreements for high
transversal momentums. In the forward direction, the beam pipe and not a detector
is located, which is fine for those experiments as most differential cross sections
diverge in the forward direction. However, astroparticle physics experiments most
often measure the shower in the forward direction leading to fewer cross-checks with
the accelerator measurements. This type of challenge to evaluate cross section also
in the forward direction does not just occur for the hadronic models, but for all
types of particle interaction including the muon cross sections.
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A precise description of the muon bundles is also crucial for underground detectors
to separate these background events from their signal. While there are also muons
with a high transversal momentum compared to the shower axis resulting in a
lateral distribution [EHP11] most of the high energetic muons propagate close to the
primary direction making a separation between them challenging. An extraction of
muon physics parameters out of these muon bundles is therefore limited and single
muons are required to provide a deeper understanding.

2.2 Neutrino induced Muons

Compared to the cosmic-ray induced muons that occur only in bundles, neutrinos
produce single muons. Further muons are produced in the hadronic cascade at
the neutrino vertex or as muon pair production. But these muons have much less
energy and stop far before the main muon produced by the neutrino, so they can be
neglected regarding muon energies of GeV or above.

2.2.1 Neutrino Energy Spectrum

The neutrino energy spectrum shown in Figure 2.4 is assumed to starts with a
high number of cosmological neutrinos or the cosmic neutrino background (CvB).
Like the CMB they are left-overs from the big bang when the temperature drops
below the critical value of weak lepton production and annihilation. It consists of
all neutrino flavors but the energies are far too low to be measurable with current
technology.

Until keV-energies, thermal neutrinos from the sun are predicted [VTR20] before at
neutrino energies of keV and MeV solar neutrinos from fusion processes dominate
the neutrino flux on Earth with additional contributions of terrestrial anti-neutrinos
from naturally decaying radioactive nuclide. Additional anti-neutrinos from nuclear
reactors also contribute to the neutrino flux depending on the location on Earth
[Usm+15]. Although only electron neutrinos are produced in radioactive decays
or fusion processes, solar neutrinos are measured in all three flavors through the
neutrino oscillation further described in section 2.2.2.

Furthermore in the MeV range neutrinos from supernova remnants also contribute to
the neutrino flux. For the last supernova, SN1987A, where the neutrino contribution
was first measured, the neutrino flux was orders of magnitudes higher than the SNR
flux, dominating the spectrum at MeVs during that burst.
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For neutrino energies starting around a GeV cosmic-ray induced atmospheric neu-
trinos are the main contributors. Their flux can be approximated by a broken
power-law of conventional and prompt atmospheric neutrinos as described in section
2.1.2. At around 100 TeV both the prompt atmospheric and astrophysical neutrinos
(probably from AGNs) starts dominating the flux both due to their flatter spectrum.
While the astrophysical flux has already been measured by IceCube, the prompt
component has always been fitted to zero and its contribution remains hidden.

The neutrino creation process for the cosmic accelerators (possibly Active Galactic
Nuclei) is similar to the atmospheric neutrinos. Accelerated protons interact near
the source and through the Pion and muon secondaries, neutrinos are produced.
In contrast to the atmospheric neutrinos, the medium at astrophysical sources is
not as dense as the atmosphere and the Pions and muons do not lose much of their
energy before they decay. Therefore the energy spectrum does not get steeper and
the spectral index remains on the level of the Fermi acceleration near 2.

The two main processes of the accelerated protons for the neutrino production are
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2.2 Neutrino induced Muons

the pp-channel and the py-channel.

pp =TT L (2.1)

mtn

py AT — {’/TO (2.2)
p

In the pp-channel, a proton interacts with another proton in the surrounding matter
near the source producing an equal amount of 7 and 7. In the py-channel,
a proton interacts with a photon producing a Delta-resonance resulting in the
production of only positively charged Pions. A way to distinguish between neutrinos
and anti-neutrinos at these energies could therefore give further insights into the
production processes [Bie+17].

Starting at 10 PeV the so-called cosmogenic neutrinos are predicted to be the main
contributors. They are produced from decaying Delta-resonances induced by cosmic-
ray protons interacting with the CMB at the GZK-limit. Unfortunately, they have
not been measured yet, as the detectors to measure them with radio techniques are
currently in the phase of planning and fund raising.

2.2.2 Neutrino Flavors at Earth

As already mentioned for solar neutrinos, the primary electron neutrino flux on
Earth is measured in all three neutrino flavors due to neutrino oscillation [Ahm+01].
The distance between the Earth and the sun is greater than the oscillation length
for neutrinos at these energies. For an initial electron neutrino flux, the oscillations
lengths for the lepton flavors are shown in Figure 2.5a. Also for terrestrial distances
neutrino oscillation is measurable e.g. for atmospheric neutrinos, where the flavor
composition depends on the zenith angle [Fuk+98]. The neutrino propagating
through the Earth further changes due to the different oscillation behavior between
the propagation through matter compared to vacuum (MSW effect) [MS85; Wol78].

For astrophysical sources like SNRs or AGNs, the propagation distances are much
larger than the oscillation length and the mean probability averaged over the
oscillation is used to describe the neutrino flux composition depending on the initial
production composition. There are three mainly discussed production scenarios
describing one likely and two extreme scenarios of neutrino production.
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w/o initial v
1

) == Pion decay

I B Muon dumped
YA . 0.2
Y *@- Neutron beam

—-—- v

0.0

- - - - - - - -
0 5000 10000 15000 20000 25000 30000 35000 0.0 0.2
Oscillation Length L/E, / (km/GeV) Ve

Oscillation length for an initial electron Neutrino flavor triangle for different source
neutrino flux into the three neutrino flavor. scenarios.

Neutrino flavor ratios for different observation distances to the source.
To the left one full oscillation length is shown and on the right the average of
the oscillation periods is shown. The currently measured oscillation parameters
[Zyl420] and an inverted mass hierarchy as this is slightly favored is used.

Assuming pure pion decay processes, the flavor ratio v, : v

wiveis1:2:0

™ —=uty, (2.3
pt = ety
Equivalent processes happen for the 7~ decay.

In the muon damping model, also assuming pure pion decays, the produced muons
interact near the production region and lose most of their energy before they decay
assuming a more dense medium around the source. The outgoing neutrinos of the
muon decay are therefore in the range of a few MeV which is not measurable for
astroparticle detectors. The resulting flavor ratio of 0 : 1 : 0 then does not contain
electron neutrinos. Atmospheric electron neutrinos are mainly produced in Kaon
decay as Kaons decay equally into muons and electrons.

In the other extreme scenario, a high energy neutron beam is assumed at the
source. In the decay of the neutrons, a pure electron neutrino flux with a flavor
ratio of 1: 0 : 0 is produced.

For all three neutrino production scenarios, the flavor ratio that would be measured
on earth after averaging over the neutrino oscillation is shown in Figure 2.5b.
Independent of the neutrino creation model at the astrophysical source, neutrinos of
all three flavors will arrive at the earth through neutrino oscillation, including tau
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2.2 Neutrino induced Muons

neutrinos. The most discussed scenario of the dominating pion production without
muon damping produces a nearly equal amount of 1:1: 1.

Tau neutrinos are of special interest since the rate for direct production of the tau
lepton with its high mass of 1.7 GeV is highly suppressed; both in air showers and
at extragalactic sources. They are only measurable through neutrino oscillation and
have therefore high confidence being of astrophysical origin.

Due to the negligible initial tau neutrino flux, the currently measured oscillation
parameters assuming the standard model allows the neutrino flavor arriving on earth
just to be in a distinct region of the flavor ratio, shown in Figure 2.5b. A precise
measurement of the neutrino flavors could limit the allowed source scenarios.

The tau lepton, produced during the neutrino interaction as described in the
following section, also decays into muons making them a non-negligible source of
neutrino-induced muons.

2.2.3 Neutrino Interactions

There are three different interaction modes, illustrated in Figure 2.6, on how neutrinos
can interact with matter.

Vie I+ v v Ve
W A W=

N X N X e
Charged Current (CC) Neutral Current (NC) Glashow Resonance

The feynman diagrams of the most dominant neutrino interactions
at high energies.

The Charged Current (CC) interaction, with a W-boson as the exchange particle
between the nucleon and the neutrino, is the main producer of high energy muons.
While the neutrino converts into its charged counterpart-lepton the other outgoing
product is the hadronic cascade. The Neutral Current (NC) Interaction, with
a Z-boson as the exchange particle, just produces an energy loss of the neutrino
without converting it. Therefore only the hadronic cascade is the visible outcome of
this interaction. For both the CC and NC interactions on average a third of the
neutrino energy is stored as hadronic cascade and two-thirds in the outgoing lepton,
shown in Figure 2.7b.
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2 Muon Generation

The CC interaction is the dominant interaction contributing two-thirds to the total
cross section, while the NC just contribute a third, as shown in Figure 2.7a. For
lower energies, the anti-neutrino cross section is smaller as the valence quarks are
the main interaction partners. The sea quarks and thereby an equal treatment of
neutrino and anti-neutrino become more important at higher energies.
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Total neutrino cross section Average energy loss to the hadronic cascade
relative to the neutrino energy.

Neutrino cross section for the Charged Current (CC) the Neutral
Current(NC) and the Glashow Resonance(GR). For the CC and NC interaction,
the calculation from [CMS11] and for the Glashow resonance, the parametrization
of [Bar+14] are used.

At an energy of 6.3 PeV, the peak of the Glashow Resonance (GR) dominates the
cross section [Gla60]. At this energy, the anti-electron neutrino interacts resonantly
with an atomic electron producing a W™-boson. The result is a huge hadronic
cascade, as the W-Boson decays with the hole energy, producing also multiple higher
energetic muon tracks characteristic for this interaction. Next to the hadronic decay
mode in 2/3 of the cases, the remaining third is equally distributed on the three
leptonic decay modes. Although the resulting muons are challenging to identify, a
first candidate of a high energetic muon originating from a Glashow resonance has
been found [Aar+16].

The energy distribution of muons propagating out of a hadronic cascade is described
in [Pan+09].Compared to the directly produced muon of the CC interaction, the
secondary muons of the hadronic cascade are much less energy while still producing
a non-negligible signature. Especially, as the hadronic interactions not only occur
at the neutrino vertex but also at each inelastic nuclear interaction along a muon
track.
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Muons can be measured by the energy losses along their propagated track, each
producing a particle cascade. While the bare muon also produces a signal, the
main signature is produced by the secondaries of the energy losses. Here the main
detection techniques of muons for cosmic-ray detectors and neutrino telescopes are
presented.

3.1 Detection principles

The Cherenkov Effect [Che34] describes the optical light produced by a charged
particles propagating faster than the speed of light through a medium. Due to the
through-going charged particle, the medium gets polarized and creates a signal.
These signals are emitted coherently when the charged particle propagates faster
than the speed of light in this medium, creating a Cherenkov cone with an opening
angle of cosf = 1/fn similar to a hypersonic cone of an Airforce jet. n is the
refraction index that also depends on the wavelength. The Frank-Tamm formula
[FT37] describing the spectrum of the emitted Cherenkov photons has a 1/)\?
dependency, with the wavelength A, and is therefore UV-divergent (neglecting the
suppressing contribution of the refraction index). Focusing on the optical wavelength
and the medium ice, around 400 Cherenkov photons are emitted per centimeter with
the main contribution of around 400 nm (blue light). The energy loss caused by the
Cherenkov effect is around 170 eV /cm which is four orders of magnitudes below the
minimum Jonization loss of 2MeV /cm and is therefore negligible for the energy loss
during the propagation. The Cherenkov light can be measured with Photomultiplier
Tubes (PMTs) with the advantage of a wide collection area useful in water tanks
but with the disadvantage of demanding high voltages. Alternatively, the light can
be measured with Silicon Photo Multiplier (SiPM) being able to operate without
high voltages but only having a small collection area and therefore only applicable
when the light is guided to them.

The Askaryan Effect [Ask62] describes the radio signal caused by the relativistic
propagation of a particle cascade. In principle, the radio signal is produced by the
geomagnetic and the Askaryan effect, but it is commonly known as the Askaryan
effect. The geomagnetic effect describes the separation of positrons and electrons
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3 Muon Detection

during an electromagnetic cascade due to the geomagnetic field. Due to the high
number of shower particles, this creates a dipole perpendicular to the shower axis
changing over time as the shower increases to its X, ,, and then decreases. Since
there are only atomic electrons and no positrons, these electrons of a medium get
knocked-out by the shower particles and the shower front gets charged negatively
leaving the positively charged ions behind. This charge imbalance along the shower
axis is also changing over time as the shower develops which is considered as the
Askaryan effect. Both effects are just measurable because the particle cascade
propagates faster than the speed of light in the medium thus producing a coherent
radio signal at the Cherenkov angle. For air showers, the radio signal is mainly
produced by the geomagnetic effect while for more dense media, like ice, the
Askaryan effect produces the dominant radio signal. Only the highest energetic
particle showers (> EeV) produce a sufficient amount of electrons and positrons
and thereby a detectable radio signal. The energy loss of 18 MeV for an EeV shower
due to this effect is even more negligible compared to the Cherenkov radiation. The
radio signal with wavelengths of a meter has a much higher attenuation length of
about a kilometer in ice compared to 100 m for optical light.

Even before the radio signal, Askaryan predicted an acoustic signal produced by
high energetic cascades [Ask57]. The huge amount of high energy charged particles
inside the small shower region increases the energy and thereby the temperature of
the medium in this area. The heated region expands and creates an acoustic wave
with a maximum frequency at 10 kHz. Through the coherent superposition of the
sound waves, an acoustic signal perpendicular to the particle shower is produced
that can be measured [Lah17]. Similar to the radio signal the attenuation length
is on the order of a kilometer making both techniques interesting for rare events
requiring huge detection volumes.

The fluorescence effect in general describes atoms or molecules that get excited
and thus emitting optical light. In the context of particle detectors, this is mainly
used in scintillator detectors where the charged particle excites the scintillator
material when passing through which emits light. While the scintillation area can
have a size of @(m?), the emitted light can then be guided to a detector that just
needs a small collection area, like an SiPM. Besides this use of the fluorescence
effect, the fluorescence light is used in the detection of the excited nitrogen molecules
in the atmosphere caused by the huge number of high energetic particles in the
shower [Kei+13]. The emitted fluorescence light at each shower depth is equivalent
to the energy loss per distance making the energy of the shower extractable via the
integral of the longitudinal shower profile. Another type is the luminescence light
which is used in searches of magnetic monopoles with neutrino telescopes, where
the radio-luminescence induced by these highly ionizing particles has become a field
of research [PP19].
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3.2 Air Shower Detectors

3.2 Air Shower Detectors

The different signals an air shower produces are measured with multiple approaches,
from the direct detection of the different shower particles at high altitudes over the
muon detection at the surface to the fluorescence or radio signal besides the shower
axis.

3.2.1 Gamma-Ray induced Air Shower Detectors

Extended air shower Arrays (EAS-Arrays) are placed at high altitudes, ideally near
the typical maximum of the shower profile X, to measure most of the produced
particles inside the detector. One approach is using a dense array of closed tanks
filled with purified water. Through-going charged particles of the shower produce
Cherenkov light inside the water, which can be detected with optical sensors mainly
PMTs. Currently, the most sensitive observatory is the HAWC detector [Abe+17]
operating at an altitude of 4.1km above sea level (asl) in the Sierra Negra, Mexico.
Inside an area of 22000m?, 300 cylindric tanks are placed each containing around
200m? of water with 4 PMTs at the bottom measuring the Cherenkov light. The
upcoming LHAASO experiment in Tibet [Bai+19] will increase the sensitivity for
air showers due to the higher altitude at 4400 m asl. Although EAS-Arrays are
mainly designed to measure y-ray induced air showers, one can also use them to
analyze cosmic-ray induced showers in the PeV range around the knee [Alf+17].
Muons can be identified as they reach the ground of the detector producing light
along their full track, while electrons will lose nearly all of their energy during their
propagation through around 4m of water from the top of a tank to the bottom
creating a uniform light pool.

Another type of telescope that was mainly developed for gamma astronomy but is
also used to study cosmic-ray physics are imaging air Cherenkov telescopes (IACTs).
The detection techniques of both types of gamma telescope designs are illustrated
in Figure 3.1a. Hereby, the relativistic particles of an air shower are not measured
directly, but indirectly via the Cherenkov light, they produce in the atmosphere,
which can be also measured at moderate altitudes. The current most sensitive
telescopes are the HESS [Ash+20], MAGIC [Ale+16] and VERITAS [Sta+16]
telescopes operating at 1800 m 2200 m, 1300 m asl. respectively. Electromagnetic
or hadronic showers produce elliptical camera pictures with an additional spread-
out for hadronic showers due to the higher transverse momentum of the hadronic
interaction products. Compared to that, muons produce a ring-like signature when
propagating to the ground near the telescope. Using this unique signature, IACT
arrays measuring the same hadronic shower in multiple telescopes as well as the

17



3 Muon Detection

muons can give further insights into the muon flux produced in air showers [MDP19].
However, this approach will only work with an array of many telescopes as will be
built in the upcoming CTA observatory [Ach+19]. Compared to the closed tanks
of EAS-Arrays with a duty cycle of nearly 100 %, IACTs can only operate at clear,
moonless nights limiting their duty cycle to 20 %.

3.2.2 Cosmic-Ray induced Air Shower Detectors

Also at these moderate altitudes, it is possible to measure the fluorescence light
produced mainly by the electromagnetic component of an air shower. As these
fluorescence detectors can cover a large effective area, rare events like the cosmic-rays
at the GZK cut-off can be measured. Currently, the most sensitive experiments for
this type of detection are the Telescope Array [Tok+12; Abu+13] in Utah observing
the northern hemisphere and the Pierre Auger Observatory [Aab+15] in Argentina
for the southern hemisphere both operating at around 1400 m asl. The Pierre Auger
Observatory, shown in Figure 3.1b consists of 24 fluorescence telescopes and 1500
Water Cherenkov Tanks on an area of 300 km? each containing 12m? water and 3
PMTs.

Combining the fluorescence detection with an array of surface detectors sparsely
placed on a large area to measure the particles reaching the ground has become a
successful approach to measure the highest cosmic-rays. In this hybrid method, the
fluorescence detectors measure the longitudinal profile of the shower and thereby the
energy of the shower. The surface detectors measure the electromagnetic component
only for vertical showers or just the muonic component for inclined showers being
sensitive to the mass composition of the cosmic-ray. While the surface detectors
have a full duty cycle, the fluorescence detectors can only operate at clear nights,
similar to the IACTS and EAS-Arrays and their duty cycles. In combination with
the lateral shower profile and its arrival times measured by the surface detectors,
the main information of the primary particle, composition, energy and direction
can be reconstructed. Unfortunately, discrepancies in the number of muons between
the measurement and the prediction of the simulation limit the use of Monte-Carlo
based analysis and therefore the sensitivity on the mass composition.

Recent developments for the Pierre Auger Observatory [Aab+16; Cas19] also in-
clude the usage of scintillator detectors at the surface, which are more sensitive to
the electromagnetic component while being less sensitive to the nearly horizontal
propagating muons of inclined showers. Also part of this upgrade is placing radio
antennas at each station to detect the radio signal thus measuring more components
of the shower to better reconstruct the particle shower.
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light in the atmosphere using Imaging Air Cherenkov Telescopes.
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3.2.3 Further Detectors measuring Atmospheric Muons

A transit between a cosmic-ray induced muon detector and a neutrino detector is
the NEjtrinnyj VOdnyj (Water) Detektor, NEVOD [Pet15] located inside a building
at the MePhl in Moscow. The detector, shown in Figure 3.2, consists of a water-
filled chamber with a size of 9m x 9m x 26 m. Inside this indoor pool, 25 Strings
each containing three or four Quasi-Spherical-Modules which themselves consist
of six PMTs looking in all three orthogonal directions, forward and backward and
measure the light of the muons propagating through the chamber. Due to the
three-dimensional detector structure, the muons are not just registered, but also
their energy loss behavior can be measured. To increase the angular resolution
for horizontal events, the DECOR enhancement was built consisting of streamer
tube chambers at the sidewalls of the detector. The high sensitivity on horizontal
air showers and muon bundles makes this detector unique to analyze atmospheric
muons and the Muon-Puzzle. Next to the measurement of atmospheric air showers,
NEVOD can detect neutrinos selecting upward-going events.

Sketch of the NEVOD-DECOR detector consisting Quasi-Spherical-
Modules. [Bogl8]

Another field of research detecting atmospheric muons with applications outside of
the particle physics is the muon tomography. Using the attenuation of the muon flux
that varies between different materials, larger volumes of unknown material can be
detected. Application areas are the detection of varying magma chambers leading
to a prediction of an eruption sequence of a volcano [Tan+09] or the detection of an
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unknown chamber in the Cheops pyramid [Mor+17|. Further applications are the
measurement of large-angle Coulomb scattering to detect materials with high atomic
numbers [Bor+03]. Those detectors consist of several layers of plastic scintillators
with the size of some m? each passing the light to an SiPMs to track the number
of muons and their direction. An overview of the current muon imaging tools is
reviewed in [BDG20].

So far, only experiments at the surface have been discussed measuring the muonic
shower component as part of the signal or the main signal. For most experiments
located deep underground atmospheric muons are considered as background and
not used to study cosmic ray physics, but to search for rare events like proton
decays or Dark Matter interactions. An exemplary detector for Dark Matter is the
PICO detector [Amo+19] in the Sudbury mine in Canada 2km below the surface,
which equals 6 kmwe. Inside a pressure vessel with a diameter of 60cm and a
height of 167 cm superheated liquid C5;Fg is used to measure small recoil energies
(1keV to 100keV) induced by elastic scattering of Weakly Interacting Massive
Particles (WIMPs), a candidate for Dark Matter. The main background limiting
the sensitivity is not the atmospheric muons themselves, but the neutrons produced
in interactions near the detector after propagating all the way down. For these
types of experiments, a precise description of the angular and energy distribution
of the muon flux is crucial, especially the probability to reach those depths for
inclined muons traveling even greater distances through the rock. Therefore, the
physical models need to be calculated and simulated with high precision, even for
the edge cases of the stochastic propagation. An exemplary detector for proton
decay was the Fréjus-Detector [Dau+95] located 4800 mwe under the Col du Fréjus.
The calorimetric detector of the size () used iron to track particle interactions inside
the detector. Although a proton decay had not been measured, atmospheric muons
had been used to create a depth curve and also the energy spectrum of atmospheric
neutrinos had been unfolded.

3.3 Neutrino Detectors

Besides the NEVOD Detector, most neutrino detectors are located deep underground
to exclude the dominating background of atmospheric muons. The low interaction
rate of neutrinos is on the one side an advantage as it increases the observable
horizon and let them propagate even through dense media like the core of the earth.
On the other side, this makes them challenging to detect and a large volume of
detector material is required. Due to the steep power-law dependence of the energy
flux the energy range of the neutrinos scales with the size of the detection volume.
Four main types of neutrino telescopes have been established so far.
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3.3.1 Types of Neutrino Telescopes

An exemplary detector in the neutrino energy range from MeV to 10 GeV is the
Super-Kamioka Neutrino Detection Experiment [Abe+18] located in a former mine
1km deep underground in Japan. It consists of a cylindrical tank with 40m in
diameter and height filled with 50 kt of purified water. The Cherenkov light produced
by particles interacting inside this tank is measured with 13000 PMTs positioned
at the walls. This peripheral detector type is used, since the absorption length
of the Cherenkov radiation is larger than the detector size. Similar structures for
this energy range are SNO [And+21], BOREXINO [Ali+09] and JUNO [Cao+19],
all located deep underground with several kt of liquid and transparent detector
material, water or liquid scintillator and the PMTs at the walls.

To detect neutrinos with energies above 10 GeV larger detector volumes with an
effective radius of @(100 m) are required. These volumes can just be reached by using
natural resources and placing the detectors inside the water, i.e. glacial ice, deep
lakes or the sea. Those distances exceed the absorption lengths of the Cherenkov
light for water and a lattice structure of the detector is used. Currently, the largest
and most sensitive detector is the IceCube Neutrino Observatory at the South Pole
with a detection volume of a cubic kilometer, which is further described in section
3.3.2. Inside a detection volume of a cubic kilometer, the Cherenkov light produced
by neutrinos or atmospheric muons is measured with around 5000 PMTs. Therefore
this type of telescope is labeled Cherenkov Neutrino Telescope. Further neutrino
telescopes using the detection principle like IceCube are the ANTARES/Km3Net
[Age+11; Adr+16] experiment in the Mediterranean sea, the Baikal/GVD in Lake
Baikal [Bel+97; Avr+19] and the P-ONE experiment in the Cascadia Bassin in front
of Vancouver [Ago+20]. Compared to IceCube these telescopes are all upgrading to
a volume of a cubic kilometer, are all located in the northern hemisphere and all
use liquid water as detection volume. Although the detection media is always water-
based, the propagation of the Cherenkov light mainly described by the scattering
and absorption differs significantly, as shown in Table 3.1. While a strong absorption
leads to the loss of photons and worse energy measurements, a strong scattering
delays the photons and leads to a loss of directional information.

With this type of neutrino telescopes neutrinos with energies up to 10 PeV can be
measured. Also with the planned IceCube-Gen2 detector increasing the size by a
factor of ten [Aar+21] the expected flux of the highest energetic neutrinos is too
low to be detectable. However, similar to the Pierre-Auger Observatory a maximum
size of this type of detector is reached with Gen2. To detect even higher energetic
neutrinos and analyze the predicted cosmogenic neutrinos, detectors measuring the
radio signal are under development. Because of the long wavelength, these radio
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Characteristic lengths of absorption A, and scattering A, for
selected locations with a Cherenkov-based neutrino detector. For detectors in
liquid water, the range indicates the seasonal variation. The scattering lengths
are corrected for the average Mie-Angle of the medium A.g = A .../ (1 — (cos)).
[Bot16]

Location Depth /km A, /m Ag/m
Lake Baikal ~1 22 150-400
Mediterranean Sea > 1.5 40-70  200-400
South Pole 1.5—2 110 25
South Pole 2—-2.5 220 47

pulses can propagate several kilometers through the ice. Therefore these detectors
can be placed sparsely and cover a cubic kilometer with just a single station. There
are currently two attempts to build a Radio-Neutrino Detector; one as part of
IeCube-Gen?2 in the Antarctic Ice and another one on Greenland [Agu-+20].

Another approach to measure neutrinos is looking for showers coming from Earth as
just neutrinos can propagate through the Earth. The ANITA experiment consists
of radio antennas on a balloon. During the flights around the Antarctic circle, it
measures the radio signals coming from the Earth. Pierre Auger is looking for
showers going upward for extremely inclined showers. If they measure not just the
muon component but also the electromagnetic shower inside their surface detectors,
the shower must have started deep inside the atmosphere, which only neutrinos can
create. HAWC looks at showers coming from neighboring mountains and MAGIC
looks at the Atlantic if the view to the stars is not clear but the view to the sea.
Both again looking for a hadronic shower, only Tau Neutrinos can produce. For all
these experiments again atmospheric muons are the dominant background by orders
of magnitudes. Therefore an accurate description for all energies and energy losses
is crucial to cover also the edge cases in the simulations.

3.3.2 IceCube Neutrino Observatory

The biggest neutrino telescope is the IceCube detector located at the geographic
south pole, shown in Figure 3.3a. On a hexagonal grid of a square kilometer, 78
Strings are drilled into the glacial ice with a string distance of 125 m. Each string
contains 60 Digital Optical Modules (DOMs) equally placed between a depth of
1500 m and 2500 m. Each DOM contains a Photomultiplier looking downward and
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measuring the emitted Cherenkov light of muons and neutrino interactions. The
surrounded detection volume contains a cubic kilometer of ice measuring neutrino
energies between 100 GeV and 10PeV. For higher energies, the event rate is too
small and for lower energies, the string spacing is too large.

In the middle of IceCube 8 Strings, each with 60 DOMs of higher quantum efficiency
are placed more densely together. This extension called “DeepCore” decreases the
lower threshold for neutrino energies to 10 GeV and uses the rest of IceCube as a
veto region. Another extension is “IceTop” where a water Cherenkov tank is placed
at the surface of each string. This can either be used as an air shower detector at an
altitude of 3 km with the benefit of IceCube as a further muon detector to deeper
analyze the atmospheric muons. On the other side, it works as a veto for IceCube
to distinguish down-going neutrinos from atmospheric muon events as the neutrinos
should not be seen in IceTop.

There are currently plans for an extension of IceCube named IceCube-Gen2 [Aar+21].
The planned detector is shown in Figure 3.4. An extension called “IceCube-Upgrade”
has already been funded to test new types of DOMs for Gen2. Gen2 will enlarge
the detected volume to 8 km?® and will be placed around IceCube. In contrast to
IceCube, the Strings in Gen2 will be organized on a sunflower structure avoiding
corridors where muons can sneak inside the inner volume and mimic a starting
event. Besides, a radio detector is planned, placing the antennas on a grid with an
inner distance of a kilometer covering an area of 100 km? to analyze the cosmogenic
neutrinos.

A distinct astrophysical neutrino source has also not been measured yet as well as a
class of sources in a stacked search [Aar+20b; Aar+17]. However, a coincidence of a
high energy neutrino event originating from the same direction as an AGN flaring
at the same time in the gamma energy region is the first hint of a possible neutrino
source [Aar+18a; Aar+18b].

Event Signatures

The measured event signatures are mainly divided into tracks and cascades. A long
track signature of an atmospheric muon bundle is shown in Figure 3.3b. Tracks are
long, nearly straight lines along the muon path with the energy losses along the
track producing the track signature. Due to their long range, they can be further
classified into starting, stopping, through-going and corner clippers. Only neutrinos
can produce starting events and stopping events can only be produced by a huge
stochastic loss, which happens rarely or by low energetic muons. Most-often, muons
propagate through the detector producing a long path along their track. There is
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IceCube Laboratory
Amundsen-Scott

@) Surface Array \ . /St_atlon

DeepCore ¢

(a) Sketch of the IceCube facilities at the South Pole and  (b) Event view of a measured cos-

how an event view of a muon neutrino could look like.  mic ray event in IceTop and IceCube

[Ice20] on 02.07.2010 with a reconstructed
primary particle energy of 300PeV.
[Ice20]

Figure 3.3: The IceCube Neutrino Observatory including the IceTop Array at
the surface, the main in-ice detector and the DeepCore extension. For the event
views, each colored circle indicates a DOM that measured light. The color ranges
represents the time from red, early to blue, late. The size of the DOMs scales with
the amount of detected light.
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Schematic top view of the IceCube detector compared to the enhance-
ments for Gen2. [Aar+21]

however the special case of a corner clipper, that can mimic a cascade-like event at
the edge of the detector.

A particle shower created by a single particle interaction (or multiple interactions
inside a small range of less than 10m, which is pint-like for IceCube), produces
a rather spherical spread of the produced Cherenkov light. Although the particle
cascade is boosted in the forward direction with just small transversal momentum
and a Moliere radius in the ice of 10 cm [Zyl+20], the small scattering length creates
a spherical propagation of the produced Cherenkov light.

NC-interactions of all neutrino flavors have just a visible hadronic shower, as the
incoming and outgoing neutrino doesn’t produce a signal, thus producing a single
cascade. Regarding CC interactions and starting with the electron neutrino, the
additional electron loses most of its energy in less than 10m in the ice. As this
distance is point-like for IceCube, the resulting cascade also has a spherical structure.
Although there are differences in the shower developments of electromagnetic and
hadronic cascades, especially through the later decays of neutral hadrons, it was not
possible yet to distinguish between electromagnetic and hadronic cascades [Stel7].

The greater mass of muons compared to electrons makes them lose their energy much
slower and let them travel several kilometers through the ice. From the hadronic
cascade at the neutrino interaction vertex, a long track is going out. Therefore muon
neutrinos do not have to interact inside the detection volume and can also interact
far before the detector with the muons traveling inside, increasing the effective
detector volume.

Tau leptons have an even higher mass compared to the muons and have therefore
a smaller energy loss resulting in a thin propagation track. But the small lifetime
of 290 fs makes them decay directly or for higher energies let them just travel 50 m
per PeV. The event signature depends on the decay channel; two-thirds are the
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Simulated paths of the produced Cherenkov photons for the three
major event signatures of a through-going muon (left) an electron neutrino (middle)
and a tau neutrino (right). The color represents the time from red (early) to blue
(late). [Aar+18c]

hadronic decay channel and the last third is equally distributed between the muonic
and the electronic channel. Until energies of around 10 TeV the second hadronic or
em-cascade can not be distinguished from the first hadronic cascade at the neutrino
vertex. For higher energies first, a double pulse waveform at a single DOM can be
registered and later these two cascades get separated more clearly and a double
cascade or double bang signature is created. These three major event signatures are
shown in Figure 3.5.

The muonic tau decay also contributes to the amount of incoming muons starting
before the detector. For events starting inside the detector, the outgoing track is
smaller compared to the hadronic cascade as the additional neutrinos from the tau
decay take away some energy. For higher energies, the thin tau track goes over
to a brighter muon track. But these differences in the track signature can just
be separated statistically for many events and not on an event level due to the
stochasticity of the propagation. Due to the limited resolution, there has been just
one promising tau neutrino event seen with IceCube after 10 years of measurement

[MS19; Abb+20al.

Event selections

The main interesting features to be reconstructed are the primary particle type, its
energy and the direction. To extract the primary particle type a classification of
the different event signatures is required. For these selections, multivariate methods
are required since the atmospheric muon rate of 1kHz, is many orders above the
atmospheric neutrino rate of 1 mHz or the astrophysical neutrino rate of 11 Hz.

A pure cascade sample contains mostly CC interacting electron neutrinos, fewer
NC events and a few tau neutrinos. Cascade searches [Aar+20a] uses the outer
DOM layers as veto region against through-going muons, which have a detection rate
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that is multiple orders of magnitudes higher. But even in DeepCore, muon tracks
are contaminating the cascaded selections when traveling in the middle between
the strings due to the lattice structure. Also, the stochasticity of the propagation
processes, allowing muons to travel without visible losses and then deposit all of
their energy in a catastrophic loss inside the detector limits the selection efficiency.
As these processes are rare, an accurate description of the muon physics even at the
tails or edges of the total and differential cross section is needed. These selection
methods are not just valid for cascades, but all kind of starting events.

The tracks are further separated between up-going and down-going tracks. Down-
going events are most-often atmospheric muons reaching the detector as bundles
with a lateral distance of some meter between them. Those events are seen as one
thick, bright track due to the limited resolution preventing a separation of the single
muons from a bundle. Therefore those muon bundles are in principle of limited
usefulness since the number of muons and their energy is not reconstructible. An
approach to analyzing atmospheric muon bundles is the search for a leading muon
containing most of the bundle energy [Fucl6a; Fucl6b; Werl7]. A bundle of many
low energetic muons creates a bright track with a continuous energy loss. Leading
or single muons have higher stochasticity, e.g. with a huge bremsstrahlung loss
resulting in a thinner track with brighter cascades along it. As these muons are
produced in one of the first interactions of the air shower they can provide further
insights into the particle processes in the atmosphere.

Another approach to use atmospheric muons is using stopping muons [Hoil7;
Nin19]. They are most-often single muons and have energies of just several 100 GeV
when entering the detector. At these energies, they are in the regime of the
minimal Ionization and can be used to calibrate the detector and measure systematic
parameters. For stopping muons, also the range they have traveled through the ice
is known which is an approximation of their energy at the surface. Therefore they
can also be used to study cosmic ray and air shower physics, but in comparison
to the leading muons for higher energies, stopping muons provide insights at lower
energies.

Up-going muon tracks can only be neutrino-induced muons as muons cannot
propagate large distances through the earth. Unfortunately, a simple extraction
of these muons with a zenith cut is not satisfying as the resulting sample is still
dominated by mis-reconstructed muons. Although the directional resolution is high
for tracks, sometimes it can exceed 5° and contaminate the sample. Therefore
advanced machine learning algorithms are used to extract a purified sample [Stel9].
The filtered track events are an ideal single muons sample at all energies; good to
analyze the muon physics, e.g. the energy loss profile. Just for the starting events,
the hadronic cascade of the neutrino interaction contaminates a little bit.
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Event Reconstruction

After the selection, the energy and directional reconstruction is the remaining step
before analyzing the desired event sample. An overview of the standard recon-
struction methods is given in [Ahr+04; Aar+14]. In recent years also modern,
machine-learning-based methods using e.g. Deep Neural Networks have been de-
veloped increasing the accuracy of the reconstruction [Huel7a; Huel7b; Huels,;
Abb+21a]. A comparison of the standard and neural network approaches for the
reconstructions is shown in Figure 3.6 as well as their energy dependence.
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Resolution of the energy reconstruction
for tracks comparing the standard dE/dX
and track length approach with a Deep
Neural Network. [Huel7b]

Resolution of the angular reconstruction for cas-
cades comparing the standard likelihood approach with
a Neural Network (CNN). [Abb+21a]

Energy dependence of the resolution of the challenging reconstruction
parameters in IceCube. On the left the angular reconstruction for cascades and on
the right the energy reconstruction for tracks is compared between modern neural
network approaches and the default likelihood approaches.

The directional resolution for tracks is comparably high (0.5°) while being low for
cascade events (15°). Regarding the energy reconstruction, it’s the other way round.
When a cascade is contained inside the detector the energy resolution is high due to
the calorimetric measurement resulting in an uncertainty of 10 %. For through-going
tracks, just a portion of the muon energy loss is deposited inside the detector For
muons above a TeV the energy is reconstructed using the average energy loss per
distance dF/dX, which increases nearly linear with the muon energy (c.f. section
4.1). Therefore, the track inside the detector is split into multiple segments and the
high energetic, stochastic losses are cut away to extract the continuous energy loss.
Since the linear dependency of the average energy loss on the muon energy starts at
around a TeV, while being independent for lower energies, this can only be applied
at energies above a TeV. For starting tracks, the energy resolution of the muons and
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neutrinos improves, due to the additional information of the hadronic cascade at
the vertex. For low energy muons, the average energy loss is not proportional to
the muon energy. As these muons are most-often stopping inside the detector, the
track length can be used to reconstruct the energy.

Next to the energy and direction, also the energy losses along a muon track can be
reconstructed, which is important for analyses depending on the stochasticity, e.g.
when creating a leading muon sample. Since IceCube cannot distinguish between
single energy losses, the track inside the detector is split into multiple segments as
for the dE/dX energy reconstruction and the energy loss in each segment unfolded.
This is just sensitive to high stochastic energy losses and can be used to study the
energy loss profile of the muons.

Systematic Uncertainties

The remaining task, an analysis has to consider, are systematic uncertainties. In
every experiment, some remaining parameters are challenging to calibrate or measure
and have uncertainties that are non-negligible for analyses. For the IceCube detector,
one main systematic parameter is the quantum efficiency of the DOMs, short DOM
efficiency. This varies the amount of detected light and has an uncertainty of +5 %.
However, in this factor multiple uncertainties are combined, all scaling the amount
of detected photons and which cannot be distinguished from each other. Also
cross-section uncertainties may be an origin, why this factor is not equal to 1.

The other main uncertainties are the ice properties, mainly the absorption and
scattering lengths, which are depth-dependent. The depth dependence does not
originate due to the different levels of pressure and thus temperature, but due to
several layers of dust [Ack+06; Aar+13]. Especially in the middle of the detector at
a depth around 2 km the absorption length is significantly decreased and nearly all
photons get absorbed before reaching a DOM. This blind layer is slightly indicated
in Figure 3.3b. Further systematics of the glacial ice like the anisotropy are discussed
in detail in [Ron19].

Next to these detector and ice properties, further sub-dominant systematics arise
due to the theoretical uncertainties of the physical processes. Regarding the muon
physics, the uncertainties of the cross sections needs to be differentiated between
the processes dominant for the low energy losses and processes dominating the high,
stochastic energy losses. While an increase of the low energy losses can already
be compensated by an increase in the DOM efficiency, the uncertainties of the
stochastic energy losses have not been considered, yet. Since the stochasticity of the
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muon affects the performances of separating leading muon, cascade or tau samples,
an approach to include them is analyzed in this work.

One of the largest systematic uncertainties is the flux of atmospheric neutrinos,
which is often the limiting factor for the sensitivity of analysis. This can be avoided
using e.g. an unfolding approach, which is independent of the flux model used in
the simulations. However, if this is not feasible, the uncertainty of the flux needs to
be taken into account, e.g. by using the so-called Barr parameters [Bar+06].

To take into account all of these systematics, simulation sets each varying one
or two systematic parameters on a grid and interpolations between these grid
points were used in analyses. However, this grid approach increases the number
of required simulation sets for every further systematic parameter resulting in
the curse of dimensionality. There is now a new approach [Aar+19] where for
each simulation run a new set of all systematic parameters is sampled from their
uncertainty distribution, including correlation. With this Monte-Carlo approach,
the phase space can be filled also when including further systematics.
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The muon cross-sections described in this chapter focus on muons above a GeV
and the relevant processes for the simulation of astroparticle experiments. These
processes are all included in the simulation library PROPOSAL or are intended to
be included in the future. In principle, they are also valid for the other charged
leptons, electrons, and taus, if not stated differently.

All cross-sections o are differential in the energy loss v relative to the energy of the
primary particle E, given as do/dv or as the average energy loss over distance X

dE NA dU

The cross-sections are also given in a generalized form for particles with mass M
and charge z. Mainly the natural unit system is used with the symbolic definitions
listed in Table 4.1.

Definitions of the symbols used in this thesis, unless stated otherwise
or mentioned explicitly.

Symbol  Definition

N Speed of light in vacuum (=1 in n.u. and ~ 3 x 10%m /s in SI units)
N, Avogadro constant (=~ 6 x 10?3 / mol)
o Fine structure constant (~~ 1/137)
me . . Mass of a particle with the lower index defining the particle type
Te(u) Classical electron (muon) radius (r, ~ 2.8 fm,r, = r,"/m,)

Ep Energy and momentum of a particle with E? = p? + m?

B,y Lorentz factors in relativistic approximation, 5 = p/E and v = E/m
M,z  Mass and charge of the primary particle to propagate
Z, A Number of protons (nucleons) in the target nucleus

K Tonization constant 47N 4r2m, ~ 0.3 MeV cm? /mol

X, Radiation length of a medium (c.f. 5.2.2)
¢,Q%?  4-momentum of the virtual photon exchanged with a nucleus
(in)elastic radiation logarithm constant of the screening (section 5.2.2)
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An overview of the energy loss of muons is shown in Figure 4.1 which is divided
into four areas in energy. At the lowest energies (8 < «) the velocity of the muons
is smaller than the velocity of the valence electrons. Non-ionizing losses mainly
driven by nuclear recoil are the main process for 8 < « before ionizing energy losses
increase proportionally to the velocity of the muon [GMS01]. The energy region
between o < 8 < 0.1 is not yet theoretically well understood and only empirical
models are used to describe these energy losses [GMS01]. For both low energy
regions, the data in Figure 4.1 are taken from pion and proton tables in [Ber+93]
and scaled according to the mass ratios to the muon. Both regions also differ
between put and p~ since the latter is likely to get captured into atomic orbitals,
quickly cascading down into the 1s orbital and then decay or weakly interact with
the nucleus (c.f. [Mea0l1]).

For 8 > 0.1, the ionization and excitation losses are well described by the Bethe-Bloch
theory. The energy loss decreases to a minimum ionization point, a characteristic
energy for a medium at around a GeV before it starts increasing logarithmically with
the energy. The radiative losses, i.e. bremsstrahlung, pair production, and inelastic
nuclear interaction, increase linearly with the energy surpassing the ionization losses
at a TeV and dominating the energy loss at high energies. 